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Preface: Biological Embedding:  
Long-Term Effects of Early-Life Experiences 
and Approaches to Prevention Remediation 

Introduction

Until recent years, what happens to an individual early in life was largely ignored 
because it was falsely believed that the brain and body were shaped by experi-
ences when the child becomes able to respond rationally to the social environment. 
We now know in increasing detail, in both animal models and studies on our own 
species, that prenatal stress can have adverse effects that are manifested in prema-
turity or low birth weight at term, as well as in behavioral characteristics that are 
manifested throughout the life course. Furthermore, we now know that postnatal 
parental care and abuse and neglect in humans, and nest disruption and separation 
of infants from their mothers in animal models, play a powerful role in later mental 
and physical health. This volume addresses many aspects of adverse pre- and early 
postnatal influences on subsequent physical and mental health and this introductory 
overview will discuss the role of both animal and human studies and the translation 
and cross-talk between them in achieving a better understanding of underlying pro-
cesses and mechanisms so that interventions can be developed to present or, when 
necessary, treat disorders that may arise. In all of this, the brain is the central organ 
of stress and adaptation and the “lived experiences” of an individual are an impor-
tant contributor to physical and mental health outcomes and the brain represents an 
important target for prevention and amelioration of early-life adversity (McEwen 
and Getz 2013).

Towards an Understanding of Mechanisms  
and Consequences of Biological Embedding

Animal models have contributed enormously to our understanding of how, through 
the brain, the development of body and the brain are affected. This began with the 
“neonatal handling” studies of Levine and Denenberg (Levine et al. 1967) and led to 
the recent, elegant work of Meaney, Syzf and colleagues (Meaney and Szyf 2005). 
Epigenetic, transgenerational effects transmitted by maternal care are central to 
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these findings (Hackman et al. 2010). Besides the amount of maternal care, the con-
sistency over time of that care and the exposure to novelty are also very important, 
not only in rodents (Akers et al. 2008; Tang et al. 2006), but also in monkey models 
(Parker et al. 2006). Prenatal stress impairs hippocampal development in rats, as 
does stress in adolescence (Isgor et al. 2004). Abusive maternal care in rodents and 
the surprising attachment shown by infant rats to their abusive mothers appears to 
involve an immature amygdala (Moriceau and Sullivan 2006), activation of which 
by glucocorticoids causes an aversive conditioning response to emerge. Maternal 
anxiety in the variable foraging demand (VFD) model in rhesus monkeys leads to 
chronic anxiety in the offspring, as well as signs of metabolic syndrome (Coplan 
et al. 2001; Kaufman et al. 2005). Nest disruption of mothers nursing mouse pups 
impairs development of the hippocampus and other brain systems (Rice et al. 2008).

In studies of adverse childhood experiences (ACE) in human populations, there 
are reports of increased inflammatory tone, not only in children, but also in young 
adults related to early-life abuse, that includes chronic harsh language, as well as 
physical and sexual abuse (Danese et al. 2009; Miller and Chen 2010). Chaos in the 
home is associated with development of poor self-regulatory behaviors, as well as 
obesity (Evans et al. 2005). It should be noted that the ACE study was carried out in 
a middle class population (Anda et al. 2010), indicating that poverty is not the only 
source of early-life stressors.

Nevertheless, low socioeconomic status (SES) does increase the likelihood of 
stressors in the home and neighborhood, including racial isolation, chaos, noise and 
ugliness as, well as toxic chemical agents, such as lead and air pollution (Chang 
et al. 2009; McEwen and Tucker 2011; Theall et al. 2013). Without a determination 
of exact causes, it has been reported that low SES children are found to be more 
likely to be deficient in language skills, as well as self-regulatory behaviors and also 
in certain types of memory that are likely to be reflections of impaired development 
of parasylvian gyrus language centers, prefrontal cortical systems and temporal lobe 
memory systems (Farah et al. 2006; Hart 1995). Low SES is reported to correlate 
with smaller hippocampal volumes (Hanson et al. 2011). Lower subjective SES, an 
important index of objective SES, is associated with reduction in prefrontal cortical 
gray matter (Gianaros et al. 2007) and with increased inflammatory tone in serum 
along with altered white matter in the brain that is also associated with increased 
adiposity (Gianaros et al. 2012; Verstynen et al. 2013).

Moreover, having grown up in a lower SES environment is accompanied by 
greater amygdala reactivity to angry and sad faces (Gianaros et al. 2008b), which 
may be a predisposing factor for early cardiovascular disease (Gianaros et al. 2008a) 
that is known to be more prevalent at lower SES levels (Adler et al. 1993). Finally, 
depression is often associated with low SES, and children of depressed mothers, 
followed longitudinally, have shown increased amygdala volume while hippocam-
pal volume was not affected (Lupien et al. 2011).

Yet, on the positive side, there are the “reactive alleles” also referred to as “bio-
logical sensitivity to context” that lead to beneficial outcomes and even better out-
comes in nurturing environments compared to less reactive alleles, even though 
those same alleles can enhance adverse outcomes in a stressful early-life environ-
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ment (Boyce and Ellis 2005; Caspi et al. 2003; Obradovic et al. 2010; Suomi 2006). 
Regarding adverse outcomes and good and bad “environments,” the active process 
of adaptation to stressors (“allostasis” (McEwen and Stellar 1993; Sterling and Eyer 
1988)) is adjusted via epigenetic influences to optimize the individuals adaptation 
to, and resulting fitness for, a particular environment, whether more or less threaten-
ing or nurturing as described in the Adaptive Calibration model (Del Giudice et al. 
2011).

It is important to note that the conceptual models of allostasis and allostatic load 
are orthogonal to the model of Adaptive Calibration (Del Giudice et al. 2011) and 
provide complementary ways of understanding individual developmental trajecto-
ries and their adaptive value as well as their consequences. One lesson from these 
two models is that there are “trade-offs” in terms of physical and mental health that, 
on the one hand, may increase the likelihood of passing on one’s genes by improv-
ing coping with adversity and enhancing mental health and overall reproductive 
success, but, on the other hand, may impair later health, e.g., by eating of “comfort 
foods” (see for example (Jackson et al. 2010)).

Understanding and attempting to modify such individual health outcomes is an 
important component of “personalized medicine” and must be considered along 
with pharmacogenomics in the development of therapies (Davidson and McEwen 
2012; McEwen and Getz 2013). In this connection, it should be noted that resilience 
means not only the ability to resist stress-induced change, but also the ability to 
show experience-related recovery and adaptation or compensation, for example, 
when an individual from a safe environment is placed into a dangerous one or vice 
versa. It is the plasticity of the brain and body that are keys to the amelioration of 
early-life adversity.

Interventions to Ameliorate Early-Life Adversity

What can be done to remediate the effects of chronic stress, as well the biological 
embedding associated with early-life adversity? Interventions may involve phar-
maceutical, as well as behavioral, or “top-down,” interventions (i.e., interventions 
that involve integrated CNS activity, as opposed to pharmacological agents) that 
include cognitive-behavioral therapy, physical activity and programs that promote 
social support and integration and meaning and purpose in life (Carlson et al. 2009; 
Fried et al. 2004; Ganzel et al. 2010; McEwen and Gianaros 2011). More targeted 
interventions for emotional and cognitive dysfunction may arise from fundamental 
studies of such developmental processes as the reversal of amblyopia and other 
conditions by “releasing the brakes” that retard structural and functional plasticity 
(Bavelier et al. 2010). It should be noted that many of these interventions that are 
intended to promote plasticity and slow decline with age, such as physical activ-
ity and positive social interactions that give meaning and purpose, are also useful 
for promoting “positive health” and “eudamonia” (Ryff and Singer 1998; Singer 
et al. 2005) independently of any notable disorder and within the range of normal 
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 behavior and physiology. It should also be noted that, while complete reversal of 
early-life adversity may not be possible, compensatory changes in neural archi-
tecture and molecular and neurochemical processes in key brain regions such as 
amygdala and prefrontal cortex can be envisioned (Caldji et al. 1998). Thus it is 
important to explore the strategies, possibilities and limits of adult brain plasticity, 
as will be discussed below.

As noted above, “top down” therapy is one strategy and one example is regu-
lar physical activity, which has actions that improve prefrontal and parietal cor-
tex blood flow and enhance executive function (Colcombe et al. 2004). Moreover, 
regular physical activity, consisting of walking an hour a day, 5 out of 7 days a 
week, increases hippocampal volume in previously sedentary adults (Erickson et al. 
2011). This finding complements work showing that physically fit individuals have 
larger hippocampal volumes than sedentary adults of the same age-range (Erickson 
et al. 2009). It is also well known that regular physical activity is an effective antide-
pressant and protects again cardiovascular disease, diabetes and dementia (Babyak 
et al. 2000, Snyder et al. 2010). Moreover, intensive learning has also been shown 
to increase volume of the human hippocampus (Draganski et al. 2006).

Other “top down” activities include social integration and support, and finding 
meaning and purpose in life, and these are known to be protective against allostatic 
load (Seeman et al. 2002) and dementia (Boyle et al. 2010). Programs such as the 
Experience Corps that promote these, along with increased physical activity, have 
been shown to slow the decline of physical and mental health and to improve pre-
frontal cortical blood flow in a similar manner to regular physical activity (Carlson 
et al. 2009; Fried et al. 2004).

Depression and anxiety disorders are examples of a loss of resilience, in the 
sense that changes in brain circuitry and function, caused by the stressors that pre-
cipitate the disorder, become “locked” in to a particular state and thus need external 
intervention. Indeed, prolonged depression is associated with shrinkage of the hip-
pocampus (Sheline 1996; Sheline 2003) and prefrontal cortex (Drevets et al. 1997). 
While there appears to be no neuronal loss, there is evidence for glial cell loss and 
smaller neuronal cell nuclei (Rajkowska 2000; Stockmeier et al. 2004), which is 
consistent with a shrinking of the dendritic tree described above after chronic stress. 
Indeed, a few studies indicate that pharmacological treatment may reverse the de-
creased hippocampal volume in unipolar (Vythilingam et al. 2004) and bipolar 
(Moore et al. 2000) depression, but the possible influence of concurrent cognitive-
behavioral therapy in these studies is unclear.

Depression is more prevalent in individuals who have had adverse early-life ex-
periences (Anda et al. 2010). BDNF may be a key feature of the depressive state 
and elevation of BDNF by diverse treatments ranging from antidepressant drugs 
to regular physical activity and may be a key feature of treatment (Duman and 
Monteggia 2006). Yet, there are other potential applications, such as the recently 
reported ability of fluoxetine to enhance recovery from stroke (Chollet et al. 2011). 
However, a key aspect of this new view (Castren and Rantamaki 2010) is that the 
drug is opening a “window of opportunity” that may be capitalized by a positive 
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 behavioral intervention, e.g., behavioral therapy in the case of depression or the 
intensive physiotherapy to promote neuroplasticity to counteract the effects of a 
stroke. 

This is consistent with animal model work that shows that ocular dominance 
imbalance from early monocular deprivation can be reversed by patterned light 
 exposure in adulthood that can be facilitated by fluoxetine, on the one hand 
( Vetencourt et al. 2008) and food restriction, on the other hand (Sanacora et al. 
2012), in which reducing inhibitory neuronal activity appears to play a key role 
(Dhabhar et al. 2012). Investigations of underlying mechanisms for the re-establish-
ment of a new window of plasticity are focusing on the balance between excitatory 
and inhibitory transmission and removing molecules that put the “brakes” on such 
 plasticity (Tanaka et al. 2001).

In this connection it is important to reiterate that successful behavioral therapy, 
which is tailored to individual needs, can produce volumetric changes in both pre-
frontal cortex in the case of chronic fatigue (de Lange et al. 2008), and in amygdala, 
in the case of chronic anxiety (Holzel et al. 2010). This reinforces two  important 
messages: (i) that plasticity-facilitating treatments should be given within the 
framework of a positive behavioral or physical therapy intervention; and (ii) that 
negative experiences during the window may even make matters worse (Castren 
and Rantamaki 2010). In that connection, it should be noted that BDNF also has 
the ability to promote pathophysiology, as in seizures (Heinrich et al. 2011; Kokaia 
et al. 1995; Scharfman 1997).

Conclusions

Pre- and postnatal experiences have a profound and lasting effect upon physical 
and mental health acting via the brain and the biological embedding of positive 
and negative experiences. The chapters in this volume document many aspects of 
this in both animal models and humans, and this introductory chapter has outlined 
treatment strategies and their potential efficacy and limitations for ameliorating the 
effects of early-life adversity. However, the best solution is to prevent the adver-
sity from happening in the first place. The Nurse-Family Partnership (http://www.
nursefamilypartnership.org/) is a primary example of a program designed to educate 
expectant parents on optimal ways of interacting with their infants and children to 
promote healthy development, and the National Scientific Council on the Devel-
oping Child (http://developingchild.harvard.edu/index.php/activities/council/) pro-
vides a rich website on this topic and is working actively to bring such preventative 
programs into practice.

Laboratory of Neuroendocrinology,  Bruce S. McEwen, Ph.D.
The Rockefeller University, NY, NY  10065
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Chapter 1
Changes Induced by Prenatal Stress in Behavior 
and Brain Morphology: Can They Be Prevented 
or Reversed?

Marta Weinstock

M. C. Antonelli (ed.), Perinatal Programming of Neurodevelopment,  
Advances in Neurobiology 10, DOI 10.1007/978-1-4939-1372-5_1,  
© Springer Science+Business Media New York 2015

M. Weinstock ()
Department of Pharmacology, Institute of Drug Research, Hebrew University  
Medical Centre, Ein Kerem, 91120  Jerusalem, Israel 
e-mail: martar@ekmd.huji.ac.il

Abstract This chapter presents a critical analysis of the behavioral alterations 
reported in the offspring of women exposed to stress and/or depression during preg-
nancy and the neurochemical and structural changes underlying them. Among the 
alterations attributed to prenatal stress in humans and experimental rats of both 
sexes is impaired regulation of the hypothalamic–pituitary–adrenal (HPA) axis, 
anxiety and exaggerated fear of novelty, and decreased social interaction. Learn-
ing and attention deficits are more prevalent in boys and male rats. Fear of novelty 
and anxiety are associated with enlargement of the amygdala and its corticotropin-
releasing factor content, and decreased socialization, with lower oxytocin activity 
in the amygdala. Learning deficits are associated with a decrease in neurogenesis, 
dendritic complexity, and spine number in the dorsal hippocampus. Fostering pre-
natally stressed (PS) pups onto control mothers prevents the dysregulation of the 
HPA axis and heightened anxiety, indicating a role for postnatal factors in their eti-
ology. By contrast, learning impairment and decreased socialization are not affected 
by this fostering procedure and are therefore prenatally mediated.

In spite of their widespread use in depressed pregnant women, selective sero-
tonin reuptake inhibitor (SSRI) antidepressants do not normalize the behavior of 
their children. When administered during gestation to stressed rats, SSRIs do not 
reduce anxiety or learning deficits in their offspring. Moreover, when given to un-
stressed mothers, SSRIs induce anxiety in the offspring. The detrimental effect of 
SSRIs may result from inhibition of the serotonin transporter exposing the brain 
to excess amounts of 5-hydroxytryptamine (5-HT) at a critical time during fetal 
development.

Abbreviations

ADHD          Attention deficit hyperactivity disorder
BrdU          5-bromo-2′-deoxyuridine
CeA Central nucleus of the amygdala
COR Corticosterone
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CRF Corticotropin-releasing factor
CRF-BP Corticotropin-releasing factor binding protein
CRFR1 Corticotropin-releasing factor receptor 1
CRFR2 Corticotropin-releasing factor receptor 2
DG Dentate gyrus
DCX Doublecortin
EE Environmental enrichment
EPM Elevated plus maze
HPA Hypothalamic pituitary adrenal
11β-HSD-2 11β-hydroxy steroid dehydrogenase-2
MWM Morris water maze
PS Prenatally stressed
SERT Serotonin transporter
SSRI Selective serotonin reuptake inhibitor

1.1  Introduction

Observations from retrospective studies starting in the 1960s suggested that pro-
longed uncontrollable stress during pregnancy may cause alterations in the devel-
opment and behavior of the offspring which can be detected in infancy, childhood, 
and adulthood. These alterations include a reduction in birth weight, delay in early 
developmental milestones, withdrawn or disruptive behavior, attention and learning 
deficits, anxiety, depression, and schizophrenia (see reviews by Koenig et al. 2002; 
Kofman 2002; Weinstock 1997, 2001, 2008). In the past decade, prospective stud-
ies were initiated in women who had been exposed to natural (Laplante et al. 2008) 
or man-made disasters (Imamura et al. 1999), marital discord (Lereya and Wolke 
2012), and adverse social or work-related conditions (Khashan et al. 2008). Expo-
sure to such adverse risk factors can also increase the incidence of depression in 
pregnant women (Giardinelli et al. 2012; Husain et al. 2012; Miszkurka et al. 2012; 
Qu et al. 2012). Both depression and gestational stress can each adversely affect 
child development and behavior. Therefore, other studies focused on offspring from 
birth through to adolescence of women with anxiety and depression during and 
after pregnancy (Bergman et al. 2007; Davis and Sandman 2012; Van den Bergh 
and Marcoen 2004; Van den Bergh et al.2008). However, these prospective studies 
underscored the difficulty in defining maternal stress and allowing for differences in 
the reaction of women to the same objective stress. While some reported an associa-
tion between maternal distress and behavioral changes in children at different ages, 
none could differentiate unequivocally between prenatal, genetic, and postnatal fac-
tors in mediating the behavioral outcome.

A clearer assessment of the contribution of pre- and postnatal factors to the be-
havioral outcome that is less influenced by genetic factors can be achieved by stud-
ies in experimental animals. The majority has been performed in rats in which more 
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comprehensive behavioral, morphological, and histological information is available 
than in other species. Several were able to replicate the increased anxiety, depres-
sive-like behavior (Alonso et al. 1991; Morley-Fletcher et al. 2004; Poltyrev et al. 
2005), learning (Yaka et al. 2007; Yang et al. 2006) and attention deficits (Wilson 
et al. 2012), reduced social interaction (Lee et al. 2007), and some of the charac-
teristic neuronal changes of schizophrenia (Koenig et al. 2005). Like in humans 
(Van den Bergh et al. 2008), gestational stress in rats impaired the regulation of the 
response to stress of the hypothalamic–pituitary–adrenal (HPA) axis in the offspring 
(Barbazanges et al. 1996; Weinstock et al. 1992).

By fostering prenatally stressed (PS) pups onto control mothers, it was also pos-
sible to differentiate behavioral alterations arising from gestational stress per se 
from those ascribed to inadequate mother–infant interactions (Barros et al. 2006; 
Yang et al. 2006). Other procedures like housing the stressed mothers (Li et al. 
2012) or their offspring in an enriched environment were able to reduce the effects 
of gestational stress on several aspects of the offspring behavior (Lui et al. 2011; 
Yang et al. 2007). This chapter discusses more recent research that has examined 
the effect of gestational stress on neurochemical, structural, gene, and proteomic 
changes in different brain regions of the offspring of both sexes. It also describes 
procedures that have been used to prevent or reverse the behavioral and structural 
changes induced by prenatal stress.

1.2  Gestational Stress and Activity of the HPA Axis  
in the Mother and Her Offspring

Subjects with anxiety and depression have hypercortisolemia and impairment of 
negative feedback by cortisol on the HPA. This has been attributed to the increased 
action of corticotropin-releasing factor (CRF; Keck 2006; Reul and Holsboer 2002). 
Hypercortisolemia also occurs after chronic stress. It has been postulated that pre-
natal stress produces alterations in brain structure and behavior through the action 
of “stress” hormones, CRF, glucocorticoids, and catecholamines arising in the ma-
ternal adrenal gland and placenta (reviewed in Jansson and Powell 2007; Sandman 
et al. 2011; Weinstock 2005). During a normal pregnancy, very little cortisol (in hu-
mans) and corticosterone (COR; in rodents) reaches the fetal brain because they are 
converted to inactive metabolites by the placental enzyme 11β-hydroxy steroid de-
hydrogenase-2 (11β-HSD-2). In addition, about 90 % of circulating corticosteroids 
are sequestered by a corticosteroid-binding globulin (CBG), thereby limiting their 
access to the fetus. However, chronic gestational stress reduces the level of CBG in 
rats (Takahashi et al. 1998) and downregulates the activity of 11β-HSD-2 in humans 
(O’Donnell et al. 2012) and rats (Jensen Pena et al. 2012). This is accomplished by 
DNA methylation at specific sites within the 11β-HSD-2 gene promoter, thereby in-
creasing the concentration of free steroids that can reach the developing fetal brain. 
Gestational stress also releases adrenaline and noradrenaline into the circulation 
which can reduce placental blood flow causing hypoxia and ischemia that could 
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adversely influence fetal brain development (Delcour et al. 2012; Fan et al. 2009). 
Higher levels of these catecholamines have been found in the fetal circulation in 
response to maternal stress (Ohkawa et al. 1991) and can reach the brain because of 
the absence of a blood brain barrier.

Several clinical studies have attempted to relate elevations in cortisol to the pres-
ence of chronic stress, anxiety, and/or depression (assessed by questionnaires) dur-
ing pregnancy. No relation was found between the magnitude of the increase in 
maternal cortisol in plasma (Baibazarova et al. 2012) or saliva between gestational 
weeks 15–37 and the level of stress, anxiety, depression, or pregnancy-specific 
anxiety at any of the times that cortisol was measured (Davis and Sandman 2010). 
However, a significant relation between salivary cortisol and maternal mood was 
found in subjects with comorbidity of anxiety and depression but not in those with 
only one of these conditions (Evans et al. 2008). It is not clear why most studies 
failed to relate maternal anxiety and/or depression at a specific time during preg-
nancy to elevation of plasma cortisol. This may depend on the method of sample 
collection or its timing during the day, which may differ in subjects with alterations 
in their circadian rhythms due to depression. It is probable that the ongoing chronic 
emotional state of anxious, depressed women does not lend itself to the detection of 
a clearly defined increase in plasma cortisol, unlike that in response to stress.

Others have tried to relate the time of occurrence of stress, anxiety, and/or de-
pression during gestation to the behavioral outcome in the offspring. Here too, there 
is little consensus among the earlier studies. For example, low birth weight, in-
creased infant anxiety, and fear of novelty were associated with stress at 28–30 
(Wadhwa et al. 1993), 15–17, 27–28, and 37–38 weeks (Huizink et al. 2003) and at 
18 and 32 weeks of gestation (O’Connor et al. 2002). More recently, high maternal 
anxiety and elevated cortisol early in pregnancy were shown to be associated with 
a deleterious effect on infant cognitive development, while those occurring towards 
the end of pregnancy were associated with improved cognitive development (Da-
vis and Sandman 2010). Likewise, maternal anxiety at 12–22 weeks of pregnancy 
was a significant predictor of symptoms of attention deficit hyperactivity disorder 
(ADHD), aggressive and delinquent behavior, and anxiety in 8–9-year-old children 
(Van den Bergh and Marcoen 2004). Alterations in the reactivity of the HPA axis 
were found in adolescent boys and girls, but depressive symptoms, only in girls 
(Van den Bergh et al. 2008). More recently, this group has shown that prenatal 
maternal-state anxiety measured around the 16th week of gestation resulted in hy-
peractivity/inattention, emotional symptoms, problems with peer relationship, and 
social interaction, which were more prevalent in boys than in girls aged 5 years 
(Loomans et al. 2011). Pregnancy-specific anxiety and a higher level of maternal 
cortisol measured at 20, 25, and 30 weeks were associated with increased anxiety in 
preadolescent children of both sexes (Davis and Sandman 2012). The fetal cortical 
and limbic systems develop during the first 10 weeks of pregnancy (Bayer et al. 
1993). It is therefore most probable that any changes in their programming by ele-
vated cortisol, and the resulting effects on behavior, occur during that period. Corti-
sol levels may remain elevated as long as maternal anxiety and depression continue. 
If they increase only at a later stage of fetal brain development, the outcome may 
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be different, and improvement in cognition can occur, as indicated in the study by 
Davis and Sandman (2010).

1.2.1  Experimental Animals

In the rat, the HPA axis, cortex, and limbic systems develop from day 13 of gesta-
tion (Bayer et al. 1993); therefore, in most studies, stress was administered dur-
ing the 3rd (last) week of pregnancy. When the rats were stressed randomly, thrice 
weekly by noise and flashing lights (Weinstock et al. 1988), or on alternate days 
throughout gestation (Takahashi et al. 1998), COR levels increased in the maternal 
and fetal blood after each stress. However, when the rats were subjected to noise 
and flashing lights once daily at the same time during the last week of gestation, 
COR no longer increased in the mother or fetuses by the 3rd day (Weinstock et al. 
1988). Very few studies have assessed whether or not the rats adapted to the form of 
stress that was used. Varied short-acting stressors during the last week of gestation 
(Salomon et al. 2011), or psychosocial stress on days 16–20 (Brunton and Russell 
2010), continued to increase plasma COR until the last day of stress. Adaptation to 
the stress after 2 or 3 days could partially explain the inconsistency in the behavioral 
data in the offspring when different stress paradigms were used.

In order to obtain direct evidence that maternal adrenal hormones mediate the 
alterations induced by gestational stress in the offspring, pregnant rats were adrenal-
ectomized prior to the initiation of stress and given saline and maintenance levels 
of COR. This prevented the dysregulation of the response of the HPA axis to stress 
(Barbazanges et al. 1996) and the heightened anxiety and learning deficits in the 
offspring (Zagron and Weinstock 2006). Administration of COR to the pregnant 
rats to mimic the increase induced by stress reinstated the altered response of the 
HPA axis to stress (Barbazanges et al. 1996) and the increased anxiety but did not 
restore the learning deficits in the offspring (Salomon et al. 2011). Thus, while glu-
cocorticoids mediate the anxiety and impaired regulation of the HPA axis induced 
by prenatal stress, other adrenal hormones appear to be responsible for the genesis 
of learning deficits.

The slower return of COR to baseline levels in response to stress in PS rats 
(McCormick et al. 1995; Weinstock et al. 1992; Weinstock et al. 1998) results from 
reduced efficiency of the feedback mechanism because of downregulation of hip-
pocampal glucocorticoid (Weinstock et al. 1992) and mineralocorticoid receptors 
(Barbazanges et al. 1996; Tamura et al. 2011). Increased activation of the HPA axis 
in PS rats is also associated with a higher expression of CRF mRNA in the para-
ventricular nucleus (PVN) of the hypothalamus in females and a reduction in its 
corticotropin-releasing factor binding protein (CRF-BP) in males which is believed 
to limit the action of CRF (Zohar and Weinstock 2011).



8 M. Weinstock

1.3  Anxiety and Depressive-Like Behavior in Rats

The heightened anxiety seen in infants of stressed, anxious, and depressed mothers 
is paralleled in 10-day-old PS infant rats and detected by the increase in ultrasonic 
vocalizations in response to isolation from the mother (Laloux et al. 2012). PS males 
are also more anxious than control rats, as indicated by the longer latency to emerge 
from a dark cage into a brightly lit box (Ward et al. 2000), or by avoidance of the 
center area in the field (Abe et al. 2007). In 1988, following the description by Pel-
low and File (1986) of the use of the elevated plus maze (EPM) for detecting anx-
iolytic drugs, we used the test to demonstrate heightened anxiety in the offspring of 
both sexes of mothers subjected to unpredictable noise throughout gestation (Fride 
and Weinstock 1988). This finding was replicated in both sexes after variable forms 
of stress during the last week of gestation by Richardson et al. (2006) and Zohar and 
Weinstock (2011), but only in female offspring in a study by Schulz et al. (2011). 
When maternal stress consisted of thrice daily restraint, anxiety was detected in the 
EPM in which it was tested only in males (Baker et al. 2008; Estanislau and Morato 
2005; Li et al. 2012; Vallee et al. 1997), or was found selectively in males, but not 
in females (Zuena et al. 2008) or in neither sex (Richardson et al. 2006; Rimondini 
et al. 2003). Maternal psychosocial stress also produced conflicting results in male 
offspring. These were found to be either less anxious (Gotz and Stefanski 2007) or 
more anxious than controls (Brunton and Russell 2010).

The disparate effect of prenatal stress demonstrated in these studies may arise 
from the amount by which plasma COR increased in response to the stress, and if 
this remained elevated during the period of the development of the limbic system. 
They could also result from the environmental conditions in which anxiety was as-
sessed in the offspring, as demonstrated in the following experiment. Offspring of 
control mothers and those subjected to varied stress from day 14 of gestation were 
tested in the EPM under bright light, under dim light, or were housed from weaning 
under a reversed light cycle and tested under red light during the active phase of 
their cycle (Fig. 1.1). No difference was detected in the behavior of PS and controls 
of either sex in the EPM under bright light since the controls spent relatively little 
time in the open arms of the maze. However, under dim light, rats of both sexes 
ventured more into the open arms and a significant anxiogenic effect was detected 
only in females. In the third group, male and female controls spent even more time 
in the open arms, enabling clearer detection of anxiety in PS rats. A similar differ-
ence between PS and controls was also reported by others who assessed behavior in 
rats housed under reversed light (Brunton and Russell 2010; Zohar and Weinstock 
2011).
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1.4  Neurochemical and Structural Changes Associated 
with Increased Anxiety Induced by Prenatal Stress

The amygdala plays a primary role in the formation and storage of memories as-
sociated with emotional events that are imprinted in the lateral nuclei. Anxious be-
havior is elicited through connections between the lateral nuclei, the central nucleus 
of amygdala (CeA), and the bed nuclei of the stria terminalis. The volume of the 
amygdala is increased in children with generalized anxiety disorders (De Bellis 
et al. 2000) or in those born to women with anxiety and depression during preg-
nancy (Buss et al. 2012), as shown by structural magnetic resonance imaging. In 
a study performed only in male offspring, prenatal stress caused an increase in the 
volume of the lateral amygdaloid nucleus which contained more neurons than that 
of controls (Salm et al. 2004). The CeA is a major extra hypothalamic site of CRF 
expression (Merchenthaler et al. 1982). Injection of CRF into the amygdala was 
shown to induce anxiogenic behavior (Gray and Bingaman 1996), while adminis-
tration of a CRF receptor antagonist into the brain selectively reduced the height-
ened anxiety of PS males in the cage emergence test (Ward et al. 2000). In keeping 

Fig. 1.1  Effect of different 
environmental conditions on 
behavior in the elevated plus 
maze. a Males. b Females. 
White columns: controls; 
black columns: prenatally 
stressed. Significantly differ-
ent from controls, *p<0.05; 
**p<0.01

 



10 M. Weinstock

with their anxiogenic behavior, we showed that PS males and females had higher 
levels of CRF protein in amygdala extracts (Fig. 1.2). In comparison with controls, 
PS males also had a reduction in the levels of CRF-BP mRNA and of CRF 2 recep-
tors (CRFR2) mRNA (Zohar and Weinstock 2011), the activation of which reduces 
anxiety. The increase in CRF protein in the amygdala in PS rats could have resulted 
from excess COR activity via glucocorticoid receptors which are expressed in the 
CeA during development (Honkaniemi et al. 1992). Maternal psychological stress 
that only increased anxiety in the male offspring also reduced the expression of 
CRFR2 and increased that of CRF 1 receptors (CRFR1), which mediates anxiety, in 
the medial nucleus of the amygdala of males (Brunton et al. 2011).

1.5  Alterations in Cognitive Function and Spatial 
Learning Induced by Prenatal Stress in Humans  
and Rats

1.5.1  Humans

Cortical neurogenesis in humans occurs between gestational weeks 6 and 16 (Sid-
man and Rakic 1973) and neuronal migration and synaptogenesis leading to distin-
guishable cortical layers between weeks 24 and 26 (Meyer et al. 2000).

It has been shown that prenatal stress affects cognitive abilities in humans from 
infancy to adulthood. Exposure of mothers to the severe stress of a freezing ice 
storm in Canada resulted in some degree of cognitive retardation in their 2-year-old 
children, while exposure to moderate levels of stress enhanced development of their 
cognitive ability (DiPietro et al. 2006). At 5.5 years of age, severe stress exposure 
resulted in lower full-scale IQs and language abilities (Laplante et al. 2008). Like-
wise, others found that high maternal antenatal anxiety, but not low or moderate 
levels, was associated with poorer performance of 17-year-old adolescent offspring 
when the cognitive load of the task was increased (Mennes et al. 2006). Young 
adults whose mothers had experienced major adverse life events during pregnancy 

Fig. 1.2  Relative amount of 
corticotropin-releasing factor 
( CRF) protein in the amyg-
dala of control and prenatally 
stressed rats White columns: 
controls; black columns: pre-
natally stressed. Significantly 
different from controls; 
*p < 0.05; **p < 0.01
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used a more rigid strategy to solve a navigational task that depended on the caudate 
nucleus, in contrast to the flexible, hippocampus-based one used by unstressed indi-
viduals (Schwabe et al. 2012). These studies did not provide any information about  
possible sex differences in the effect of prenatal stress on cognitive performance. 
Nevertheless, data accumulated so far show that adverse life events may have per-
manent effects on cognitive function and on the way in which spatial problems are 
solved. The outcome of maternal stress appears to depend on its intensity and the 
time during pregnancy of its occurrence as confirmed by studies in experimental 
animals described below.

1.5.2  Rats

In the rat, neurogenesis begins in various cortical regions on day 14 and continues 
until birth on day 21; in hippocampal fields CA 1–3, it starts on day 15, and in the 
granule cells of the dentate gyrus (DG) on day 19, continuing until postnatal day 19 
(Rice and Barone 2000). There are clear sex differences in normal brain morphol-
ogy in rats, particularly in the hippocampus, both during development (Munoz-
Cueto et al. 1990) and in adulthood (Andrade et al. 2000; Madeira and Lieberman 
1995; see below). As in humans (Newhouse et al. 2007; Sneider et al. 2011), sex 
differences underlie the performance of spatial learning in rodents and are related to 
different strategies used by each sex (Sandstrom et al. 1998). Several brain regions 
may participate in the execution of these strategies, including the medial prefrontal 
cortex (de Bruin et al. 2001) and the hippocampal formation. The latter is particu-
larly involved in spatial navigation guided by distal cues to which females tend to 
respond better than males (Blokland et al. 2006).

Most reports of the effect of prenatal stress on spatial memory are based on 
experiments in which pregnant rats were restrained once or thrice daily for periods 
ranging from 30 to 120 min during the last week of gestation when the cortical and 
hippocampal neurons develop. Spatial memory of their adult offspring was assessed 
in the Morris water maze (MWM) test. Unlike the effect of prenatal stress on anxi-
ety, there was much more agreement between studies, with most of them reporting 
learning deficits in males (Hosseini-Sharifabad and Hadinedoushan 2007; Lemaire 
et al. 2000; Li et al. 2012; Lui et al. 2011; Salomon et al. 2011; Szuran et al. 2000; 
Zagron and Weinstock 2006), and only one, selectively in females (Wu et al. 2007). 
In another study in which control females performed the task less well than males, 
prenatal stress actually improved the performance of females (Zuena et al. 2008). 
The relative immunity of adult PS females from impairment of spatial learning may 
result from the presence of estradiol which can increase neurogenesis, spine density, 
and their spatial performance (Gould et al. 1990; Phan et al. 2012).

When the effect of varied forms of prenatal stress was examined in prepuber-
tal or juvenile rats, spatial learning was selectively impaired in females (Li et al. 
2008; Weinstock 2011). However, the search strategy employed by both young PS 
male and female rats was shown to be less efficient than that of their respective 
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controls (Wu et al. 2007). In adulthood, the same varied stress only caused spatial 
memory deficits in males (Weinstock 2011), possibly due to the positive influence 
of estradiol in females (Markham et al. 2010; Yaka et al. 2007). In association with 
learning impairments in PS males, there was a decrease in hippocampal long-term 
potentiation (LTP) (Yaka et al. 2007; Yang et al. 2006) and in the expression of the 
NR2B subunit of the glutamate-type N-methyl-d-aspartate (NMDA) receptor (Lui 
et al. 2011; Yaka et al. 2007) and in the GluR1 subunit of the α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor (Yaka et al. 2007).

Attempts have been made to relate alterations induced by prenatal stress in spa-
tial learning to those in hippocampal morphology. In accordance with the selec-
tive effect on learning, we found a reduction in dendritic length, complexity, and 
number of spines in the DG in juvenile PS females. In the hippocampal CA1 and 
CA3 regions, the length and complexity of apical dendrites were decreased in both 
sexes (Bock et al. 2011). There do not appear to be any studies on the effect of 
prenatal stress on dendritic morphology in adult females. However, in adult males, 
a reduction was found in the complexity of dendrites and their length in the hippo-
campal CA3 region after once daily maternal restraint of 1 h (Hosseini-Sharifabad 
and Hadinedoushan 2007) and in the CA1, CA3, and DG after maternal restraint 
of 2 h (Fujioka et al. 2006). By contrast, as in humans (DiPietro et al. 2006), mild 
maternal restraint stress, which consisted in rats of only 30 min, improved cognitive 
function (Fujioka et al. 2001), and increased dendritic length in the CA1 and DG 
and dendritic complexity in the CA3 region in PS males (Fujioka et al. 2006).

Neurogenesis in the subgranular zone (SGZ) of the DG of the hippocampus con-
tinues throughout life and plays an important role in cognition (Abrous et al. 2005). 
When measured by the incorporation of cells labeled with 5-bromo-2′-deoxyuridine 
(BrdU), neurogenesis was decreased in the DG of male PS rats that showed learn-
ing deficits (Lemaire et al. 2000). When the same restraint stress used by this group 
failed to induce changes in spatial learning, BrdU was not decreased significantly 
in males in the dorsal hippocampus (that is involved in spatial learning) but only 
in the ventral part in females associated with increased anxiety (Zuena et al. 2008). 
We used doublecortin (DCX), a reliable marker of newly generated neurons (Rao 
and Shetty 2004), and found that it was selectively reduced in the SGZ of the DG 
in adult males (Fig. 1.3). On the other hand, GAP 43, a protein that positively influ-
ences axonal guidance and synaptic plasticity, was increased in PS females com-
pared to that in controls (Fig. 1.3). Prenatal stress also diminished neurogenesis in 
the DG of monkeys but no information was given about their spatial learning ability 
(Coe et al. 2003).

Prenatal stress has been shown to reduce the size of the anogenital distance in 
prepubertal males (Holson et al. 1995; Pereira et al. 2006; Salomon et al. 2011), a 
sign of a relative lack of testosterone. If the amounts of testosterone synthesized 
by their hippocampal neurons are also reduced in PS males, it would adversely 
affect their synaptic plasticity (Ooishi et al. 2012) and could explain their greater 
susceptibility to learning and memory deficits. In summary, the majority of studies 
support a selective reduction in spatial learning by prenatal stress in adult males but 
not females. This is associated with a reduction of dendritic length, complexity, and 
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spines in the DG, and of neurogenesis in the SGZ which may occur through a rela-
tive lack of testosterone at a critical time during development.

1.6  Contribution of Pre- and Postnatal Factors to Human 
Offspring Behavioral Pathology

A clear association was found between the presence of anxiety disorder during 
pregnancy and depressive symptoms after birth, which together affected the out-
come, increasing the incidence of separation anxiety disorder and ADHD in the 
offspring (Martini et al. 2010). It was also shown that maternal anxiety before birth 
was also associated with anxiety and depression during and after pregnancy and 
resulted in anxiety in the children, making it impossible to differentiate genetic per-
sonality traits from pregnancy-related stress in this outcome (Martini et al. 2010). 
In an attempt to assess the relative contributions of prenatal and postnatal maternal 
anxiety, a full range of child psychopathology and functioning was assessed in over 
3000 mother–child pairs. Maternal depression was found to have a more significant 
impact on different types of child maladjustment than maternal anxiety in either the 
prenatal and postnatal periods. Internalizing difficulties in the child were linked to 
postnatal depression, while externalizing difficulties and impaired verbal IQ were 
associated with adverse prenatal factors, like low socioeconomic status and sub-
stance abuse, but not with maternal depression (Barker et al. 2011). Since smoking 
and drug abuse are themselves risk factors for infant pathology, it would be impor-
tant in future studies to separate adverse factors associated with stress from depres-
sion and drug abuse in determining their impact on child development and behavior.

Fig. 1.3  Behavior in the ele-
vated plus maze of stressed 
and control mothers with and 
without citalopram treatment. 
White column: control moth-
ers; black column: stressed 
mothers; hatched column: 
controls with citalopram 
(10 mg/kg/day); cross-
hatched column: stressed 
with citalopram (10 mg/kg/
day). Significantly differ-
ent from controls; *p < 0.05; 
significantly different from 
stressed #p < 0.05
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1.7  Experiments Differentiating Pre- and Postnatal 
Effects of Maternal Stress in Rats

1.7.1  Maternal Behavior

In experimental studies in rats, a clear separation can be made between the influ-
ence of prenatal and postnatal factors wih no confounds due to drug intake by the 
use of cross-fostering of pups from a stressed onto a control mother and vice versa. 
Thus, we found that chronic variable stress during the last week of pregnancy in-
creased the anxiogenic behavior of stressed mothers in the EPM test measured 2 
days after their pups are weaned (Fig. 1.4), and this may reduce their maternal be-
havior towards their pups (Moore and Power 1986; Power and Moore 1986; Smith 
et al. 2004). This may have resulted from excess levels of maternal COR released 
in response to stress since diminished maternal care was also seen when COR was 
administered during pregnancy (Brummelte and Galea 2010). The presence (Smith 
et al. 2004) or absence (Poltyrev and Weinstock 1999) of an alteration in maternal 
care appears to depend on the magnitude of the increase in COR and its duration 
(Brummelte and Galea 2010).

1.7.2  Cross-fostering

Fostering PS pups onto control mothers reduced their anxiety in the EPM test but 
increased anxiety in controls pups reared by a stressed mother (Barros et al. 2006). 
This testifies to the influence of postnatal factors in the etiology of anxiety in the 
offspring. The fostering procedure of PS rats onto control mothers also normal-

Fig. 1.4  Effect of prenatal 
stress on neurogenesis and 
synaptic plasticity in the 
dentate gyrus of the hippo-
campus. a Represents the % 
area of immunoreactivity in 
cells labeled with an antibody 
to doublecortin. b Represents 
the intensity of staining 
with an antibody to GAP43. 
Significantly different from 
controls; *p <0.05; **p<0.01
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ized the activity of the HPA axis of the males and prevented the downregulation 
of glucocorticoid receptors (Maccari et al. 1995). In contrast to the amelioration of 
anxiety, rearing by a control foster mother had no effect on the learning deficits or 
the reduction in LTP in PS males (Yang et al. 2006). This indicated that the effect on 
learning and synaptic plasticity is prenatally mediated.

It has been shown that the anxiety and abnormal regulation of the HPA axis, but 
not the learning deficits, in PS rats are brought about by raised levels of maternal 
COR (Barbazanges et al. 1996; Salomon et al. 2011). Chronic maternal stress was 
shown to increase COR in the mothers’ milk for periods of up to 3 weeks (Pfister 
and Muir 1989). Rearing of PS pups by control mothers would also prevent their 
exposure to such raised levels of COR. The finding that heightened anxiety in PS 
rats is associated with the quality of postnatal maternal mood, and rearing ability ac-
cords well with the findings in human subjects. The closer association between ma-
ternal stress during the prenatal period and the cognitive outcome is also in agree-
ment with the human data (Laplante et al. 2008).

1.7.3  Rearing in an Enriched Environment

Environmental enrichment (EE) consists in modifying the rat’s housing conditions 
to provide enhanced sensory motor and cognitive stimulation. This is probably 
only significant for laboratory rats that are normally housed in small cages with no 
source of stimulation or little room for movement. EE has been shown to increase 
total brain weight (Wainwright et al. 1993) and the number of dendritic branches in 
the hippocampus (Greenough and Volkmar 1973). Housing PS male rats in an EE 
from weaning restored the response of the HPA axis to stress to that in control rats 
(Morley-Fletcher et al. 2003) and reduced their anxiety (Li et al. 2012). In contrast 
to the lack of effect of fostering, an EE also normalized the spatial performance of 
PS rats in the MWM test, and hippocampal LTP (Lui et al. 2011; Yang et al. 2007). 
However, the reduction in social interaction in adolescent and adult male PS rats, 
which was associated with a decrease in oxytocin in the PVN and was restored to 
that of controls by injection of oxytocin into the amygdala, was not improved by EE 
(Lee et al. 2007). Others housed the pregnant rats themselves in an EE while they 
were stressed and found that their male offspring showed less anxiety, performed 
like controls in the MWM, and had an increase in spine density in the hippocampal 
CA1 and DG regions (Li et al. 2012). It is not yet known if maternal housing in an 
EE would prevent the reduction in social interaction induced by prenatal stress. 
The mechanism by which EE reverses some of the effects of prenatal stress is not 
clear, but it may occur through stimulation of neurogenesis and formation of more 
dendritic spines to overcome their loss in PS rats.
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1.8  Effect of Antidepressant Treatment

During ontogenesis, 5-HT serves as a developmental signal for both serotonergic 
neurons and target tissues (Lauder 1990). In the mature brain, 5-HT acts as a neu-
rotransmitter and also modulates neuronal function and plasticity (Lesch 2001). In 
order to exert its proper function during development, serotonin must be present in 
various brain regions in optimal concentrations which are controlled through the 
levels of 5-HT synthesis and metabolism. The level of 5-HT in the brain is largely 
regulated via its reuptake through the serotonin transporter (SERT) which appears 
in humans and rats during midgestation (Daws and Gould 2011). Alterations in 
serotonergic activity are believed to occur in subjects with depression (Ressler and 
Nemeroff 2000).

1.8.1  Humans

Selective serotonin reuptake inhibitors (SSRIs), fluoxetine, paroxetine, and citalo-
pram, are most frequently prescribed antidepressants for maternal depression be-
cause they are generally considered to cause fewer adverse effects than the older 
tricyclic antidepressants (Cipriani et al. 2005; Westenberg and Sandner 2006). The 
number of anxious and depressed pregnant women using these medications varies 
from 5 to 20 % (Marcus 2009; Moses-Kolko and Roth 2004; Nordeng et al. 2012). 
A higher incidence of preterm births (Hayes et al. 2012; Klieger-Grossmann et al. 
2012), autism (Croen et al. 2011), irritability (Thormahlen 2006), and lower psy-
chomotor development index (Casper et al. 2003) has been reported in infants of 
mothers treated with SSRIs, but these symptoms are also seen in those of untreated 
subjects with depression (Louik et al. 2007). Others were able to differentiate an 
influence of SSRIs from that of depression on neuronal function. Infants from un-
treated depressed mothers had significantly lower attention scores than those of 
nondepressed mothers, while those of drug-treated mothers had a lower gestational 
age, more hypertonia, and a higher number of central nervous system stress signs 
than those of either untreated mothers or controls (Salisbury et al. 2011).

Only two studies have compared the effect on behavior of the children of de-
pressed mothers with and without SSRI treatment. In a relatively small group of 
women (22) given either paroxetine, sertraline, or fluoxetine, no difference was 
found in maternal mood or the incidence of behavioral abnormalities in 4-year-old 
children of treated and untreated mothers (Oberlander et al. 2007). In a larger group, 
depressed mothers were either untreated or given venlafaxine, sertraline, parox-
etine, fluoxetine, or citalopram in the first semester or throughout pregnancy. There 
was a reduction in the number of women who experienced a depressive episode in 
the 1st year following childbirth in those receiving venlafaxine but not the other 
drugs. However, irrespective of drug treatment and maternal outcome, their chil-
dren aged 3, 6, and 12 years had significantly higher rates of poor neonatal adapta-
tion, problematic externalizing and internalizing behaviors, and lower verbal and 
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performance IQs than those of nondepressed mothers (Nulman et al. 2012). Thus, 
there is no evidence that treatment of pregnant women with these drugs produces 
any benefit in terms of the behavioral outcome in the children.

1.8.2  Rats

Administration of citalopram (10 mg/kg/day) to pregnant rats from day 7 of gesta-
tion 1 week before commencement of stress, until the pups were weaned, reduced 
the anxiogenic behavior of stressed mothers but had no effect on that of unstressed 
mothers (Fig. 1.4). However, like SSRI treatment in depressed pregnant women 
(Nulman et al. 2012), citalopram did not ameliorate anxiogenic behavior of PS male 
offspring or their spatial learning deficits. When given to control mothers, citalo-
pram induced learning deficits in their offspring (Fig. 1.5). Maternal administration 
of fluoxetine from gestational day 11 to unstressed mothers resulted in a reduction 
in social play behavior in their juvenile offspring and anxiety at adulthood (Ol-
ivier et al. 2011). However, when fluoxetine was administered to rat mothers after 
parturition, anxiogenic behavior of the PS male offspring was decreased and there 
was no increased anxiety in controls (Rayen et al. 2011). In addition, fluoxetine 
treatment restored the suppressed neurogenesis in the SGZ of the DG of PS males 
and females to that in controls. Imipramine or fluoxetine given chronically to PS 
males in adulthood reduced their anxiety in the open field and the levels of COR 
and glucocorticoid receptor in response to stress (Szymanska et al. 2009). How can 
one explain the difference in outcome when SSRIs are given pre- or postnatally? 
Prenatal administration of SSRIs inhibits the SERT during a critical period of neu-
ron development and exposes the brain to excess amounts of 5-HT, as also shown in 

 

Fig. 1.5  Effect of maternal stress and citalopram treatment on spatial learning in the Morris water 
maze of adult male offspring. Open circles: controls, mothers untreated; closed circles: prenatally 
stressed, mothers untreated; open triangles: controls, mothers treated with citalopram (10 mg/
kg/day); closed triangles: prenatally stressed, mothers treated with citalopram (10 mg/kg/day). 
Significantly different from controls; *p < 0.05; significantly different from prenatally stressed 
#p < 0.05
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SERT knockout mice (Borue et al. 2007). Once the serotoninergic systems are fully 
developed and neuronal guidance is complete, the actions of SSRIs on abnormal be-
havior result from readjustment of alterations induced by prenatal stress in pre- and 
postsynaptic 5-HT receptor activation. Taken together, the data from experiments in 
human subjects and rats suggest that treatment of pregnant mothers with SSRIs may 
improve their depressed mood in some subjects. However, SSRIs can adversely 
affect neuronal guidance and the development of serotoninergic systems in the off-
spring by inhibiting the SERT at a critical time during development.
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Abstract Prenatal restraint stress (PRS) can induce persisting changes in individu-
al’s development. PRS increases anxiety and depression-like behaviors and induces 
changes in the hypothalamo–pituitary–adrenal (HPA) axis in adult PRS rats after 
exposure to stress. Since adaptive capabilities also depend on temporal organiza-
tion and synchronization with the external environment, we studied the effects of 
PRS on circadian rhythms, including the sleep–wake cycle, that are parameters 
altered in depression. Using a restraint stress during gestation, we showed that PRS 
induced phase advances in hormonal/behavioral circadian rhythms in adult rats, and 
an increase in the amount of paradoxical sleep, positively correlated to plasma corti-
costerone levels. Plasma corticosterone levels were also correlated with immobility 
in the forced swimming test, indicating a depressive-like profile in the PRS rats. 
We observed comorbidity with anxiety-like profile on PRS rats that was correlated 
with a reduced release of glutamate in the ventral hippocampus. Pharmacological 
approaches aimed at modulating glutamate release may represent a novel therapeu-
tic strategy to treat stress-related disorders. Finally, since depressed patients exhibit 
changes in HPA axis activity and in circadian rhythmicity as well as in the paradoxi-
cal sleep regulation, we suggest that PRS could represent an original animal model 
of depression.
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2.1  Early Life Events, HPA Axis Activity, and Maternal 
Factors

Very little is known about the long-term effects of an early adverse experience on 
the development of response to the rotation of the earth (predictive adaptation). In 
order to study biological rhythms while avoiding the obvious ethical dilemmas in-
volved in human experimentation, different animal models of perinatal stress have 
been developed since 1957 (Thompson 1957; Dahlof et al. 1978; Fride and Wein-
stock 1984; Peters 1982; Ward 1972; Alonso et al. 1991; Takahashi and Kalin 1991; 
Maccari et al. 1995; Seckl 1998). In particular, during the past 20 years, our group, 
first in Bordeaux and more recently in Lille and Rome, has studied the long-term 
outcome of prenatal restraint stress (PRS) on the activity of the HPA axis and the 
function of the circadian rhythm. PRS animal model in the rat (Fig. 2.1) is a well-
documented model of early stress known to induce long-term neurobiological and 
behavioral alterations after exposure to stressors (Darnaudéry and Maccari 2008). 
Indeed, prenatal environment exerts profound influences on the development of an 
organism (Seckl 2004; de Kloet et al. 2005), inducing changes, which extend from 
early to later life (Vallée et al. 1999). Early environmental triggers or stressors may 
have a permanent rather than a transient effect on the organism inducing an imprint-
ing of physiological systems known as perinatal “programming” (Barker 1999). 

Fig. 2.1  Schematic representation of PRS procedure; during the ten days of gestation, dam is 
restrained under a strong light for 45 min, 3 times per day. No painful contention is applied, even 
though dams cannot avoid this situation. The offspring and the mother are then left undisturbed 
until weaning. The first aim of our group was to investigate the long-term effect of prenatal stress 
to determine if the offspring of stressed mothers were more vulnerable to affective disorders
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It has been shown that adult prenatal stress rats (called PRS rats) exhibit abnor-
malities under stressful conditions, such as increased “anxiety-like behaviors”, “hy-
peremotionality-like behaviors” or “depression-like behavior” (Maccari and Mor-
ley-Fletcher 2007). The increased anxious/depressive-like behavior is evidenced 
by increased ultrasonic vocalizations in infancy (Laloux et al. 2012), reduced so-
cial play during adolescence (Morley-Fletcher et al. 2003a), reduced exploration 
in the elevated-plus maze (EPM) test and open-field test (Vallée 1997, 1999), or 
increased immobility in the forced swim test during adulthood (Morley-Fletcher 
et al. 2003b, 2004, 2011).The HPA axis is involved in the ability to cope with stress 
and represents one of the biological substrates possibly mediating these behavioral 
disorders. Indeed, PRS induces an increase in stress-induced plasma adrenocorti-
cotropin (ACTH) levels, a prolongation of stress-induced corticosterone secretion 
both in male and female PRS rats (Fig. 2.2), and a decreased binding capacity of 

Fig. 2.2  Corticosterone 
stress response in both male 
(a) and female (b) rats is 
shown. *p < 0.05 versus con-
trols. PRS prenatal restraint 
stress. (Original data are 
reported in Koehl et al. 1999)
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hippocampal corticosteroid receptors (Maccari et al. 1995; Van Waes et al. 2006). 
A number of neurotransmitters are involved in those hormonal and behavioral re-
sponses. For example, PRS increases the levels of 5-HT2 receptors (Peters 1986, 
1988, 1990), induces an increase in the expression of 5HT1A mRNA in the pre-
frontal cortex (Morley-Fletcher et al. 2004), and increases acetylcholine release in 
the hippocampus after mild stress or corticotropin-releasing factor (CRF) injection 
(Day et al. 1998). Recently, we showed that a decrease in glutamate release in the 
ventral hippocampus was causally related to the increased anxiety observed in PRS 
rats (Marrocco et al. 2012).

Those long-term neuroendocrinological effects are mediated, at least in part, by 
stress-induced maternal corticosterone increase during pregnancy (Barbazanges 
et al. 1996). This is also supported by the recent observation that PRS leads to a de-
crease in placental 11beta-hydroxysteroid dehydrogenase 2 (11beta-HSD2) activity, 
and the ensuing increase in maternal corticosterone reaching the fetus (Mairesse 
et al. 2007b). However, considering that mothers who are themselves stressed bring 
up these newborns, it is more appropriate to define the stress as perinatal rather than 
simply prenatal, and to take into account postnatal maternal factors as well. Also, 
maternal factors other than hormones may contribute to the long-term changes in 
HPA reactivity in the offspring. Indeed, the state of pregnancy and lactation brings 
about a range of physiological and behavioral changes in the mother, and while the 
impact of maternal stress on behavior in the offspring has been well documented, 
few studies have explored its effect on the pregnant rodents themselves. We have 
shown that PRS can persistently affect maternal behavior from delivery to weaning 
(21 days after the end of the stress). Stressed mothers seem to be more anxious and 
to show impaired coping in inescapable situations. They also exhibit a decrease 
in the corticosterone response to novelty. The restraint stress procedure results in 
reduced body weight gain in pregnant females. A similar effect has also been ob-
served in the post-stress period, suggesting that body weight differences between 
stressed and unstressed dams persist until the weaning of their pups. Interestingly, 
no prolonged effects of chronic restraint stress have been reported in nulliparous 
females (Darnaudéry et al. 2004a). These results indicate that pregnancy constitutes 
a period of high vulnerability to stress, and that the effects of this stress on female 
behavior are long lasting. This long-lasting effect of PRS is also the reason why it 
is preferable to refer to the stress as “perinatal” rather than simply “prenatal”. The 
results mentioned above are in agreement with previous data from the literature 
regarding the impairment of maternal behavior following gestational stress (Fride 
et al. 1985; Poltyrev and Weinstock 1999; Neumann et al. 1998; Smith et al. 2004; 
Champagne and Meaney 2006). Such behavioral disturbances affect maternal care 
during the lactating period and can contribute to the long-term effects of perinatal 
stress on the offspring. Indeed, a previous report has shown that early adoption, 
which enhances maternal behavior (Maccari et al. 1995; Darnaudéry et al. 2004b), 
prevents prenatal-stress-induced impairments in glucocorticoid feedback (Maccari 
et al. 1995). We have also observed that PRS increases maternal anxiety in dams 
subjected to such a procedure (Darnaudéry et al. 2004a). Furthermore, postnatal 
handling of the offspring results in changes in maternal behavior (Bell et al. 1971; 
Lee and Williams 1975; Francis et al. 1999) and contributes to improved behavioral 
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performances by the handled offspring. Indeed, early postnatal factors seem to play 
an important role in the impact of PRS, since adoption, postnatal handling, environ-
mental enrichment (both pre- and postnatal), and disruption of maternal behavior 
all strongly modify it (Maccari et al. 1995; Koo et al. 2010; Lemaire et al. 2006; 
Weaver et al. 2004; Champagne and Meaney 2006). The notion that epigenetic 
mechanisms, which exert lasting control over gene expression without altering the 
genetic code, could mediate stable changes in brain function (Tsankova et al. 2007) 
provides a possible explanation for these changes.

2.2  Early Life Events and Circadian Systems

The circadian system is essential for the optimal functioning and adaptation of the 
organism to the dramatic changes in the environment imposed by earth rotation on 
its axis. Indeed, the circadian system maintains temporal synchronization not only 
between the organism and daily changes in the physical environment but also be-
tween diverse internal physiological processes (Turek and Van Reeth 1988). Most 
biochemical, physiological, or behavioral processes within the organism fluctu-
ate on a regular basis throughout the 24-hour day. These daily rhythms arise from 
an internal time-keeping system, the circadian clock, located in the hypothalamic 
suprachiasmatic nuclei (SCN). In the absence of any environmental input, these 
rhythms persist with a period of about 24 h and are therefore referred to as “circadi-
an rhythms.” For many years, the circadian system was thought to be only sensitive 
to changes in the light–dark (LD) cycle. However, it has been shown that circadian 
function and/or sleep patterns can also be reset by neurochemical or behavioral 
stimuli. Among those stimuli, steroids can have marked effects on the functioning 
of the circadian system, and chronic stress in adult rats can induce changes in sleep 
patterns and circadian rhythms (Baker and Driver 2007; Cutolo et al. 2006; Smith 
et al. 2005; Young et al. 2004). Interestingly, we demonstrated a negative correla-
tion between the corticosterone response to an acute stress and the ability for the 
circadian clock to adapt to an acute chronobiological stress (jet lag; Weibel et al. 
2002). Perinatal events seem to have complex influences on the long-term develop-
ment of circadian function. For instance, it is known that abnormal development 
of visual system in anophthalmic mice have clear effects on the integrity of the 
SCN and on the development of behavioral rhythms. Restricted access to the natu-
ral mother has been shown to shift endogenous corticosterone rhythm of rat pups. 
Despite the fact that postnatal events have complex influences on the long-term de-
velopment of the circadian clock, very little attention has been given to the possible 
effects of prenatal stress on circadian clock function. Previous studies reported that 
sustained hypoxia in adults affects the functioning of the internal clock located in 
the suprachiasmatic nuclei. We have hypothesized that gestational hypoxia, found 
in many pathological conditions in pregnant women and naturally associated with 
life at high altitude, can cause long-lasting consequences for the synchronization 
of the circadian clock to light. Using gestational hypoxia as a prenatal stress proce-
dure, we demonstrated that, once adult, rats born to hypoxic mothers had significant 
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alterations in their circadian rhythm of locomotor activity (recorded in freely acces-
sible running wheels). Under a regular LD cycle, they showed a phase advance of 
their rhythm of activity and were less active than control rats. After an abrupt 6-hour 
phase delay in the LD cycle, rats from the prenatal hypoxic group took signifi-
cantly more time to resynchronize to the new LD cycle compared to controls. Under 
constant darkness, prenatal hypoxic group and control rats had a similar period of 
activity but the response of prenatal hypoxic group rats to a light pulse in the early 
subjective night was less marked than that of control rats. When submitted to acute 
restraint stress, prenatal hypoxic group rats had a prolonged secretion of corticos-
terone compared to controls. These results indicate that prenatal hypoxia is a factor 
that has long-lasting consequences for the functional output of the biological clock 
and the hormonal response to stress (Joseph et al. 2002).

Our previous data provide evidence for the long-term effect of a PRS proce-
dure on circadian locomotor activity (Maccari and Morley-Fletcher 2007). More 
recently, in order to clarify relationships between PRS, gender, and the circadian 
system, we have monitored the running wheel behavior in male and female adult 
PRS rats, first under a LD cycle and then after an abrupt 6-h advance shift in the LD 
cycle. The locomotor activity pattern of both male and female PRS rats was signifi-
cantly more erratic and fragmented compared to controls. PRS differentially alters 
the circadian activity rhythm in male and female rats. PRS increases total activity 
in males and decreases it in females. Also, PRS induced a significant phase advance 
in the circadian activity rhythm only in male rats and increased the time required to 
resynchronize the activity rhythm after an abrupt phase advance of the LD cycle but 
to a larger extent in females than in males (Fig. 2.3). These observations highlight 
the importance of the circadian system in the gender-specific outcome observed in 
animals exposed to prenatal stressful events and suggest a gender difference in the 
response of the circadian clock to light (unpublished data). Concerning hormonal 
rhythms, we previously have demonstrated that PRS induces an increase in corticos-
terone secretion at the end of the light period in both males (Fig. 2.4) and females, 
and hypercorticism throughout the diurnal cycle in females only (Koehl et al. 1997, 
1999). Interestingly, most of the PRS consequences seem to be sex specific. PRS-
reduced hippocampal neurogenesis, metabotropic glutamate (mGlu) receptors ex-
pression, and brain-derived neurotrophic factor (BDNF) only in males (Zuena et al. 
2008) and chronic ethanol treatment increased mGlu1 receptors in PRS males (Van 
Waes et al. 2009) while it reduced it in PRS females (Van Waes et al. 2011). How-
ever, prolonged hypothalamo–pituitary–adrenal (HPA) axis response to stress mea-
sured as corticosterone secretion is observed in PRS rats of both genders (Bowman 
et al. 2004; Koehl et al. 1999). These effects might be mediated, at least in part, by a 
reduction in hippocampal mineralocorticoid receptor (MR)/glucocorticoid receptor 
(GR) at specific times of the day (Koehl et al. 1999). Results also show that pre-
partum stress could alter the pattern of corticosterone secretion in pregnant females 
gestational. As for the response to stress, altered circadian corticosterone activity 
is associated with disturbed circadian behavioral cycles including increased REM 
sleep and sleep fragmentation (Dugovic et al. 1999). Male PRS rats exhibited a 
significant increase in the amount of paradoxical sleep (PS) over the 24-h recording 
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session (Fig. 2.5). Other changes include an increased sleep fragmentation and light 
slow wave sleep (SWS 1) time, and a slight decrease in the percentage of deep slow 
wave sleep (SWS 2) relative to total sleep time. The present results demonstrate that 
exposure to PRS can produce long-term and selective changes in both the structure 
and the continuity of sleep. Although there were preliminary reports of abnormal 
“sleep-like behaviors” in prenatal stress monkeys and prenatal stress humans, our 
data provide the first polygraphic demonstration of long-term effects of PRS on the 
sleep–wake cycle when the animals reach adulthood.

The sleep–wake cycle that is dramatically modified by PRS (Dugovic et al. 
1999; Mairesse et al. 2013), with a significant increase in the amount of REM sleep 
over the 24-hour recording session, positively correlated to plasma corticosterone 
levels. Remarkably, a number of behavioral alterations (i.e., immobility time in the 
forced swimming test) observed in PRS are positively correlated to enhanced corti-
costerone response to stress. Also, we found a high negative correlation between the 
extent of depolarization-evoked glutamate release in the ventral hippocampus and 
anxiety-like behavior in both control and PRS rats (Fig. 2.6). Strategies aimed at 
restoring HPA axis functioning, i.e., environmental enrichment during adolescence 
(Morley-Fletcher et al. 2003a), or pharmacological manipulations during adulthood 
(Morley-Fletcher et al. 2011; Marrocco et al. 2012), correct the associated behav-
ioral patterns (Fig. 2.7).This is extremely relevant since it provides evidence that 

Fig. 2.3  a Representative activity records of the circadian running wheel activity from female, 
control (upper panel), and prenatal restraint stress (lower panel) ( PRS) rats subjected to abrupt 6-h 
phase advanced of the LD cycle (on day 7 on these records). b Time required to resynchronize cir-
cadian rhythm of running wheel activity to the new LD cycle. ***P < 0.001 versus the respective 
controls. (Original data are reported in Mairesse et al. 2007a, b; Poster SFN)
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Fig. 2.5  Over 24 h, para-
doxical sleep or rapid eyes 
movements in controls and 
prenatal restraint stress (PRS) 
rats. *p< 0.05; **p< 0.01; 
***p < 0.001 (two-tailed 
unpaired Student’s t test) for 
between-group comparisons. 
(Original data are reported in 
Dugovic et al. 1999)

 

Fig. 2.4  Circadian secretion 
of corticosterone in male rats 
is shown. *p < 0.05 versus 
the respective controls. PRS 
prenatal restraint stress. 
(Original data are reported in 
Koehl et al. 1999)
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glutamate release in the ventral hippocampus is associated with anxiety, a stress-
related disorder (Marrocco et al. 2012)

2.3  PRS, an Animal Model of Depression

These are evidently concerned with the neurobiological symptoms of depression, 
and not the syndrome of depression, which includes mood aspects that clearly can-
not be reproduced in the rat model. In fact, it is quite obvious that the etiology of a 

Fig. 2.6  a Positive correlation between rapid eye movement ( REM) sleep and area under curve 
( AUC) of corticosterone secretion after response to stress. b Positive correlation between immo-
bility in the forced swimming test (depression-like behavior) and corticosterone secretion after 
response to stress. c Positive correlation between time spent in open arm (anxiety-like behav-
ior) and depolarization-stimulated glutamate release in the ventral hippocampus. r = coefficient of 
Pearson’s correlation analysis. PRS prenatal restraint stress. (Original data are reported in Dugovic 
et al. 1999)
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complex psychiatric human disease like depression cannot be reduced merely to a 
few biological changes exhibited by rats. Despite this consideration, the usefulness 
of an animal model lies in its capacity to improve our knowledge of the mechanisms 
underlying the actions of antidepressants on specific symptoms, with the goal of 
developing more appropriate and better-targeted drugs and to increase their efficacy 
on those specific symptoms.

As recently reviewed by Popoli et al. (2012), acute exposure to stress or treat-
ment with glucocorticoids enhances glutamate release in the hippocampus, amyg-
dala, and prefrontal cortex, three brain regions that are critically involved in the 
pathophysiology of psychiatric disorders. Our group has proven increasing evi-
dence 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. 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). Hip-
pocampal 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 re-
gion that specifically encodes memories related to stress and emotions (Fanselow 
and Dong 2010). 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 

Fig. 2.7  a Prenatal restraint stress ( PRS) rats display reduced depolarization-evoked glutamate 
release selectively in the ventral hippocampus. b Microinfusion in the ventral hippocampus of a 
cocktail that inhibits both mGluR2/3 receptors and GABAB receptors reduces their anxiety-like 
behavior in the Elevated-Plus Maze. *p < 0.05 or p < 0.01 versus the respective controls. (Original 
data are reported in Marrocco et al. 2012)
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D-[3H]-aspartate, a nonmetabolizable analogue of glutamate, but was very probably 
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 profile of expression of vesicle-associated proteins nicely fits with the finding 
that glutamate release was reduced in the ventral hippocampus, but not in the dorsal 
hippocampus of PRS rats. Remarkably, at least two proteins that have been found 
to be reduced in the ventral hippocampus of PRS rats, i.e., munc-18 and Rab3A are 
specifically associated to the regulation of glutamate 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 terminals (Geppert et al. 1994). Therefore, 
one of the most striking findings of our study is that PRS had profound effects on 
glutamate release, but it failed to affect gamma-aminobutyric acid (GABA) release. 
Our data suggest that PRS causes an imbalance between excitatory and inhibitory 
neurotransmission in the ventral hippocampus, an effect that might perturb cogni-
tive 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 behavior, and memory impair-
ment (Tordera et al. 2007; Garcia-Garcia et al. 2009; Chen et al. 2010). Thus, the 
imbalance between excitatory and inhibitory neurotransmission in the ventral hip-
pocampus might contribute to explain the anxious/depressive phenotype of PRS 
rats (Vallée et al. 1997; Zuena et al. 2008; Morley-Fletcher et al. 2011). The lack 
of changes in glutamate release in the dorsal hippocampus is in agreement with 
the finding that PRS rats do not show abnormalities in spatial memory unless they 
are of > 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 localized 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 behavioral 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 or juvenile/adult stage (Yaka et al. 2007; 
Schmidt et al. 2010). The value of PRS rats as a model of depression is strengthened 
by the finding that these animals show a persistent deficit in hippocampal neurogen-
esis and abnormalities in transcription factors and surface receptors that have been 
related to the pathophysiology of depression and anxiety (Darnaudéry et al. 2006; 
Lemaire et al. 2000; Schmitz et al. 2002; Zuena et al. 2008).

PRS rats display biobehavioral alterations that can parallel to some extent indices 
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 phenomenological 
similarity, whereas predictive validity refers to the accuracy of a model in forecasting 
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the course and outcome of a human syndrome. Finally, construct validity represents 
the degree to which both the human syndrome and the animal model are unambigu-
ously defined such that a rational theory can be constructed to explain the patho-
physiology of a disorder. However, because mental disorder is a human pathology, 
the perfect homology of an animal model to a human psychiatric condition cannot 
be absolutely demonstrated. In contrast, it is possible to use animal models to high-
light some similar symptoms and develop new pharmacological strategies. Various 
clinical observations in humans suggest a possible pathophysiological link between 
depression and disturbances in hypothalamus–pituitary axis, circadian rhythmicity, 
body temperature fluctuations, various peripheral hormone concentrations, and uri-
nary levels of neurotransmitter metabolites (Holsboer 2001). Added to our previous 
findings in PRS rats of high anxiety and emotionality, dysfunction 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. 2013) 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 means of chronic treatment with different classes of antidepressants in 
adult rats (Morley-Fletcher et al. 2003b, 2004, 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-
ioral, neurochemical, and neuroanatomical level. Thus, after antidepressant treat-
ment, PRS rats displayed reduced immobility behavior in the forced swim test, 
increased exploration of the open arm in the Elevated-Plus Maze (EPM), enhanced 
mineralocorticoid and glucocorticoid receptors densities in the hippocampus, and 
modified 5-HT1A mRNA expression (Morley-Fletcher et al. 2003b, 2004). We have 
also tested the therapeutic efficacy of agomelatine, a novel antidepressant that be-
haves as a mixed MT1/MT2 melatonin receptor agonist/5-HT2c serotonin recep-
tor 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 (Fig. 2.8). 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 specific to the pathological state (i.e., 
agomelatine behaves as a “disease-dependent” drug). In response to agomelatine, 
the ventral hippocampus of PRS rats may reacquire the ability to link stress-related 
events that occur simultaneously or close in time and to separate recent and remote 
stress-related memories, a mechanism that may critically affect resilience to stress.

Because of its peculiar pharmacological profile, agomelatine caters the potential to 
correct the abnormalities of circadian rhythms associated with mood disorders, includ-
ing abnormalities of the sleep/wake cycle. Hence, we examined the effect of chronic 
agomelatine treatment on sleep architecture and circadian rhythms of motor activity 
in PRS male rats (Mairesse et al. 2013). We found a reduced duration of Slow-Wave 
Sleep (SWS), an increased duration of rapid eye movement (REM) sleep, an increased 
number of REM sleep events, and an increase in motor activity before the beginning 
of the dark phase of the LD cycle. In addition, adult PRS rats showed an increased 
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expression of the transcript of the primary response gene, c-Fos, in the hippocampus 
just prior to the beginning of the dark phase. All these changes were reversed by a 
chronic oral treatment with agomelatine (2000 ppm in the diet; Fig. 2.9). The e.9ct of 
agomelatine on sleep was largely attenuated by treatment with the MT1/MT2 mela-
tonin receptor antagonist S22153, which caused PRS-like sleep disturbances on its 
own (Mairesse et al. 2013). These data provided the first evidence that agomelatine 
corrects sleep architecture and restores circadian homeostasis in a preclinical model 
of depression and supports the value of agomelatine as a novel antidepressant that 
resynchronizes circadian rhythms under pathological conditions.

2.4  Conclusions

These results suggest that PRS leads to long-term disturbances both in predictive 
adaptations to the earth’s rotation (circadian rhythms) and especially in the adapta-
tion to stress (stress response); interestingly, these alterations persist all along the 
life span. In other words, PRS rats present an “allostatic load” or a high cost for their 
adaptation in the face of challenges, expressed by increased anxiety, depression-like 
behavior, vulnerability to drugs and impaired learning during ageing. The studies 
conducted so far by our group and others indicate that the face as well as the predictive 
value of the PRS model is high, since several abnormalities observed in the PRS rats 

Fig. 2.8   a A chronic treatment with the antidepressant agomelatine reduces anxiety-like behavior 
of prenatal restraint stress ( PRS) rats in the elevated-plus maze (EPM) and reverses PRS-induced 
deficit in hippocampal neurogenesis specifically in the ventral hippocampus, a key region involved 
in anxiety regulation. b Chronic treatment with agomelatine increases mGluR5 and mGluR2/3 in 
the hippocampus of adult PRS rats. *p < 0.05 versus the respective controls or # versus PRS rats 
treated with vehicle. (Original data are reported in Morley-Fletcher et al. 2011)
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parallel those found in human depression. Indeed, like depressed patients, PRS rats 
escape from the feedback inhibition responsible for returning corticosterone secre-
tion to basal levels after stress. Abnormalities in a variety of overt circadian rhythms, 
including the cortisol rhythm, have been documented in depressed patients. Also, al-
teration in the sleep–wake cycle is a hallmark of human depression, with changes in-
cluding a shortened PS latency, an increase in the amount and frequency of PS during 
the first part of the night, increased sleep fragmentation, and a decrease in the amount 
of SWS. In contrast to other stress-related animal models of depression, the persis-
tence of all induced abnormalities after stressor removal in PRS rats could be seen 
as particularly advantageous for the design and testing of new therapeutical strate-
gies in mood and sleep disorders. Finally, considering that maternal mediators act 
during a critical period in development, it could be postulated that the high maternal 
corticosterone levels and altered maternal behavior following PRS contribute to the 
long-term effects described in the offspring, through epigenetic modifications.

Fig. 2.9  Agomelatine restores circadian homeostasis and corrects sleep architecture in a preclini-
cal model of depression, prenatally restraint stressed rats. a Circadian profile of running wheel 
activity (mean from 8 consecutive days), for control ( Con) and prenatal restraint stress ( PRS) 
animals, after treatment with virgin food ( upper panel) or with food containing agomelatine 
(2000 ppm; lower panel). b Circadian characteristics of the running wheel activity including the 
onset, the offset of the activity, and the duration of the period of activity. c Levels of total activity 
per days. Rapid eye movement ( REM) sleep profile over 24 h, left panel. d REM sleep circadian 
profile. e REM sleep duration per day. f REM sleep episode numbers per day. Values are means 
¡S.E.M. of six rats per group. *p < 0.05, PRS versus Con rats; #p < 0.05, agomelatine ( Ago) versus 
virgin food ( Veh). (Original data are reported in Mairesse et al. 2013)
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Abstract Our laboratory has a long-standing interest in the effects of prenatal 
stress ( PS) on various neurotransmitter pathways and the morphology of the 
developing brain as well as in behavioural aspects of the offspring. Employing a 
commonly used PS paradigm in which the dams were subjected to restraint stress 
during the last week of gestation, we observed that several of these pathways were 
altered in the offspring brain. In this chapter, we will summarize and discuss the 
results obtained with the main catecholaminergic pathways, namely dopamine 
( DA) and norepinephrine ( NE). In our hands, PS produces an increase in dopa-
mine D2-type receptors in limbic areas, a decreased DA release after amphetamine 
stimulation in prefrontal cortex ( PFC) and an increase in NE release in the same 
area of the adult offspring brain. In addition, DA uptake is altered at prepubertal 
stages that persist through adulthood. However, the expression of the step-limiting 
enzyme of the DA synthesis, tyrosine hydroxylase ( TH), is only impaired at early 
stages of development after PS in the neuronal bodies. At the nuclear regulation 
level, dopaminergic transcription factors Nurr1 and Ptx3 showed a high vulner-
ability to PS showing changes along the lifespan. It was striking to observe that 
many impairments observed in most of these pathways differed depending on 
whether they were tested before or after puberty indicating a particular sensitiv-
ity of the systems to variations in gonadal hormones peaks. In fact, we observed 
that PS induced long-term effects on the male offspring reproductive system and 
spermatogenesis development, particularly by inducing a long-term imbalance of 
circulating sexual hormone levels. Our findings suggest that PS exerts long-term 
effects on various neurotransmitter pathways altering the normal connectivity 
between brain areas. Since the developing forebrain was shown to be influenced 
by androgen exposure, and PS was shown to disrupt prenatal testosterone surges, 
our results suggest that prenatal insults might be affecting the organizational role 
of androgens during brain development and differentially modulating their activa-
tional role during pubertal brain maturation.
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3.1  Introduction

In the past, several reviews have summarized data that clearly demonstrate that 
exposure to different stressful events during the last week of pregnancy in rats inter-
feres with the correct progeny development showing delays in motor development, 
impaired adaptation to stressful conditions, altered sexual behaviour and learn-
ing deficits (Weinstock 2001, 2008; Huizink et al. 2004; Darnaudery and Maccari 
2008). In addition, the offspring display anomalies in neuronal development and 
brain morphology, as well as changes in cerebral asymmetry that persist into adult-
hood (Fride and Weinstock 1989). Evidences provided by animal research, as well 
as retrospective studies in humans, pointed out that exposure to adverse events in 
early life can alter adult behaviours and neurochemical indicators of several neu-
rotransmitter pathways in the central nervous system.

In this chapter, we will concentrate our efforts in discussing the information 
available on the effect of prenatal stress (PS) on the catecholaminergic neurotrans-
mission pathways bringing into attention the age-specific variations observed and 
the participation of sexual hormones in these variations. We will summarize the data 
available on the effects of PS on the dopaminergic and norepinephrinergic pathways 
but we will concentrate on the dopaminergic system when describing the interac-
tions with the male hypothalamic–pituitary–gonadal axis.

3.2  Effects of Prenatal Stress on Central 
Catecholaminergic Pathways

3.2.1  Prenatal Stress and the Dopaminergic System

The dopaminergic metabolism is a well-studied system in brain that is mainly 
divided into four pathways whose neurons synthesize dopamine (DA) through a 
short synthetic sequence limited by the enzyme tyrosine hydroxylase (TH). DA 
is released in the terminals and exerts its action over two main subgroups of DA 
receptor: D1-like and D2-like. The D1-like receptor family contains the D1 and D5 
receptor subtypes and the D2-like family contains the D2, D3 and D4 subtypes (for 
details see Baier et al. 2012).

Henry et al. (1995) were the first to evaluate the levels of DA receptors in the 
adult offspring after restraint PS and found that it increases the number of D2-like 
receptors while D3 receptors decrease in nucleus accumbens ( NAcc). In our labo-
ratory, we found that prenatal restraint stress enhances D2-like receptors in corti-
cal areas and NAcc while no differences were found in D2-like receptors levels 
in motor areas (Berger et al. 2002). However, the changes in D2 limbic receptors 
produced by PS that persist until adulthood can be reverted when the progeny is 
manipulated early in life. We have shown that adoption of a prenatally stressed off-
spring by a control mother during the first postnatal days can reverse the increase of 
DA receptors (Barros et al. 2004).
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Several reports have supported the notion that DA neurotransmission in the pre-
frontal cortex (PFC) controls subcortical DA. Moreover, there is now a large body 
of evidence showing that mesocortical DA exerts a tonic inhibitory influence on 
subcortical DA function. Brake et al. (2000) have shown that perinatal stress in-
duces a mesocortical DA deficit and a subcortical DA hyperfunction. In line with 
these observations, we have reported that PS produces a decreased DA release after 
amphetamine stimulation in PFC of adult offspring (Carboni et al. 2010), suggest-
ing that this cortical dopaminergic deficit might be triggering a NAcc hyperfunction 
and an overall dopaminergic imbalance in the prenatally stressed brain.

Since asymmetrical levels of DA have been reported in several rat brain areas 
(Rosen et al. 1984) and a right dominance is lost in prenatally stressed animals 
(Weinstock 2001), we analyzed D2 receptors in left and right brain hemispheres 
of adult male rats exposed to PS. Loss of asymmetries due to PS induces a higher 
rate of DA turnover in the right PFC and reduced DA activity in the right NAcc 
and left caudate, which were related to a reduced directional preference in prena-
tally stressed adult rats in response to amphetamine (Fride and Weinstock 1988). 
Hemispheric asymmetries are found throughout the brain but their correlation with 
function and behaviour are not well defined (LeMay 1999). D2 receptors show a 
left–right asymmetry in NAcc core ( NAcc-C) that was selectively lost in PS off-
spring (Adrover et al. 2007). The asymmetrical and higher distribution of D2 re-
ceptors in right versus left sides of NAcc-C might reflect a constitutive left-biased 
difference in DA content between sides generating different levels of dopaminergic 
D2 receptors.

The precise anatomical localization and functional differentiation of dopaminer-
gic neurons in the mammalian brain is a complex and multistep process. Signifi-
cant progress has been made in trying to identify some transcriptional determinants 
which are regulating early developmental events such as fate specification, dif-
ferentiation, migration, neurite growth, guidance pruning and synapse formation 
such as Nurr 1, Pitx3, engrailed 1 and 2 (En-1 and En-2) and Lmx1b (Smidt and 
Burbach 2007). Among these, Nurr1 and Pitx3 have been the most extensively 
studied transcription factors ( TF). Nurr1 regulates proteins required for DA syn-
thesis and transport (Zetterstrom et al. 1997; Saucedo-Cardenas et al. 1998; Wallen 
et al. 1999; Smits et al. 2003; Le et al. 1999; Baffi et al. 1999; Smidt and Burbach 
2007; Weidong et al. 2009). Pitx3 influences the development of this specific me-
sodiencephalic dopaminergic ( mdDA) subpopulation and seems to regulate the ex-
pression of TH.

In our hands, the expression of both Nurr1 and Pitx3 increased in prenatally 
stressed adult offspring in the ventral tegmental area ( VTA), whereas no changes 
were observed in substantia nigra (SN) (Katunar et al. 2009). Pitx3 expression in 
the control group shows a significant decrease with age, whereas Nurr1 shows an 
increase that is significant between postnatal days ( PND) 28 and 60. The differ-
ent expression levels described for Pitx3 and Nurr1 in this study might be sup-
porting the notion that Pitx3 has a prominent role at early stages in the postnatal 
development of the mdDA system, whereas Nurr1 plays a crucial role in adulthood 
probably in the maintenance of dopaminergic metabolism through the regulation of 
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the expression of its key enzymes and transporters (Katunar et al. 2010). Growing 
evidence has lately emerged showing that Pitx3 and Nurr1 pathways are intercon-
nected at a functional level (Jacobs et al. 2009).

Altogether, these results allow us to confirm that the changes observed in key 
TF as Nurr1 and Pitx3 are selectively found in the VTA area of the mesencephalon, 
indicating a major vulnerability of this limbic region to PS in accordance with the 
limbic selectivity found for the D2 receptors in prenatally stressed offspring (Berger 
et al. 2002).

3.2.2  Prenatal Stress and the Noradrenergic System

The noradrenergic system that utilizes NE as a neurotransmitter mainly originates 
in a relatively small number of cells located in the locus coeruleus and projects to 
the entire neuroaxis, from olfactory bulb to spinal cord. NE mainly exerts mod-
ulatory effects in several brain circuits and has been shown to be mediated, via 
different transduction mechanisms, by both alpha-1 and beta adrenergic recep-
tors (Aghajanian and Rogawski 1983; Jiang et al. 1996; Waterhouse et al. 1990; 
Woodward et al. 1991). Dysregulation of noradrenergic neurotransmission has been 
implicated in stress-related psychiatric diseases such as depression, post-traumat-
ic stress disorder and other anxiety disorders (Schatzberg and Schildkraut 1995; 
Southwick et al. 1993; Sullivan et al. 1999).

Relative few studies have addressed the effect of PS on the noradrenergic sys-
tem. One of the earliest studies showed that a relatively mild protocol of PS ex-
erted an increase in NE levels in various brain areas of infant rats (Peters 1982). 
Concomitantly, the same group showed that the alpha1 and beta noradrenergic re-
ceptors were reduced in cerebral cortex of PS offspring at PND 16, the same age 
that showed an elevation of NE levels (Peters 1984). The hypothalamus showed 
persistent changes throughout postnatal life (Peters 1982). Takahashi et al. (1992) 
found that PS adult rats showed reduced levels of NE in cerebral cortex but higher 
turnover rates in the same area. Moreover, Reznikov et al. (2003), found that PS 
eliminates sex-related differences in NE levels, increasing NE in preoptic hypotha-
lamic areas of male PS brains to levels of intact females. Wilson et al. (2012) and 
Wilson and Terry (2013) reported that certain behavioural signs of PS adult rats can 
be improved by atomoxetine, an NE reuptake inhibitor.

In our hands, basal levels of NE in NAcc Shell ( NAcc-S) is lower than in controls 
in prepubertal but not in PS adults rats (Silvagni et al. 2008). Moreover, basal levels 
of NE in PFC are lower, both in prepubertal and control offspring (Carboni et al. 
2010). After an amphetamine challenge, levels of NE increase only in adult PNS 
rats in NAcc-S and PFC.

Taken together, all these studies indicate that PS significantly alters brain norad-
renergic systems in an area- and age-specific manner.
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3.3  Age-Specific Effects of Prenatal Stress  
on Catecholaminergic Pathways

As summarized in the above sections, both main catecholamine neurotransmitter 
systems show impairments in the brain of offspring subjected to PS. A detailed 
analysis of the results show that the impairments are evident all along the postnatal 
development of the offspring but the period of adolescence seems to be a pivotal 
stage after which some impairments become evident or are reversed. In agreement, 
it has been reported that several behavioural and biochemical alterations exerted by 
PS were seen only after puberty (Diaz et al. 1997; Henry et al. 1995). Since the  hor-
monal changes are the hallmark of the adolescent period, sexual hormones become 
the first suspects of the differential effects of PS. In fact, the Pitx3 expression pro-
file in prenatally stressed rats could be interpreted as a consequence of the gonadal 
hormone surge that might be exerting important challenges to the dopaminergic 
system during the pubertal period. When evaluating Nurr1 expression in the VTA 
of prenatally stressed rats at PND 28, we found a decline that was recovered after 
puberty, probably indicating an altered vulnerability to gonadal hormones (Katunar 
et al. 2010). In agreement with other authors, our hypothesis is that the perinatal 
events might render the catecholaminergic circuitries more vulnerable to puberty 
variation of the hormonal circulating levels. In turn, PS might exert a misbalanced 
hormonal milieu by altering the hypothalamic–pituitary–gonadal axis of the off-
spring. Catecholaminergic pathways are programmed during foetal stages, but we 
suggest that PS can modify this program that is further altered under the influence 
of the hormonal pattern in turn modified by the prenatal insult.

3.4  Adolescence and Neural Development

Adolescence and puberty are commonly used as similar concepts but they refer to 
different events of life. Although the timing of these periods overlaps, adolescence 
is defined as the gradual period of transition from childhood to adulthood whereas 
puberty refers to the precise moment where an individual physiologically matures to 
its reproductive stage. Therefore, adolescence is a longer period of life even though 
its precise onset and offset are difficult to determine with precision (Spear 2000).

The physiological changes that take place during adolescence are directed by 
the sexual hormones that regulate several neuroendocrine systems, modulate be-
haviours and stimulate (or suppress) the differentiation, as well as the plasticity of 
several neural populations. Hence, on peripheral tissues, they induce the appearance 
of secondary sexual characteristics which are necessary to achieve the reproductive 
maturation (Nussey and Whitehead 2001; Sato et al. 2008). On the other hand, their 
effects on the brain orchestrate several morphological and neurochemical modi-
fications which are necessary for the adolescent brain to mature to an adult form 
(Spear 2000; Sato et al. 2008; Paus et al. 2008; MacLusky et al. 2006; Andersen 
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2003). During this phase, the brain awakens to pleasure, risk and other behavioural 
features that are common among adolescents of a variety of mammal species in 
order to provide to the individual, experience and information from the external 
environment which are necessary for its conception of the “adult world” (Spear 
2000; Andersen 2003; Paus et al. 2008; Sato et al. 2008). Hormonal actions on 
several neurotransmitter pathways are very important for the expression of such 
behaviours. Sexual hormones were shown to regulate the synthesis and the release 
of neurotransmitters, and also to direct the remodelling of several synaptic circuits 
(Kuppers et al. 2000; Alonso-Solis et al. 1996). Especially, it was observed that they 
are directly implicated with the development of cognitive, motor and motivational 
processes related to dopaminergic neurotransmission, probably by inducing modifi-
cations at transcriptional and maturational levels (Purves-Tyson et al. 2012). In this 
respect, it was demonstrated in rats that the densities of both type 1 and 2 DA recep-
tors in PFC of adult males increase from birth until PND 40, where a maximum is 
achieved. Thereafter the pruning process takes place, during which the number of 
receptors is diminished (58–75 %) to reach adult levels (Teicher et al. 1995). In hu-
mans, a similar phenomenon was reported (Huttunen and Niskanen 1978; Seeman 
et al. 1987). The changes in the number of DA receptors during adolescence paral-
lels the increase and the decrease in the symptoms of attention deficit hyperactivity 
disorder ( ADHD) and Tourette syndrome ( TS). In addition, they also parallel with 
the adolescent androgen surges.

Therefore, adolescence is a dynamic period of neural development when be-
havioural circuits are refined and many of the developmental processes that occur 
during perinatal brain development are repeated during this phase of life: Processes 
such as neurogenesis, programmed cell death, pruning of dendritic arborizations and 
synapses and myelination and sexual differentiation take place (Sato et al. 2008). 
Perturbations in the timing of pubertal hormone influences on the adolescent brain 
would be predicted to have long-lasting consequences for adult behaviour, since 
adolescence is also a pivotal time on the aetiology of certain psychopathologies.

3.5  Gonadal Hormones in Brain Development

Physiologically, testosterone is mainly released to circulation by testes. However, 
minor concentrations are also released by the adrenal glands. The biological avail-
ability of testosterone in blood is regulated by the specific binding to globulins 
and albumin. Therefore, only a little percentage of the total testosterone released is 
available (0.5–2 %) to exert its effects on specific tissues (Bialek et al. 2004). Be-
cause of its steroid nature, testosterone is able to cross the hematoencephalic barrier 
to reach the brain. Conversely, it could be locally synthesised de novo from choles-
terol (Celotti et al. 1997; Tsuruo 2005). Brain-specific steroidogenic enzymes, such 
as 5α-reductase or aromatase, catalyse testosterone local conversion to more potent 
metabolites such as dihydrotestosterone ( DHT) or oestradiol. In addition, testoster-
one and its metabolites regulate the expression of the steroidogenic enzymes, which 
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vary in their availability and brain distribution according to the developmental stage 
and sex of the individual (Tsuruo 2005).

Steroids exert their action by binding to two different types of specific receptors: 
membrane receptors mediate non-genomic fast mechanisms such as affection on 
specific membrane conductance or by executing second messenger cascades; or 
intracellular nuclear receptors that can act as ligand-dependent TF, by regulating 
gene expression which in turn modulate neurotransmitter synthesis and release and 
postsynaptic receptor sensitivities (Wendler et al. 2010; McCarthy 2011). Testoster-
one and DHT bind to androgen receptors ( ARs) whereas oestrogens bind to oestro-
gen receptors (ERs) which are available in two different isoforms: ERα and ERβ. 
The brain distribution of both AR and ER receptors was described by biochemical 
and immunohistochemical methods. Sex-specific variations were reported: Higher 
AR protein levels were found in male than in female rats and its distribution in-
cludes hypothalamic nucleus, limbic regions (such as amygdala, cortex and hip-
pocampus) and NAcc (Xiao and Jordan 2002; Bialek et al. 2004; Sato et al. 2008; 
Phillips-Farfan and Fernandez-Guasti 2009). In mesencephalic structures, AR pres-
ence was reported on the SN and VTA (Kritzer 1997). Brain distribution of both 
ER isoforms basically overlaps since they were both mainly found on the hypotha-
lamic nucleus, the amygdala and less abundantly on PFC and hippocampal areas 
(McEwen and Alves 1999).

The role of oestrogens as neurotrophic, protector and antioxidant agents on brain 
was explored. Oestrogens promote the development of the hypothalamus, the hip-
pocampus, several mesencephalic structures and the cortex and modulate apoptotic 
processes as well as synaptic formations (McEwen and Alves 1999). Moreover, 
the protective effects of oestrogens on neuronal substrates were studied in several 
neurodegenerative disease models. The deleterious effects induced by 6-hidroxy-
dopamine (6-OHDA) on the nigrostriatal dopaminergic pathway, widely used as a 
model of Parkinson’s disease, were reduced when the administration of the toxin 
was co-administered with oestrogens. Particularly, oestrogen modulates the release 
and the uptake of DA in the NAcc (Creutz and Kritzer 2002). Interestingly, Kuppers 
et al. (2000) and Dluzen (2000) found that neither testosterone nor DHT induced the 
same protective oestrogenic effect after 6-OHDA injection.

On the other hand, evidences from clinical studies support the notion that testos-
terone could also induce neuroprotective effects since it was demonstrated that the 
maintenance of physiological androgen level is important for reducing the incidence 
of depressive and neurodegenerative disorders such as Parkinson’s or Alzheimer’s 
diseases (Bialek et al. 2004; MacLusky et al. 2006). Testosterone neurotrophic ef-
fects were also reported: They promote and increase the neural differentiation of 
neuronal cultures (Beyer and Hutchison 1997). Androgens were shown to reduce 
neurotoxin-induced cellular death and they promote regenerative faculties on adult 
neurones which suffer damage (DonCarlos et al. 2003).

The modulation of dopaminergic pathways by gonadal hormones has long been 
demonstrated; and in this regard, Yang and Shieh (2007) postulated that the ni-
grostriatal and mesolimbic systems are modulated by circulating gonadal steroids. 
Moreover, according to Creutz and Kritzer (2004) the soma projections of midbrain 
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dopaminergic systems contain high number of oestrogens and androgen receptors. 
One of the most important sexual dimorphic brain nuclei is the preoptic area of the 
hypothalamus where the distribution of dopaminergic neurons and fibres are also 
sex dependent (Beyer et al. 1991). Kawashima and Takagi (1994) studied the effects 
of testosterone and oestradiol on survival, process growth and dopaminergic func-
tion on cultured cells derived from neonatal rat preoptic area. These authors found 
that steroid administration stimulated basal level of DA synthesis and release in the 
hypothalamic culture cells. Moreover, neuronal survival was enhanced in the group 
treated with testosterone, as well as the length of the total processes and the number 
of branches (Kawashima and Takagi 1994). Several studies have investigated the 
regulation exerted by sex hormones on biosynthetic enzyme gene expression related 
to dopaminergic systems. Regulation of TH gene expression is an important mecha-
nism underlying modulation of catecholamine biosynthesis and homeostasis. The 
action of steroid hormones on its expression is not well elucidated yet, and there 
is some discrepancy on its effects, but it was demonstrated that both ARs and ERs 
control TH gene expression by acting at the promoter level in a ligand-dependent 
manner or indirectly by changing levels of trophic factors (Maharjan et al. 2005; 
Jeong et al. 2006). Interestingly, other physiological signals, such as cold stress or 
glucocorticoids, also regulate its expression (Adler et al. 1999).

3.6  Effect of Prenatal Stress on the Male Hypothalamic–
Pituitary–Gonadal Axis

As exposed above, gonadal hormones participate on both windows of brain matu-
ration: (a) the organizational phase that takes place during critical periods of foe-
tal development. In this phase, sex steroids promote cellular and molecular events 
which will determine sexual differentiation of the brain and (b) the activational 
phase during the onset of puberty: Oscillations in their circulating levels affect a 
wide variety of neuronal phenomena, ranging from cyclic remodelling of synap-
tic circuitry to transsynaptic modulation of neurotransmission (Alonso and Lopez-
Coviella 1998).

The process of brain sexual differentiation in the rat is a complex phenomenon in 
which the androgens have a crucial role during specific developmental stages (see 
Chap. 18, Olvera-Hernández and Fernández-Guasti). During the brain differentia-
tion period, perinatal testosterone surges are responsible for the masculinisation and 
defeminisation of the sexual behaviour, the establishment of gonadotropin secretion 
patterns and the constitution of central, as well as peripheral, sexual morphological 
indexes which are characteristic for each sex. It was demonstrated that if testoster-
one surges are disrupted, the morphology and physiology of dimorphic structures 
are feminised. Various studies have indicated that stress during critical windows 
of foetal brain development reduces the fertility and fecundity of such individual, 
inducing alterations in the sexual behaviour (Weinstock 2001; Pereira et al. 2006). 
In male rats, exposure to stress during gestation diminished the rate of copula and 
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reduced the number of ejaculations. Moreover, feminine sexual behaviours such as 
“lordosis” and enhanced male partner preferences over receptive female were also 
observed (Shono and Suita 2003; Gerardin et al. 2005; Kapoor and Matthews 2011). 
Also, PS was shown to alter the tonic pattern of gonadotropin secretion inducing 
long-term modifications on the physiological concentrations in the serum of testos-
terone and luteinising hormone (LH) (Shono and Suita 2003; Gerardin et al. 2005; 
Rodriguez et al. 2007). As mentioned above, PS affects dimorphic brain sexual 
structures: The number of neurons at the bulbocavernosus nucleus and the c-fos 
activity at the preoptic area of males are reduced, similar to what is physiologically 
found in females. Furthermore, Viltart and Vanbesien-Mailliot (2007) reported an 
increase in neonatal mRNA levels of oestrogen receptors and diminished activity 
of the aromatase enzyme in the hypothalamus of male rats. Several parameters of 
genitalia morphology such as the anogenital distance and the time in which both 
testes descend on the scrotal sac was shown to be modified by maternal stress 
during gestation (Shono and Suita 2003; Barros et al. 2004; Gerardin et al. 2005; 
Rodriguez et al. 2007). These modifications were related to a malfunction of the 
foetal reproductive axis, since insufficient concentrations of androgens during the 
last week of gestation due to the administration of an anti-androgen (e.g. flutamide) 
feminised brain development and deregulated reproductive axis endocrine function 
at adulthood (Huhtaniemi 1995; Knickmeyer and Baron-Cohen 2006). In this sense, 
gestational stress, as well as prenatal administration of dexamethasone during the 
last week of gestation, diminished testosterone foetal surges which are fundamental 
for the expression and the maintenance of sexual differentiation (Ward and Weisz 
1984; Scott et al. 2009). In agreement with this observation, Pereira et al. (2006) 
found that neonatal administration of testosterone propionate to prenatally stressed 
offspring reverses PS consequences on male anogenital distance, testosterone con-
centrations in serum in adult offspring and reproductive behaviour.

Increased glucocorticoid concentration exerts disruptive effects on the foetal ca-
pacity to synthesise testosterone by inducing apoptosis to Leydig cells. Moreover, 
glucocorticoids suppress the steroidogenic enzyme synthesis and activity (Gao 
et al. 2002; Hardy et al. 2005; Scott et al. 2009).

In our hands, PS induced a long-term effect on the male offspring reproduc-
tive system and spermatogenesis development. We found that the pituitary LH and 
follicle-stimulating hormone were decreased at PND 28 prenatally stressed rats. On 
the other hand, the analysis of testicular androgen concentrations in serum of PS 
rats revealed that total androgens (testosterone and its potent metabolite DHT) were 
increased from prepubertal to adult stages. The concentrations of the testosterone 
metabolite 5α-androstane-3b-17β diol (Diol), increased in serum of PS offspring at 
PNDs 28 and 45. However, we found a reduction of specific testosterone concentra-
tions in serum at PND 75 offspring. The increase of total androgen concentrations 
correlates with the increase in the expression of the enzyme 5α Reductase-1 mRNA 
levels found in PS prepubertal rats. Moreover, PS accelerated the spermatogenesis 
rate at PNDs 35 and 60 and was accompanied by an increase in the mean diameter 
of the seminiferous tubules in pubertal offspring. A reduction in Leydig cell number 
was observed at PNDs 35 and 60. Finally, AR expression was evaluated show-
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ing that PND 35 offspring had increased numbers of immunopositive Sertoli cells 
(Pallares et al. 2013). Taken together, we hypothesise that the untimely increase 
of Diol and total androgens together with the increase in AR levels in Sertoli cells 
could be responsible for the acceleration of the spermatogenesis process in pubertal 
PS rats. The spermatogenesis acceleration was unexpected in this hormonal con-
text but in agreement with Schopper et al. (2012) we propose that advancing the 
reproductive maturity might well be a strategy to cope with a possible unfavourable 
environment anticipated by the stress suffered in utero.

3.7  Sexual Hormones, Prenatal Stress and Brain 
Development

Brain development is a complex process in which different maturational events 
are well regulated and take place in a chronological order: After neural progenitor 
cells are born they migrate to specific brain areas where, according to their fate, 
differentiate and develop specific morphological patterns. Dendrite and axon pro-
duction, elongation and branching processes initiate inside the womb but continue 
after delivery and along the whole lifespan of the individual. Stimuli coming from 
the external environment modulate the morphology of such connections. Therefore, 
the brain is prepared to receive, decode and deliver information belonging to the 
outside world and to adjust its structure to the necessities that are perceived from 
the external life. In mammals, there are two delimitated dynamical periods of neural 
development that redefine behavioural circuits by pruning synaptic contacts and 
by reducing the number of neurotransmitter receptors. Those periods are: (a) the 
perinatal life (which in rodents includes the period from the last week of gestation 
to the first postnatal week) and (b) the adolescence. Because of the magnitude and 
the speed where such structural changes take place, both temporal windows of brain 
development are vulnerable to the presence of perturbations or insults that could 
induce long-term consequences to the individual by modifications in the brain ar-
chitecture and neuronal functioning (Spear 2000; Andersen 2003; Paus et al. 2008; 
Sato et al. 2008; Champagne 2012). Early-life stress or adversity can modulate the 
programming typical neuronal functioning that may be maintained throughout an 
organism lifespan. Some of the final consequences of early genetic × environmental 
interactions is to shape brain development at the epigenetic level that can profound-
ly alter the overall health and well-being of an individual (Auger and Auger 2013). 
The data reviewed in this chapter demonstrate that individual differences in early-
life experiences may underlie risk and resilience to disease. Another contributing 
risk factor is gender since it seems to play an important role in influencing the oc-
currence, severity and age of onset of a number of mental health disorders. Steroid 
hormones can elicit transient actions at the genome, but they can also induce lasting 
changes in cell number, migration patterns, phenotypical differentiation, as well as 
morphological differentiation of brain cells between the sexes. Therefore, steroid 
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hormone concentrations during critical windows of brain development should be 
very important on the genetic × environmental modulation of brain maturation.

Midbrain dopaminergic system regulates diverse behavioural and cognitive 
functions which are critical for integrating mammalian responses and adaptations 
to the environment. Moreover, it is considered to be of particular interest for the 
pathophysiology of idiopathic psychiatric disorders (Biederman 2005). Consider-
ing the importance of dopaminergic neurotransmission in the mesocorticolimbic 
pathways and its relation to cognition, emotion, positive reinforcement, food intake 
and decision making, it is tempting to hypothesize that if the alterations observed 
in prenatally stressed animals models could be extrapolated to the effects of PS in 
humans, vulnerable limbic areas in conjunction with genetic × environmental fac-
tors might facilitate the development of schizophrenia, ADHD or drug abuse later 
in life. The age of onset of many of the DA-related cognitive pathologies (before 
puberty for ADHD and young adult for schizophrenia) might be supporting the no-
tion that prenatal programming of a vulnerable limbic dopaminergic system might 
be incapable of managing the hormonal variations during puberty.

Despite the fact that the consequences of PS on brain development have been 
extensively explored lately, the mechanisms by which early stressful events differ-
entially programme the brain are still unclear. However, the emerging studies of the 
organizational/activational role of sex steroids on the programming of brain devel-
opment open new insights into the mechanism involved in the disruptive actions of 
early event exposure. Abnormal androgen concentrations during critical windows 
of brain development differentially programme the brain, increasing the incidence 
of psychopathologies later in life.
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Abstract Several studies suggest that negative emotions during pregnancy gener-
ate adverse effects on the cognitive, behavioural and emotional development of the 
descendants. The psychoneuroendocrine pathways involve the transplacentary pas-
sage of maternal glucocorticoids in order to influence directly on fetal growth and 
brain development.

Nitric oxide is a gaseous neurotransmitter that plays an important role in the 
control of neural activity by diffusing into neurons and participates in learning and 
memory processes. It has been demonstrated that nitric oxide is involved in the 
regulation of corticosterone secretion. Thus, it has been found that the neuronal iso-
form of nitric oxide synthase (nNOS) is an endogenous inhibitor of glucocorticoid 
receptor (GR) in the hippocampus and that nNOS in the hippocampus may partici-
pate in the modulation of hypothalamic–pituitary–adrenal axis activity via GR.

Neurotrophins are a family of secreted growth factors consisting of nerve growth 
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3) and 
NT4. Although initially described in the nervous system, they regulate processes 
such as cell survival, proliferation and differentiation in several other compart-
ments. It has been demonstrated that the NO–citrulline cycle acts together with 
BDNF in maintaining the progress of neural differentiation.

In the present chapter, we explore the interrelation between nitric oxide, gluco-
corticoids and neurotrophins in brain areas that are key structures in learning and 
memory processes. The participation of this interrelation in the behavioural and 
cognitive alterations induced in the offspring by maternal stress is also addressed.
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4.1  Introduction

Stress is defined as any situation capable of perturbing physiological or psycho-
logical homeostasis. Exposure to adverse situations affects an important number of 
aspects of our daily life. The stress response is thus referred to as ‘allostasis’, mean-
ing ‘maintaining stability through change’ (McEwen 1998). Important interrelations 
between the hypothalamus–pituitary–adrenal axis, the sympathetic–parasympa-
thetic efferent pathways and the chemical messengers (hormones, neurotransmit-
ters, interleukins, neurotrophins) which make possible multiple communication for 
maintaining the homeostatic balances have been described. Prolonged stress can 
lead to disruption of these interactions and have several negative repercussions, 
ranging from impairments in learning and memory to enhanced neuronal cell death 
(McEwen 1999, 2007).

Exposure to adverse events early in life may profoundly affect brain develop-
ment, leading to long-lasting effects on neuronal structures and behaviour and play-
ing a role in the etiology of mood and anxiety disorders (de Lima et al. 2011). 
Recent research in humans has related psychosocial work stress during pregnancy 
to postnatal consequences, namely the decrease in birth weight and gestational time 
(Lee et al. 2011). Moreover, animal and human studies have linked prenatal stress 
(PS) with alterations in development and behavioural disorders, and suggest that the 
effects of PS can persist long after birth (Vallee et al. 1997; Zuena et al. 2008). In 
fact, PS can have long-lasting effects on the offspring immune system and in neuro-
cognitive functions (Ruiz and Avant 2005). Many studies have associated different 
models of PS with deficits in offspring’s development. These studies suggest that 
PS could predispose rats to behavioural abnormalities such as increased anxiety, 
greater tendency to drug addiction and depressive-like behaviour (Weinstock 2001; 
Maccari et al. 2003; Mueller and Bale 2006; Vallee et al. 1999). There has also been 
reported an alteration in circadian rhythms (Van Reeth et al. 1998). Behavioural 
studies have shown that PS offspring exhibit increased exploratory behaviour and 
increased locomotor activity (Vallee et al. 1997, Van den Hove et al. 2005) as well 
as impairments in learning and memory performance (Wu et al. 2007, Maur et al. 
2007). Deficits in social behaviour are found in several neuropsychiatric disorders 
with a presumed developmental origin (Patin et al. 2005). The differential effect of 
PS on learning and memory ability of males and females probably has a physiologi-
cal basis that is determined in intrauterine development. Not surprisingly, stress 
exerted in this period can differentially affect males and females since during intra-
uterine development there is a brain and neuronal differentiation characteristic of 
each sex.

The psychoneuroendocrine pathways involve the transplacentary passage of ma-
ternal glucocorticoids in order to influence directly on fetal growth and brain devel-
opment. Stress and adaptation to stress require numerous homeostatic adjustments; 
among them the balance between oxidants and antioxidants seems to play a critical 
role (Liu and Mori 1999). Nitric oxide, a gaseous neurotransmitter that plays an im-
portant role in the control of neural activity, has an important role in the regulation 
of oxidative state, it has been found that NO has both pro-oxidant and antioxidant 



634 Involvement of Nitric Oxide, Neurotrophins and HPA Axis ...  

actions (Lipton 1999; Wink et al. 1999). Interestingly, NO is involved in the regula-
tion of corticosterone secretion (Lopez-Figueroa et al. 1998).

Neurotrophins are a family of secreted growth factors consisting of nerve growth 
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3) and 
NT4 that play important functions in the nervous system. It has been demonstrated 
that the NO–citrulline cycle acts together with BDNF for maintaining the progress 
of neural differentiation.

In the present chapter we explore the interrelation between nitric oxide, gluco-
corticoids and neurotrophins in brain areas that are key structures in learning and 
memory processes. The participation of this interrelation in the behavioural and 
cognitive alterations induced in the offspring by maternal stress is also addressed.

4.2  Nitric Oxide

Nitric oxide (NO) is the main product of the reaction catalysed by nitric oxide syn-
thase (NOS) that converts l-arginine to l-citrulline (Moncada and Higgs 1993). The 
family of NOS, the enzymes that produce NO, consists of two different classes: 
constitutive and inducible isoforms (Dawson and Snyder 1994; Marletta 1994). 
Neuronal NOS (nNOS) and endothelial NOS (eNOS) are constitutive (cNOS) 
isoforms dependent on the transient influx of Ca2+ to activate calmodulin, which 
binds to the isoform to elicit enzyme activity. The inducible NOS (iNOS) is per-
manently bound to calmodulin, so it is not regulated by calcium concentration but 
is regulated transcriptionally (Nathan and Xie 1994; Di Monte et al. 1997). NOS is 
abundant in brain tissue (Marletta 1994; Araki et al. 1999; Muramatsu et al. 2003), 
nNOS primarily being expressed in neurons, eNOS in pyramidal cells and endothe-
lial cells and iNOS in astrocytes, microglia and inflammatory cells (Moncada et al. 
1991). NO is an important brain messenger released upon activation of the gluta-
mate N-methyl-D-aspartate (NMDA) receptor and the subsequent Ca2+-dependent 
activation of nNOS (Kiss and Vizi 2001). Moreover, this molecule also has impor-
tant neuromodulatory roles as a retrograde intracellular messenger mediating cell-
to-cell interactions in the brain including cell-mediated immune system, cerebral 
smooth muscle relaxation, inhibition of platelet aggregation, synaptic plasticity and 
more complex processes like learning (Bredt and Snyder 1994; Schulz et al. 1995). 
It has been demonstrated that NO is a retrograde signaling molecule that might be 
involved in learning and memory processes conserved through evolution (Edwards 
and Rickard 2007; Sullivan et al. 1997). NO participates in long-term potentiation 
(LTP) (Hopper and Garthwaite 2006) and other forms of synaptic plasticity in many 
different brain areas but where it is synthesized and how it acts remains controver-
sial (for review see Feil and Kleppisch 2008). NO’s signal transduction generally 
occurs through binding to soluble guanylyl cyclase (sGC)-coupled NO receptors 
and thus stimulating the synthesis of cGMP, with cGMP-dependent protein kinase 
being one of the downstream effectors leading to changes in synaptic strength (Feil 
et al. 2005).
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In addition, a number of experimental studies have also demonstrated that NO 
and NO donors can enhance the basal release of several neurotransmitters in the 
mammalian brain, including dopamine, glutamate and acetylcholine (Lonart and 
Johanson 1992; Nathan and Xie 1994).

The production of NO might lead to either toxicity or neuroprotection depending 
on the level of NO, the location of NO production, the extent of oxidative stress 
and the type of neurodegenerative process. It has been found that NO has both pro-
oxidant and antioxidant actions (Colasanti and Susuki 2000).

In general, it is accepted that a normal pathophysiologic response of the damaged 
tissue may involve controlled NO production and the inhibition of this response 
may interfere with the normal repair process. In a previous report we analysed the 
participation of NOS activity in the morphological and learning alterations induced 
by chronic mild stress (CMS) exposure in BALB/c mice (Palumbo et al. 2007). 
Our results indicate that CMS induces a reduction in NO production by nNOS. 
NO production by iNOS isoform was not detectable. The magnitude of oxidative 
stress, evaluated by reactive oxygen species production after excitotoxic levels of 
NMDA was increased in hippocampus of CMS mice. Moreover, ROS formation in 
the presence of nNOS inhibitor was higher in both control and CMS mice. Finally, 
treatment of mice with nNOS inhibitors resulted in behavioural alterations similar 
to those observed in CMS animals and in an important increment in ROS formation. 
These findings suggest a role for nNOS as a protection against injury that trigger 
tissue toxicity leading to memory impairment. Nevertheless, it has been suggested 
that a high production of NO after the induction of iNOS expression participates in 
neurodestructive events either via formation of the toxic species peroxynitrite as a 
result of the reaction of NO with superoxide anion or by S-nitrosylation of regula-
tory protein groups (Miranda et al. 2000; Zorrilla-Zubilete et al. 2010).

It has been demonstrated that prenatal restraint stress leads to offspring’s cogni-
tive impairment accompanied by a decrease in neuron number, and by increases in 
other parameters including nNOS expression, oxidative damage to mitochondrial 
DNA and damage to the hippocampal antioxidant system (Feil et al. 2005; Feil et al. 
2008). In addition our group found that PS induces impairments in spatial memory 
and territory discrimination in adult rats. PS offspring also displayed alterations in 
cerebellar NOS expression and activity. Moreover, a correlation between spatial 
memory deficits and the increase in NOS activity was found, pointing to a role of 
cerebellar NO in the behavioural alterations induced by stress during early develop-
ment stages. It has been described that PS disrupts the normal sequence of sexual 
differentiation reducing adult social behaviours, such as aggression and copulation. 
Miller et al. (1999) found a desregulated nNOS distribution in medial preoptic area 
and basolateral amygdala that could be involved in the demasculinization of male 
rats induced by PS.

Moreover, it has been described that NO is an important molecule contributing 
to the regulation of HPA axis (Stern 2004) which plays an important role in the 
mechanisms underlying behavioural alterations due to PS.
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4.3  HPA Axis

The HPA axis plays a vital role in adaptation of the organism to homeostatic chal-
lenge. The activation of the HPA axis leads to rapid secretion of corticotropin-re-
leasing hormone (CRH) and arginine-vasopressin (AVP) from the hypothalamic 
paraventricular nucleus (PVN), which in turn activates the secretion of adrenocor-
ticotrophic hormone (ACTH) from the pituitary, which finally stimulates the secre-
tion of glucocorticoids (cortisol in primates and corticosterone in rodents) from the 
adrenal glands. CRH is essentially synthesized in the parvocellular portion of the 
PVN where it is colocalized with AVP (Whitnall 1993). The activated HPA axis not 
only regulates body peripheral functions such as metabolism and immunity but also 
has profound effects on the brain. For example, glucocorticoids regulate neuronal 
survival, neurogenesis, learning and memories (Wong and Herbert 2006).

A bidirectional interaction between HPA axis and NO production has been 
shown. Evidence suggests that NO may modulate the release of the stress hormones 
ACTH and corticosterone, and NOS activity and transcription is increased in the 
limbic HPA axis following various stressful stimuli. Furthermore, following activa-
tion of the stress axis, glucocorticoids are thought to downregulate the transcription 
and activity of NOS via a feedback mechanism (Lopez-Figueroa et al. 1998).

4.3.1  Nitric Oxide in the Stress Axis

Lee et al. (2003) showed that the ability of increased NO levels in the brain to 
release ACTH and stimulate PVN neuronal activity is enhanced in adult male rats 
exposed to alcohol prenatally, supporting the hypothesis that alterations in HPA axis 
activity in adult offspring of alcohol-exposed dams may be related to changes in 
hypothalamic responsiveness to NO (Lee et al. 2003).

Activation of the HPA axis in response to psychological stress in the pregnant fe-
male could play an important role in the regulation of the stress response in the off-
spring in later life and may be responsible for some of their behavioural pathology.

There are several pieces of evidence that stress and anxiety during human preg-
nancy result in activation of the HPA axis: suggest that significantly higher plasma 
ACTH, β-endorphin and cortisol concentrations, particularly if the stress was of a 
chronic rather than episodic nature (Demyttenaiere et al. 1989; Wadhwa et al. 1996). 
Gestational stress not only activates the maternal HPA axis but can also cause an in-
crease in the release of CRH from the placenta by catecholamines and cortisol (Pe-
traglia et al. 1996) as well as by fetal hypoxia (Sug-Tang et al. 1992; see Fig. 4.1). 
In contrast to the negative feedback control that it exerts on the release of hypotha-
lamic CRH, cortisol stimulates the release of the peptide from the placenta result-
ing in a positive feedback control. CRH can also cause the release of β-endorphin 
from the placenta (Chrousos et al. 1998), which may influence opioid activity in 
the fetus. Weinstock’s group found that when PS and control rats were repeatedly 
exposed to the same open field, the controls no longer released significant amounts 
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of corticosterone after the fourth exposure, but the PS rats continued to release high 
amounts even after 8 consecutive days (Fride et al. 1985). This indicates that gesta-
tional stress could interfere with the normal adaptive process to mild novelty stress. 
There is a fast feedback by circulating glucocorticoids that inhibit the further release 
of CRH and ACTH through specific glucocorticoid receptors, designated type I 
(MR) and type II (GR), in the hippocampus and other brain regions. There are also 
slower feedback mechanisms, which involve suprahypothalamic neuronal systems 
and suppression of gene expression by a corticoid–receptor complex.

Rats exposed to stress during the last week of gestation have significantly de-
creased dendritic spine density in the anterior cingulate gyrus and orbitofrontal cor-
tex (Murmu et al. 2006). Furthermore, prenatal exposure to glucocorticoids leads to 
increased adult CRH levels in the central nucleus of the amygdala, a key region in 
the regulation of fear and anxiety (Cratty et al. 1995). Exposure to PS has three ma-
jor effects on adult behaviour: learning impairments, especially in aging rats (Valle 
et al. 1999; Maur et al. 2012); and increases in anxiety- and depression-related 
behaviours (Vallee et al. 1997).

4.3.2  Neurotrophins

Neurotrophic factors are peptides that promote neuronal development and differ-
entiation, and are expressed in a particular period and region. Neurotrophic factors 
act in autocrine or paracrine manner and can be secreted by neurons that innervate 

Fig. 4.1  Interaction between maternal and fetal HPA axis. Left panel shows a schematic represen-
tation of the interrelation between maternal and fetal HPA axis. Activation of the maternal HPA 
axis leads to an increase in circulating glucocorticoids which stimulate placental CRH release 
and also enter into fetal bloodstream and thus affects fetal brain development. Placental CRH 
acts directly on fetal pituitary modulating fetal HPA axis. Central panel shows an anatomic rep-
resentation of the areas involved in the stress response in the adult prenatally stressed offspring. 
Right panel shows some of the molecular pathways altered by prenatal stress which would lead to 
changes in plasticity in the limbic regions involved in learning, memory and anxiety
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tissues and by glial cells (Korsching 1993). The most important members of neu-
rotrophic factors family are the neurotrophins. This family is composed of nerve 
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 
(NT3) and neurotrophin 4 (NT4) among others. The first neurotrophin to be char-
acterized in vertebrates was NGF. Later BDNF, NT3 and NT4 were discovered. 
It is a fairly conserved group of proteins that share 50 % homology (Binder and 
Scharfman 2004). Neurotrophins are synthesized as pro-hormones which are then 
cleaved giving rise to the 14-kDa mature form. Finally, two of them combine to 
form a homodimer by noncovalent bonds (Blum and Konnerth 2005). NGF acts 
in a retrograde manner, while NT3 and BDNF act both retrogade and anterograde 
(Korsching 1993).

Neurotrophins bind to a receptor called p75NTR (also known as TNFRSF16) 
and to one of the three tropomyosin-related kinase (TRK; also known as NTRK) 
receptors—NGF binds to TRKA, BDNF and NT4 bind to TRKB and NT3 binds to 
TRKC.

Through the differential expression and cellular localization of their receptors, 
neurotrophins can elicit diverse cellular functions in different types of neurons and 
at different cellular loci.

The TRK receptors are distributed all along the cell body and neurites. Binding 
of neurotrophins to the receptor induces conformational changes leading to receptor 
dimerization and activation (Blum and Konnerth 2005). It can trigger signaling cas-
cades from the membrane or may be endocytosed and activate signaling cascades 
from the vesicle and then being retrogradely transported to the soma. The signaling 
pathways that can be triggered are (Huang and Reichardt 2001 and Van den Hove 
et al. 2012):

• The MAP kinase cascade, which is responsible for cell survival induced by neu-
rotrophins and is vital for protection of neurons from oxidative stress and dam-
age by cytokines. This cascade can be activated by growth factors or transcrip-
tion factors, and may also be involved in the LTP process.

• The phospholipase C (PLCgamma) signalling pathway which leads to the deple-
tion of Ca2+ from intracellular reservoirs and the subsequent activation of ki-
nases. This pathway is also involved in the LTP process.

• Phosphatidylinositol 3′-kinase (PI3K) pathway which is largely responsible for 
NGF-induced survival. This phenomenon is involved in apoptotic cascade, in-
hibiting procaspase-9 and stimulating the synthesis of pro-apoptotic factor Bcl-2, 
among others.

An important finding in the neurotrophin’s function was the discovery that the syn-
thesis of neurotrophins in the brain is increased by both seizure activity and sensory 
stimulation. Indeed, active research over the past two decades has shown that neu-
rotrophins regulate nearly all aspects of neural circuit development and function, 
including cell proliferation and differentiation, axon and dendrite growth, synapto-
genesis and synaptic function and plasticity.

Both BDNF and NT3 play a role in the synapse. This is a very important function 
of BDNF, as a promoter of LTP. Hippocampal slices treated with BDNF or NGF 
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and NT3 show a persistent increase in postsynaptic potential amplitude, similar to 
what happens with the induction of LTP (Kang and Schuman 1995). Conversely, in 
BDNF knockout mice tetanic stimulation fails to induce LTP, and this is reversed 
by the addition of exogenous BDNF (Korte et al. 1995; Patterson et al. 1996). Fur-
thermore, electrical stimulations induce LTP and increase the expression of BDNF 
and NGF (Patterson et al. 1992). Some experiments demonstrate that the effect of 
BDNF on LTP would be at the presynapsis affecting neurotransmitter release, but 
there is also strong evidence of postsynaptic effects (McKay et al. 1999, Binder 
and Scharfman 2004). In postsynapsis, BDNF modulates the NMDA receptor and 
GABA channels that activate voltage-dependent sodium channels leading to the 
release of neurotransmitters from the dendrites (Blum and Konnerth 2005). It has 
been demonstrated that induction of the expression of BDNF in the hippocampus 
during contextual learning improves spatial learning (Binder and Scharfman 2004; 
Mizuno et al. 2000).

It has been demonstrated that BDNF is able to directly affect HPA axis activ-
ity (Tapia-Arancibia 2004; Jeanneteau et al. 2012). Moreover genetic disruption of 
GR in the PVN disinhibited both the HPA axis and the expression of hypothalamic 
BDNF (Jeanneteau et al. 2012). It was supported that BDNF has a key position in 
integrating neural, immune and endocrine responses to stress (Capoccia et al. 2013).

The neurotrophin gene BDNF is associated with several neuropsychiatric disor-
ders, including depression, autism, bipolar disorder and schizophrenia, and it is an 
important gene of interest in stress research (Correia et al. 2010; Angelucci et al. 
2005). BDNF, as previously mentioned, induces the survival, development, and 
function (Huang and Reichardt 2001) of selected neuronal populations of the pe-
ripheral and central nervous systems and participates in the modulation of dendritic 
growth and morphology (Binder and Scharfman 2004; Bibel and Barde 2000). In 
the later stages of nervous system development and in the adult BDNF regulates 
synaptic transmission and plasticity and acts as a central modulator of pain (Pezet 
and McMahon 2006).

BDNF regulates synaptic plasticity in neuronal networks involved in depressive 
behaviours (Pittenger and Duman 2007; Schinder and Poo 2000). Regulation of 
BDNF may reverse stress-induced deficits in structural and synaptic plasticity in the 
adult brain, resulting in cognitive flexibility and, subsequently, an increased abil-
ity to adapt/cope with environmental challenges that may precipitate or exacerbate 
depressive episodes (Schmidt et al. 2011).

A review hypothesizes that, during gestation, neurotrophins may play numerous 
roles in angiogenesis, energy homoeostasis, regulation of growth factor’s actions

and development and maturation of the feto-placental unit (Mayeur et al. 2011).
Neurotrophins such as BDNF potentiate the placental development and play 

an important role in cytotrophoblast differentiation, proliferation and survival 
(Kawamura et al. 2009, 2011). Abnormal brain development in a compromised pre-
natal and/or early postnatal environment is thought to be a risk factor for several 
neurological disorders (Rehn and Rees 2005; Numakawa et al. 2010; Dhobale et al. 
2012). Reports indicate that maternal BDNF reaches the fetal brain through utero-
placental barrier and might contribute to its development (Kodomari et al. 2009). It 
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has been previously shown that PS in the last week of fetal gestation can produce 
multiple endophenotypic changes related to schizophrenia in the Sprague-Dawley 
rat strain (Kinnunen et al. 2003; Koenig et al. 2005; Lee et al. 2007; Taylor et al. 
2002).

Some mechanisms have been found to regulate BDNF levels during the gesta-
tion.

Thus, levels of BDNF are known to be regulated by omega-3 fatty acids (doco-
sahexaenoic acid: DHA; Wu et al. 2004).

DHA is a structural component of the plasma membrane and reductions in DHA 
can have a direct influence on the function of the membrane. Disruptions in mem-
brane fluidity due to DHA deficiency have been suggested to lower BDNF and 
signalling through TrkB in the rat brain (Bhatia et al. 2011). Dhobale et al. (2012) 
found a negative association between levels of placental TrkB and docosahexaenoic 
acid (DHA) and a negative association between maternal plasma BDNF levels and 
placental weight.

Other mechanism proposed for the modulation of BDNF during pregnancy is the 
regulation by glucocorticoids. It has been reported that GR (glucocorticoid recep-
tor) interacts with receptor tyrosine kinase for BDNF (TrkB; Numakawa 2010). In 
addition Numakawa et al. propose that TrkB–GR interaction plays a critical role in 
the BDNF-stimulated PLC pathway, which is required for glutamate release, and 
the decrease in TrkB–GR interaction caused by chronic exposure to glucocorticoids 
results in the suppression of BDNF-mediated neurotransmitter release via a gluta-
mate transporter.

Finally, an epigenetic regulation of BDNF gene has been described. BDNF gene 
has 11 exons and nine functional promoters that are tissue-specific and have activi-
ty-dependent regulation across development and in adulthood (Nair et al. 2007; Aid 
et al. 2007; Liu et al. 2006; Sathanoori et al. 2004). It is mainly expressed in the 
central nervous system, particularly in the cortex, hippocampus and forebrain but it 
is also found in peripheral tissues (Pruunsild et al. 2007).

Clinical and experimental studies indicate that the prefrontal cortex (PFC) and 
hippocampus might play a pivotal role in the cognitive deficits and aberrant emo-
tional behaviours originated from early-life adversity (De Bellis 2005; Kaffman and 
Meaney 2007; Fumagalli et al. 2007; Noble et al. 2005; Teicher et al. 2003).

Dennis and Levitt (2005) have determined that methylation of exon IV was a 
likely mechanism mediating BDNF gene expression during development and thus 
susceptible to environmental insults. Thus, Roth et al. (2009) have evaluated off-
spring exposed to a stressed-abusive mother (maltreatment) or to a normal maternal 
care or positive caregiving mother (cross-fostered care). They demonstrate that ear-
ly experiences of maltreatment increase BDNF DNA methylation at both exons IV 
and IX within the PFC that persist into adulthood, highlighting an epigenetic molec-
ular mechanism potentially underlying lifelong and transgenerational perpetuation 
of changes in gene expression and behaviour incited by early abuse and neglect.
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4.4  Concluding Remarks

There is a clear interrelation between glucocorticoids, NO and BDNF in many dif-
ferent processes, such as the neuroendocrine modulation of the stress response, 
brain plasticity, learning and memory formation. As described here, NO participates 
in the neuroendocrine signaling involved in glucocorticoid synthesis and is also 
necessary for BDNF increases during memory formation, as shown in knockouts 
and with pharmacological interventions. Moreover, there is a regulation of BDNF 
through GR.

Finally, we conclude that in addition to the classical description of a disruption 
of HPA axis, NO and BDNF are relevant intracellular mediators of brain plasticity 
and its participation in the different processes induced by PS should be taken into 
account for the development of new therapeutic approaches.
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Abstract Addiction inflicts large personal, social, and economic burdens, yet its 
etiology is poorly defined and effective treatments are lacking. As with other neu-
ropsychiatric disorders, addiction is characterized by a core set of symptoms and 
behaviors that are believed to be influenced by complex gene–environment interac-
tions. Our group focuses on the interaction between early stress and genetic back-
ground in determining addiction vulnerability. Prior work by our group and others 
has indicated that a history of prenatal stress (PNS) in rodents elevates adult drug 
seeking in a number of behavioral paradigms. The focus of the present chapter is 
to summarize work in the area of PNS and addiction models as well as our recent 
studies of PNS on drug seeking in different strains of mice as a strategy to dissect 
gene–environment interactions underlying cocaine addiction vulnerability. These 
studies indicate that ability of PNS to elevate adult cocaine seeking is strain depen-
dent. Further, PNS also alters other nondrug behaviors in a fashion that is dependent 
on different strains and independent from the strain dependence of drug seeking. 
Thus, it appears that the ability of PNS to alter behavior related to different psy-
chiatric conditions is orthogonal, with similar nonspecific susceptibility to prenatal 
stress across genetic backgrounds but with the genetic background determining the 
specific nature of the PNS effects. Finally, the advent of recombinant inbred mouse 
strains is allowing us to determine the genetic bases of these gene–environment 
interactions. Understanding these effects will have broad implications to determin-
ing the nature of vulnerability to addiction and perhaps other disorders.
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5.1  Introduction

Addiction to drugs of abuse, including cocaine, is a leading health problem in 
Western society. The prevalence of substance-use disorders among the US general 
population is estimated to be approximately 9.2 % (Aldworth et al. 2007). In the 
USA, approximately 2 % of the general population has used cocaine at least once 
in their life time, of which 2 million are current users and 1.5 million are cocaine 
dependent (NIDA 2004). Addiction produces significant costs to both the individual 
addicts, their family, and friends, as well as economic and social burdens to society 
in general. The addiction-associated costs resulting from productivity loss, traffic 
accidents, related diseases (e.g., spread through infected needles), and drug-related 
crime, including domestic violence, are estimated to be up to 3.5 % of the gross do-
mestic product (GDP) in Western countries (Pouletty 2002). Accordingly, given the 
US$ 13.86 trillion estimated GDP of the USA in 2007 (CIA 2008), the cost of drug 
addiction to the country is around US$ 485 billion.

The reasons why some individuals become addicted to cocaine or other drugs, 
while others do not, are poorly understood, but it appears that cocaine addiction 
results from a complex interaction between genetic and environmental factors (for 
reviews see, e.g., Crabbe 2002; Enoch 2006; Kendler et al. 2007; Kreek 2001). For 
instance, Ellenbroek and colleagues (Ellenbroek et al. 2002; van der Kam et al. 
2005) argue that addiction, as with other neuropsychiatric disorders, is mediated by 
the interaction of genetic polymorphisms, early environment, and current environ-
ment. In both humans and animals, there are large individual differences on a wide 
range of measures following acute and repeated exposure to and/or level of intake 
of psychostimulants such as cocaine and d-amphetamine (DeWit et al. 1986, Cohen 
1990). Thus, it is presumed that there are polygenetic backgrounds which interact 
with specific experiences to determine cocaine responsiveness, which will make an 
individual more or less vulnerable to developing cocaine addiction. Our ultimate 
goal is to elucidate genes that modulate the ability of early environmental experi-
ences to alter adult responsiveness to cocaine. Recent research has focused on de-
lineating specific early environmental conditions that increase cocaine responsive-
ness. In particular, maternal stress during gestation or neonatal isolation produces 
an adult phenotype that has increased sensitivity to cocaine, greater cocaine intake 
during cocaine self-administration, and higher cocaine seeking during extinction 
and reinstatement procedures (Kippin et al. 2008; Thomas et al. 2009; Kosten et al. 
2000, 2004, 2006; Lynch et al. 2005; Zhang et al. 2005; see also Deminiere et al. 
1992), suggesting that a history of early life stress increases vulnerability to cocaine 
addiction. Conversely, genetic background, namely gene polymorphism, also plays 
a role in determination of cocaine responsiveness. For example, substantial differ-
ences exist between inbred mouse strains regarding the behavioral and physiologi-
cal effects of cocaine (Crawley et al. 1997; Crabbe et al. 1999). Further, the advent 
of recombinant inbred (RI) mouse strains, in conjunction with the mapping of the 
mouse genome, now allows quantitative analyses of the contribution of specific 
genetic loci to traits (Belknap and Crabbe 1992; Chesler et al. 2003) and these 
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analyses have been performed for several behavioral responses to acute or repeated 
cocaine exposure, including cocaine-induced convulsions and locomotion (see for 
reviews, e.g., Phillips and Belknap 2002; Crabbe 2002). However, despite emerg-
ing evidence that gene–environment interactions (G × E) are critical determinants 
of cocaine responsiveness, there has been almost no systematic investigation that 
would allow determination of the specific genetic loci, and ultimately genes located 
within these loci, that facilitate or impede the capacity of early environmental ex-
perience to influence subsequent cocaine responsiveness. Accordingly, a major im-
pediment to our ability to predict individual cocaine responsiveness, and potentially 
individual vulnerability to addiction, is a poor understanding of the interactions 
between genes and environment. The overall goal of the present review is to provide 
a broad analysis of the evidence implicating prenatal stress (PNS) in drug respon-
siveness and drug-seeking behavior, then to more narrowly review studies of the 
genetic bases of drug responsiveness/seeking behavior, followed by a description 
of our approach to provide a genetic analysis of the effects of early environmental 
experience, namely PNS, upon cocaine addiction vulnerability employing a mouse 
model of cocaine reward. We will also summarize what is known about the neuro-
biology of PNS-induced alterations in drug responsiveness and, finally, the relation 
of addiction vulnerability to vulnerability to other neuropsychiatric disorders will 
be addressed.

5.2  Early Environmental Stress and Neuropsychiatric 
Disease

Environmental stimuli during the embryonic and early postnatal periods have pro-
found effects upon developmental processes, resulting in permanent alterations in 
nervous system structure and function. In humans, children of mothers experiencing 
stress during gestation show alterations in early motor development, anomalies in 
brain morphology, and behavioral abnormalities such as attention deficit hyperactiv-
ity disorder (ADHD), sleep disturbances, cognitive dysfunction, increased anxiety, 
and are at an increased risk of a variety of neuropsychiatric disorders, including 
higher incidence of substance abuse (reviewed in Huizink et al. 2004; Kofman 2002; 
Weinstock 2001). Stress during gestation or PNS can be modeled in laboratory ro-
dents using a number of procedures, of which a widely employed one involves re-
peated bouts of restraint stress to a pregnant dam during the last week of gesta-
tion. The data from animal studies using this PNS model are consistent with the 
epidemiological and clinical findings, but are far more extensive. In animals, PNS 
sequelae include (but are not limited to) increased anxiety, learning and memory 
impairments, altered circadian rhythm function, impaired sexual function, and in-
creased psychomotor responsiveness to, as well as increased propensity to self-ad-
minister, drugs of abuse (for recent reviews see, e.g., Darnaudery and Maccari 2008; 
Weinstock 2008; Matthews 2002). Thus, there is a remarkable parallel between the 
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human literature and that derived from animal models regarding the long-term be-
havioral consequences resulting from stressful experiences during development.

Although the detailed mechanisms producing the PNS syndrome are not known, 
the intermediate cause appears to be maternal secretion of glucocorticoids dur-
ing stressful events. The hypothalamic-pituitary-adrenal (HPA) axis is a primary 
element in the nervous system response to environmental stress and is used ex-
tensively as an index of nervous system stress output in animal models. Evidence 
from animal models has shown that maternal stress during gestation elevates glu-
cocorticoids in the fetal brain in a variety of species (Lephart et al. 1997; Montano 
et al. 1991). Removal of the adrenal glands, the maternal source of circulating glu-
cocorticoids, prevents the development of the PNS syndrome (Barbazanges et al. 
1996). Systemic administration of exogenous glucocorticoids to the mother during 
gestation mimics the PNS syndrome (reviewed in Maccari et al. 2003; Takahashi 
1998). Similarly, in humans, exposure to glucocorticoids during development is 
associated with increased risk for psychiatric disorders (reviewed in, e.g., Bertram 
and Hanson 2002; Matthews et al. 2002; Sekyl and Meaney 2004). Accordingly, it 
has been widely proposed that embryonic nervous system programming is highly 
sensitive to glucocorticoids with lifelong consequences that may compose a sig-
nificant component of individual vulnerability to neuropsychiatric conditions, in-
cluding drug addiction.

5.3  Early Environmental Stress Contributes to Adult 
Drug and Alcohol Responsiveness

In order to address the potential role of early environmental stress in addiction vul-
nerability, a number of groups have examined the role of PNS or prenatal glucocor-
ticoid exposure (PNG) in modulating the responsiveness to cocaine and other drugs 
of abuse in adulthood. The common findings across studies are a general elevation 
in drug responsiveness as well as the motivation to take drugs, with these effects 
spanning psychostimulants, depressants/opiates, and alcohol.

5.3.1  PNS Alters Response to and the Propensity  
to Take Stimulant Drugs

Psychostimulants are the class of drugs where the effects of PNS on the respon-
siveness to and the seeking or consumption of drugs of abuse has been most exam-
ined. These studies have formed the strongest basis for the linkage between PNS 
and changes in drug-use patterns. For amphetamine, Deminiere et al. (1992) found 
that while administration of a 0.3 mg/kg (intraperitoneal, IP) dose of amphetamine 
increased subsequent motor activity in all rats, PNS male rats given amphetamine 
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produced double the locomotor counts of control males during the first 10 min 
after administration. Further, when rats self-administered amphetamine (30 µl/
infusion; intravenous, IV), the PNS rats had higher intakes compared to controls 
on all trials after the first day (Deminiere et al. 1992). While others have not al-
ways found initial differences in the locomotor response to amphetamine (Henry 
et al. 1995; 1 mg/kg dose, IP), they have seen greater sensitization of locomotor 
behavior in male PNS rats (Henry et al. 1995). Additionally, PNS female rats 
have increased rotational behavior (left turns) after amphetamine administration, 
indicating PNS asymmetries in motor system sensitivity to stimulants (Weinstock 
and Fride 1989). There are also changes in the response to amphetamine after 
corticosterone is used to mimic a hormonal aspect of PNS. Diaz et al. (1995) im-
planted pregnant females with corticosterone pellets during late gestation, and the 
resulting corticosterone-exposed (prenatal corticosterone administration, PNC) 
weanlings were assessed for locomotor activity after amphetamine. Amphetamine 
increased locomotor activity in both normal and PNC offspring, but again there 
was an enhancement of movement in PNC animals. There was also a sex differ-
ence, in that male PNC pups increased all types of movement, while female PNC 
pups displayed increased rearing behavior only (Diaz et al. 1995), indicating a 
more robust effect in males. PNS status also interacts with behavior on cocaine. 
Kippin et al. (2008) found that a 15 mg/kg (IP) dose of cocaine enhanced locomo-
tion in adult male PNS rats compared to adult male controls with similar levels 
of cocaine experience. On the other hand, Thomas et al. (2009) did not see pro-
nounced differences between PNS and control males in locomotion after either 
acute or repeated cocaine exposure, but did find enhanced locomotor sensitization 
in PNS females. This change in female locomotor sensitization did not carry over 
to self-administration, where female PNS and control rats self-administered simi-
lar amounts of cocaine (Thomas et al. 2009). In males, there were no differences 
on a constant (0.2 mg/kg/infusion, IV) cocaine dose, but on a weekly escalating 
(0.3–0.5 mg/kg/infusion, IV) schedule PNS males had significantly higher total 
intake (Thomas et al. 2009). In comparison, a study using a higher but constant 
dose (1.0 mg/kg) reported a trend towards PNS males self-administering more 
cocaine than controls (Kippin et al. 2008). Yet during extinction, these same PNS 
males had significantly greater initial responding, took longer to reach extinction 
criterion, and exhibited greater cocaine-primed reinstatement (Kippin et al. 2008). 
Interestingly, noncontingent cocaine injections produced an extinction deficit fol-
lowing removal of brain self-stimulation in PNS but not control rats (Gao et al. 
2011) suggesting that adult psychostimulant exposure may produce generalized 
cognitive deficits dependent upon early environmental stress.

PNS also increases responsiveness to other stimulant drugs. PNS increases the sen-
sitivity to nicotine and the magnitude of nicotine-induced locomotor activity (Koehl 
et al. 2000). For caffeine, adult PNS male rats displayed greater rearing and corner 
activity in an open field compared to controls, including at a dose where there was 
no difference in plasma caffeine concentrations between control and PNS animals 
(10 mg/kg, IP; Pohorecky et al. 1989). For 3,4-Methylenedioxymethamphetamine 
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(MDMA, “ecstasy”; 5 mg/kg, IP), adolescent PNS female rats had fewer periods of 
inactivity while also demonstrating more slips and body twists on a runway, and had 
higher blood levels of MDMA after the same dose was administered compared to 
controls (Morley-Fletcher et al. 2004). In summary, PNS increases responsiveness 
to and self-administration of a variety of psychostimulant drugs, and this response 
interacts with sex and task type. We will later discuss the PNS interaction with ge-
netic background on measures thought to probe cocaine reward.

5.3.2  PNS Alters Response to and Preference for Morphine,  
and Response to Diazepam

PNS can also impact the response to therapeutics with abuse potential such as mor-
phine and diazepam. PNS male rats are less sensitive than control males to the 
analgesic effects of morphine (5 mg/kg, IP) in the tail-flick test; conversely, PNS fe-
males are more sensitive than female controls to the analgesic effects of morphine, 
with longer latencies to remove the tail (Kinsley et al. 1988). For both PNS and brief 
postnatal separations from the dam in mice, adult mice displayed greater morphine-
induced analgesia 30 min after administration, with similar patterns with subtle 
sex-specific alterations after 60 min (Sternberg and Ridgeway 2003). PNS male rats 
also show a difference in conditioned place preference (CPP) to morphine. While all 
male rats given morphine (10 mg/kg) showed a significant place preference for the 
morphine-paired side, the group males only exposed to PNS showed a significantly 
greater preference than the control group (Yang et al. 2006).

PNS can also alter the response to diazepam. Male PNS rats responded to a low 
dose of diazepam (1 mg/kg, IP) that did not impact control behavior in the open 
field (Pohorecky and Roberts 1991). Additionally, it has also been shown that PNS 
rats are hyperresponsive to bright-light-potentiated acoustic startle, and startle lev-
els are normalized with diazepam treatment (3.2 mg/kg; Tazumi et al. 2005).

5.3.3  PNS Alters Response to and the Propensity  
to Take Alcohol

There are several changes in the physiological response to alcohol after PNS. 
Adult PNS rats given alcohol in the 1–2 g/kg dose range display initial blunting 
of alcohol-induced hypothermia, a reduction in alcohol-induced corticosterone 
release, reduced free fatty acid release, and decreased alcohol-induced startle 
deficits, and they retain better motor control on the rotorod but less capability 
in a swim test (DeTurck and Pohorecky 1987). Adolescent male PNS rats also 
exhibit this HPA axis blunting, such that a 1.5 g/kg dose of alcohol does not 
produce the sustained increase in serum adrenocorticotropic hormone (ACTH) 
and corticosterone levels in PNS rats versus controls (Van Waes et al. 2006). 
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Displaying a higher initial tolerance to alcohol increases the chance of later al-
cohol dependence in humans (for review, Schuckit 2009), suggesting that PNS 
could predispose an individual to initial high alcohol consumption and increasing 
the risk of later addiction.

PNS also appears to impact voluntary alcohol consumption in animal models. In 
the two-bottle choice task, where animals are allowed access to a bottle of water and 
another bottle of alcohol solution, Darnaudery et al. (2007) found that a subpopula-
tion of adult female rats showed a change due to PNS after a stressor in adulthood. 
After 2 weeks of two-bottle choice, these female rats were designated as high or 
low drinkers and they were subjected to an inescapable shock. Post-stress, PNS 
and control low-drinking females did not differ from each other, and high-drinking 
control females decreased their alcohol consumption from that point onwards, but 
high-drinking PNS females returned to their previous high level of consumption 
in the weeks following the stress (Darnaudery et al. 2007). PNS also increases the 
preference for a sweetened alcohol solution versus water in adolescent female rats 
(Van Waes et al. 2011a), although PNS does not change two-bottle choice behavior 
in adolescent or adult male rats (Van Waes et al. 2011b).

Interestingly, there are effects of PNS on alcohol consumption which only 
emerge after alcohol exposure in the adult environment. Our studies indicate that 
there is not an effect of PNS on adult alcohol consumption under free-access condi-
tions, but there is an impact of that free-access alcohol consumption on subsequent 
motivation for alcohol (Campbell et al., under review). Briefly, PNS and control 
males and females without adult exposure to alcohol exhibited equivalent operant 
behavior for reinforcement with sucrose (15 %, 20 µl/infusion), sucrose–alcohol 
fading (decreasing sucrose from 15–0 % with concurrent increasing of alcohol from 
0 to 10 %), or alcohol alone (10 %, 20 µl. infusion) even on a response schedule with 
increasing demand. In contrast, control males allowed prior continuous access to al-
cohol for 8 weeks exhibited a substantial decline in operant behavior for alcohol—a 
finding consistent with those indicating that alcohol experience by either injection 
(Carrara-Nascimento et al. 2012) or voluntary consumption (our own unpublished 
observations) reduces alcohol reward as measured in CPP. However, PNS males al-
lowed alcohol access exhibited the same level of intake as controls but this alcohol 
exposure failed to diminish subsequent operant responsiveness for alcohol. PNS 
females only exhibited this difference from control females for the 10 % alcohol 
solution on the FR1 schedule. Again, these male and female C57BL/6J mice with 
either a PNS or control history exhibited the same level of alcohol consumption dur-
ing continuous free access to alcohol in a two-bottle choice task over a period of 8 
weeks, but then PNS males in particular did not show the expected behavior on the 
operant task. Accordingly, the ability of PNS to alter motivation for alcohol appears 
to be more subtle than the effects observed for psychostimulants as it is dependent 
upon fairly extensive exposure to alcohol in adulthood. Nonetheless, the altered 
alcohol-induced motivational plasticity of PNS-exposed individuals is consistent 
with the general findings of enhanced drug-seeking behavior following early envi-
ronmental stress exposure.
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In summary, PNS is known to change the response to a diverse number of drugs 
of abuse and increase seeking and consumptive behaviors towards drugs such as 
psychostimulants, morphine, and alcohol, with the behavioral alterations in many 
cases modulated by sex. However, these studies have largely occurred in parallel 
with separate lines of research indicating that genetic background modulates drug 
responsiveness and seeking behavior. To address the issue of genetic background 
influence, as well as interactions with early environment, on drug responsiveness 
and potential addiction vulnerability, the remainder of the chapter will focus more 
narrowly on cocaine.

5.4  Hereditability of Cocaine Responsiveness:  
Mouse Strain Differences

Studies using humans and animal models have suggested that genetic factors are 
important in substance abuse (DeWit et al. 1986; Cohen 1990; Crabbe et al. 1994). 
Inbreeding has been performed in both rats and mice to reduce the allelic diversity 
between close genetic relatives and to produce a strain of animal in which same-sex 
members are almost monozygotic (identical) twins of all other members. There are 
currently over 100 inbred strains of mice available from the Jackson Laboratory and 
the stability of strain differences over decades of research has provided an extensive 
database concerning groups of genes that influence a particular phenotypic trait. 
Comparisons between different inbred mouse strains have provided substantial evi-
dence for genetic contributions to an individual’s responsiveness to drugs of abuse, 
including cocaine. In this respect, strain differences between the C57BL/6J (B6) 
and DBA/2J (D2) strains have been the most thoroughly studied (see for a review, 
Crabbe et al. 1999; Crawley et al. 1997; Wahlsten et al. 2003). In most studies, the 
D2 strain exhibits greater acute cocaine-induced locomotion and/or greater cocaine-
induced locomotor sensitization upon repeated treatment (Cunningham et al. 1999; 
de Jong et al. 2007, 2008; Orsini et al. 2005; Tolliver and Carney 1994a, b, 1995; 
but see also Kafkafi and Elmer 2005). Conversely, a strain comparison of the re-
inforcing effects of cocaine indicates that B6 mice exhibit higher cocaine intake 
than D2 mice during both IV cocaine self-administration under operant conditions 
(van der Veen et al. 2007, 2008) and access to cocaine in drinking water (George 
and Goldberg 1989; Seale and Carney 1991). Similarly, CPP has also been used to 
compare cocaine reward among these strains and B6 mice show a cocaine CPP with 
lower doses of cocaine, shorter conditioning trials, and/or a greater magnitude pref-
erence than do D2 (Cunningham et al. 1999; Seale and Carney 1991; Orsini et al. 
2005, 2008). Accordingly, comparison of the genetic differences between these 
strains is an approach to understanding individual differences in both the psycho-
motor stimulant responsiveness to drug exposure and the motivational components 
of drug-seeking behavior.
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5.5  Search for Genetic Substrates Mediating 
Hereditability of Cocaine Responsiveness

Determining the genetic influences that contribute to hereditability of cocaine re-
sponsiveness has proven difficult because individual differences in behavioral re-
sponses to drugs are highly complex. In addition to substantial nongenetic factors, 
including potential intergenerational epigenetic hereditability, the range of drug re-
sponsiveness across different genotypes tends to exhibit a continuous distribution 
(see, e.g., Miner and Marley 1995a; Phillips et al. 1998). This indicates a polygen-
etic pattern of inheritance involving many genes rather than one or two major genes. 
Quantitative trait loci (QTL) analyses have high utility for determining the relation 
between genetic influences that account for relatively small amounts of variation in 
a given behavior (Crabbe et al. 1999). One strategy that has been employed in the 
search for QTLs influencing cocaine responsiveness is the employment of RI strains 
of mice derived from the systematic brother–sister matings of the F2 generation of 
two progenitor inbred mouse strains, which results in a panel of new inbred strains 
having unique recombinations of parental chromosomal material distinct from the 
two progenitor strains and all other RI strains (Belknap and Crabbe 1992; Complex 
Trait Consortium 2003). RI strains have allowed significant advances in behavioral 
genetics because these mice have fixed genomes and genotypes of known genetic 
markers are already stored in a database; thus, they can be used for behavioral tests 
and then QTL can be performed without additional molecular analysis facilitating 
genetic mapping of behavioral traits (Belknap 1998). The BXD and DXB panels of 
RI strains are derived from the B6 and D2 inbred parental strains and are ideal for 
genetically dissecting responsiveness to cocaine and other abused drugs because 
of the distinct phenotypes exhibited by the original strains (see, e.g., Chesler et al. 
2003). Accordingly, this panel has been employed to genetically dissect several 
distinct cocaine-related behaviors which include the acute locomotor stimulant ef-
fect of cocaine (Miner and Marley 1995b; Phillips et al. 1998; Tolliver et al. 1994), 
sensitization to the locomotor stimulant effect of cocaine with repeated treatment 
(Phillips et al. 1998; Tolliver et al. 1994), cocaine-induced seizures (Miner and 
Marley 1995a), cocaine-induced CPP (Philip et al. 2010), and even cocaine self-
administration in a small subset of available strains (Cervantes et al. 2013). As the 
available RI strains are unable to resolve individual gene polymorphisms, addi-
tional studies need to employ fine mapping strategies utilizing loci-directed produc-
tion of additional RI strains, accompanied by nucleotide sequences, to determine 
the specific genes within a loci that exhibit polymorphisms within RI panels that 
could contribute to phenotypic variability (e.g., Fehr et al. 2002; Hood et al. 2006). 
Thus, it is possible to utilize rodent models to obtain fine-detail genetic analysis 
of specific aspects of cocaine responsiveness. Critically, the approaches outlined 
above are amenable to investigation of the impact of early environmental factors 
and can be used as a basis for forward and reverse genetic approaches to determine 
the nature of G × Es in cocaine-addiction-related behavior.
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Of relevance to such approaches to studying interactions between early envi-
ronmental stress and strain differences are strain differences in the stress response 
during adulthood. Although B6 mice are often characterized as stress resistant, both 
B6 and D2 mice show substantial changes in plasma corticosterone levels in re-
sponse to psychological stressors (e.g., Prakash et al. 2006; Belzung et al. 2001; 
Crawley et al. 1997) and show stress-related modulation of programming in early 
development (reviewed in, e.g., Weinstock 2001; Zhang et al. 2006)—notably, we 
have recently compared changes in stress-induced glucocorticoid levels during 
pregnancy (i.e., during application of the PNS procedure) and both strains appear 
to have similar HPA activation during the PNS procedure indicating the differences 
in PNS-induced changes in adult behavior between these strains are unlikely to be 
due to stress responses of the mother during gestation. Be that as it may, RI strains 
may have different response profiles than either of the parental lines (e.g., Phillips 
et al. 2002); thus, the magnitude and duration of stress-induced changes in plasma 
corticosterone will be monitored during the PNS procedure in all strains allowing 
determination of its relation to adult behavior changes induced by PNS.

5.6  Interactions Between PNS and Genetic Background 
on Drug Seeking

With respect to studies of genetic background–environment interactions, D2 mice 
show greater changes in cocaine responsiveness following adult stress exposure 
whereas B6 mice appear to be relatively insensitive to adult stress-induced chang-
es in cocaine responsiveness (Badiani et al. 1992; Cabib and Bonaverntura 1997; 
Cabib et al. 2000; van der Veen et al. 2007). As discussed above, PNS procedures 
that enhance cocaine responsiveness in rats (Kippin et al. 2008; Thomas et al. 2009) 
also increase the level of responding for, and consumption of, alcohol during oper-
ant self-administration procedures in B6 mice with extensive alcohol experience 
(Campbell et al., under review). Accordingly, our studies investigating the impact 
of PNS on cocaine responsiveness in B6 and D2 mice are summarized below. These 
studies employ standard PNS procedures of repeated restraint stress during late ges-
tation and CPP that we have standardized between strain to be optimally sensitive 
to PNS–gene interactions.

5.6.1  Impact of Conditioning Parameters on Cocaine-Induced 
CPP in Male and Female B6 and D2 Mice

Prior work indicates that strain differences (between B6 and D2 mice) in 
cocaine-induced CPP exist and are sensitive to the duration of conditioning trials 
(Cunningham et al. 1999);, however, this evidence employed discreet conditioning 
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stimuli (distinct tactile flooring) and did not examine females. Accordingly, we 
evaluated the impact of conditioning session duration on cocaine-induced CPP 
magnitude employing contextual conditioning stimuli in both B6 and D2 males 
and females as these stimuli were employed in our preliminary studies demon-
strating PNS-induced potentiation of CPP. This experiment was a necessary first 
step to our investigation into the impact of PNS on cocaine seeking because it 
determined the procedures that allow assessment of cocaine-induced CPP in both 
male and female mice in the B6 and D2 parental strains. Specifically, both male 
and female B6 and D2 mice (obtained from Jackson Laboratories, Bar Harbor, 
ME) were tested on an unbiased CPP procedure that it is sensitive to psychomo-
tor stimulant responsiveness and cocaine reward, extinction and reinstatement 
of CPP (e.g., Szumlinski et al. 2008). Briefly, these experiments used a two-
compartment chamber with distinct compartments (based on wall/flooring pat-
tern and texture) that can be divided using an insert and supports acquisition 
and expression CPP as measured by video tracking. Mice were first allowed to 
explore the entire apparatus without the divider insert allowing assessment of 
novelty-induced locomotion. Next, each mouse received injections of cocaine 
(10 mg/kg, IP) and saline on alternating days and then were placed into one of the 
two compartments (with the divider insert in place) such that each compartment 
was repeatedly paired with cocaine or saline. Next, mice were allowed access to 
the entire apparatus on a “posttest” in order to determine direction and magnitude 
of place conditioning produced by the cocaine injections relative to the saline 
ones. In order to examine the rate of extinction, mice were subsequently placed 
into the undivided apparatus for 15-min sequential sessions and finally subjected 
to a “primed test” during which they first received a saline injection and CPP was 
reassessed for 15 min, and finally a cocaine injection (same dose as given during 
conditioning) and CPP was reassessed for 15 min. We have completed behavioral 
testing of both male and female B6 and D2 mice at session durations of 15, 20, 
and 30 min. The results of this experiment revealed a significant sex × strain 
interaction on the magnitude of CPP (exhibited during the initial posttest) with 
females exhibiting a larger CPP than males in the D2 strain but a smaller CPP 
than males in the B6 strain. Further, there was a significant strain effect (indepen-
dent of sex) on extinction with B6 mice exhibiting rapid extinction (within two to 
three 15-min sessions) but D2 mice failing to exhibit significant extinction (even 
after 12 × 15-min sessions), thus, the absence of extinction in one of the strains 
is unfortunate as it complicates examination of PNS–gene interactions on this 
measure. However, neither a strain × session duration interaction nor strain effect 
was detected on the magnitude of CPP under these conditions. These findings in-
dicate that strain effects on acquisition of CPP are minor when contextual stimuli 
(in contract to discreet stimuli) are employed and, accordingly, the subsequent 
PNS–gene interaction experiments employ a 15-min conditioning duration in the 
above-described apparatus.
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5.6.2  Impact of PNS and Cocaine Dose on Cocaine-Induced 
CPP—PNS × Genetic Background Effect but Not Sex 
Effects

We used the procedures described above (with a 15-min conditioning session dura-
tion) to determine the impact of PNS on CPP induced by 3, 10, or 30 mg/kg (IP) 
in male and female B6 and D2 mice. Briefly, B6 and D2 mice (obtained from the 
same source as above) were mated and then pregnant dams were subject to either 
repeated restraint stress (3 × 1 h per day from E14 to delivery) or left alone for the 
entire gestation period. Offspring were weaned at 3 weeks of age and housed into 
same-sex groups until testing at 8–10 weeks of age. The results indicate that PNS 
potentiates cocaine-induced CPP at all employed doses in B6, but not D2, mice. 
Specifically, there was a significant effect of cocaine dose with all groups exhibit-
ing increased CPP magnitude with increasing cocaine dose. Moreover, there was an 
interaction between PNS and strain with B6 mice subject to PNS exhibiting greater 
CPP than control B6 mice (independent of sex or dose) but no differences between 
PNS and control D2 mice (in either sex or at any dose). The finding that PNS in-
creases CPP in both males and females was somewhat surprising as it contrasts with 
other research indicating greater sensitivity to PNS potentiation of drug seeking in 
males relative to females in experiments employing operant self-administration of 
cocaine in rats (Thomas et al. 2009) as well as our own research employing operant 
self-administration of alcohol in B6 mice (Campbell et al. 2009). Accordingly, we 
replicated this experiment (at the 10 mg/kg dose) and produced the same results 
in a second cohort of PNS and control B6 males and females. Thus, we are highly 
confident in this effect and, consistent with other measures of drug seeking, PNS 
does increase the magnitude of cocaine-induced CPP in B6, but not D2, mice indi-
cating that our approach is sufficient to detect gene–early environment interactions 
in adult drug responsiveness. Moreover, this strain × PNS interaction indicates that 
utilization of inbred strains, including RI strains, will be a feasible approach to 
determine the genetic factors which permit early environmental stress to increase 
drug-seeking behavior.

5.6.3  Impact of PNS in B6 and D2 Strains on Alcohol-Induced 
CPP—PNS × Genetic Background × Sex Effects

As described above, it was surprising that both male and female B6 mice exhibited 
greater CPP following PNS because sex-dependent effects of PNS are observed 
on the rate of operant drug self-administration. In order to determine whether the 
effects of PNS are consistent between CPP and operant self-administration models 
of drug-seeking, we examined the impact of PNS on alcohol-induced CPP in male 
and female B6 and D2 mice. Mice were generated as above and then conditioning 
was performed using the same apparatus and procedures except that each mouse 
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received eight alcohol (2 g/kg, i.p.) and eight vehicle pairings prior to the posttest. 
The results of this experiment mirror those of our operant alcohol self-administra-
tion study. Specifically, we observed a sex × strain × PNS interaction with male B6 
mice exhibiting greater alcohol-induced CPP than control B6 mice but PNS and 
control differences were not observed in other sex/genotype conditions. Accord-
ingly, these results indicate that PNS male, but not female, B6 mice exhibit greater 
alcohol-seeking behavior, that the impact of PNS on drug seeking is specific to the 
drug abuse examined, and that the effects of PNS on drug seeking are consistent 
across operant self-administration and CPP models.

Mouse strains appear to be ideal for elucidating gene–early environment interac-
tions for several reasons. First, the impact of early environmental stress, namely 
PNS, appears to be consistent across species, including inbred mouse strains, as 
well as a variety of measures of drug-seeking behavior (i.e., CPP and operant). 
Second, strain differences are generally stable across laboratories. Third, the avail-
ability of RI strains allows detailed dissections of gene–early environment interac-
tions and is an approach currently being employed in our laboratory. Fourth, the 
availability of a host of well-established behavioral models for a variety of indices 
of neuropsychiatric disorders which can be utilized for investigation into the rela-
tion between heightened cocaine responsiveness and alterations in nondrug behav-
iors which will further our understanding of nature of comorbid neuropsychiatric 
vulnerability with addiction.

5.7  Interactions Between PNS and Genetic Background 
on Nondrug Behaviors

Direct evidence for interactions between genetic background and early environmen-
tal stress is observed in a small number of studies that have examined the impact of 
PNS in different strains of rodents. PNS increases aggression in male and female B6 
mice, but decreases this measure in female D2 mice and does not affect aggression 
in male D2 mice (Kinsley and Svare 1987). PNS increases exploratory behavior in 
a novel environment in B6 mice but decreases it in BALB/c mice (DeFries 1964; 
DeFries et al. 1967; Weir and DeFries 1964). Similarly, strain specificity in the ef-
fects of PNS upon the behavior of adult rats also appears to be strain specific. For 
instance, PNS effects upon active avoidance and forced swim-induced immobility 
are observed in Lewis, but not Fisher 344, strains of rats (Stöhr et al. 1998). Fur-
ther, PNS produces different changes in emotionality and/or neuroendocrine re-
sponsiveness in “high” versus “low” novelty-seeking substrains of Sprague-Dawley 
rats (Clinton et al. 2008) or “high” versus “low” anxiety substrains of Wistar rats 
(Bosch et al. 2006; Neumann et al. 2005). Further, analyses of the impact of PNS in 
B6 × BALB/c F1 progeny generated by bidirectional crossing of males and females 
revealed contributions of both maternal and paternal genetic background to the ex-
pression of PNS-induced changes in open-field behavior (DeFries 1964; DeFries 
et al. 1967). Importantly, these data indicate that maternal genes are important for, 
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but cannot account for all of, the gene–environment effects observed in PNS-in-
duced changes across genetic background. Such data further the notion that G × Es 
are complex and likely involve polygenetic influences.

Given widely reported comorbidity of addiction with heritable traits (e.g., nov-
elty seeking) as well as other neuropsychiatric disorders (e.g., schizophrenia), we 
conducted experiments to assess open-field behavior and prepulse inhibition as 
measures of reactivity to novel environments and of altered sensory-motor gating 
observed in schizophrenics. B6 and D2 mice were mated and then pregnant dams 
were either subject to repeated restraint stress (3 × 1 h per day from E14 to deliv-
ery) or left alone for the entire gestation period. Adult offspring were tested for 
acoustic startle and prepulse inhibition (PPI) and then 3–5 days later were tested 
for open-field behavior (as reported previously by our group; see Szumlinski et al. 
2005). All subjects exhibited robust acoustic startle which was not altered by PNS. 
However, the ability of a sub-startle acoustic prepulse to attenuate response to a 
startle tone was altered by PNS in a strain-specific fashion. Importantly, on this 
measure the D2, not the B6, strain exhibited attenuated PPI following a history of 
PNS. Thus, these findings with those of our CPP experiments indicate that both B6 
and D2 strains are sensitive to the enduring effects of PNS but that the different 
genetic backgrounds produced sensitivity to PNS on different behavioral measures. 
Similarly, open-field behavior was altered in a strain-specific fashion by PNS, with 
PNS B6 mice exhibiting increased explorations and reduced episodes of immobility 
compared to their controls whereas PNS D2 mice exhibited increased immobility 
compared to their controls. Accordingly, our findings suggest that the ability of PNS 
to modify neuropsychiatric disease vulnerability interacts with genetic background 
such that specific outcomes are altered in a genetic background-specific fashion, 
rather than simply having some backgrounds sensitive and others resilient to the ef-
fects of PNS. We believe that this finding is critical for proper conceptualization of 
how the interaction between genetic vulnerability and environment interact across 
disease vulnerability as well as the potential comorbidity of a disease.

5.8  Towards a Defined Neurobiology of PNS-Induced 
Alterations in Drug Seeking

In addition to establishing the pattern of interaction between genes and environ-
ment, another major benefit of animal studies of drug responsiveness is the ability 
to elucidate the underlying neurobiology of that altered responsiveness. Although 
the impact of drugs of abuse on brain function has been extensively studied, the 
way in which PNS alters these functions have not been well elucidated. Moreover, 
there has been even more limited attention on how gene–PNS interactions may 
be mediated at a neurobiological level. The following section will review what is 
known about PNS-induced changes in the neurobiology, particularly at a neuro-
chemical level, and how PNS modulates neurochemical responses to drugs, as well 
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as introduce our approach to further this literature by examination of PNS across 
mouse strains towards an understanding of G × E neurobiology.

Drugs of abuse, like natural rewards, interact with the mesocorticolimbic dopa-
mine system. This system is involved with providing incentive salience to stimuli 
and inducing the performance of goal-directed behavior. Dopamine cell bodies in 
the ventral tegmental area (VTA) project to area including the amygdala, hippocam-
pus, nucleus accumbens (NAc), and areas of the prefrontal cortex (Feltenstein and 
See 2008). Interestingly, in male and female PNS rats there is reduced dopamine 
turnover in the left dorsal striatum (Weinstock and Fride 1989). There are also high-
er dopamine levels in dorsal striatum (Gerardin et al. 2005) and the ventral striatum 
(vSTR) of PNS rats (Alonso et al. 1994; McArthur et al. 2005). This neurochemical 
change is similar to that of prenatal exposure to corticosterone levels, which in-
creases basal dopamine metabolism in the dorsal and ventral striatum of both male 
and female offspring (Diaz et al. 1995). Also, adolescent and adult male PNS rats 
show higher basal levels of extracellular dopamine in the NAc (Kippin et al. 2008; 
Silvagni et al. 2008). There are changes in the expression and/or binding potential 
of dopamine D1 and D2 receptors, the dopamine transporter (DAT), and changes 
in the number of tyrosine hydroxylase-positive cells within the mesocorticolim-
bic dopamine system (i.e., NAc, medial PFC, hippocampal subregions) in PNS 
animals (Alonso et al. 1994; Berger et al. 2002; Henry et al. 1995; McArthur et al. 
2005). Furthermore, PNS reduces spine density of medium spiny cells of the NAc 
in adult male rats, but not in preadolescents (Martinez-Tellez et al. 2009). These 
baseline changes in the dopamine system could contribute to reactions to drugs of 
abuse which may facilitate overuse, as discussed later. The dopamine systems of 
PNS animals react differently from controls to some drugs of abuse. Amphetamine 
stimulates greater dopamine output in the NAc of PNS adolescent and adult rats 
compared to controls (Silvagni et al. 2008). Conversely, amphetamine-stimulated 
dopamine output was blunted in the PFC in PNS animals (Carboni et al. 2010). PNS 
males also show higher dopamine output in the NAc after first cocaine exposure, 
while cocaine-experienced PNS rats exhibit increased PFC dopamine at baseline 
with enhanced NAc and PFC dopamine output following cocaine administration 
(Kippin et al. 2008).

Neurotransmitter systems beyond dopamine also contribute to drug seeking 
(Koob and Volkow 2010), and these systems show differences in PNS animals at 
baseline and after drug administration (Baier et al. 2012). In the NAc, basal levels of 
norepinephrine are lower in adolescent PNS rats, although this change is not present 
in adulthood (Silvagni et al. 2008). Both adult and adolescent rats have decreased 
basal PFC norepinephrine output (Carboni et al. 2010). When either amphetamine 
or nicotine is given, Nac norepinephrine output is increased in adult PNS rats 
(Silvagni et al. 2008). In the PFC, PNS increases amphetamine-stimulated norepi-
nephrine output and PNS decreased nicotine-stimulated norepinephrine output in 
adults (Carboni et al. 2010). In contrast, there are no basal differences in hippocam-
pal acetylcholine release between PNS and control male and female rats, although 
when exposed to injection stress or intracerebroventricular corticotropin-releasing 
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factor (CRF) administration PNS rats have higher acetylcholine release compared 
to controls (Day et al. 1998). As for CRF, PNS animals do have differences in that 
system, with PNS rats displaying higher amygdala levels of CRF and increased 
CRF release in response to depolarization (Cratty et al. 1995), and increased CRF 
receptor binding (Ward et al. 2000). The serotonin system also changes in PNS 
animals. PNS male rats show reduced baseline serotonin in the NAc (Kippin et al. 
2008). PNS also alters 5-HT1A receptor binding, with males showing significantly 
lower binding compared to controls in the ventral hippocampus, with a similar trend 
for PNS females (Van den Hove et al. 2006). Considering the effects of prenatal cor-
ticosterone administration alone, autoradiographs of the dorsal hippocampus found 
significant decreases of the 5-HT1A receptor system in the hippocampal CA1 re-
gion (Meerlo et al. 2001). Male PNS rats also show higher levels of serotonin and 
5-HIAA in the dorsal striatum than controls (Gerardin et al. 2005).

The glutamate system and opiate system are also altered by PNS. PNS male rats 
show reductions in basal glutamate in the NAc compared to controls (Kippin et al. 
2008). PNS also increases in N-methyl-D-aspartate (NMDA) receptors in several 
regions, including the medial PFC, dorsal frontal cortex (DFC), the CA1 region 
of the hippocampus, the medial striatum, and the NAc, with increases in group III 
metabotropic glutamate receptors in both the medial PFC and DFC (Berger et al. 
2002). PNS male rats also show reduced mGluR1/5 activity in the ventral hippo-
campus, while female PNS rats show increased mGluR1/5 activity in both the dor-
sal and ventral hippocampus (Zuena et al. 2008). Further, the distribution of Homer 
proteins which are glutamatergic scaffolding proteins, e.g., are also altered through-
out limbo-corticostriatal regions (Ary et al. 2007). Additionally, on the first admin-
istration of cocaine adult male PNS rats show enhanced glutamate neurotransmis-
sion, while cocaine-experienced PNS rats show reduced NAc glutamate at baseline 
and enhanced NAc glutamate following a cocaine challenge (Kippin et al. 2008). 
Finally, there are differences to note in the opiate system. Receptor autoradiography 
has shown that male and female PNS rats show decreased μ opiate receptor binding 
in the striatum, specifically in the anterior striatum, the NAc, the lateral amygdala, 
and the endopiriform cortex (Insel et al. 1990).

PNS also produces morphological changes in brain structures associated with 
drug reward. In the amygdala, some subnuclei diverge between PNS and con-
trol males across several measures (Krazpulski et al. 2006). By early adulthood, 
though, PNS individuals begin to match controls on obvious features such as nu-
clear volume, length, and neuron and glial cell number (Krazpulski et al. 2006). 
PNS animals may even surpass control volume in the lateral nucleus in later adult-
hood (Salm et al. 2004), highlighting the importance of developmental time point 
on the effects of PNS. Hippocampal morphology changes over time as well, with 
preadolescent PNS males displaying increased spine density in the CA1 subre-
gion and decreased density in the CA3 subregion (Martinez-Tellez et al. 2009). 
By adulthood, PNS males display reductions in dendritic spines in both the CA1 
and CA3 subregions (Martinez-Tellez et al. 2009). PNS or prenatal corticosterone 
treatment causes a decrease in synaptophysin and an increase in GAP-43 and phos-
phorylated GAP-43 in the hippocampus, possibly contributing to the alteration in 
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synapse formation in the hippocampus seen after PNS (Afadlal et al. 2010). As 
we have shown, there are many ways in which PNS is known to change brain 
morphology, the basal state of neurotransmitter systems, and the reactions of these 
systems to drugs of abuse. Any of these changes, or even PNS changes not identi-
fied yet, might contribute to a greater individual predisposition towards addiction, 
and further research is needed to determine which of these changes are critical to 
the addiction process.

PNS also adversely impacts the ability of the adult brain to produce new neurons. 
New neurons are produced in high numbers within the adult olfactory bulbs and 
hippocampus with the ultimate precursors for these new cells being the prolifera-
tive and multipotential neural stem cells (Taupin and Gage 2002; Weiss and van der 
Kooy 1998). PNS reduces the number of neural stem cells in the lateral ventricle 
subventricular zone (SVZ) across the lifespan (Kippin et al. 2004). PNS also re-
duces overall proliferation in the dentate gyrus (DG; Fujioka et al. 2006; Kawamura 
et al. 2006; Lemaire et al. 2000, 2006; Odagiri et al. 2008; Rayen et al. 2011) and 
in the SVZ (Kippin et al. 2004) as well survival of new born precursors is reduced 
following PNS (Koo et al. 2003) in adolescent and adult rodents with similar find-
ings reported in PNS adult primates (Coe et al. 2003). Alternatively, a wide vari-
ety of drugs of abuse negatively impact adult neurogenesis (for reviews, see, e.g., 
Canales 2010; Eisch and Harburg 2006) and one study reported elevated cocaine 
self-administration following ablation of the hippocampal neurogenesis (Noonan 
et al. 2010) suggesting that PNS-induced changes in neurogenesis may be critically 
involved in PNS-induced changes in drug-seeking behavior. Other differences in 
the neurogenic system emerge between the sexes following PNS (Koehl et al. 2009; 
Schmitz et al. 2002; Biala et al. 2011; Mandyam et al. 2008; Zuena et al. 2008) and 
these effects may be relevant to sex-differentiated response to PNS modulation in 
responsiveness to drugs of abuse (Thomas et al. 2009).

Given our observed PNS × genetic background effects on behavior, we have 
initiated a project to identify associated molecular epigenetic changes. In our first 
experiment, we specifically targeted a region of the brain that plays an important 
role in emotional learning and memory, the ventromedial prefrontal cortex (mPFC; 
i.e., infralimbic and prelimbic cortices), and determined whether epigenetic mecha-
nisms are impacted by PNS × genetic background interactions. To this end, ge-
nome-wide DNA methylation profiling was performed using a methyl-capture mi-
croarray approach on mPFC tissue derived from PNS and control mice of B6 and 
D2 strains (that received no further experimental manipulations, i.e., drug naïve). 
Indeed, widely varied differences in DNA methylation were observed in non-PNS 
DBA/2J and C57BL/6J adult offspring, suggesting that underlying genetic back-
ground influences the epigenotype, which was further impacted by PNS. Interest-
ingly, many of the genes displaying differential DNA methylation are well known 
to play a role in the neurodevelopmental process and neuroplasticity, and altered 
epigenetic regulation of these genes might therefore be responsible for the distinct 
behavioral phenotypes observed in these offspring in later life. To verify the results 
of the genome-wide assay, select genes are being examined employing bisulfite 
conversion and mass spectrophotometry as well as quantitative polymerase chain 
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reaction (PCR) to determine mRNA levels. Although this project is still in its in-
fancy, we believe that it will be instrumental in explaining the ability of prenatal 
perturbations to alter adult brain function, both in terms of drug responsiveness as 
well as other types of behaviors, such as PPI deficits. Further, the potentially fortu-
itous finding that PNS effects are genetically dissociable on drug-induced CPP ver-
sus PPI allows for built-in controls for elucidating PNS-induced molecular changes 
that are relevant to specific neuropsychiatric outcomes, although these will need to 
be functionally verified.

5.9  Summary and Future Goals

Clinical and preclinical studies not only indicate that the genetic inheritance of 
cocaine addiction ranges from 0.30 to 0.70 (reviewed in, e.g., Agrawal and Lyn-
skey 2008) but also have implicated early environmental factors as a major risk 
factor for cocaine addiction (see, e.g., Ellenbroek et al. 2005). However, there 
is limited research on the impact of early environmental factors, such as stress, 
and genetic background, which comprises a large gap in our understanding of the 
determinants of individual vulnerability to cocaine addiction. For instance, con-
tributions of individual genes for addiction vulnerability determined by genome-
wide association studies (GWAS) typically account for a very small amount of 
variability (e.g., Visscher et al. 2012). However, such analyses generally neglect 
and/or are insensitive to environmental contributing factors that may interact 
with specific genetic backgrounds. Evidence from our studies and others indi-
cate that early environmental programming can modulate genetic background 
differences (i.e., across strains), and may be a reason for the weak contributions 
determined by GWAS studies. That is by looking at genetic contribution across 
environmental histories, the G × E contributions may confound such approaches 
and dramatically underestimate the actual importance of specific genes to neuro-
psychiatric vulnerability. Accordingly, one of the overall benefits of examining 
the effects of PNS across various genetic background in a parametric fashion 
(i.e., RI strains) is that it will enable a way to compare genetic alone versus 
G × E contributions to a phenotype for specific genetic factors (i.e., loci or ide-
ally specific gene).

Another major benefit of our current studies is that it is providing fundamental 
insight into the nature and relation of G × E effects on indices of multiple neuro-
psychiatric diseases. The changes produced by PNS in behavior and neural func-
tion have been argued to be relevant to addiction (Campbell et al. 2009; Koehl 
et al. 2002) as well as many neuropsychiatric diseases, including schizophrenia, 
ADHD, depression, and anxiety disorders (see, e.g., Koenig et al. 2002; Kofman 
2002; Van den Bergh et al. 2008; Glover 2011). Further, there is a high comorbid-
ity between addiction and other neuropsychiatric conditions (e.g., Siegfried 1998; 
Cuffel 1996). Accordingly, it was somewhat surprising that we were able to find 
strain-independent G × E effects on drug seeking (in CPP) versus psychoses (PPI; 
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response to novelty) following PNS in B6 and D2 mice, respectively, as this sug-
gests independent genetic vulnerability for each disorder based on environmental 
history. Although this finding indicates that the role of PNS in different disorders 
is distinct, an extension of this suggests that disease comorbidity may be related to 
presence of multiple G × E effects which may exacerbate each other. Thus, when 
individuals have elevated drug responsiveness/reward/seeking with other disrup-
tions, addiction may be more pronounced (e.g., exhibiting faster transition from 
recreational use to need for clinical treatment or being resistant to available clinical 
interventions). We feel understanding the relation of G × E effects on behaviors of 
relevance to different neuropsychiatric disorders will be a critical milestone in for 
identifying individuals at risk.
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Abstract Stress-related events that occur in the perinatal period can permanently 
change brain and behavior of the developing individual and there is increasing 
evidence that early-life adversity is a contributing factor in the etiology of drug 
abuse and mood disorders. Neural adaptations resulting from early-life stress may 
mediate individual differences in novelty responsiveness and in turn contribute to 
drug abuse vulnerability. Prenatal restraint stress (PRS) in rats is a well-documented 
model of early stress known to induce long-lasting neurobiological and behavioral 
alterations including impaired feedback mechanisms of the HPA axis, enhanced 
novelty seeking, and increased sensitiveness to psychostimulants as well as anxiety/
depression-like behavior. Together with the HPA axis, functional alterations of the 
mesolimbic dopamine system and of the metabotropic glutamate receptors system 
appear to be involved in the addiction-like profile of PRS rats.

Note: Authors Ferdinando Nicoletti and Sara Morley-Fletcher are co-last authors.
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6.1  Programming of a Phenotype by Stress: Validity 
of the PRS Rat as a Model of “Addiction”

Stress-related events that occur in the perinatal period can permanently change 
brain and behavior of the developing individual and, there is increasing evidence 
that early-life adversity is a contributing factor in the etiology of drug abuse and 
mood disorders (Charmandari et al. 2003; Seckl 2008; McEwen 2012). Stress plays 
a key role in modulating the development and the expression of addictive behavior, 
and is moreover a major cause of relapse following periods of abstinence (Ungless 
et al. 2010; Shaham et al. 2003). In animals, a greater behavioral reactivity to a mild 
stress, such as exposure to a novel environment, is an index of the vulnerability 
to acquire amphetamine self-administration (Maccari et al. 1991a, b; Piazza et al. 
1991). Biological responses to stress as well as behavioral reactivity to novelty may 
predict such vulnerability. Indeed, previous work have shown that repeated corti-
costerone administration in drinking water increased the locomotor response to am-
phetamine, suggesting that corticosterone secretion may be one of the mechanisms 
by which repeated stress increases the behavioral responses to amphetamine (for a 
review, see Shaham et al. 2003).

The hypothalamus–pituitary–adrenal (HPA) axis modulates adaptive behavior 
and there are compelling evidences about a key role of the stress system in shaping 
individual vulnerability to drug abuse. Individual predisposition to develop amphet-
amine self-administration is associated with impairment in corticosteroid negative 
feedback mechanisms (Maccari et al. 1991a; Fig. 6.1a). Indeed, a decrease of cor-
ticosteroid receptors, type I (mineralocorticoid receptor, MR) and type II (gluco-
corticoid receptor, GR), in hippocampus is associated to higher amphetamine self-
administration in high-responding rats. Moreover, repeated exposure to stress sen-
sitizes motor and addictive effects of drugs of abuse, and stress-induced behavioral 
sensitization depends on the secretion of glucocorticoids (Maccari et al. 1991b; 
Piazza et al. 1991). Rats with a longer duration of corticosterone secretion after 
exposure to novelty showed facilitation of acquisition of amphetamine self-admin-
istration and, corticosterone administration in nonpredisposed individuals increases 
the reinforcing value of the drug and facilitates the acquisition of amphetamine 
self-administration (Piazza et al. 1991; Fig. 6.1b). These results clearly indicate that 
the stress-related activity of the HPA axis may play a role in the pathogenesis of 
psychostimulant addiction and suggest that pharmacological manipulations of HPA 
axis system could reveal new therapeutic strategies for drug abuse.

During the past 20 years, we have studied the influences of a prenatal restraint 
stress (PRS) in a rat animal model. 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; Fig. 6.2). 
The HPA axis of the PRS offspring is long-term impaired with a prolonged corti-
costerone stress response during life span (Maccari et al. 1995, 2003; Vallée et al. 
1997; Koehl et al. 1999; Morley-Fletcher et al. 2003b) and reduced levels of both 
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type I (MR) and type II (GR) corticosteroid receptors in the hippocampus at the 
adolescent and adult stage (Henry et al. 1994; Maccari et al. 1995; Van Waes et al. 
2006; Fig. 6.3). The age-related HPA axis dysfunctions are enhanced by PRS. In-
deed, the HPA axis period of hyporesponsiveness was abolished in newborn PRS 

Fig. 6.1  Impact of corticosterone ( CORT) on amphetamine self-administration. a HR (High 
responding) rats are characterized by an increased reactivity to novelty, decreased affinities of 
hippocampal type I and type II receptors and b increased amphetamine self-administration respect 
to LR (Low responding) animals. c Intravenous infusion of CORT increased the nose pokes in LR 
animals while it decreased it in HR rats. *P < 0.05 versus LR rats and **P < 0.05 versus CORT-
treated group. (Original data are reported in Maccari et al. 1991a (a, b) and Piazza et al. 1991 (c))
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rats (Henry et al. 1994) and circulating glucocorticoids levels of PRS middle-aged 
animals were similar to those found in old nonstressed animals (Vallée et al. 1999). 
We have reported several behavioral disturbances in PRS rats that are associated 
with the impairment of HPA axis activity such as increased anxiety (Vallée et al. 
1997, 1999; Laloux et al. 2012; Marrocco et al. 2012), reduced social play during 
adolescence (Morley-Fletcher et al. 2003b), or increased immobility in the forced 
swim test during adulthood (Morley-Fletcher et al. 2003a, 2004a, 2011; for review, 
see Darnaudery and Maccari 2008).

PRS thus induces persistent behavioral and neurobiological alterations leading 
to enhanced response to drug abuse. Those effects are evident in both male and fe-
male PRS animals and in response to different reinforcing stimuli. Indeed, PRS rats 
express a higher locomotor response to novelty and enhanced amphetamine self-
administration (Deminière et al. 1992; Fig. 6.4a), and increased sensitiveness to nic-
otine-induced locomotor activity (Koehl et al. 2000; Fig. 6.4b). Cocaine-naive PRS 
rats exhibit increased locomotor activity in response to both a novel environment 
and noncontingent cocaine injections (Kippin et al. 2008). Moreover, PRS rats with 
a history of cocaine self-administration exhibit increased cocaine seeking (as mea-
sured by unreinforced active lever presses) during extinction training and cocaine-
primed reinstatement following operant self- administration of cocaine (Kippin et al. 
2008). PRS enhances also sensitivity to 3,4-methylenedioxy-N-methylamphetamine 
(MDMA) “ecstasy” motor alterations and MDMA pharmacokinetics in adolescent 
female rats (30 days; Morley-Fletcher et al. 2004b; Fig. 6.4c). We found that PRS 
increased levels of plasmatic MDMA during the kinetic assessment with respect to 
controls and induced a higher frequency of altered motor coordination following 
MDMA administration, thus indicating a strong consistency between drug blood 
levels and behavior. Moreover, the blood concentrations of MDMA in adolescent 

Fig. 6.2  The prenatal restraint stress model in the rat. During the last week of gestation, the dam 
is restrained under a strong light for 45 min, three times per day. No painful contention is applied, 
but she cannot escape to this situation. The offspring and the mother are then left undisturbed until 
weaning ( P21)
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rats were already within the range reported following a single MDMA administra-
tion in humans (Helmlin et al. 1996), thereby supporting the periadolescent rodent 
as a valid animal model to be used in the assessment of the vulnerability to psycho-
stimulants (Laviola et al. 1999). The constant recovery of MDMA in the prenatal 
stress group seems to point towards an inhibition of MDMA metabolism. Differ-
ences in the metabolism of MDMA have been reported in humans (Hiramatsu 1990) 
as well as in animals (Malpass et al. 1999). Although enzymatic assays are required 
to validate this hypothesis, the different degradation route observed in the prenatal 
stress group could lead to suppose an altered enzymatic activity. Given the impor-
tance of drug metabolism in determining the magnitude of the effects of a drug, the 
differences in MDMA metabolism observed may impact the likelihood of adverse 
consequences in PRS rats. One direct consequence would be the development of 

Fig. 6.3  HPA axis alterations in prenatal restraint stress ( PRS) rats. a PRS enhances corticoste-
rone response to stress during 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 corticosteroid receptors usually observed in PRS adults. *P < 0.05 and **P < 0.01  
versus controls. (Original data are reported in Henry et al. 1995 and Vallée et al. 1999 (a) and 
Barbazanges et al. 1996 (b))

 



106 M.-L. Reynaert et al.

Fig. 6.4  Response to 
psychostimulants in prenatal 
restraint stress ( PRS) male 
rats. a Amphetamine self-
administration behavior 
exhibited by PRS and control 
male rats. PRS rats exhib-
ited greater responsiveness 
(number of injections) to 
amphetamine than control 
rats over sessions. b Effects 
of acute injections of differ-
ent doses of nicotine in PRS 
and control male rats. The 
locomotor activating effect 
of nicotine is increased in 
PRS male rats. c Pharma-
cokinetic examination of 
3,4-methylenedioxy-N-meth-
ylamphetamine ( MDMA) 
blood levels shown by 
adolescent prenatally stressed 
and control female rats (30 
days of age). *P <  0.05 and 
#P < 0.05 versus previous 
dose. (Original data are 
reported in Deminière et al. 
1992 (a), Koehl et al. 2000 
(b), and Morley-Fletcher 
et al. 2004 (c))
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acute toxicity at moderate doses of MDMA because the drug would accumulate in 
the body instead of being metabolized and inactivated. It has been suggested that 
in addition to serotonergic system (Ricaurte et al. 1988), the HPA axis plays a role 
in neurotoxic effects of MDMA. Thus, MDMA stimulates corticosterone release 
(Nash et al. 1988) and alters corticoid receptor gene expression (Yau et al. 1994). 
Together with the aforementioned alterations in the feedback inhibition of the HPA 
axis, PRS induces an impairment of the serotonergic system (Peters 1982, 1990; 
Morley-Fletcher et al. 2004a). These data strongly suggest that HPA axis as well 
as serotonergic system activity play a key role in the enhanced response to MDMA 
found in PRS female rats.

In addition to psychostimulants, PRS also modulates response to alcohol. We 
have conducted several studies on the effect of chronic ethanol treatment on PRS 
rats and measured the effects of alcohol exposure in both male and female PRS rats 
during adolescence, adulthood, or ageing. Male adolescent PRS rats show a reduced 
activation of the HPA axis in response to acute alcohol administration (Van Waes 
et al. 2006), a phenomenon observed in heavy drinkers and their relatives, as well 
as in alcohol-dependent rats. We examined the impact of chronic ethanol treatment 
on spatial recognition performance in middle-aged (8- to 9-month old) PRS rats. 
Prolonged ethanol consumption is associated with cognitive disorders, especially 
related to memory, in humans (Oscar-Berman et al. 2004). However, studies of 
the cognitive outcome associated with moderate chronic ethanol consumption have 
yielded complex and heterogeneous results in humans as well as in rodents, leading 
to a consideration of vulnerable phenotypes. Indeed, memory performance has vari-
ously been reported to be impaired (Farr et al. 2005; Matthews and Morrow 2000), 
unaffected (Fadda et al. 1999; Gál and Bárdos 1994; Homewood et al. 1997), or 
even improved (Krazem et al. 2003a, b; Robles and Sabriá 2008; Steigerwald and 
Miller 1997) in experimental animals following chronic ethanol exposure. Several 
factors such as the dose, the duration of ethanol exposure, or the mode of treatment 
(withdrawal episodes) determine the impact of ethanol on memory. However, little 
is known about the repercussions of factors linked to the history of an individual on 
the effects of alcohol in the long term.

We found that chronic ethanol consumption induced memory impairment in 
control animals, whereas it attenuated the memory deficit observed in PRS rats 
(Fig. 6.5a). Several variables, including the presence and extent of a withdrawal 
period, can strongly influence the effect of ethanol consumption on cognitive func-
tion. For example, Lukoyanov et al. (1999) have shown that rats chronically ex-
posed to ethanol for 13 months develop cognitive impairment only after 6 weeks 
of withdrawal and, Krazem and colleagues have found a “bidirectional effect” of 
chronic ethanol exposure on spatial memory, depending on the age (Krazem et al. 
2003a, b). Despite an absence of withdrawal period in our study, we found a signifi-
cant impairment of spatial memory in the alcoholized control rats. Unexpectedly, 
however, a similar chronic exposure to ethanol in PRS rats attenuated their spatial 
memory deficits. In a previous experiment, we have shown that the kinetic of blood 
ethanol levels after ethanol administration was not affected by PRS, and thus it 
can be assumed that the opposite behavioral changes observed here do not reflect 



108 M.-L. Reynaert et al.

varying levels of circulating ethanol (Van Waes et al. 2006). Furthermore, a recent 
work demonstrates that the deleterious impact of chronic ethanol consumption on 
learning and memory in rodent is not related to changes in caloric intake (Farr et al. 
2005).

Studies in nonhuman primates and rodents have reported alterations in the struc-
ture and function of the hippocampus as a consequence of prenatal stress (Coe 
et al. 2003; Son et al. 2006) and several works have shown learning and/or memory 
impairment in offspring of dams stressed during pregnancy (Mueller and Bale 2007; 
Zuena et al. 2008). However, the timing of the prenatal stress (early vs. mid- or late-
gestation; e.g., Mueller and Bale 2007), the type and/or the severity of the prenatal 
stress and the sex of the offspring (e.g., Zuena et al. 2008), and the age of the off-
spring at time of memory assessment (juvenile, adult or aged) appear to be critical. 
PRS during the late gestation has generally few effects on performance in young 

Fig. 6.5  Response to ethanol exposure in prenatal restraint stress ( PRS) male and female rats.  
a Attenuation of spatial memory deficit by ethanol in PRS male rats after a forced consumption of 
7 months of a 10 % ethanol solution. Time spent in the novel arm of the Y maze after 6 h intertrial 
intervals in PRS male rats. Ethanol-induced memory deficit in control animals. PRS rats presented 
constitutive spatial memory impairment but this deleterious effect was reduced by ethanol treat-
ment. b Antidepressant-like effect of ethanol treatment during adolescence in PRS female rats in 
the forced swim test and after a withdrawal period. *P <  0.05 versus controls, #P < 0.05 versus 
water-treated group. (Original data are reported in Van Waes et al. 2009 (a) and Van Waes et al. 
2011b (b))
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male adults (Vallée et al. 1999; Zuena et al. 2008), but exacerbates the memory dis-
orders observed during aging (Darnaudéry et al. 2006; Vallée et al. 1999). Accord-
ingly, we observed a decrease in spatial memory performance in 9-month-old male 
PRS rats. As opposed to control animals, PRS rats did not differentiate between the 
novel arm and the two other arms after an intertrial interval of 6 h. In conclusion, 
the same chronic ethanol treatment produced differential effects in control and PRS 
animals on memory in the Y maze, thereby suggesting that chronic exposure to eth-
anol might be detrimental in subjects with “normal” cognitive function, but become 
beneficial if memory is impaired, as occurs in aged or PRS animals. The damaging 
effects of ethanol on memory capabilities are thus masked by early-life stress.

Interestingly, spontaneous alcohol consumption is not affected by PRS (Van 
Waes et al. 2009), although PRS influences mechanisms of neuroadaptation induced 
by ethanol in the reward pathway, since it exacerbates induction of ΔFosB in the 
nucleus accumbens (Nac) following chronic exposure to alcohol in PRS males (Van 
Waes et al. 2011a). To our knowledge, this was the first demonstration that early 
environmental manipulations can interact with the molecular effect of alcohol later 
in life. Other data also indicate that environmental enrichment during early stages of 
life is able to change the consequences of repeated cocaine administration on striatal 
ΔFosB levels. Indeed, ΔFosB levels are upregulated by cocaine in mice reared in an 
enriched environment but downregulated after the same treatment in the ones reared 
in a standard environment (Solinas et al. 2009). Transgenic mice that overexpress 
ΔFosB display augmented locomotor responses to cocaine and sensitivity to the re-
warding effects of cocaine and morphine in place conditioning test (Kelz et al. 1999; 
Zachariou et al. 2006). Moreover, mice expressing ΔFosB self-administer more co-
caine in a progressive ratio procedure, suggesting that ΔFosB may sensitize animals 
to the incentive motivational properties of this drug (Colby et al. 2003). The link 
between ΔFosB levels in the Nac and the rewarding effect of alcohol seems more 
complex. Indeed, dissociation between alcohol preference and saccharin preference 
has been reported in FosB knockout mice. The permanent elimination of FosB gene 
products does not alter alcohol intake but enhances the preference for sweet solu-
tion in mice (Korkosz et al. 2004). Several experimental procedures, such as a le-
sion of the subthalamic nucleus, have been shown to increase motivation for alcohol 
in a self-administration paradigm without impacting alcohol intake (Lardeux and 
Baunez 2008). In this context, it would be important to examine the motivation for 
alcohol in an operant paradigm (using a progressive ratio schedule) in PRS animals 
(Campbell et al. 2009). It remains to determine whether the exacerbated ΔFosB up-
regulation we observed in EtOh-treated PRS rats could be generalized in the same 
animal model to other reinforcing stimuli such as psychostimulants or even nondrug 
reinforces (Olausson et al. 2006).

We also examined the effect of PRS on the neurobehavioral outcome of ethanol 
exposure during adolescence in female rats (Fig. 6.5b). First, we studied the impact 
of PRS on ethanol preference during adolescence. PRS slightly increased ethanol 
preference per se, but abolished the effect of social isolation on ethanol preference. 
We then studied the impact of PRS on short- and long-term responses to ethanol 
focusing on behavioral and neurochemical parameters related to depression/anxiety. 
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PRS or unstressed adolescent female rats received 10 % ethanol in the drinking 
water for 4 weeks. At P60 (i.e., at the end of the treatment), the immobility time 
in the forced-swim test did not differ between PRS and unstressed rats receiving 
water alone. Ethanol consumption had no effect in unstressed rats, but significantly 
reduced the immobility time in PRS rats. In contrast, the exposure to ethanol dur-
ing adolescence induced in control unstressed rats a substantial increase in the im-
mobility time in the forced swim test after five weeks of withdrawal, when female 
rats had become adult. The forced swim test has “pharmacological validity” as a 
model of mood disorders because it is responsive to antidepressant drugs (Porsolt 
et al. 1978). Thus, female nonstressed rats became “depressed” in the adult life 
after having passively consumed ethanol during adolescence whereas PRS had a 
strong protective effect on the behavioral outcome of ethanol consumption during 
adolescence. Thus, surprisingly, early-life stress prevented the detrimental effects of 
ethanol on mood regulation, and, the other way around, ethanol consumption dur-
ing adolescence prevented the depressive phenotype induced by PRS in the adult 
life. We specifically choose to perform this study in female PRS rats because of the 
higher prevalence of major depression in women. PRS rats represent indeed an etio-
logical model of depression, in which the behavioral and neurochemical abnormali-
ties seen in the adult life likely reflect the development of a pathological epigenetic 
programming triggered by early-life stress (Maccari and Morley-Fletcher 2007). 
Thus, present data suggest that the epigenetic program induced by PRS interacts 
with alcohol consumption during adolescence in shaping the vulnerability to mood 
disorders later in life.

6.1.1  Neural Substrates Implicated in PRS-Induced  
Addiction-Like Behavior

An extensive literature has emerged examining the neural circuits and cellular 
mechanisms through which stress modulates addictive behavior (Koob 2008). Sen-
sitization of the dopaminergic response to drugs is considered the neural substrate 
of behavioral sensitization and has been implicated in vulnerability to drug abuse. 
The HPA axis plays a key role in the development of sensitization to psychostimu-
lants. This idea is further supported by the presence of glucocorticoids receptors in 
the dopaminergic neurons of the ventral tegmental area (VTA) projecting in the Nac 
(Härfstrand et al. 1986). Glucocorticoids promote sensitization to psychostimulants 
in rats (Rivet et al. 1989; Maccari et al. 1991b; Piazza et al. 1991; Deroche et al. 
1995), while administration of psychostimulants has been shown to activate the HPA 
axis (Swerdlow et al. 1993). Glucocorticoids control stress-induced sensitization by 
changing the sensitivity of the mesencephalic dopaminergic transmission to drugs 
of abuse. There is also evidence for control of corticosteroid receptors by dopamine 
(DA), since DA inhibits the expression of corticosteroid receptors in the anterior 
pituitary (Antakly et al. 1987; Casolini et al. 1993), while administration of amphet-
amine decreased the concentration of corticosteroid receptors (Lowy 1990). Several 
studies conducted on PRS rats have evidenced functional alterations in mesolim-
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bic DA system. In particular, PRS induces a significant increase in DRD2 receptor 
binding and mRNA in the core region of the Nac (Henry et al. 1995; Berger et al. 
2002; Rodrigues et al. 2012), and a marked decrease in DRD3 receptor binding in 
both the shell and the core of the NAc (Henry et al. 1995). Moreover, basal and 
amphetamine-stimulated DA output in adolescent and adult PRS rats is higher than 
in control unstressed rats when measured by microdialysis in the shell region of the 
Nac (Silvagni et al. 2008). Recently, Hausknecht et al. (2013) have shown that a 
PRS paradigm that leads to increased locomotor activity to novelty and enhanced 
response to amphetamine also causes a persistent reduction in the spontaneous ac-
tivity of VTA DA neurons recorded in adult animals. Such reduction of neural activ-
ity can be reversed by acute apomorphine that normally inhibits the impulse activity 
of DA neurons. Furthermore, the reduced number of spontaneously active VTA DA 
neurons can be also reversed by acute psychostimulants (e.g., amphetamine, co-
caine), which in control rats inhibited the activity of VTA DA neurons. These find-
ings lead to suppose that the reversal effect on VTA DA neurons observed in PRS 
animals represents an actual increase in the impulse activity. This effect could con-
tribute to the increased responding to psychostimulants and mediate the increased 
addiction risk after prenatal stress (Hausknecht et al. 2013).

The administration of drugs of abuse, including cocaine and nicotine, also in-
creases glutamatergic neurotransmission in brain structures implicated in the regu-
lation of reward processes, such as the dorsal striatum (McKee and Meshul 2005), 
NAc (Pierce et al. 1996) and VTA (Kalivas and Duffy 1995, 1998; Schilstrom 
et al. 2000). Moreover, drug-induced adaptations in glutamatergic neurotransmis-
sion have been suggested to be involved in the development of drug dependence 
(Nicoletti et al. 1996; Battaglia et al. 2002; Kalivas and Volkow 2005; Liechti and 
Markou 2008). Interestingly, Kippin et al. (2008) have shown that PRS rats have a 
heightened corticolimbic DA and glutamate response to cocaine. Indeed, cocaine-
naive PRS rats exhibited increased NAc DA and reduced NAc serotonin and gluta-
mate, while cocaine-experienced PRS rats exhibited enhanced NAc glutamate and 
DA and PFC DA neurotransmission. Recently, we have increasing evidence of an 
involvement of the glutamate transmission and glutamate machinery in particular 
at the level of metabotropic glutamate (mGlu) receptors in the neuroplastic pro-
gramming and behavioral phenotype induced by PRS. We have shown that PRS 
induces a selective reduction of glutamate release in the ventral hippocampus that 
is causally related with the enhanced anxiety-like behavior displayed by PRS ani-
mals, since pharmacological enhancement of glutamate release in the ventral hippo-
campus abolished this behavioral pattern (Marrocco et al. 2012).Remarkably, most 
of the neuroplastic alterations induced by PRS in males occur prominently in the 
ventral portion of the hippocampus a key region in the regulation of stress, emotions 
(Kjelstrup et al. 2002; Fanselow and Dong 2010). PRS rats also show a reduced 
expression and function of group-I and group-II mGlu hippocampal receptors, with 
a marked reduction of mGlu1 and mGlu5 selectively for males and mGlu2/3 for 
both males and females (Zuena et al. 2008; Van Waes et al. 2009; Laloux et al. 2012; 
Fig. 6.6a). The alterations in mGlu receptors induced by PRS in the hippocampus 
are detectable already at infancy with mGlu5 and mGlu1 receptors reduced in infant 
PRS rats at postnatal day 10, whereas expression of mGlu2/3 receptors declined 
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only after weaning (Laloux et al. 2012). MGlu receptors are clearly involved in 
the reinforcing and hyperlocomotor effects of several drugs of abuse. Mice lack-
ing mGlu5 receptor do not self-administer cocaine or display cocaine-induced hy-
perlocomotion (Chiamulera et al. 2001). Antagonists for mGlu5 receptor reduce 
drug self-administration for cocaine (Kenny et al. 2003, 2005), nicotine (Paterson 
and Markou 2005), and ethanol (Bäckström et al. 2004). Localization studies have 
indicated a high abundance of mGlu5 receptors in brain areas involved in reward 
processes, including the striatum and NAc further supporting the involvement of 
mGlu5 receptors in brain reward function.

Chronic treatment with antidepressants correct mGlu5 and mGlu2/3 expres-
sions in the hippocampus of PRS male rats (Morley-Fletcher et al. 2011) and, etha-
nol treatment modulates hippocampal mGlu1a expression and related behavioral 
changes in both male and female PRS rats (Van Waes et al. 2009, 2011b). In par-
ticular, chronic ethanol treatment had no effect on hippocampal mGlu5 or mGlu2/3 
expressions in PRS males while it increased mGlu1a receptor levels and had an ef-
fect on improving memory. On the other hand, chronic ethanol reduced mGlu1a and 
induced memory impairment in control unstressed male rats (Van Waes et al. 2009; 

Fig. 6.6  Impact of prenatal restraint stress ( PRS) on metabotropic glutamate receptors in the hip-
pocampus and influence of ethanol treatment. a PRS reduced mGlu2/3 receptor expression in 
the hippocampus of both male and female rats while it reduces mGlu5 receptors in males only. 
PRS has no effect on the expression of mGlu1a receptors. Interestingly, Chronic EtOH treatment 
modifies the expression of mGlu1a receptors in a sex-dimorphic manner with an increase in PRS 
male rats (b) and a decrease in PRS females (c). *P < 0.05 and versus controls and #P < 0.05 versus 
water-treated group. (Original data are reported in Zuena et al. 2008 (a), Van Waes et al. 2009 (b), 
and Van Waes et al. 2011b (c))
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Fig. 6.6b). In females, chronic exposure to ethanol during adolescence reduced 
mGlu1a receptor levels in PRS females while it increased it in control unstressed 
females. Those effects were still evident after 5 weeks of ethanol withdrawal (Van 
Waes et al. 2011b; Fig. 6.6c), whereas control rats also displayed depressive-like 
behavior. Since mGlu1 receptor antagonists show antidepressant-like effects in the 
forced swim test (Belozertseva et al. 2007), the increase in mGlu1a receptor lev-
els we have seen in the hippocampus of unstressed female rats after 5 weeks of 
ethanol withdrawal is in agreement with the depressive-like behavior in the forced 
swim test. Taken collectively, these data suggest a potential use of mGlu1 receptor 
antagonists in the treatment of depressive symptoms associated with alcoholism. 
This expands the possible applications of mGlu1 receptor antagonists in human 
disorders. It remains to be determined whether changes in mGlu receptors in PRS 
rats following psychostimulants administration are also observed for mGlu5 and 
mGlu2/3 subtypes in the hippocampus and in reward-related brain regions.

6.2  PRS Rats as a Model of Comorbidity Between 
Addiction and Depression

From an epidemiological perspective, there is a higher degree of comorbidity be-
tween depression and drug dependence, indicating that the rates of depression among 
drug abusers and the rates of drug abuse among depressed patients are substantially 
higher than expected from the individual rates of these disorders (for review, Mar-
kou et al. 1998). This leads to suppose that the anhedonic symptoms of depression, 
which constitute the core feature of this illness, would be due to a dysfunctional 
brain reward system. Thus, alterations in reward and motivational processes at both 
the behavioral and neurobiological levels may constitute the defining characteristics 
of both depression and drug dependence. Nevertheless, it is not clear if drug depen-
dence and depression are different behavioral expressions of the same neurobiologi-
cal abnormalities, or whether one psychiatric disorder leads the other. An extension 
of this concept made by Markou et al. (1998) is known as the “self-medication hy-
pothesis” and takes into account the possibility that drug dependence may involve 
self-medication to reverse some of the abnormalities associated with depression. 
Hence, it is possible that through the simultaneous use of multiple drugs, people 
determine the drug or drug combinations that best normalize their behavior.

For these individuals, the need to control their depressive symptomatology 
through self-medication would play an important role in the maintenance of drug 
dependence. For example, several works indicate that acute administration of 
psychostimulants such as opioids or amphetamine can temporarily reverse potential 
neurochemical deficits that may be found in depressed individuals (Tremblay et al. 
2002; for review, Markou et al. 1998). However, none of these drugs of abuse are 
considered clinically effective as antidepressants by clinicians (Naranjo et al. 2001). 
In any case, the possibility remains that simultaneous or sequential use of various 
drugs as self-prescribed by the emotional needs of the drug-using individual leads 
to an adequate antidepressant effect, but at the same time pushes the individual in 
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an active state of drug dependence. The best clinical support for this self-medication 
hypothesis is provided by the evidence that antidepressant treatment is significantly 
more effective in reducing drug use in depressed drug abusers than in nondepressed 
abusers (Ziedonis and Kosten 1991a, b; Nunes et al. 1993, 1995). Independently of 
whether the depression was present before the drug abuse or whether it was drug-
induced, the reduction of drug use observed with antidepressants suggest that, when 
there is alleviation of depressive symptomatology through the use of antidepressant 
compounds, the need for self-medication with drugs of abuse diminishes (Markou 
et al. 1998). Thus, there are several aspects suggesting that these two psychiatric 
disorders may be linked by some shared neurobiology as well as common epigen-
etic mechanisms (Nestler 2002; Renthal and Nestler 2009).

We have shown that the pathological epigenetic programming triggered by early-
life stress predispose to drug abuse disorders and anxiety/depression-like behavior 
(for review, Maccari and Morley-Fletcher 2007; Darnaudery and Maccari 2008). 
Thus, the known comorbidity between anxiety/depressive disorders and addiction 
should be interpreted within a context that takes into account the complex inter-
action between early-life experiences and stressful event occurring during adoles-
cence and or adulthood. As example, we have shown that ethanol intake during 
adolescence induced depression-like effects in the adult life. These effects were 
observed in rats subjected to PRS (Van Waes et al. 2011b). Remarkably, the reverse 
was also true, i.e., ethanol intake during adolescence prevented the “depressive be-
havior” otherwise seen in adult PRS rats. Perhaps the increase in ethanol preference 
observed in adolescent PRS female rats might reflect a strategy of self-medication 
aimed at preventing the onset of depressive disorders later in life.

Therefore, the PRS model in the rat should be considered as a good model for 
the investigation of multiple interrelated pathologies. Since its effects are persistent 
through life span, it represents also a more advantageous animal model with re-
spect to other models that present the same pattern of coexistence of these diseases 
(chronic mild stress), but have transitory effects (effects observable up to 2 months 
after termination of stress procedure).

As a whole, the existence of comorbidity in depression and drug abuse underlines 
the importance of the adoption of an integrated approach in the treatment of these 
disorders, where the brain reward system could be considered also as a potentially 
important therapeutic target. An elucidation of the neurobiological and behavioral 
mechanisms mediating this comorbidity would not only lead to the development 
of better treatments for these two psychiatric disorders but also enhance our under-
standing of the mechanisms subserving motivational and affective processes in both 
healthy and diseased individuals. Finally, considering that all psychiatric disorders, 
including depression and drug dependence, involve primarily behavioral symptoms 
that reflect underlying neurobiological abnormalities, progress in understanding 
these diseases at any level of analysis would certainly involve a multidisciplinary 
research approach. In this context, it would be interesting to explore hypothesis 
generated in the field of depression in animal models of drug dependence and vice 
versa. Furthermore, exploration of the self-medication hypothesis should be aimed 
at testing whether various drugs of abuse reverse depressive symptomatology in 
animal models of depression.
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6.3  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. The study of animal models involving early-life 
environmental manipulations will allow the study of individual vulnerability ap-
plied to stress-related disorders and contribute to improve drug abuse treatment 
by developing new therapeutic strategies. Those studies highlight the importance 
of early-life events in shaping the neurobehavioral adaptations to environmental 
challenges in both sexes, and supports the emerging consensus on early origins of 
drug vulnerability and depression and as potentially interdependent stress-related 
disorders.
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Abstract During the postnatal period, the nervous system is modified and shaped 
by experience, in order to adjust it to the particular environment in which the ani-
mal will live. This plasticity, one of the most remarkable characteristics of the ner-
vous system, promotes adaptive changes, but it also makes brain more vulnerable 
to insults. This chapter will focus on the effects of interventions during the post-
natal development in animal models of neonatal handling (usually up to 15 min of 
handling) and maternal separation (usually at least for 3 h). Sex-specific changes 
and effects of prepubertal stress such as social isolation later on in life were also 
considered. These interventions during development induce long-lasting traces in 
the pups’ nervous system, which will be reflected in changes in neuroendocrine 
functions, including the hypothalamus–pituitary–adrenal and hypothalamus–pitu-
itary–gonadal axes; anxiety and cognitive performance; and feeding, sexual, and 
social behavior. These enduring changes may be adaptive or maladaptive, depend-
ing on the environment in which the animal will live. The challenge researchers 
facing now is to determine how to reverse the deleterious effects that may result 
from early-life stress exposure.

7.1  Introduction

During the postnatal period, the nervous system is modified and shaped by experi-
ence. The environment to which the animals are exposed during the postnatal period 
influences brain development. This plasticity, one of the most remarkable character-
istics of the nervous system, has the advantage of promoting adaptive changes, but 
it also makes brain more vulnerable to insults.
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Earlier studies of brain plasticity during the postnatal development and the func-
tional and structural changes were performed by Hubel and Wiesel (see Q&A in 
Wiesel and Hubel 2012), who used visual deprivation to investigate plasticity in the 
visual pathway. In addition, other early studies by Harlow using young monkeys 
(e.g., Harlow et al. 1965) showed that early social deprivation leads to severe be-
havioral changes: The animal socially deprived never learns to interact with others.

Besides these marked changes in the environment, exposure to stress or small 
interventions may also lead to changes in behavior, physiology, or neurochemistry 
later in life. This chapter will focus on the long-lasting effects of these types of 
interventions during the neonatal or the prepubertal periods, based on results from 
animal models.

7.2  The Neonatal Period: Early-Life Stress

There is a continuous interest in how early-life events influence development 
throughout life (Levine 1957; Meaney et al. 1996; Padoin et al. 2001). The neo-
natal period is a developmental stage where genetic- and environment-dependent 
processes interact to establish functional characteristics that may persist until adult-
hood (Crews et al. 2007). Following birth, the brain continues to develop, and the 
changes induced by the environment may be adaptive, or not. Therefore, the brain 
becomes vulnerable to external influences, and these environmental changes may 
lead to persistent behavioral, endocrine, and neurochemical alterations (Caldji et al. 
2000; Sánchez et al. 2001).

During the first weeks of life, rodent pups are completely dependent of their 
mothers for survival, and a suitable environment is vital for a healthy develop-
ment. In rats, mother–pup contact primarily occurs within the context of a nest bout, 
which begins when the mother approaches the litter, licks, grooms, and nurses her 
pups (Weaver 2007). Observational studies provide evidences for stable individual 
differences in two forms of maternal behavior, licking/grooming and arched-back 
nursing posture, over the first weeks of lactation (Liu et al. 1997; Caldji et al. 1998). 
It is important to highlight that interventions during the neonatal period can influ-
ence the relationship between mother and pups. In this sense, maternal care may 
increase or decrease, depending on the environmental conditions (Liu et al. 1997; 
Ivy et al. 2008), and this variation is related to future outcomes in adulthood (Liu 
et al. 1997; Dalle Molle et al. 2012).

Different models for studying early-life stress effects on physiology and behav-
ior have been used, and interesting results came from models that consist of separat-
ing the pups from their mothers. A large variety of protocols have been applied and 
many controversial results between different research groups have been attributed 
to the method used to separate the pups from their mothers.

Neonatal handling and maternal separation are the terminology frequently used 
to nominate these procedures. Usually, neonatal early or simply handling consists 
of removing the pups during 1–15 min and returning them to the dam (Pryce et al. 
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2005a Noschang et al. 2010; Todeschin et al. 2009). Earlier studies have handled the 
animals usually during the first 3 postnatal weeks (Levine et al. 1967; Meaney et al. 
1985). However, protocols handling the animals for smaller periods have also been 
used (Noschang et al. 2012; Madruga et al. 2006; Stevenson et al. 2009; Fenoglio 
et al. 2005). Maternal separation, on the other hand, consists of separating the pups 
from the dam for several hours (a period longer than that used by the dam when 
leaving the nest to find food, for example; Pryce et al. 2005a). Multiple protocols 
of the maternal separation have been applied by different laboratories, with differ-
ent lengths (1–24 h) and numbers (1–14 days during the first 2 postnatal weeks) of 
separation episodes (Holmes et al. 2005). It is important to note that the term ma-
ternal separation has also been used in the literature referring to handling procedure 
(Banihashemi et al. 2011; Boufleur et al. 2012).

7.2.1  Early-Life Stress and the HPA Axis

Activation of the stress system leads to behavioral and peripheral changes that im-
prove the ability of the organism to adjust homeostasis and increase its chances for 
survival (Chrousos and Gold 1992). One of the main endocrine mechanisms is the 
activation of the hypothalamic–pituitary–adrenal (HPA) axis (Aguilera 1994). This 
activation begins with the release of corticotropin-releasing hormone (CRH) from 
the paraventricular nucleus of the hypothalamus (PVN) into the portal system to in-
duce the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary 
gland. The ACTH release stimulates the production and secretion of the glucocorti-
coids (GCs) hormones (corticosterone in rats) from the adrenal cortex. Additionally, 
glucocorticoid receptors (GR) mediate the negative feedback of GCs on the HPA 
axis following stress. These receptors are localized in distinct brain structures, in-
cluding the hippocampus, prefrontal cortex, and hypothalamus (Lupien et al. 2005; 
McEwen 1994; McEwen et al. 1968; De Kloet et al. 1975).

The HPA axis is moderately responsive to stress at birth, but the responsive-
ness to ACTH has been known to decrease during the neonatal period (Yoshimura 
et al. 2003). In rats, the late fetal stage, when corticosterone is highly secreted, is 
followed by a quiescent period until the end of the second postnatal week, known 
as the stress hyporesponsive period (Sapolsky and Meaney 1986; Yoshimura et al. 
2003). The adaptive value of this period can be understood in terms of the effects 
of GCs on central nervous system (CNS) development: Excessively high or low 
corticoid levels are associated with abnormal neural and behavioral development 
(Sapolsky and Meaney 1986). During the stress hyporesponsive period, HPA axis 
activity is reduced in response to noxious stimulus (Haltmeyer et al. 1966; Bartova 
1968). The GC negative-feedback system plays a major role in mediating the stress 
hyporesponsive period (Yoshimura et al. 2003).

The effects of neonatal handling on the HPA axis and the stress response have 
been widely described (Pryce and Feldon 2003; Meerlo et al. 1999; Fenoglio et al. 
2006; Panagiotaropoulos et al. 2004; Meaney et al. 1991; Severino et al. 2004). 
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Several laboratories have shown that handling reduces the stress response. In fact, 
the negative feedback is more effective rendering a smaller HPA axis activation 
and consequently a shorter increase in peripheral stress hormones. The reduc-
tion in stress response is probably caused by the increased number in GR in the 
hippocampus, which would increase the effectiveness of the stress negative feed-
back (Meaney et al. 1989, 1996; Avishai-Eliner et al. 2001). The stress activation of 
noradrenaline release also decreases in adult rats that underwent neonatal handling. 
They show a decreased noradrenaline activity in the hypothalamus, which would 
contribute to the reduced stress response (Liu et al. 2000).

The consequences of early interventions on the HPA axis depend on the type of 
stress that animals are exposed to at the beginning of their lives. Experiments per-
formed in the late 1950s and 1960s revealed a permanent effect of neonatal handling 
on stress response in rats (Levine 1957; Levine et al. 1967). In the 1980s, Meaney 
et al. (1989) showed a dramatically altered adrenocortical response to stress in rats 
handled for the first 3 weeks of life. Those animals secreted less ACTH and corti-
costerone during and following the stress when compared to non-handled controls. 
There was also an increased expression of hippocampal GR expression and reduced 
hypothalamic CRH-messenger RNA (mRNA) levels, as well as decreased stress-
induced GC release in adult rats that were handled early in life (Avishai-Eliner et al. 
2001). These effects of early-life handling result from increased maternal licking 
and grooming upon returning handled pups to their home cages (Avishai-Eliner 
et al. 2001).

GC receptor concentrations in the rat brain are low at birth and increase towards 
the adult levels during the first 2 weeks of life. Briefly, daily handling of pups for 
the first 21 postnatal days has been found to permanently increase hippocampal GR 
concentrations (Meaney and Aitken 1985), and enhance negative-feedback effects 
of corticosterone on further activation of the HPA axis (Meaney et al. 1989). The 
handling effect on hippocampal GR concentrations is apparent as early as postnatal 
day 7. Handling on postnatal days 1–7 is as effective in altering GR concentrations 
as handling on the first 3 weeks of life; handling on postnatal days 8–14 is some-
what less effective and handling on postnatal days 15–21 has no effect (Meaney and 
Aitken 1985).

Although the early-life handling has been proposed to decrease HPA axis tone 
and reduce the response to stress in adulthood, the maternal separation could lead 
to long-life hyperactivity of the HPA axis (Nishi et al. 2013; Plotsky and Meaney 
1993; Wigger and Neumann 1999). Yet, the effects of maternal separation on HPA 
axis in adult rats are not consistent among studies (Slotten et al. 2006; Ogawa et al. 
1994). Adult rats that underwent maternal separation for 180 min from postnatal 
day 2 to 14 had augmented plasma ACTH and corticosterone concentrations fol-
lowing an acute stressor, compared to rats separated from their mothers for 15 min 
from postnatal day 2 to 14 and to normal animal facility-reared animals (Lippmann 
et al. 2007). Maternal separation for 180 min from postnatal day 2 to 14 resulted 
in elevated plasma corticosterone levels when compared to animals separated from 
their mothers for 15 min at postnatal day 7, a time when rat pups are normally hy-
poresponsive to stressors and show limited pituitary–adrenal responses (Huot et al. 
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2002). The stress hyperresponsiveness observed in maternal separated rats during 
adulthood could be attributed, at least in part, to impaired GC feedback sensitivity 
mediated by hippocampal GR (Ladd et al. 2004; Aisa et al. 2008). However, chang-
es in GR expression may be secondary to an increased GC tone (Aisa et al. 2008). 
Maternal separation is associated with decreased GR levels in the hypothalamus, 
hippocampus, and frontal cortex, while neonatal handling increases GR expression 
in the hippocampus and frontal cortex (Meaney et al. 1996; Liu et al. 2000; Ladd 
et al. 2004). Regarding CRH, adult maternal separated rats showed increased hypo-
thalamic CRH mRNA levels compared with non-handled rats, while CRH mRNA 
levels in handled rats were significantly lower than either maternal separated or 
non-handled animals (Plotsky and Meaney 1993). In that study, a 20-min period of 
restraint stress produced significant CRH depletion in all groups, while the percent-
age of depletion was significantly lower in handled animals compared with either 
maternal separated or non-handled animals. Additionally, restraint stress produced 
significant increase in plasma corticosterone in maternal separated and non-handled 
when compared to handled animals (Plotsky and Meaney 1993). Noteworthy, a re-
view written by Jahng (2011) showed that the effects of maternal separation on the 
HPA axis activation after exposure to a stressor later in life appears to vary depend-
ing on the type of stressor used.

7.2.2  Early-Life Stress and Anxiety-like Behavior

Besides reduced stress response, handled rats show reduced anxiety-like behaviors 
(Roman et al. 2006; Meerlo et al. 1999). Several tests have indicated that the neona-
tal handling procedure decreases fear in novel environments, even when exposed to 
predators (Padoin et al. 2001), which could be interpreted as an impulsive behavior 
rather than fear reduction. Thus, it is inferred that the neonatal handling procedure 
prepares the animal to face adversities later in life by decreasing stress response 
and fear.

A commonly held belief is that brief manipulations decrease while prolonged 
manipulations enhance anxiety-like behavior (Meerlo et al. 1999; Núñez et al. 
1995; Vallée et al. 1997; see Kosten et al. 2012 for a review). It was shown that 
pups handled for 1 min from postnatal day 1 to 10 displayed lower anxiety-like 
behavior in adulthood, both, in males and females, as observed by an increase in 
the percentage of time spent in the open arms of the elevated plus maze (Severino 
et al. 2004), a well-established task to evaluate anxiety-like behavior in rats. With 
a different protocol of neonatal handling, where rats of both sexes were handled 
for 15 min from postnatal day 1 to 22, decrease in anxiety-like behavior was also 
observed in the elevated plus maze, compared to non-handled animals (Kiosterakis 
et al. 2009). On the other hand, no difference between neonatal handled and non-
handled animals was observed in anxiety-like behavior in a study developed by 
Silveira et al. (2005). Maternal separated rats from postnatal day 2 to 14 (180 min 
of separation) spent less time in the open arms of an elevated plus maze (a behavior 
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compatible with increased anxiety) than neonatal handled animals (15 min of sepa-
ration between dam and pups) and normal animal facility rearing (Huot et al. 2001).

Other studies have also shown that maternal separation leads to an increased 
anxiety-like behavior in adulthood. Some studies using the protocol of 180 min of 
maternal separation from postnatal day 3 to 10 have observed increased anxiety-
like behavior in males (Makena et al. 2012) or in both sexes (Wigger and Neumann 
1999). It is important to note that differences in the protocol used can contribute to 
different outcomes considering prolonged manipulations. For example, in a review 
by Kosten et al. (2012), the authors observed that, when the neonatal procedure was 
performed for 3 h repeatedly during the neonatal period, an increased anxiety-like 
behavior was observed (Aisa et al. 2007; Wigger and Neumann 1999), while no 
effect was reported in animals that were separated from their dams only once for 
24 h on days 3, 4, 9, or 18 (Oomen et al. 2011; Lehmann et al. 1999). However, it 
was reported that animals separated from their mothers on day 11 present increased 
anxiety-like behavior (Barbosa-Neto et al. 2012). In general, these studies support 
the notion that early-life adverse experience is a major risk factor for anxiety devel-
opment (Benekareddy et al. 2011).

Serotonergic neurotransmission is known to be related to anxiety (Gross and Hen 
2004), and serotonin type 2 (5-HT2) receptors have been implicated as possible 
targets to modulate anxiety behavior (Weisstaub et al. 2006). Considering possible 
mechanisms underlying the anxiety-like behavior presented by early-life maternal 
separated rats, it was shown that pharmacological blockade of 5-HT2 receptors pre-
vents the emergence of enhanced anxiety in maternal separated animals. It also 
prevents the upregulation of specific genes linked to 5-HT2 receptor signaling in 
the prefrontal cortex of adult animals that underwent maternal separation early in 
life (Benekareddy et al. 2011).

Diehl et al. (2007) evaluated anxiety-like behavior in maternal separation of 
male and female animals using the time spent in the central area of the open field. 
They showed an aggravation of the anxiety-like index in maternal separated male 
rats, when exposed to a stressor, while no effect was observed in females. Sex-spe-
cific effects were also shown in mice maternal separated for 24 h on postnatal day 
9: Following maternal separation, anxiety was decreased in C57BL/6J and DBA/2J 
male mice but increased in DBA/2J females (Kember et al. 2012). Therefore, this 
effect of maternal separation appears to depend on sex and strain of the animals.

Therefore, some, but certainly not all, studies have shown that maternal separa-
tion produces increased anxiety-like behavior. The same is true for neonatal han-
dling regarding its anxiety-decreasing effect.

7.2.3  Early-Life Stress and Feeding Behavior

Two complementary pathways regulate food intake: homeostatic and hedonic path-
ways. The homeostatic pathway controls energy balance by increasing the mo-
tivation to eat following depletion of energy stores. On the other hand, hedonic 
regulation can override the homeostatic pathway during periods of relative abun-
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dant energy by increasing the desire for highly palatable foods (Lutter and Nestler 
2009).

Studies have shown that early-life events can influence feeding behavior and 
may contribute to feeding disorders. McIntosh et al. (1999) published a study where 
rat pups were exposed daily to brief handling or maternal separation during the first 
3 weeks postpartum: they showed that the intake of palatable snack was higher in 
handled animals of both sexes and females of the maternal separated group than the 
non-handled animals. Silveira et al. (2004) showed that adult rats that were handled 
during the neonatal period (10 min/day during the first 10 days of life) consumed 
more sweet or savory snacks than controls, an effect observed in males and females. 
In the case of sweet food, the appetite was independent of the hunger condition (the 
effect was evident with the animals under food restriction but was particularly pres-
ent when they were fed ad libitum). However, no difference was observed on stan-
dard laboratory chow diet. These authors also suggested that early handling leads to 
a particular response to positive boosters, such as higher ingestion of palatable food 
but lower hedonic impact, with decreased dopaminergic metabolism in the nucleus 
accumbens (Silveira et al. 2010). Regarding the effects of neonatal handling on 
metabolic changes in adulthood, it was shown that this intervention led to decreased 
plasma levels of ghrelin without changes in insulin, leptin, glucose, abdominal fat, 
or body weight (Silveira et al. 2006).

Other studies have evaluated the influence of maternal separation on feeding 
behavior. Using the 180-min protocol of maternal separation from postnatal day 1 
to 14, no difference was observed in food intake (chow) between maternal separat-
ed and non-separated rats (Ryu et al. 2009). On the other hand, in an earlier study 
this same group (Ryu et al. 2008) showed that neonatal maternal separation may 
lead to an exaggerated feeding response to repeated fasting/refeeding challenges 
at adolescence in male rats, and suggested that this could be attributed to increased 
responsiveness of the HPA axis. With a different protocol of maternal separation 
(6 h of separation from postnatal day 1 to 21), Iwasaki et al. (2000) showed no dif-
ference in normal daily food intake between groups, but observed that food intake 
during rebound hyperphagia was significantly increased in 6–9-week-old female 
maternally separated rats, compared to control rats, with no difference observed 
in males.

Therefore, neonatal handling appears to induce increased intake of sweet or 
savory foods in adult life, and the mechanisms underlying these effects probably 
involve the reward system of the brain. However, maternal separation during the 
neonatal period leads to a different pattern, with increased rebound hyperphagia.

7.2.4  Early-Life Stress and Memory

There are several methods used to evaluate different types of memory that will not 
be discussed here (for a review, see Quillfeldt 2010 and Kosten et al. 2012). In ad-
dition, many articles about early-life events and memory have been published, and 
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different outcomes have been observed depending on the task and the protocol used 
for early-life stress (see Kosten et al. 2012, for a recent review). The outcome is 
also dependent on factors such as the animal’s age and condition (stressed or not; 
Meaney et al. 1991; Garoflos et al. 2005). Here, we will highlight some studies that 
evaluated sex differences concerning early-life stress and memory.

Considering neonatal handling, spatial learning and memory were evaluated us-
ing the water maze task, and the results show that male neonatal handled rats did 
not differ from non-handled animals, but female neonatal handled rats had a worse 
performance than the non-handled females. Additionally, female neonatal handled 
rats showed a decrease in nitric oxide levels compared to non-handled females 
(Noschang et al. 2010). Nitric oxide seems to be involved in learning and mem-
ory formation by facilitating mainly the acquisition process (Qiang et al. 1997). 
Using another memory task, the Y maze, male neonatal handled rats had a worse 
performance in reversal learning than non-handled males, while female neonatal 
handled rats had a better performance in the learning phase of this task when com-
pared to non-handled females (Noschang et al. 2012). In the two studies described 
above (Noschang et al. 2010, 2012), the neonatal handling procedure used lasted for 
10 min from postnatal day 1 to 10 and the memory evaluation was performed when 
the rats reached adulthood. Others have observed that neonatal handling resulted in 
impairment of inhibitory avoidance learning (involves foot shock), with no effect 
on circular maze learning (involves escape from bright light) and an enhancement 
of object recognition memory (presumably not involving aversive stimuli) in both 
adult male and female rats (Kosten et al. 2007).

Sex-specific effects on memory have also been shown with maternal separa-
tion protocol. Adult female rats that were separated from their mothers for 1 h per 
day from postnatal day 2 to 9 had a tendency to enhance the context-induced fear, 
while it was reduced in male rats (Kosten et al. 2005). In another study, using 
adult animals that were handled (15 min from postnatal day 1 to 21), or under-
went maternal separation (3 h from postnatal day 1 to 21) in the neonatal period, 
and animals that were left undisturbed during the same period showed that neo-
natal handling impaired context- and cue-conditioning fear in both sexes of rats, 
while maternal separation only impaired context fear in female rats (Kosten et al. 
2006). Another study applying a different maternal separation protocol, where 
pups were separated from their mothers for 24 h, showed that, in adulthood, us-
ing the active avoidance paradigm, only males displayed an effect of maternal 
separation, a severe deficit when separated from their dams on postnatal day 4. 
Animals with maternal separation on postnatal day 9 presented an improvement. 
Females did not differ significantly between groups (Lehmann et al. 1999). As 
the dentate gyrus of the hippocampus is basically formed in the first postnatal 
days (Altman and Bayer 1990), the structural plasticity of this brain structure 
is possibly highly susceptible to interventions applied early in life. That could 
explain the different outcomes that result from different protocols of maternal 
separation on memory.

Therefore, effects of early-life stress on memory appear to depend on type of 
memory evaluated and sex. For example, only females had impaired spatial memory. 



1297 How Postnatal Insults May Program Development

It is interesting that neonatal handling appears to impair fear-related memory; how-
ever, it is important to consider the possibility of decreased fear in these animals, 
with lower impact on the learning tasks.

7.2.5  Early-Life Stress and the HPG Axis

As mentioned above, changes in maternal behavior can be the possible cause of the 
long-lasting outcomes induced by the neonatal handling intervention (Francis and 
Meaney 1999; McLeod et al. 2007). Indeed, the mother appears to mediate the im-
pact of the environment on the offspring. Environmental events apparently would 
alter the mother–infant relationship and these changes would convey information 
about the environment, known as the maternal hypothesis (Caldji et al. 1998). The 
neonatal handling procedure increases maternal behavior after the pups return to the 
nest, inducing a rupture of maternal care which would exert a behavioral barrage of 
maternal behavior. Since the neonatal handling reduces stress response and anxiety-
like behavior, the increased maternal behavior after the pups return to the nest could 
explain the “positive” effects of the handling procedure.

The quality of the infant environment plays a crucial role in the establishment 
of later reproductive strategies during adulthood (Cameron et al. 2005; Carlson and 
Earls 1997). Individuals exposed to early-life stress may develop alternative mech-
anisms to overcome this adversity; however, the cost of this alternative strategy 
can be later reduced reproduction (Cameron et al. 2005; Bateson et al. 2004; Lum-
maa and Clutton-Brock 2002). Studies using neonatal handling have consistently 
demonstrated that changes in the environment during infancy can affect several 
aspects of the reproductive system in both male and female rats. In males, neonatal 
handling can result in a significant reduction in sexual behavior, as exemplified by 
drastic reductions in the frequency of mounts with intromission and in the number 
of animals that perform sexual behavior (Padoin et al. 2001). Besides changes in 
the consummatory sexual behavior, neonatal handling also induces deficits in mo-
tivational aspects of the sexual behavior by reducing the time spent investigating 
the sexual partner in the partner preference test (Raineki et al. 2013). Additionally, 
neonatal handling also induces morphophysiological changes in the reproductive 
system of male rats such as reduced testicular weight, smaller seminiferous tu-
bule diameter, and germinal epithelium thickness, all contributing to the reduction 
in daily sperm production and in the number of mature spermatids (Mazaro and 
Lamano-Carvalho 2006).

In females, handling-induced changes in reproduction first emerge as a delay in 
the pubertal onset as observed in protracted vaginal opening when compared to non-
handled rats (Sieck and Ramaley 1975). In adulthood, female rats handled during 
infancy showed a reduction in sexual behavior (Gomes et al. 2006; Raineki et al. 
2008), including reduced lordosis behaviors, resulting in a reduced lordosis quotient 
when compared to non-handled rats (Gomes et al. 2006; Padoin et al. 2001; Raineki 
et al. 2008). Moreover, the plasma progesterone surge following sexual behavior 
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necessary for blastocyst implantation and successful pregnancy (Adler 1968; Adler 
et al. 1970) is reduced in neonatally handled females (Gomes et al. 2006), presum-
ably due to reduced copulatory behavior. While neonatally handled rats exhibited 
regular estrous cycles, they showed a drastic reduction in the number of oocytes on 
the estrus morning (Gomes et al. 1999; Raineki et al. 2008). Ovulation is a result 
of a dynamic and complex neuroendocrine process that involves a sharp surge of 
steroid hormones, gonadotropins, and gonadotropin-releasing hormone (GnRH) in 
the preovulatory period (Freeman 2006; Schwartz 2000). Notably, many of these 
neuroendocrine processes are disrupted in rats that were handled during the neona-
tal period. Specifically, on the afternoon of proestrus, neonatally handled females 
show increased content of GnRH in the medial preoptic area (MPOA), followed 
by a reduction in plasma concentrations of estradiol, luteinizing hormone (LH), 
follicle-stimulating hormone (FSH), and prolactin (Gomes et al. 2005). Deficit in 
the noradrenergic stimulation of the MPOA seems to be the cause of reduced LHRH 
(Raineki et al. 2008). In addition to those hormonal alterations, neonatal handling 
also reduces the size and number of neurons in the MPOA (Camozzato et al. 2009), 
a key area controlling the production and release of GnRH. Another crucial struc-
ture affected by that early-life intervention is the Locus Coeruleus (LC), in which 
the number of cells is reduced in both male and female rats (Lucion et al. 2003). 
These neural and hormonal changes may, at least in part, explain the changes in 
sexual behavior and ovulation of female rats that were handled during infancy.

Although less explored, the effects of maternal separation on the reproductive 
function of males show similarities to the effects of neonatal handling. Indeed, male 
rats separated from the mother during the neonatal period (6 h of separation from 
postnatal day 2 to 10) show deficits in sexual behavior (Rhees et al. 2001). Com-
plete maternal deprivation by artificial rearing also produces deficits in sexual be-
havior (Akbari et al. 2008), especially in penile reflexes (Lenz et al. 2008). Maternal 
separation also reduced the testicular weight. However, this reduction did not reflect 
a reduction of daily sperm production (Lau 1996). In females, the effects of mater-
nal separation on the reproductive function are even less explored, and the results 
indicate that maternal separation has little or no effects on female reproduction. 
Indeed, no effect was observed in puberty onset (Lau 1996; Rhees et al. 2001) or 
regularity of the estrous cycle (Rhees et al. 2001).

This reduction in the reproductive ability of female and males could be consid-
ered as a negative effect of the neonatal handling intervention, which is in opposi-
tion to the stress response. That is, the neonatal handling intervention would reduce 
the activity of the HPA axis, considered as a positive effect by the increased animal 
resilience to stress. On the other hand, the same early-life intervention would also 
reduce reproductive parameters, considered intuitively as a negative consequence 
by reducing the ability to pass genes (to preserve the specie).

These effects on the HPA and HPG axes show the complexity of an early-life en-
vironmental intervention. The environmental intervention on a developing animal 
may affect several susceptible neuroendocrine systems. In fact, a balance between 
stress and reproduction seems crucial. In a recent study, lepers show a very pre-
cise interaction between stress responsiveness and reproduction in different natural 
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environments, considering reduced environment temperature and predators (Sheriff 
et al. 2010). The increased number in predators and reduced temperature reduce 
reproduction in the lepers and this pattern is transmitted to the offspring. Thus, it 
seems that the balance between these two systems can be disrupted by early-life 
environment. When the environmental conditions are stressful, the pups become 
more prepared to face stressful environments later on in life.

Handling is not an event that naturally occurs during the rat’s life. In fact, rats 
avoid human contact. Considering the scarce human interaction with rats, more-
over in a systematic way such as an everyday manipulation, it could be argued that 
this intervention has no biological significance. Indeed that would be a reasonable 
conclusion. However, in spite of not being part of the natural repertoire of stimuli, 
the handling procedure induces vast and profound behavioral, neuroendocrine, and 
structural effects. Moreover, these effects seem to be induced by the intervention 
early in life and they persist into adulthood. Thus, it is possible to conclude that 
rat pups are susceptible to the mentioned intervention. Moreover, the early-life en-
vironmental intervention may induce stable changes. Therefore, it is possible to 
infer that there are “tuned pathways,” through which the stimulation of the handling 
procedure, whatever that stimulation specifically would be, may impact some neu-
roendocrine systems. Furthermore, we may reason that there must be systems that 
respond to this intervention and those “tuned pathways” would be susceptible to 
biological stimuli, that in fact we do not know what would be. There must be natural 
stimuli that would trigger the same systems as the handling does. The disruption of 
the mother–infant relationship would be a very likely cause event that could trig-
ger the changes observed in the handled animals. Systems have evolved to be very 
sensitive to environmental interventions that could interfere with the mother–infant 
relationship.

7.2.6  Early-Life Stress and Social Behavior

During early life, the infant’s social world revolves around the caregiver and the 
quality of the social experiences during this period lays the foundation for later life 
social behavior and mental health (Bowlby 1969; Hofer and Sullivan 2008; Veene-
ma 2012). As the individual matures, the spectrum of social behaviors must expand 
to meet the ever-increasing complexity of social relationships. Indeed, the organism 
must transition from infancy, which is dominated by the infant–caregiver relation-
ship, to adolescence where the focus is on peers. Finally, the organism must transi-
tion into adulthood, which requires the ability of executing a complex repertoire 
of social behaviors, including reproductive behaviors (discussed below), agonistic 
actions (e.g., aggression), and affiliative behaviors (Insel 2010). Importantly, the 
literature has consistently demonstrated that adverse and/or stressful experiences 
during infancy can have pervasive and negative effects on social behavior that start 
during the infancy and persist into adulthood.

The effects of neonatal handling on social behavior can be observed even dur-
ing infancy, where neonatal handling alters the infant’s social interaction with the 
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mother. For example, neonatally handled female rat pups showed a reduction in 
the preference for the maternal odor, indicating a possible deficit in the mother–
pup social relationship (Raineki et al. 2009). After infancy, when the animal is ap-
proaching the periweaning period, play behavior—also called rough-and-tumble 
play—is the most common form of social behavior (Pellis and Pellis 1987). When 
tested as juveniles, neonatally handled rats exhibited more playful behavior than 
non-handled controls (Aguilar et al. 2009; Siviy and Harrison 2008). Despite this 
abnormal increase in play behavior, though, neonatal handled rats exhibited a typi-
cal reduction in play behavior and more risk assessment (increased environmental 
investigation) following the introduction of a predator odor. When returned to the 
same environment where the predator odor had been experienced, however, neona-
tal handled rats were less likely to exhibit a conditioned suppression of play (Siviy 
and Harrison 2008). In contrast to neonatal handling, maternal separation (3 h daily) 
resulted in increased offensive play-fighting in juvenile rats, which is a behavioral 
precursor to adult aggressive behavior (Veenema and Neumann 2009; Zimmerberg 
and Sageser 2011). Specifically, male juvenile rats that were separated from the 
mother during infancy showed an increase in the number of nape attacks, pulling 
and biting behaviors, and a decrease in submissive play (supine, evading) as com-
pared to controls (Veenema and Neumann 2009).

During adulthood, male rats that were handled in the neonatal period showed 
a reduction in affiliative social behavior as well as an increase in non-affiliative 
behaviors such as aggression in the social interaction test (Todeschin et al. 2009). 
Studies assessing the effects of neonatal handling on aggressive behavior have 
produced varying results that can be attributed to differences in the neonatal han-
dling protocols. For example, lactating rats handled 1 min per day from postnatal 
day 1 to 10 showed an enhancement in aggressive behaviors such as biting and 
lateral attacks against a male intruder (Giovenardi et al. 2005; Padoin et al. 2001). 
Conversely, a different protocol of neonatal handling where rats were handled 
15 min per day from postnatal day 2 to 14 did not induce changes in aggressive 
behaviors of lactating rats relative to non-handled controls (Boccia and Pedersen 
2001). When assessing the effects of maternal separation, though, lactating rats 
separated (3 h per day) from the mother during the neonatal period attacked the 
male intruder less quickly and less frequently than control rats, indicating that 
maternal separation may reduce the aggressive behavior of lactating rats (Boccia 
and Pedersen 2001).

Another domain of social behavior affected by early-life stress is social learning. 
Adult rats reared in complete isolation (maternal separation from postnatal day 4 
to 21) showed consistent deficits in learning to recognize social stimuli (Levy et al. 
2003). Specifically, maternally deprived rats were not able to differentiate between 
a new and a previously presented (familiar) juvenile conspecific in a social recogni-
tion task, nor were they able to develop a preference for a food previously eaten by 
a familiar conspecific (Levy et al. 2003). In a social learning test, neonatal handled 
rats showed reduced social investigation during the learning phase, however their 
ability to differentiate between a novel and familiar social stimulus (social memory) 
was not affected (Todeschin et al. 2009).
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Nonhuman primate studies that use complete maternal separation also re-
veal an enduring dysregulation of infant social development as demonstrated 
by inappropriate expression of agonistic interactions, decreased play, and social 
inhibition (Champoux et al. 1989; Harlow et al. 1965; Kraemer 2003; Suomi 
et al. 1971). However, even less severe maternal separation (6 days) induced 
robust changes in social behavior including decreases in exploring, playing, and 
time away from their mothers after being reunited (Hinde et al. 1966; Hinde 
and Spencer-Booth 1971), behaviors that suggest features of insecure attachment 
(Ainsworth et al. 1978).

The underlying neurobiology of social behavior involves the complex interplay 
of many neural structures and neuroendocrine systems (Adolphs 2001; Ross and 
Young 2009). Among these structures, the amygdala (Amaral 2003) and PVN (Neu-
mann 2008; Veenema and Neumann 2008) have been identified as two key areas that 
modulate fundamental aspects of socio-emotional processing across a wide range of 
species, including humans and nonhuman primates, and rats (Amaral 2003; Thomas 
et al. 2001). At the neurotransmitter level, the peptides oxytocin and vasopressin ap-
pear to support characteristics of social behavior, including social motivation (Lim 
and Young 2006), social recognition (Bielsky and Young 2004; Engelmann et al. 
1994; Ferguson et al. 2002), and aggression (Ferris 1992; Gobrogge et al. 2009). 
Both neonatal handling and maternal separation have been found to induce changes 
in the oxytocinergic and vasopressinergic systems (Veenema 2012). In particular, 
neonatal handling decreased the number of oxytocin-positive parvocellular neurons 
in the PVN of male and female rats (Todeschin et al. 2009; Winkelmann-Duarte 
et al. 2007), while maternal separation in mice increased (Tsuda et al. 2011) or had 
no effect (Veenema et al. 2007) on PVN neurons. In the amygdala, both neonatal 
handling and maternal separation induced a reduction in oxytocin-positive neurons 
(Oreland et al. 2010). Regarding the vasopressinergic system, neonatal handling 
and maternal separation induced an increase in vasopressin-positive neurons in the 
PVN (Todeschin et al. 2009; Veenema et al. 2006; Veenema and Neumann 2009). 
However, the effects of maternal separation on vasopressin are not as straightfor-
ward, as other studies have also found decreased vasopressin expression in the PVN 
of mice and rats (Desbonnet et al. 2008; Tsuda et al. 2011). Together, these results 
suggest that the oxytocinergic and/or vasopressinergic systems may play differen-
tial roles in modulating deficits in social behavior induced by neonatal handling or 
maternal separation paradigms.

7.3  Stress During the Prepubertal Period

The prepubertal period in rodents is chronologically marked by weaning, around 21 
days of age and ends around postnatal day 30. The onset of puberty begins around 
postnatal day 30 to 35, signaling the beginning of adolescent development. During 
this period, the animals are in constant behavioral and neurobiological transforma-
tions such as increased strength, immune function, and cognitive skills (Dahl 2004), 
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maturation of social and cognitive behavior, and increase in exploratory behavior, in 
social play (Sisk and Foster 2004; Klein et al. 2010).

The pubertal period is critical to complete brain maturation, including circuits 
controlling energy homeostasis and stress response (Mccormick and Mathews 
2007). The maturation rates and plasticity during development are highly variable 
in different brain regions, including those involved in the processing and regulation 
of stress and emotion. For example, the prefrontal cortex exhibits late maturation 
(Gogtay et al. 2004), while the hippocampus presents increased neurogenesis and 
dendritic spine density just before puberty (< postnatal day 35) that decreased in 
the adulthood (He and Crews 2007; Yildirim et al. 2008). Besides, the composition 
of hippocampal signaling proteins also changes between weaning and adulthood 
(Weitzdorfer et al. 2008). Most neurotransmitter systems, including dopaminergic 
and glutamatergic systems, mature during this stage of life (Spear 2000). The meso-
limbic dopaminergic system is not fully developed until as late as postnatal day 35 
to 40 (Spear 2000; Buck Louis et al. 2008; Schulz et al. 2009).

7.3.1  The HPA Axis in the Prepubertal and Pubertal Period

The transitions from neonate to adolescence to adulthood involve significant func-
tional changes in HPA axis. Interestingly, areas of the brain that modulate HPA 
responsiveness, such as the hippocampus and the prefrontal cortex (Herman et al. 
2003), show maturation during the prepubertal period in rodents. Considering that 
many brain structures that participate in the HPA axis responsiveness mature later, it 
is not surprising that stressors during this period may affect HPA axis function and 
lead to long-term changes in HPA reactivity (Matthews 2002; Pryce et al. 2005b; 
Romeo et al. 2009). Furthermore, HPA hormones are important mediators of physi-
cal and physiological transitions in development (Wada 2008).

Rats exposed to acute stressors in the prepubertal period have higher levels of 
corticosterone than adult animals in the same conditions (Romeo 2010). In addition, 
adult animals repeatedly exposed to the same stressor showed habituated ACTH 
and corticosterone responses, while the animals in the prepubertal period exhibit a 
sensitized response (Romeo et al. 2006; Doremus-Fitzwater et al. 2009; Foilb et al. 
2011). Some studies have suggested a possible change in the HPA axis feedback or 
expression of GR in brain structures involved in the stress response in prepubertal 
rats (Goldman et al. 1973; Schmidt et al. 2007; Uys et al. 2006a, b).

It is important to consider that both male and female prepubertal rats show a 
protracted stress-induced ACTH and corticosterone response in contrast to adults. 
However, females, at both ages, demonstrate a higher peak of corticosterone re-
sponse, but return faster to baseline, compared to males at both ages (Romeo et al. 
2004a, b).
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7.3.2  Stressors in the Prepubertal Period

The effects of stress appear to be exacerbated during prepubertal period (Charil 
et al. 2010). Corticosterone levels increase more and take longer to return to base-
line in prepubertal male rats than adults after stressors such as restraint, intermittent 
foot shock, or ether vapors (Romeo et al. 2006). However, juvenile and adult female 
rats are able to habituate to chronic stress (Doremus-Fitzwater et al. 2009).

Hyperactivity of HPA axis, indicated by high levels of GCs, has been observed 
in depression-like disorders (Plotsky et al. 2008; Van Eck et al. 1996), and stress-
ful experiences during childhood and adolescence have been associated with the 
development of psychiatric disorders later in life (Kessler and Magee 1993; Penza 
et al. 2003; Heim et al. 2004). For example, exposure to predator scent or chronic 
variable stress (including forced swim, elevated platform, and foot shock) during 
postnatal days 27–29 induces a predisposition to either anxiety or depressive-like 
symptoms following stress in adulthood (Bazak et al. 2009; Tsoory et al. 2007). 
These findings suggest that stressful experiences occurring in early life leave a trace 
that makes the brain vulnerable to the development of mood and anxiety disorders, 
and stress-related disorders (Breslau et al. 2004; Ford and Kidd 1998; Heim and 
Nemeroff 2001; Meinlschmidt and Heim 2005; Shea et al. 2005).

There is evidence that stressors early in life impact on the cognitive performance 
of rats (Hodes and Shors 2005). The hippocampus is an important structure for 
learning and memory, and its physiology and morphology is sensitive to acute and 
chronic stressors (Howland and Wang 2008). Exposure to stress during postnatal 
days 27–29 leads to long-term deleterious effect on learning under stressful condi-
tions in adulthood (Tsoory and Richter-Levin 2005).

The stress-induced changes in behavior during prepuberty are accompanied by 
neurochemical changes. These changes occur mainly in hippocampus, prefrontal 
cortex, and amygdala, brain structures that continue to mature during this stage 
of life. These structures show significant morphological stress-induced alterations. 
Significantly reduced dendritic complexity of pyramidal neurons in hippocampus 
and prefrontal cortex were observed in males and females rats after chronic variable 
stress 6 h per day during postnatal days 20–41 (Eiland et al. 2012), while neurons in 
the basolateral amygdala displayed increased complexity. It is important to mention 
that other studies showed sex-dependent responses to stress during the prepubertal 
period: For example, juvenile females appear to be more prone to the effects of 
stress with palatable food intake, while males are more susceptible to long-term 
effects of early stress on biochemical parameters, such as increased plasma triacyl-
glycerols (Krolow et al. 2013 in press).

Early in life, when social interactions are necessary for normal emotional devel-
opment, perturbations of the social environment have significant effects on brain 
structure and function (Einon and Morgan 1977); stressors can profoundly alter 
social interactions and play behavior (Klein et al. 2010). In addition, the social en-
vironment is a source of stress, both for humans and rodents, especially during the 
prepubertal period. In the natural environment, rodents live in groups and exhibit 
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high levels of social behavior, both with younger and older animals (McCormick 
and Mathews 2007; Panksepp and Lahvis 2007). Social interactions are rewarding 
(Panksepp et al. 2007), while social isolation is an aversive event and increases the 
activity of the HPA axis (Douglas et al. 2004; McCormick and Mathews 2007). 
Therefore, social stress is one of the most potent stressors during the development 
(Arakawa 2005), which at long term induces a variety of behavioral abnormalities, 
including increased aggressiveness (Koike et al. 2009; Pinna et al. 2003; Pinna 
et al. 2009), anxiety-related behaviors (Pinna et al. 2006; Wei et al. 2007), cognitive 
deficits (Pibiri et al. 2008), hypoalgesia, and hyperlocomotion (McEwen 2007). Ad-
ditionally, this type of stress changes fat distribution and contributes to an increased 
risk for metabolic disease (Schmidt et al. 2009). Social play-behavior deprivation 
during juvenility is associated with deregulation of the endogenous opioid systems 
(Van den Berg et al. 1999, 2000), impairment in the Morris water maze test (Frisone 
et al. 2002), and in the exploration of novel areas and objects (Einon and Morgan 
1977).

Besides the many behavior changes, social stress during development induces 
long-lasting morphological alterations (Leussis et al. 2008; Radley et al. 2005). The 
changes include structural aspects of cortical areas, with reduced synaptic density 
in the infralimbic cortex and cingulated gyrus (Leussis et al. 2008), and may be 
sex-specific, since in male but not in female rats a reduction in the myelination in 
prefrontal cortex was observed (Leussis and Andersen 2008).

Isolation stress applied in male rats during postnatal days 21–28 induces neu-
rochemical changes, such as increase in superoxide dismutase and mitochondrial 
Complex IV activities in the prefrontal cortex that persist into adulthood (Krolow 
et al. 2012). Juvenile male rats exposed to isolation stress exhibited oxidative im-
balance, increased DNA fragmentation, increased mitochondrial potential and early 
apoptosis, and decreased number of live and necrotic cells in hippocampus (Krolow 
et al. 2013). These findings suggest that isolation stress in the prepubertal period 
leads to long-lasting changes in antioxidant enzymes and energetic metabolism in 
prefrontal cortex and hippocampus.

Therefore, the prepubertal period in rodents is marked by neurochemical, meta-
bolic, and behavioral changes that can be implicated in the regulation of emotion 
and stress responses. The continued maturation of stress-responsive brain regions 
and the quantity and type of stressors during this period may contribute to neuro-
chemical and behavioral alterations, and to the development of psychiatric disor-
ders later in life. Further studies are necessary to clarify the possible mechanisms 
involved in the observed differences in sex and age responses to stress.

7.4  Conclusion

Interventions in early postnatal days lead to complex and stable changes throughout 
the life of the animal, and even apparently mild interventions may lead to impor-
tant changes. The relation between the dam and the pups is also changed by these 
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interventions and may be the cause of several changes observed later in life. Differ-
ent models have been used to study these aspects of behavioral programming and 
results demonstrate changes in the stress response, reproductive functions, memory, 
anxiety, feeding, and social behavior. The observed changes are apparently adaptive 
to environment modifications, possibly preparing the animal to face scarce resourc-
es later in life. However, some of these changes may be maladaptive, and mismatch-
es between type of behavioral programming and environment in which the animal 
will live may occur. It is important to consider that, although stable, the plasticity is 
an essential feature of the nervous system, and modulation of programming is also 
possible. The challenge researchers are facing now is to understand the mechanisms 
underlying the changes induced by early-life interventions and to determine how to 
reverse the deleterious effects that may result from early-life stress exposure.
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Abstract Early life events are critical in the development of the central nervous 
system. Injuries in this period can cause severe damage with permanent disabili-
ties. The early changes following a perinatal lesion have prognostic significance. 
The nervous system in young age has a potential for plasticity and regeneration, 
which can prevent the negative effects of neuronal damage, and the most impor-
tant objective of rehabilitation is to enhance this inner potential of the developing 
brain. Experimental examination of the environmental factors affecting this regen-
eration and remodeling process is very important. Endogenous factors, such as neu-
rotrophic factors, which play a role in neurogenesis, migration, and differentiation 
of neurons, and development of neuronal circuits, are also in the center of interest. 
Most studies concerning the effect of positive or negative perinatal treatments focus 
mainly on long-term effects, and most examinations are carried out on adult ani-
mals following perinatal injuries. Less data are available on short-term effects and 
early neurobehavioral changes. In the past several years, we have shown how dif-
ferent (positive or negative) perinatal events affect the early neuronal development. 
Applying different tests widely used for behavioral testing, we have established a 
standardized testing method. This includes measuring parameters of somatic growth 
and facial development, appearance of basic neurological reflexes and also reflex 
performance, more complex motor coordination tests, and open-field and novelty-
seeking tests. In the present chapter, we summarize data on early neurobehavioral 
development of newborn rats subjected to negative (perinatal asphyxia, hypoxia, 
excitotoxic injury, stress) and positive (enriched environment, neurotrophic factor 
treatment) stimuli during early postnatal life.
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Early life events are critical in the development of the central nervous system. 
Perinatal injuries affecting the nervous system can lead to delayed development and 
can cause long-term motor and cognitive disabilities. Furthermore, perinatal insults 
may weaken the endogenous regenerative capacity of the nervous system and thus 
cause higher vulnerability to different stressors. Positive influences, on the other 
hand, increase the inner potential of the developing brain, which can have protective 
effects even after long periods. Early postnatal period is one of the critical age 
windows, in addition to prenatal life and adolescence, that is open to plastic changes 
and to positive or negative environmental influences (Marco et al. 2011).

The early changes following a perinatal lesion have prognostic significance. The 
nervous system in young age has a potential for plasticity and regeneration, which 
can prevent the negative effects of neuronal damage, and the most important objec-
tive of rehabilitation is to enhance this inner potential of the developing brain. Ex-
perimental examination of the environmental factors affecting this regeneration and 
remodeling process is very important. Endogenous factors, such as neurotrophic 
factors, which play a role in neurogenesis, migration, and differentiation of neurons 
and development of neuronal circuits, are also in the center of interest. Most studies 
concerning the effect of positive or negative perinatal treatments focus mainly on 
long-term effects, and most examinations are carried out on adult animals following 
perinatal injuries. Less data are available on short-term effects and early neurobe-
havioral changes. In the past several years, we have shown how different (positive 
or negative) perinatal events affect the early neuronal development. In the present 
chapter, we summarize data on early neurobehavioral development of newborn rats 
subjected to negative and positive stimuli during early postnatal life. Using the same 
battery of tests, we are able to make comparative analysis based on experiments car-
ried out in the past 10 years. As negative influences, perinatal asphyxia, hypoxia, 
excitotoxic injury, stress, and neurotrophic factor antagonism have been tested and 
are described here. As positive influences, we have chosen two different kinds of 
approaches: enriched environment and treatment with a neurotrophic factor.

In rodents, the first 2 weeks of age is the critical period of neuronal maturation. 
Pups reach adult level in basic neurological development at the end of the third 
postnatal week (Altman and Sudarshan 1975, Hill et al. 1991, Smart and Dobbing 
1971a, 1971b). Examinations of neurobehavioral development were started on the 
first postnatal day and were carried out daily between 12 and 3 PM until postnatal 
day 21. Animals were always cross-fostered to avoid litter differences. Inspections 
were made for maturation of physical characteristics such as eye opening, incisor 
eruption, and ear unfolding. Weight was also recorded. The battery of tests con-
sisted of a series of physical signs and neurological reflexes as well as motor coor-
dination. Pups were tested for the appearance of certain neurological reflexes and/or 
the time to perform a certain task to test the maturation of the nervous system. The 
neurological signs and reflexes tested are described below.
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8.1  Testing of Neurological Reflexes

• Righting reflex: (a) The time in seconds to turn over to prone position from supine posi-
tion (Fig. 8.1a, b, c, d) and (b) air righting—the first day of landing on four paws—is 
recorded when animals are dropped head down onto a soft surface (Fig. 8.1e, f, g).

• Negative geotaxis: Animals are placed head down on an inclined wire grid. The 
day they begin to turn around and climb up the wire grid with their forelimbs 
reaching the upper rim is observed and recorded (Fig. 8.1h, i, j, k). Time in sec-
onds to reach the upper end of the wire grid is also recorded daily.

• Sensory reflexes: The ear and the eyelid are gently touched with a cotton swab 
and the 1st day of the ear twitch reflex (Fig. 8.2a) and the contraction of the eye-
lid (Figure. 8.2b) is recorded.

Fig. 8.1  Examination of neurological reflexes 1. a–d righting reflex, e–f air-righting reflex, h–k 
negative geotaxis
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• Limb placing: The back of the forepaw (Fig. 8.2c) and hindpaw is touched with 
the edge of the bench while the animal is suspended and the first day of lifting 
and placing the paws on the table is noted.

• Limb grasp: The fore- (Fig. 8.2d and e) and hindlimbs are touched with a thin 
rod and the first day of grasping onto the rod is recorded.

• Gait: The animals are placed in the center of a circle of 13 cm diameter and 
the day they began to move off the circle with both forelimbs is recorded 
(Fig. 8.2f, g). From the day of the appearance, the time in seconds to move off 
the circle is recorded daily.

• Auditory startle: The first day of the startle response to a clapping sound is ob-
served (Fig. 8.2h, i).

8.2  Motor Coordination Tests

Pups were tested for motor coordination twice a week between 2 and 5 weeks of 
age.

Fig. 8.2  Examination of neurological reflexes. a ear twitch reflex, b eyelid reflex, c forelimb-
placing reflex, d forelimb grasp reflex negative and e positive, f–g gait reflex, h–i auditory startle 
reflex
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• Grid-walking and foot-fault test: Animals are placed on a stainless steel grid 
floor (20 × 40 cm with a mesh size of 4 cm2) elevated 1 m above the floor. For 
a 1-min observation period, the total number of steps is counted. The number 
of foot-fault errors, when the animals misplace a forelimb or hindlimb that falls 
through the grid, is also recorded (Fig. 8.3a).

• Rota-rod test: Animals are tested on a commercially available treadmill for small 
animals with a diameter of 14 cm, attached to a rotating motor. The test is per-
formed at a speed of 13 rpm. The pups are placed on the rotating drum and the 
time the animal can stay on the rota-rod was measured (max. 2 min; Fig. 8.3b).

• Rope suspension: Rats are placed with both forepaws on a rope suspended 1 m 
above the floor for a maximum of 30 s. The time they stay on the rope is re-
corded.

• Walking initiation: Pups are placed on a horizontal surface in the center of two 
concentric circles with diameters of 10 and 45 cm. The time taken to move off 
the circles is recorded (Fig. 8.3d).

The present chapter summarizes findings with different positive and negative influ-
ences using the same battery of tests. Below, we describe different lesions or treat-
ments and how they affected neurobehavioral development. Both male and female 
pups were tested, but they showed differences only in the maternal separation para-
digm. Therefore, for the other treatments/influences, we describe the findings for 
both male and female pups as one group (Table 8.1).

8.3  Excitotoxic Injury: Treatment with Monosodium 
Glutamate

Several toxic agents have been shown to cause altered neurobehavioral develop-
ment (Archer et al. 2003; Cheng et al. 2013; Gilbert and Llorens 1993; Rousset et al. 
2013; Schuck et al. 2009). One of the mechanisms of neurotoxicity is excitotoxicity 

Fig. 8.3  Motor coordination 
tests. a grid-walking and 
foot-fault test, b rota-rod test, 
c rope suspension test, d walk 
initiation test
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caused by excessive levels of glutamate. Monosodium glutamate (MSG) is a food 
additive widely used as a flavoring substance (abbreviation: E621). In adult ani-
mals and humans, MSG does not cross the blood–brain barrier in a considerable 
ratio. Therefore, MSG toxicity from exogenous overdosing does not exist in adults. 
There are some reports on MSG causing minor symptoms. The so called “Chinese 
restaurant syndrome” is attributed to MSG overdosing, but recent reports question 
the correlation between MSG and acute or chronic diseases (Williams and Woessner 
2009). In contrast to adults, the immature blood–brain barrier in newborn rodent 
pups allows significant transportation of MSG into the nervous system leading to 
different lesions. Highly sensitive are the retina and arcuate nucleus of the hypo-
thalamus, but other brain structures are also affected (Atlasz et al. 2009; Babai et al. 
2005; Szabadfi et al. 2009). Among others, lesions in the hippocampus, prefrontal 
cortex, and other cortical areas have been reported after MSG toxicity (Beas-Zarate 
et al. 2002; Chaparro-Huerta et al. 2002; Gonzalez-Burgos et al. 2001). Even al-
tered autonomic responses and other peripheral nervous system effects have been 
described (Andreazzi et al. 2011; Karlen-Amarante et al. 2012).

MSG treatment was performed with 4 mg/g body weight MSG on postnatal days 
1, 3, 5, 7, and 9 based on earlier descriptions (Dunn and Webster 1985; Klingberg 
et al. 1987; Kubo et al. 1993). MSG was dissolved in 100 µl saline, and animals 
were treated subcutaneously. Among the MSG-treated pups, mortality was mark-
edly higher than in the control group (Kiss et al. 2005). Among the physical pa-
rameters, only the body weight and length were significantly lower in MSG-treated 
pups, but no delays were observed in the day of eye opening, ear unfolding, or inci-
sor eruption. Studying the neurobehavioral development of newborn rats, we found 
minor delays in the appearance of certain neurological reflexes (forelimb placing, 
forelimb grasp, and air righting), but the appearance of most signs remained un-
affected by neonatal MSG treatment. Treated pups performed surface righting in 
significantly longer times and significantly worse performance was observed in 
motor coordination tests: MSG-treated pups made more foot faults and could stay 
on the rotating wheel for shorter times. In the motor coordination tests, however, 
MSG-treated pups reached control levels by the end of the observation period (fifth 
week). These results show that MSG treatment does not lead to permanent motor 
coordination or reflex defects; it leads to temporary delay only.

8.4  Perinatal Stress

Perinatal stress is related to long-term disturbances of several cognitive, behavioral, 
and emotional functions. Both pre- and postnatal stress models are widely used in 
neuroendocrinological and psychiatric research (Baier et al. 2012; Gaszner et al. 
2012). These stress models may provide important correlation with human psychi-
atric diseases. For example, major depression and other stress-related mood disor-
ders develop based on genetic predisposition, significant early life events inducing 
epigenetic alterations, and additional stress in later life. The coincidence and inter-
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action of these factors precipitate the symptoms of a definitive stress-related mood 
disorder (de Kloet 2008). Maternal separation of rodent pups from their dam is a 
well-known model for early life events as it induces long-lasting changes in several 
stress-related systems (Gaszner et al. 2012; Marco et al. 2011). Maternal separation 
has been shown to increase hypothalamo–pituitary–adrenal response to stress. Sev-
eral behavioral alterations can be observed in rats after maternal separation during 
their postnatal period of life (Li et al. 2013). Among others, fearfulness, changed 
reactivity to novel environments, morphine-induced sensitization and tolerance, 
along with several neurochemical changes in the reward circuitry, have been de-
scribed (Gaszner et al. 2012; Marco et al. 2011).

Maternal deprivation was carried out by daily removal of the dam from the nest 
(Fig. 8.4) in a randomized manner, from postnatal days 1 to 14 for 3 h. In our ex-
periments, the dam was removed in a semi-randomized order from their home cages 
and was placed into a separate cage; pups were put together into a container lined 
with home cage nesting material, in an incubator at 32 °C from days 2 to 8 and at 
30 °C from days 8 to 14. After 180 min of maternal separation, pups are returned to 
their dams. Control rats are only shortly handled, for the duration of the neurobe-
havioral testing (Farkas et al. 2009). A short separation is considered to be physi-
ologically resembling the mother rat looking for nutrition and being separated from 
her pups for a few minutes in the wild.

Effects of several agents on neurobehavioral development have been shown to 
be gender dependent (Nasiraei-Moghadam et al. 2013). The effects of maternal de-
privation were also found to be gender dependent. We found that only male pups 
exposed to maternal separation reacted with faster weight gain than controls. No 
such difference was observed in female rats. Interestingly, also reflex development 
was faster in male pups exposed to perinatal stress: most reflexes developed one day 
earlier, reaching significant level in cases of hindlimb grasping and gait reflexes. 
However, females had significant delay in forelimb grasp and righting reflexes. The 
performance of reflexes measured in time was not markedly different after exposing 

Fig. 8.4  Maternal 
deprivation
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rats to maternal deprivation. The signs of motor coordination showed a difference in 
foot-fault test: male rats had an enhanced motor coordination development, indicat-
ed by the significantly less number of faults made on the elevated wire meshwork 
on the third week. Taken together, the data indicated that maternal separation did 
not lead to marked changes in the neurobehavioral development, only minor altera-
tions, which were, however, different between male and female pups. While a subtle 
enhancement was observed in male rats, a slight delay was detected in females. 
Other studies have also indicated gender-dependent effects of maternal separation. 
These include differences in light-induced startle reflex, which only affected female 
rats (De Jongh et al. 2005). Further differences have been described in plus maze 
test, depressive behavior, adrenocorticotropic hormone (ACTH) response, learning 
strategy, and dietary and hormonal effects later in life (Bobrovskaya et al. 2013; 
Grissom et al. 2012; Leussis et al. 2012; Slotten et al. 2006; Wigger and Neumann 
1999). Our results indicate that the maternal separation paradigm most commonly 
used to test alterations in the stress axis and behavioral consequences later in life 
does not influence significantly the early neurobehavioral development, and thus, 
the major signs in the neurological and physical development do not have a pre-
dictive value for future alterations. More drastic perinatal stress paradigms have 
been shown to cause significant delays in the development, such as a 24-h maternal 
separation (Ellenbroek et al. 2005). In spite of the little predictive value, the results 
clearly indicate that there are gender-dependent effects of maternal separation al-
ready observable in early life.

8.5  Perinatal Asphyxia and Hypoxia

Hypoxic injuries in the perinatal period are still among the most feared perinatal 
events for their long-term consequences. In spite of intensive neonatal care, perina-
tal asphyxia and hypoxia during delivery represent a major clinical problem in neo-
natology. In spite of modern neonatal care, long-term consequences of perinatal hy-
poxic injuries cause a huge burden on society. There are several methods to induce 
hypoxia in rat pups. Rat pups resemble premature human babies at the time of their 
birth and reach the level of human newborn maturity on postnatal day 7. Perinatal 
asphyxia is usually induced by delivering pups from ready-to-deliver mothers after 
a period of hypoxia exposure. This model mimics the pathophysiological processes 
at the time of delivery, more closely resembling asphyxia in premature births. In 
our experiments, pups were delivered by Cesarean section from the uterine horns 
(Fig. 8.5.) and were stimulated to breath (Morales et al. 2008; Simola et al. 2008). 
Control Cesarean-delivered pups were delivered immediately after the sacrifice of 
their mothers, while other pups were delivered following a 15-min asphyctic period, 
kept at constant temperature (37 °C). Surviving rats were given to surrogate moth-
ers after a survival period of 40 min at 37 °C. Another model of neonatal hypoxia 
involves the unilateral ligation of the common carotid artery followed by a period 
of hypoxic exposure (8 % oxygen and 92 % nitrogen, for 2 h) on postnatal day 7 
(Vannucci et al. 1997).
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Both models of hypoxia have been associated with numerous deficits later in 
life (Allende-Castro et al. 2012). Behavioral studies have revealed that perinatal 
hypoxia leads to cognitive, motor, and social behavioral impairments (Galeano 
et al. 2011; van de Berg et al. 2003). Several mechanisms have been described in 
the background, such as different changes in synaptic structures (Grimaldi et al. 
2012; van de Berg et al. 2000), neurotransmitter systems (van de Berg et al. 2003; 
Wixey et al. 2011), metabolic parameters (Souza et al. 2013), cytoskeletal structure 
(Saraceno et al. 2012), neuronal density (Blutstein et al. 2013), apoptotic pathways 
(Zhang et al. 2012), inflammation (Wixey et al. 2011), and overexpression of senti-
nel proteins (Herrera-Marschitz et al. 2012).

In our hands, perinatal asphyxia resulted in markedly increased mortality and an 
initial weight drop compared to control rats (Kiss et al. 2009). The high mortality 
observed is in accordance with other observations (Bustamante et al. 2007). Sig-
nificant delays were also observed in the day of appearance of some physical matu-
rity signs: incisor eruption and ear unfolding. The most significant delays were ob-
served in the neurological reflexes: Almost all reflexes were delayed, some reflexes 
showed a 3–4-day delay. Among the lesions studied, we observed the most marked 
delays in this group. The performance of reflexes, such as surface righting, nega-
tive geotaxis, and gait reflexes, was also slower in the beginning of development. 
Among the motor coordination tests, the most pronounced difference was observed 
in the grid-walking test. Asphyctic pups took fewer steps in total but made more 
mistakes on the grid, indicating an impairment in walking on a field with obstacles.

Fig. 8.5  Cesarean section for 
asphyctic pups
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Neonatal hypoxia–ischemia caused an approximately 50 % atrophy (Fig. 8.6) of 
the hypoxic hemisphere (Lubics et al. 2005). It resulted in retarded neurobehavioral 
development as shown by delayed appearance and worse performance of some neu-
rological reflexes, and retarded development of motor coordination. However, in 
spite of the permanent cerebral atrophy, most animals reached control levels by 6 
weeks of age in most tests, except for the contralateral foot-fault test (Lubics et al. 
2005).

Based on our results, most severe deficits were observed in rat pups undergo-
ing hypoxic ischemic injuries. The appearance of most neurological reflexes was 
delayed, in some cases for even 3–4 days. Reflex performance was also impaired. 
In most signs, hypoxic/asphyctic pups could catch up in their growth. However, fine 
motor skills remained impaired even 5 weeks later. Walking on the elevated wire 
meshwork without foot faults requires well-developed motor skills and has proven 
to be a good indicator of motor injury. We found that rats suffering hypoxic insults 
have long-term deficit in this fine motor test.

Fig. 8.6  50 % atrophy after 
neonatal hypoxia-ischemia
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8.6  Treatment with a Neurotrophic Peptide  
and its Antagonist

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide first 
isolated from the hypothalamus but later identified in various parts of the central 
and peripheral nervous system. PACAP belongs to the VIP–secretin–glucagon pep-
tide family and exists in two biologically active forms, PACAP27 and PACAP38. 
Shorter fragments are usually described as receptor antagonists, although agonist 
effects have also been described (Harmar et al. 2012; Vaudry et al. 2009). Soon 
after its discovery in 1989, it became evident that PACAP promotes neurite growth 
and neuronal differentiation and plays various roles during the development of the 
nervous system (Basille-Dugay et al. 2013; Holighaus et al. 2012; Kambe and Mi-
yata 2012; Nakamachi et al. 2011; Yan et al. 2013). Mice deficient in PACAP or 
its specific PAC1 receptor show various developmental deficits (Allais et al. 2007; 
Falluel-Morel et al. 2008). The expression of PACAP decreases after maturation 
of the brain, but the neuropeptide still plays important roles in the adult nervous 
system. It is widely accepted that in cases of injury or exposure to harmful stimuli, 
the nervous system reemploys mechanisms used during its development. PACAP is 
among those substances which are strongly upregulated upon various types of in-
jury. Not surprisingly, PACAP has strong neuroprotective effects in traumatic, isch-
emic, and toxic nervous system injuries and different models of neurodegenerative 
diseases (Bourgault et al. 2009; Nakamachi et al. 2012; Reglodi et al. 2011; Tsu-
chikawa et al. 2012; Waschek 2013). Furthermore, PACAP-deficient mice have 
been shown to be highly vulnerable to different toxic or hypoxic injuries (Hori et al. 
2013; Reglodi et al. 2012). The reemployment of embryonic mechanisms requires 
a well-organized network coordinating environmental circumstances, endogenous 
mechanisms, and exogenous stimuli. Studies performed in our group have mainly 
focused on the protective effects of PACAP. In light of the aforementioned relation 
between embryonic and adult protective mechanisms, we decided to examine what 
the effects of neonatal administration of PACAP38 and its antagonist PACAP6–38 
might be.

Rat pups were treated subcutaneously with PACAP1–38 or its antagonist, PA-
CAP6–38, for 2 weeks after birth. We found that neonatal rats treated with PA-
CAP1–38 showed enhanced neurobehavioral development, as all physical matura-
tion signs and most neurological reflexes appeared earlier. PACAP1–38 treatment 
led to significant advance not only on the day of appearance of most reflexes, but 
animals performed significantly better in tests, in which we measured the time to 
execute the task. PACAP1–38-treated pups completed the gait and negative geo-
taxis tasks in a significantly shorter time throughout the examination period. In 
contrast, pups treated with the PACAP antagonist PACAP6–38 showed delay in 
the day of eye opening, ear unfolding, and hindlimb placing. Also, these animals 
performed worse in the righting reflex.

These results let us conclude that PACAP can enhance facial development and 
neurobehavioral maturation, while its antagonist delays it, pointing to the neuro-
trophic role of endogenous PACAP. Our results are in accordance with those of Hill 
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et al. (1991) who found that VIP antagonists delay neurobehavioral development. 
Taken together, these observations show that the peptides of the VIP/PACAP family 
and their receptors probably play a significant role in the neurobehavioral develop-
ment of newborn rats.

8.7  Enriched Environment

The first description of enriched environment is dated back to 1947, when Hebb 
described that rats raised as pets performed better in problem-solving tasks (Hebb 
1947). Since then, hundreds of studies have described the positive effects of en-
vironmental enrichment. Rats raised in enriched conditions are less vulnerable to 
various toxic, ischemic, and traumatic injuries (Jain et al. 2013; Johnson et al. 2013; 
Szabadfi et al. 2009). Various morphological and biochemical changes account for 
the improved functional performance observed in these animals (Lee et al. 2013).

In our study, we aimed at investigating whether raising rats in an enriched envi-
ronment alters neurobehavioral development. In order to investigate this, animals of 
both sexes were cross-fostered immediately after birth, to minimize litter differences. 
Pups were placed in either regular (control) cages with 43 × 30 × 20-cm dimensions 
or in large cages with 88 × 50 × 44-cm dimensions (Fig. 8.7) supplemented with a 

Fig. 8.7  Enriched environ-
ment cages
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complex environmental enrichment (Fig. 8.8). Rats were continuously exposed to 
intensive multisensory stimulation. The cage contained different toys, objects, run-
ning tunnels, and rotating rods with various shapes, materials, and colors. Half of 
the objects were changed daily, while the other half were left unchanged. We found 
that there were no major alterations in the appearance of physical signs or neuro-
logical reflexes. Physical maturation signs were not altered by enriched environ-
ment, and among the neurological reflexes, only negative geotaxis showed a slight 
delay. Gait performance was also slightly slower. These observations were a little 
surprising, as it was expected that an enriched environment would enhance develop-
ment. The slight delay observed in these groups could be explained by the previous 
experience of exposure to different objects. As with most neonatal treatments, the 
nervous system forms a “reservoir” of protective strategies that can be counted on 
in later challenges.

8.8  Combination of Different Treatments

It is well known that the effect of perinatal events can accumulate or can counteract 
each other. For example, it has been shown that the lack of PACAP can be masked 
by an enriched environment: several abnormal behavioral symptoms of PACAP 
deficient mice were not observed when mice were kept in enriched conditions (Ishi-
hama et al. 2010). When combining PACAP deficiency, however, with maternal 
deprivation, we found that PACAP-deficient mice that have undergone maternal 
deprivation showed a depression phenotype and could serve as an animal model of 
stress-related mood disorders (Gaszner et al. 2012). Similar findings have been de-
scribed with maternal deprivation: early favorable environment can compensate the 

Fig. 8.8  Life in enriched 
environment
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effects of maternal separation (Vivinetto et al. 2013). It is expected that combining 
positive influences could help reaching a more significant protection. However, we 
have shown that in spite of PACAP treatment as well as enriched environment coun-
teracting the deleterious effects of MSG-induced excitotoxic lesion, the combina-
tion of the two treatments did not result in an additive effect (Kiss et al. 2006, 2011).

8.9  Summary

In summary, we were able to compare the effects of different positive and nega-
tive stimuli on the neurobehavioral development of newborn rats. We found that 
neonatal hypoxia and asphyxia led to the most severe retardations in our develop-
mental model. However, maternal deprivation or excitotoxic injury caused by MSG 
treatment led to only transient delay in the development of physical signs, neuro-
logical reflexes, and motor coordination. Recently, similar results have been found 
in neonatal inflammation (Rousset et al. 2013): maternal exposure to lipopolysac-
charide leads to transient motor dysfunction in rats. As for the positive influences, 
we found that an enriched environment did not lead to profound changes, while 
treatment with a neurotrophic factor, PACAP, led to significant enhancement of 
neurobehavioral development. Our results also show that the battery of tests used 
are most suitable for detecting drastic changes induced by hypoxic injuries and 
to test potential neuroprotective agents in these insults. Furthermore, the transient 
delays can indicate a future vulnerability to other insults, as has been shown in rats 
undergoing maternal separation or in animals treated with MSG (Beas-Zarate et al. 
1998; Skultetyova et al. 1998; Swinny et al. 2010).
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Abstract Perinatal asphyxia constitutes a prototype of obstetric complications 
occurring when pulmonary oxygenation is delayed or interrupted. A primary insult 
is first produced by the length of the time without oxygenation, leading to hypoxia/
ischemia and death if oxygenation is not promptly established. A second insult is 
produced by re-oxygenation, eliciting a cascade of biochemical events for restor-
ing function, implying, however, improper homeostasis. The effects observed long 
after perinatal asphyxia can be explained by over-expression of sentinel proteins, 
such as poly(ADP-ribose) polymerase-1 (PARP-1), competing for oxidised nicotin-
amide adenine dinucleotide (NAD+) during re-oxygenation. Asphyxia also induces 
transcriptional activation of pro-inflammatory factors, including nuclear factor κB 
(NFκB) and its subunit p65, whose translocation to the nucleus is significantly 
increased in brain tissue from asphyxia-exposed animals, in tandem with PARP-1 
overactivation, leading to the idea that sentinel protein inhibition constitutes a suit-
able therapeutic strategy. It is proposed that PARP-1 inhibition also down-regulates 
the expression of pro-inflammatory cytokines.

Nicotinamide is a suitable PARP-1 inhibitor, whose effects have been studied 
in an experimental model of global perinatal asphyxia in rats, inducing the insult 
by immersing rat foetuses into a water bath for various periods of time. Following 
asphyxia, the pups are delivered, immediately treated, or given to surrogate dams 
for nursing, pending further experiments. Systemic administration of nicotinamide 
1 h after the insult inhibited PARP-1 overactivity in peripheral and brain tissue, 
preventing several of the long-term consequences elicited by perinatal asphyxia, 
supporting the idea that it constitutes a lead for exploring compounds with similar 
or better pharmacological profiles.



M. Herrera-Marschitz et al.170

Abbreviations

AIF Apoptosis-inducing factor
ADP Adenosine diphosphate
ATP Adenosine triphosphate
ATPase ATP polymerase
BAD Bcl-2-associated death promoter
BAX Bcl-2-associated X protein
BBB Blood–brain barrier
bFGF Basic fibroblast growth factor
BCL-2 B-cell lymphoma-2
CA Cornus Ammonis (CA1, CA2, CA3)
CAM Cell adhesion molecule
CNS Central nervous system
CS Caesarean-delivered saline-treated animal
COX-2 Cyclooxygenase-2
DG Dentate gyrus of the hippocampus
DNA Deoxyribonucleic acid
EAAC1 Excitatory amino acid carrier 1
Elk1 ETS domain-containing protein1
ERCC2 Excision repair cross-complementing rodent repair group 2
ERK Extracellular signal-regulated kinases
FGFR bFGF receptors
FLRT3 Leucine-rich repeat transmembrane protein
HIF Hypoxia-inducible factor
IκB Inhibitor of kappa B protein
iNOS Inducible NOS
IL-1β/-6 Interleukin-1β/-6
IFG-1 Insulin-like growth factor 1
ICAM-1 TNFα adhesion molecule-1
L1 L1CAM
LPS Lipopolysaccharides
MAP-2 Microtubule-associated protein-2
MAPK Mitogen-activated protein kinase
NAD+ Oxidised nicotinamide adenine dinucleotide
NADH Reduced nicotinamide adenine dinucleotide
NFκB Nuclear factor κB
Ngn2 Neurogenin-2
NgR Nogo receptor
NMDA N-methyl-D-aspartate
NOS Nitric oxide synthase
nNOS Neuronal NOS
p65/p50 Protein subunits of 65/50k Dalton MW
P1 Postnatal day 1
PARP-1 Poly(ADP-ribose) polymerase-1
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PIP2 Phosphatidylinositol-4,5-bisphosphate
PKC Protein kinase C
PSD95 Postsynaptic density protein 95
RhoA Ras homolog gene family, member A, small GTPase protein
ROS Reactive oxygen species
Sef Similar expression fgf gene
SIRT Sirtuin
SEM Standard error of the means
Spry Sprouty
SRY Sex-determining region Y
SVZ Subventricular zone
TH Tyrosine hydroxylase
Thy-1 Thymocyte differentiation antigen 1
TNF-α Tumour necrosis factor-alpha cytokine
TUNEL TdT-mediated dUTP nick-end labelling
VTA Ventral tegmental area
XRCC1 X-ray cross-complementing factor 1

9.1  Obstetric Complications are Associated  
with Psychiatric and Neurological Disorders 
Characterised by a Delayed Clinical Onset

Obstetric complications have been associated with psychiatric and neurological dis-
orders characterised by a delayed clinical onset (Cannon et al. 2002). Among many 
different obstetric complications, hypoxia appears as a main factor, known to prime 
brain development by mechanisms not yet established (Low 2004; Basovich 2010; 
Herrera-Marschitz et al. 2011).

Delay in starting pulmonary ventilation at birth implies decrease of oxygen 
saturation in blood and oxygen supply to the brain, which depends on aerobic 
metabolism for maintaining the respiratory chain and mitochondrial ATP poly-
merase (ATPase) activity. Whenever hypoxia is sustained, there is a switch to 
glycolysis, which for neurons is a poor metabolic alternative, because of low 
stores of glucose in brain tissue and deficient ATP output by the glycolysis path-
way. Glycolysis implies production of lactate, which is accumulated in extracel-
lular compartments, causing acidosis (see Wyss et al. 2011). Prolonged hypoxia 
not only implies decreased gene expression and translation but also activation 
of genes, such as hypoxia-inducible factor (HIF) and its target molecules (Iyer 
et al. 1998).

Re-oxygenation is a requisite for survival, but it implies uneven metabolism, 
with metabolically privileged (e.g. heart, brain and adrenal medulla) and less privi-
leged (e.g. muscles, kidneys and carcass) organs, including differences among 
brain regions. During the re-oxygenation period, extracellular levels of glutamate 
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are increased, enhancing the activation of Na+/K+ ATPase, increasing further ATP 
consumption. Extracellular glutamate levels overpass the buffer capacity of astro-
cytes, resulting in overactivation of glutamate receptors, mainly the N-methyl-d-
aspartate (NMDA) subtype, increasing Ca2+ conductance and further improper ho-
meostasis. Extracellular lactate levels are increased in brain tissue even 8 days after 
perinatal asphyxia (Chen et al. 1997a). All these changes imply partial recovery, 
and sustained over-expression of alternative metabolic pathways, prolonging the 
energy deficit and oxidative stress. Oxidative stress is inherent to re-oxygenation, 
resulting in overactivation and inactivation of a number of buffering enzymes, in-
cluding those modulating mitochondrial enzymes (see Gitto et al. 2002). In the 
clinical scenario, after resuscitation, the emphasis is on supportive therapy, with 
few interventions for preventing the long-term consequences of the insult, apart 
from hypothermia, which still is a controversial issue (van den Broek et al. 2010; 
Robertson et al. 2012).

The incidence of perinatal asphyxia is still high (2–6/1000 term births; see De 
Hann et al. 2006; Kurinczuk et al. 2010), occurring with higher prevalence in de-
veloping countries (Lawn et al. 2010). After asphyxia, infants have been observed 
to suffer from long-term neurological sequelae, the severity of which depends upon 
the extent and the recovery from the insult. Severe asphyxia has been linked to ce-
rebral palsy, mental retardation and epilepsy, while mild-severe asphyxia has been 
associated with attention deficits, hyperactivity and schizophrenia (Robertson and 
Perlman 2006).

9.2  Early and Delayed Cell Death

Cell death can occur by different mechanisms, in a continuum from apoptosis to 
necrosis. Apoptosis occurs when the organism has time to organise a programmed 
death, while necrosis is the leading mechanism when all adaptive responses collapse 
following fulminate insults (Bonfocco et al. 1995). No gross morphology indicating 
necrotic cell death has been observed in rat pups surviving short periods of perinatal 
asphyxia (Dell’Anna et al. 1997), although long-lasting signs of neurodegeneration 
have been reported (Kohlhauser et al. 1999a). Indeed, several neurochemical and 
immunocytochemical studies have shown specific neuronal changes long after the 
insult (Andersson et al. 1995; Dell’Anna et al. 1997; Chen et al. 1997a, b, c), which 
may explain behavioural and cognitive deficits recurrently reported following peri-
natal asphyxia (Chen et al. 1995; Boksa et al. 1995; Iuvone et al. 1996; Hoeger et al. 
2000; Simola et al. 2008; Morales et al. 2010).

Delayed cell death has been described as an important end point for perinatal 
asphyxia, associated to caspase-dependent and caspase-independent mechanisms 
(Northington et al. 2001). Indeed, pro-apoptotic proteins have been observed to 
be increased following perinatal asphyxia, including B-cell lymphoma-2 (Bcl-2)-
associated X (BAX) and Bcl-2-associated death (BAD) factors, and anti-apoptotic 
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proteins, including Bcl-2, extracellular signal-regulated kinase 2 (ERK2) and basic 
fibroblast growth factor (bFGF), suggesting the activation of neuroprotective and 
repair pathways (Morales et al. 2008). Extensive and regionally selective nuclear 
fragmentation has been observed in control and asphyctic rat pups, depending upon 
the stage of development and the analysed brain region (Dell’Anna et al. 1997). 
Signs of apoptosis have been observed in para- and presubiculum of both control 
and asphyxia-exposed animals, independently upon the severity of the insult, with 
the highest number of cells showing nuclear fragmentation observed at postnatal 
day 1–2 (P1–2), decreasing thereafter, with no cells showing nuclear fragmentation 
at P8. In contrast, no significant nuclear fragmentation is observed in neostriatum 
and neocortex of control pups, but a significant increase is observed in asphyxia-
exposed animals at P8 (Fig. 9.1).

When assayed with an ApopTag® TUNEL kit (Millipore, Temecula, CA), the 
number of apoptotic cells was found to be increased in cornus ammonis (CA1 and 
CA3) regions of the hippocampus of asphyxia-exposed pups, compared to that from 
control pups (Fig. 9.2a). A large increase was also observed in the retrosplenial 
granular cortex (Fig. 9.2b), a region connecting the hippocampus with the entorhi-
nal cortex (Wyss and Van Groen 1992), and receiving dopamine nerve terminals 
from mesencephalon (Hökfelt et al. 1974), where apoptosis is increased in substan-
tia nigra and ventral tegmental area (VTA) of animals exposed to perinatal asphyxia 
(Fig. 9.2c; Neira-Peña et al. 2013).

9.3  Regional Vulnerability

Neurocircuitries of the basal ganglia, but also of hippocampus, are vulnerable to 
global anoxia/ischemia occurring at neonatal (Pasternak et al. 1991; Pastuzko 1994; 
Cowan et al. 2003; Miller et al. 2005; Barkovich 2006) and adult (Pulsinelli et al. 
1982; see Haddad and Jiang 1993; Calabresi et al. 2000; Venkatesan and Frucht 
2006) stages. Our previous work confirmed that vulnerability, assayed with immu-
nochemistry (Dell’Anna et al. 1997; Chen et al. 1997a, b; Morales et al. 2003, 2005; 
Klawitter et al. 2005), molecular biology (Andersson et al. 1995; Gross et al. 2000, 
2005), in vivo (Dell’Anna et al. 1995, 1997; Chen et al. 1997c), in vitro (Morales 
et al. 2003; Klawitter et al. 2005, 2006, 2007) and/or ex vivo (Ungethüm et al. 1996; 
Chen et al. 1997c; Bustamante et al. 2003) biochemistry, supporting the idea that 
the regional impact of the insult is related to (1) the severity of the insult, (2) the 
metabolic imbalance during the re-oxygenation period and (3) the developmental 
stage of the affected region.

The immaturity of the brain, or of particular brain regions, provides a fac-
tor of vulnerability to metabolic insults, including oxidative stress. In mammals, 
neuronal and glial growth and differentiation are predominantly postnatal events, 
with different time courses for neuronal migratory pathways. Thus, among 
monoamine pathways, dopamine-containing neuronal pathways have an earlier 
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Fig. 9.1  Number of neurons showing nuclear fragmentation in para- and presubiculum (a), neo-
striatum (b) and frontal cortex (c) of asphyxia-exposed and control rat pups 1–8 days after birth. 
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and faster development than noradrenaline and 5-hydroxytryptamine pathways 
(Loizou 1972). Similarly, mesencephalic and telencephalic structures are differ-
ently developed at birth, and the functional development of a pivotal region such 
as neostriatum depends upon mesencephalic and neocortical inputs. At P1, the 
brain of rats possesses the same number of dopamine cell bodies as in adulthood, 
but while dopamine fibres start to invade the neostriatum before birth (Seiger and 
Olson 1972), dopamine-containing axon terminals reach a peak at the 4th postna-
tal week and a mature targeting only after several postnatal weeks, when patches 
are replaced by a diffuse dopamine innervation pattern (Olson and Seiger 1972; 
Loizou 1972; Seiger and Olson 1972; Voorn et al. 1988; Antonopoulos et al. 
2002). Dopaminergic axons continue to grow at a slow rate during adulthood 
(Loizou 1972; Voorn et al. 1988), with naturally occurring waves of dopamine 
cell death, increasing the susceptibility of surviving neurons to energy failure (Oo 
and Burke 1997; Antonopoulos et al. 2002). The neocortex and hippocampus also 
mature at postnatal stages. In the rat, neocortical pyramidal projections become 
physiologically viable only 1 week after birth (Li and Martin 2000; Meng and 
Martin 2003; Meng et al. 2004), and in humans, the prefrontal cortex achieves a 
full mature stage long after post-adolescent stages (Sowell et al. 1999; Segalow-
itz and Davies 2004).

It is not surprising then that monoamine pathways have been found to be vul-
nerable to perinatal asphyxia, in particular nigrostriatal and mesolimbic dopamine 
pathways. Long-lasting decreases of tyrosine hydroxylase (TH)-positive cell bod-
ies have been observed in substantia nigra and VTA of rats exposed to severe peri-
natal asphyxia (Chen et al. 1995, 1997b), together with decreased dopamine utili-
sation in neostriatum, accumbens and olfactory tubercle (Ungethüm et al. 1996; 
Bustamante et al. 2003) 1 month after birth. Also, when asphyxia-exposed animals 
were evaluated with in vivo microdialysis 3 months after birth (Bustamante et al. 
2007), it was found that dopamine release was significantly decreased under basal 
and D-amphetamine-stimulated conditions. Decreases in TH immunohistochemis-
try have been observed in neostriatum, and also in hippocampus, thalamus, frontal 
cortex and cerebellum of asphyxia-exposed rats evaluated 1–3 months after birth 
(Kohlhauser et al. 1999a, b). In the same animals, the excitatory amino acid carrier 
1 (EAAC1), a marker for glutamate neuronal phenotype, was, however, increased 
in the frontal cortex (Kohlhauser et al. 1999b). The regional selectivity of the insult 
has been further investigated with triple organotypic cultures, finding a selective 
decrease in the number of dopamine neurons in cultures from asphyxia-exposed 
animals. In the same cultures, nitric oxide synthase (NOS)-positive neurons were 
increased in substantia nigra, decreased in neostriatum and not changed in neocor-
tex (Klawitter et al. 2007).

Brain sections (sagittal 20 μm serial formalin-fixed sections) were obtained from asphyxia-exposed 
(20–21 min of asphyxia) ( n = 5–7 animals per groups) ( dashed columns) and the corresponding 
control ( n = 9–16) ( open columns) animals, 1–8 days after delivery. The sections were stained for 
haematoxylin-eosin and in situ DNA double-strand breaks and analysed under light microscopy at 
40 × magnification to detect cellular alterations using Foster atlas (1998) for proper brain region 
identification (see Dell’Anna et al. 1997). Values are expressed as mean ± SEM. (*p < 0.05; Stu-
dent’s t test)
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Fig. 9.2  Delayed cell death following perinatal asphyxia. Twenty-four hours after delivery, 
asphyxia-exposed and control animals were sacrificed, the brains rapidly removed and fixed in 
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9.4  Postnatal Neurogenesis, Neurite Growth, Branching 
and Synaptogenesis

In mammals, postnatal neurogenesis occurs in dentate gyrus (DG) of the hippo-
campus, as well as in other brain regions such as the subventricular zone (SVZ) 
(Alvarez-Buylla and Lim 2004; Ming and Song 2005; Zhao et al. 2008), probably 
for neuronal replacement (Arvidsson et al. 2002). Increased neurogenesis has been 
observed in the SVZ following anoxic/ischemic insults, producing neuroblasts that 
migrate, differentiate and develop to functionally competent neurons, being inte-
grated to injured areas (Collin et al. 2005; Bédard et al. 2006).

The neuronal pathways of the hippocampus are largely established at postnatal 
stages, and the fine-tuning of their functioning probably takes place along the 
life. Neuroblasts from the subgranular zone of the DG migrate to the inner granu-
lar cell layer, projecting axons to the CA3 and dendrites to the molecular layer 
(Hastings and Gould 1999). Several reports have shown that neurogenesis in the 
DG is increased following anoxic/ischemic insults (Scheepens et al. 2003; Bart-
ley et al. 2005; Morales et al. 2005, 2008) by mechanisms not well established.

bFGF promotes cell survival and neurogenesis (Takami et al. 1992; Cheng 
et al. 2002; Ganat et al. 2002) through activation of the mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway (Morales 
et al. 2008; Mudò et al. 2009). Along these lines, the expression of bFGF has 
been observed to be up-regulated in DG and SVZ following perinatal asphyxia 
(Plane et al. 2004; Morales et al. 2008; Suh et al. 2009), possibly to prevent 
cell death (Han and Holtzman 2000). Several proteins have been identified as 
modulators of the transduction cascade elicited by bFGF receptors (FGFR) dur-
ing embryogenesis, including Spry, Sef and leucine-rich repeat transmembrane 
protein 3 (FLRT3) (Tsang and Dawid 2004). Spry and Sef provide inhibitory 
regulation, while FLRT3 stimulates the activation of FGFR and ERK (Tsuji et al. 
2004). Interestingly, ERK2 phosphorylation is modulated by PARP-1, promoting 
the expression of c-Fos (Cohen-Armon et al. 2007). bFGF requires proteoglycans 
to achieve full activation of FGFR, involving the action of phosphatases and the 
formation of a ternary complex, comprising the proteoglycan syndecan-4, phos-
phatidylinositol-4,5-bisphosphate (PIP2) and protein kinase Cα (PKCα) (Horow-
itz et al. 2002), for modulating the cellular responses required to be activated 
after postnatal injuries.

0.1 M pH 7.4 phosphate-buffered saline ( PBS) containing 4 % paraformaldehyde, kept in 20 % 
sucrose, embedded in cryomatrix (Thermo Electron Corp, Pittsburgh, PA, USA) and stored at 
‒ 80 °C. DNA fragmentation was evaluated in coronal brain sections (20 μm thick) with the TUNEL 
assay (ApopTag®; Millipore, Temecula, CA). TUNEL positive cells  were manually counted in a 
Nikon TS100 microscope (magnification 100 ×). The number of TUNEL positive cells per mm3 
was determined in sections showing hippocampus (a), retrosplenial granular zone (b) and mesen-
cephalon (c) (Foster 1998) from asphyxia-exposed ( dashed bars) and the corresponding controls 
( open bars). Comparisons were tested with a Student’s t test (*p < 0.05) (Neira-Peña et al. 2013). 
CA1, CA3 Cornus Ammonis, DG dentate gyrus of the hippocampus, VTA ventral tegmental area
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Several cell adhesion molecules of the immunoglobulin superfamily are in-
volved in cell migration, neurite outgrowth and synaptic targeting. L1 cell adhesion 
molecule (L1) and β1 integrins converge into growth factor signalling, activating 
the MAPK/ERK pathways. L1 also interacts with Ephrin/EphB proteins, promot-
ing axon branching (see Schmid and Maness 2008). Additionally, L1 promotes ho-
mophilic interactions with L1 itself, as well as a number of different heterophilic 
interactions with molecules, including αvβ3 integrin, axonin-1 and contactin/F3, to 
promote neurite outgrowth (Zhao et al. 1998; De Angelis et al. 1999; Ruppert et al. 
1995; Montgomery et al. 1996). More than 100 mutations in L1 have been found 
in humans, associated with severe neurological dysfunctions, including agenesis of 
the corticospinal tract and the corpus callosum, spastic paraplegia and mental retar-
dation (Kenwrick et al. 2000), supporting its role in central nervous system (CNS) 
development. L1 localises in the same compartment as microtubule-associated pro-
tein-2 (MAP-2), a somatodendritic marker (Demyanenko et al. 2001). Furthermore, 
it has been reported that the hippocampus of L1 mutant mice is smaller than in 
normal animals, suggesting that L1 is relevant for the regulation of hippocampal 
development (Demyanenko et al. 2001). L1 also plays a function in the organisa-
tion of dopaminergic neurons in mesencephalon and diencephalon, modulating the 
extension of growth cones to different synaptic targets (Demyanenko et al. 2001).

Neuritogenesis and synaptogenesis require specificity, which has to be pre-
served when building functional neurocircuitries, hence, the relevance of inhibitory 
proteins, such as thymocyte differentiation antigen 1 (Thy-1) and Nogo receptor 
(NgR), counteracting the effect of stimulatory proteins, such as L1. Thy-1 is abun-
dantly expressed on the surface of most neurons in the CNS, but its expression is 
regulated during development, appearing only in the early postnatal period (Morris 
et al. 1985). Thy-1 plays an inhibitory role for axonal growth (Morris et al. 1992; 
Chen et al. 2005), stabilising neuronal connections during postnatal development 
(Morris et al. 1992; Barlow and Huntley 2000).

The inhibitory function of Thy-1 occurs by binding to αvβ3 integrin and syn-
decan-4 proteins expressed by astrocytes (Tiveron et al. 1992; Dreyer et al. 1995). 
There is evidence indicating that upon binding to both αvβ3 integrin and syndecan-4, 
Thy-1 triggers tyrosine phosphorylation of focal adhesion proteins, increasing Ras 
homolog member A protein (RhoA) activity, promoting the attachment and spread-
ing of astrocytes (Leyton et al. 2001; Avalos et al. 2002, 2004, 2009; Hermosilla 
et al. 2008). Indeed, there is evidence indicating that αvβ3 integrin is a ligand for 
Thy-1 modulating neurite and axon growth following neuronal damage (Herrera-
Molina et al. 2012).

NgR is also a neuronal protein inhibiting neurite outgrowth. The expression of 
NgR and its ligand Nogo-A are up-regulated in rats subjected to hypoxia–ischemia 
at P7, indicating their relevance for metabolic insults affecting neonates (Wang et al. 
2006). Nogo-A is expressed in myelin-forming oligodendrocytes, and inhibition of 
either the receptor or the ligand leads to axonal sprouting and functional recovery 
of damaged neurons (Wiessner et al. 2003; Li et al. 2005), supporting the idea of 
NgR as an inhibitory protein regulating neuronal processes. Interestingly, myelina-
tion deficits have been observed in the brain of rats assayed 3 months after perinatal 
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asphyxia (Kohlhauser et al. 2000). Astrocyte αvβ3 integrin and other oligodendro-
cyte, and also neuronal proteins, provide targets for modulating brain regeneration, 
opening therapeutic avenues for individuals affected by hypoxia. Indeed, perinatal 
asphyxia has been associated with increased sprouting in stratum oriens of dorsal 
hippocampus, promoting the formation of new recurrent excitatory branches from 
the mossy fibre projection to the CA3 region (Morales et al. 2010), a feature leading 
to epileptic seizures (Gill et al. 2012).

We have reported (Morales et al. 2003; Klawitter et al. 2005, 2007) that there 
is a decrease of neurite length and branching of neurons with dopamine and NOS 
phenotypes in brain tissue from rats exposed to perinatal asphyxia. A similar effect 
has been observed in hippocampus, affecting neurite length and branching, as well 
as synaptophysin and postsynaptic density protein 95 (PSD95) expression found to 
be decreased at P30 in tissue from asphyxia-exposed animals (Rojas-Mancilla et al. 
2013).

9.5  Inflammatory and Immunosignalling

The immature CNS is capable of mounting innate and adaptive immune responses 
through microglia and astrocytes. It has been argued that the immune responses 
of the developing CNS differ from that of the adult, in part due to immaturity of 
blood–brain barrier (BBB). Tight junctions are, however, present early during em-
bryonic development (Kniesel et al. 1996), controlling the interchange of proteins, 
including leukocytes (Engelhardt 2003; Vexler and Yenari 2009). The developing 
brain is, however, vulnerable to increase in inflammatory cytokines, leading to a 
substantial crosstalk between peripheral and local brain immune components (see 
Ransohoff et al. 2003; Vexler and Yenari 2009). Indeed, Qiao et al. (2001) have 
demonstrated that in neonatal brain, disruption of the BBB to proteins occurs earlier 
after hypoxic–ischemic insult than in the mature brain.

Asphyxia induces transcriptional activation of pro-inflammatory factors, includ-
ing NFκB that is normally located in the cytoplasm as a heterodimer, which is com-
posed of a protein of 65 kDa (p65) and p50 subunits, coupled to an inhibitor kappa 
B protein (IκB). IκB dissociates from the complex when phosphorylated, liberat-
ing p65/p50 subunits, translocated to the nucleus for inducing the transcription of 
tumour necrosis factor-alpha cytokine (TNF-α), intercellular adhesion molecule-1 
(ICAM-1), cyclooxygenase-2 (COX-2), inducible NOS (iNOS) and interleukin-6 
(IL-6), all genes involved in inflammation (see Hagberg et al. 1996; Koh et al. 2004; 
Girard et al. 2009).

Microglia provide immunosurveillance to the brain by stimulus-dependent ac-
tivation (see Vexler and Yenari 2009). Microglia populate the developing brain at 
birth, and activated microglia release a number of cytokines, including IL-1β, in-
sulin-like growth factor 1 (IFG-1) and TNF-α. It is not clear yet whether microglia 
activation contributes or protects against the long-term deficits induced by perinatal 
asphyxia, but it has been reported that minocycline, a tetracycline derivative with 



M. Herrera-Marschitz et al.180

anti-inflammatory properties, protects the neonatal brain against ischemia, partly by 
inhibiting microglia activation and monocyte infiltration (Arvin et al. 2002; Dom-
mergues et al. 2003; Denker et al. 2007; also Alano et al. 2006).

Translocation of NFκB has been investigated in tissue samples from mesenceph-
alon, hippocampus and telencephalon of asphyxia-exposed and control rat pups, 
1–24 h after birth, with an antibody specific to p65. It was observed (Neira-Peña 
et al. 2013) that translocation of p65 to the nucleus was significantly increased in 
mesencephalon of both control and asphyxia-exposed pups 24 h after birth, but 
that increase was remarkable already 8 h after birth in asphyxia-exposed animals 
(Fig. 9.3a). In hippocampus, translocation of p65 was enhanced 1 h after birth in 
control animals, decreasing at 8–24 h, while in asphyxia-exposed animals, translo-
cation of p65 was remarkably enhanced in hippocampus 8 h after birth, decreasing 
thereafter to almost negligible levels at 24 h (Fig. 9.3b; Neira-Peña et al. 2013).

DNA damage and cell death have the potential to activate PARP-1 and NFκB (see 
Skaper 2003; Gagne et al. 2008). Ullrich et al. (2001) showed that microglial mi-
gration towards the site of neuronal injury is controlled by PARP-1 overactivation, 
correlating with NFκB translocation. To evaluate the role of PARP-1 in inflamma-
tory processes, PARP-1 −/− mice were challenged with lipopolysaccharides (LPS), 
finding that the knockout mice were resistant to the endotoxin shock compared to 
that observed in wild-type animals. The knockout mice also showed low levels of 
TNF-α due to reduced transcriptional activity of NFκB (Pétrilli et al. 2004).

9.6  Sentinel Proteins: PARP-1 as a Target  
for Neuroprotection

Suppression and/or overactivation of gene expression occur immediately or during 
the re-oxygenation period following perinatal asphyxia (Labudova et al. 1999; Seidl 
et al. 2000; Mosgoeller et al. 2000; Lubec et al. 2002). When the DNA integrity is 
compromised, a number of sentinel proteins are activated, including PARPs (Amé 
et al. 2004), X-ray cross-complementing factor 1 (XRCC1; Green et al. 1992), DNA 
ligase IIIα (Leppard et al. 2003), DNA polymerase β (Wilson 1998; Mishra et al. 
2003), excision repair cross-complementing rodent repair group 2 (ERCC2; Sung 
et al. 1993; Chiappe-Gutierrez et al. 1998; Lubec et al. 2002) and DNA-dependent 
protein kinases (de Murcia and Menissier de Murcia 1994).

PARP proteins act as ADP-ribose transferases, transferring adenosine diphos-
phate (ADP)-riboses from nicotinamide dinucleotide (NAD+) to glutamic and as-
partic residues of the PARPs and their substrates. PARPs also catalyse the poly-
merisation of ADP-riboses via glycosidic bonds, creating long and branched ADP-
ribose polymers. PARP-1 is the most abundant and conserved member of a large 
superfamily comprising at least 18 PARP proteins, encoded by different genes, but 
displaying a conserved catalytic domain (see Amé et al. 2004). PARP-1 is involved 
in DNA repair, but it also might promote cell death (see De Murcia and Menis-
sier de Murcia 1994; Kauppinen and Swanson 2007; Cohen-Armon 2008). When 
DNA damage is mild, PARP-1 is involved in the maintenance of chromatin integ-
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rity by signalling cell-cycle arrest or activating DNA repairing molecular cascades. 
PARP-1 is also involved in the regulation of cell proliferation and differentiation, 
modulating the transcription of several inflammatory signals, including NFκB  

Fig. 9.3  Effect of re-oxygenation on p65 activation. Asphyxia and control rats were sacrificed 1, 
8 and 24 h post birth; the brain was rapidly removed, taking up tissue samples from hippocampus 
(a) and mesencephalon (b), placed in Eppendorf tubes, frozen in liquid nitrogen and stored at 
‒ 80 °C, pending further analysis. Cytosolic and nuclear protein were extracted with a ProteoJET™ 
kit (Fermentas). P65 levels were determined in cytosolic and nuclear protein fractions of tissue 
samples from asphyxia-exposed ( dashed bars) and control ( open bars) rat pups. Western blot 
was performed using an anti-NFκB p65 antibody (65 KDa) (Santa Cruz Biotechnology, Inc, Santa 
Cruz, CA). Tubulin and histone H4 were used as controls for the respective fractions. A density-
graphic analysis of the bands was performed. Data are represented as nuclear p65/total p65 ratio 
(comparisons were analysed with a Student’s t test; *p < 0.05). (Neira-Peña et al. 2013)
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(Hassa and Hottinger 1999). Excessive PARP-1 activation leads to NAD+ exhaus-
tion and energy crisis (Berger 1985), and to caspase-independent apoptosis, via 
translocation of the mitochondrial pro-apoptotic protein apoptosis-inducing factor 
(AIF) to the nucleus, producing nuclear condensation (Jiang et al. 1996; Yu et al. 
2002; Hong et al. 2004). PARP-1 is involved in the long-term effects produced by 
perinatal asphyxia (Martin et al. 2005), interacting with other sentinel proteins (see 
Herrera-Marschitz et al. 2011).

PARP-1, XRCC1, DNA ligase IIIα and DNA polymerase-β are molecular part-
ners working in tandem to repair single-strand breaks. DNA ligase IIIα has an 
N-terminal zinc finger interacting with the DNA-binding domain of PARP-1 and 
DNA strand breaks. DNA ligase IIIα interacts with XRCC1, resulting in the for-
mation of a DNA ligase IIIα-XRCC1 complex (see Ellenberger and Tomkinson 
2008). DNA polymerase-β can couple with PARP-1, DNA ligase IIIα and XRCC1, 
contributing to the overall stability of the repair complex, promoting catalysis and 
fidelity (Sawaya et al. 1997). PARP-1, DNA polymerase-β and XRCC1 expression 
are increased by hypoxia induced in newborn piglets (Mishra et al. 2003) and rats 
(Chiappe-Gutierrez et al. 1998). With an ischemic preconditioning model, Li et al. 
(2007) demonstrated a fivefold increase of XRCC1 levels 30 min after ischemia, 
reaching a maximal expression after 4h. DNA polymerase-β and DNA ligase III 
levels were also increased and co-expressed in neurons and in glial cells (Li et al. 
2007). PARP-1 can be phosphorylated by ERK, probably via the isoform 2 (ERK2), 
as a requirement for maximal PARP-1 activation after DNA damage (Kauppinen 
et al. 2006). Cohen-Armon et al. (2007) have reported evidence for PARP-1 activa-
tion by phosphorylated ERK2, in the absence of DNA damage, via the signalling 
cascade of the transcription factor ETS domain-containing protein1 (Elk1), increas-
ing the expression of the immediate early gene c-Fos, stimulating cell growth and 
differentiation. Cell-type specificity and regional distribution of sentinel proteins 
may constitute regulatory mechanisms by which the long-term effects of metabolic 
insults occurring at birth are heterogeneous, targeting some, but leaving other brain 
regions apparently untouched.

PARP-1 inhibition is a target for neuroprotection following hypoxia/ischemia. 
Several PARP inhibitors, with increasing degrees of potency, have been shown to 
decrease brain damage, improving the neurological outcome of perinatal brain in-
jury (Zhang et al. 1995; Ducrocq et al. 2000; Sakakibara et al. 2000; see Virag and 
Szabo 2002; Jagtap and Szabo 2005; Kauppinen et al. 2009).

The idea that PARP-1 activation is beneficial has also been explored, depending 
upon the actual levels of cellular NAD+. While PARP inhibitors offer remarkable 
protection under conditions of NAD+ and ATP depletion, inhibition of PARP-1 in 
the presence of NAD+ sensitises cells to DNA damage and subsequent increase of 
cell death (Nagayama et al. 2000). It has also been reported that inhibition of PARP-
1 induces apoptosis in rapidly dividing cells (Saldeen and Welsh 1998), probably by 
blocking the access of repairing enzymes. Thus, PARP-1 acts as both a cell survival- 
and cell death-inducing factor by regulation of DNA repair, chromatin remodelling 
and regulation of transcription.
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There is concern about applying ultrapotent PARP inhibitors during develop-
ment, since PARP-1 is required for efficient repair of damaged DNA (Trucco et al. 
1998; Schultz et al. 2003). It has been suggested that moderate PARP-1 inhibi-
tors are the choice for neuronal protection when administered to paediatric patients 
(Moonen et al. 2005; Geraets et al. 2006). Several naturally occurring compounds 
have been suggested to inhibit PARP-1 overactivation. Caffeine (1,3,7-trimethylx-
anthine) metabolites have been shown to inhibit PARP-1 activity at physiological 
concentrations (Geraets et al. 2006), including 1,3-dimethylxanthine (theophylline) 
(Moonen et al. 2005) and 1,7-dimethylxanthine (paraxanthine) (Geraets et al. 2006).

Nicotinamide is a reference compound regarding PARP-1 inhibition (Virag and 
Szabo 2002). Because of its relative low potency, it has advantage when used with 
developing animals, antagonising the effects elicited by PARP-1 overactivation 
without impairing DNA repair or cell proliferation. Nicotinamide has also been pro-
posed as an antioxidant compound (Yan et al. 1999; Wan et al. 1999), and its phar-
macodynamic properties can provide advantages over more selective compounds. 
Importantly, nicotinamide has already been tested in human clinical trials (Macleod 
et al. 2004).

We have reported that nicotinamide prevents several of neuronal (Klawitter et al. 
2007; Morales et al. 2010), neurochemical (Bustamante et al. 2003, 2007) and be-
havioural (Simola et al. 2008; Morales et al. 2010) effects produced by perinatal 
asphyxia. At therapeutic doses (0.8 mmol/kg, i.p.), nicotinamide rapidly distributes 
into the brain, achieving concentrations > 30 μM for longer than 30 min, producing 
a long-lasting inhibition of PARP-1 activity in asphyxia-exposed and control ani-
mals (Allende-Castro et al. 2012).

9.7  An Experimental Model of Perinatal Asphyxia

While the short- and long-term clinical outcome of perinatal asphyxia is well es-
tablished, pre-clinical research is still at an exploratory phase, mainly because of 
a lack of consensus on a reliable and predictable experimental model. A model 
for investigating the issue was proposed at the Karolinska Institutet, Stockholm, 
Sweden, at the beginning of the 1990s (Bjelke et al. 1991; Andersson et al. 1992; 
Herrera-Marschitz et al. 1993). The model is run by several laboratories around the 
world, although its acceptance has been marshalled, because the model works with 
on term pups and not with neonates at P7. The main argument for criticising the 
model has been that the brain of neonate rats is premature when compared to the 
neonatal human brain, a statement mainly referring to the neocortex (see Romijn 
et al. 1991) and to the pattern of oligodendrocyte lineage progression required for 
cerebral myelination (Craig et al. 2003). The degree of maturity depends upon the 
tissue and functions selected for the comparisons. Vulnerability is probably related 
to both the timing and the location of the insult (Craig et al. 2003; see also de Louw 
et al. 2002).
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In the present model, asphyxia is induced at the time when rats deliver, which is 
controlled by a strictly planned mating following evaluation of the oestral cycle of 
young female rats (~ 2 months of age). The female is exposed to a male at the time 
of the pro-oestrous cycle for one night and thereafter the time of delivery is calcu-
lated, supported by ethological and clinical observations. At the time of delivery, 
a first spontaneous delivery can be observed before subjecting the dams to neck 
dislocation, caesarean section and hysterectomy. The uterine horns containing the 
foetuses are then immediately immersed into a water bath at 37 °C for various peri-
ods of time (0–22 min). Following asphyxia, the pups are removed from the uterine 
horns and resuscitated by cleaning the faces of the animals from fluid and amniotic 
tissue, freeing the mouth and the nose. Further additional care is taken to induce 
pulmonary breathing by stimulating the tip of the nose and the mouth, as well as 
pressing the thorax. Pups exposed to caesarean-delivery only (CS, 0 asphyxia), or to 
mild asphyxia (2–10 min), are rapidly resuscitated, without requiring anything else 
but removing fluid and amniotic tissue from the head. Pups exposed to zero or mild 
asphyxia start breathing with a gluttonous gasp, which is rapidly replaced by regular 
and synchronised breathing. For pups exposed to longer periods of asphyxia (19–
21 min), resuscitation implies expert and skilful handling, and it takes a long time 
(4–6 min) for a first gasping, and even longer for establishing a more or less regular 
breathing, always supported by gasping. Approximately 1 h after delivery, the pups 
are given to surrogate dams for nursing, pending further experiments (Fig. 9.4). 
An Apgar scale is applied during the recovery period, similar to that observed in 
neonatal units, recording body weight, sex, colour of the skin, respiratory frequency 
and presence of gasping, vocalisation, muscular rigidity and spontaneous move-
ments (Dell’Anna et al. 1997; Morales et al. 2010; see Herrera-Marschitz et al. 
2011) (Table 9.1). The Apgar evaluation is a critical parameter for this experimen-
tal model, because it assesses whether the pups are subjected to mild or to severe 
asphyxia, which is directly determined by the percentage of survival and recovery 
(Herrera-Marschitz et al. 1993, 1994; see Herrera-Marschitz et al. 2011). Survival 
is a straightforward parameter. A 100 % survival is observed whenever foetuses-
containing uterine horns are immersed for up to 15 min in a water bath at 37 °C. 
Thereafter, the rate of survival drops rapidly, until no survival is observed following 
22 min of asphyxia (Fig. 9.5). The temperature of the water bath is a critical param-
eter, because each degree below 37 °C is associated with longer survival (Herrera-
Marschitz et al. 1993, 1994; Engidawork et al. 2001). The recovery period can also 
add or prolong a hypoxic/ischemic condition, as the surviving pups may show a de-
creased breathing rate, decreased cardiovascular function and low peripheral and/or 
central blood perfusion. The Apgar evaluation also provides information about the 
condition shown by the caesarean-delivered control pups, which has to be similar to 
that shown by vaginally delivered pups. Thus, the Apgar evaluation is a requirement 
when using the present model of perinatal asphyxia, because it permits to compare 
results obtained by different laboratories and/or different treatments. The quality 
of the handling of the pups and the experience of the surrogate dam are important 
factors for the acceptance and nursing of both asphyxia-exposed and control pups.
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Fig. 9.4  The Karolinska Institutet experimental model of perinatal asphyxia. The experiment 
starts by an evaluation of the oestral cycle of young female Wistar rats (~ 2 months of age), in order 
to plan for a programmed mating. The female is exposed to a male at the time of the pro-oestrous 
for one night and thereafter the presence of a vaginal clot is evaluated. Pregnancy is continuously 
monitored until delivery of a first pup is observed (representing a vaginally delivered control), 
or when the maturity of the foetuses is assessed by clinical abdominal palpation, indicating that 
the dam is ready for delivery (~ 22 days after the identification of a vaginal clot). The animal is 
anaesthetised, killed by neck dislocation and subjected to a caesarean section and hysterectomised. 
The uterine horns are then immersed into a temperature-controlled water bath (37 °C) for various 
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Apart from the effects produced by perinatal asphyxia on the survival rate, the 
model has been shown to be useful for describing some early molecular, metabolic 
and physiological effects observed minutes after recovering from a caesarean de-
livery, without any asphyxia, or from mild or severe insults. Tissue sampling starts 
soon after delivery. For molecular markers, tissue samples can be collected imme-
diately after delivery, the time when the pups are removed from the uterine horns 
(0 min, with or without previous immersion into a water bath).

Table 9.1  An Apgar scale for rodents. An Apgar scale for evaluating the consequences of peri-
natal asphyxia 40–80 min after birth. Data expressed as the mean ± SEM ( n number of pups, m 
number of dams) (experimental cohorts from period 2012–2013). ( n.d. no data)
Parameters Spontaneous 

delivered pups 
( n = 81; m = 49)

Caesarean-delivered 
pups (0 min asphyxia) 
( n = 451; m = 128)

20-min asphyxia 
( n = 489; m = 130)

Body weight (g) 5.82 ± 0.10 5.52 ± 0.03 5.52 ± 0.11
Sex (% of males) 52.5 ± 6.2 49.2 ± 2.5 51.2 ± 1.8
Rate of survival (%) 100 ± 0.0 99.2 ± 0.6 65 ± 2.6
Respiratory frequency (events × 

min−1)
78 ± 2 77 ± 1 28 ± 1

Presence of gasping (yes; %) 0 ± 0 0.4 ± 0.4 55.5 ± 3.9
Skin colour (%)
Pink 100.0 ± 0.0 99.3 ± 0.5 0.8 ± 0.5
Pink-blue 0 ± 0 0.3 ± 0.3 56.8 ± 3.4
Blue-pink 0 ± 0 0.4 ± 0.4 38.5 ± 3.3
Blue 0 ± 0 0 ± 0 3.8 ± 1.4
Presence of vocalisations (yes, 

%)
100 ± 0 98.0 ± 1.2 10.4 ± 2.4

Spontaneous movements
No movements, akinesia, rigidity 

(0) (%)
0 ± 0 0.4 ± 0.4 79.5 ± 3.0

Single movements of front legs, 
or head alone (1) (%)

0 ± 0 0 ± 0 13.0 ± 2.3

Movements of two body struc-
tures (2) (%)

0 ± 0 1.5 ± 1.0 6.5 ± 1.8

Movements of all body structures 
(3) (%)

0 ± 0 3.9 ± 1.3 0.1 ± 0.1

Intensive movements shown by 
wriggling (4) (%)

100 ± 0 84.2 ± 1.7 0.9 ± 0.9

Lack of reception by surrogate 
dams (at 24 h) (5)

n.d. 1.6 (from the total 
cohorts)

1.5 (from the total 
cohorts)

periods of time. One or two pups are immediately delivered after hysterectomy, representing a 
caesarean-delivered control. After asphyxia, the pups are removed from the uterine horns and 
resuscitated by cleaning the faces of the animals from fluid and amniotic tissue, freeing the mouth 
and the nose, and stimulated to pulmonary breathing. Pulmonary breathing is further monitored 
and the surviving pups are evaluated by an Apgar scale 40–60 min after delivery. Thereafter, the 
pups are given to surrogate dams for nursing (delivering immediately before the hysterectomised 
dam), pending further experiments. (See Dell’Anna et al. 1997; Klawitter et al. 2007; Herrera-
Marschitz et al. 2011)



9 Short- and Long-Term Consequences of Perinatal Asphyxia 187

Energy metabolism has been evaluated in peripheral organs (heart, kidneys) and 
brain, removed from asphyxia-exposed and control animals, short after delivery 
(Lubec et al. 1997a, b; Seidl et al. 2000; Engidawork et al. 2001). Among the moni-
tored energy-rich phosphates, ATP levels showed the most evident changes, follow-
ing or anticipating the final outcome of perinatal asphyxia. In Fig. 9.5, the rate of 
survival is plotted together with the changes (in percentage) in ATP levels in brain, 
heart and kidneys. Kidneys were the first organs reacting to hypoxia, already 2 min 
after the mother circulation was interrupted, decreasing by > 90 % after 5 min of 
perinatal asphyxia, while ATP levels in heart and brain were only decreased by 
~ 20 % compared with control (no asphyxia) levels. After 15 min of asphyxia, ATP 
levels in heart and brain were decreased by ~ 70 % compared with the controls, 
together with a simultaneous drop in the rate of survival. After longer periods of 
asphyxia, ATP levels were decreased by  > 90 % in the brain, but only by approxi-
mately 80 % in the heart after 20 min of asphyxia, when the survival rate dropped by 
> 70 %. These changes in ATP levels agree with the idea of re-compartmentalisation 
regarding energy pools. The kidneys are bypassed in favour of heart and brain, but 
brain bypassed in favour of the heart. Significant changes in pH were already ob-
served after 5 min of asphyxia, decreasing in parallel in peripheral and brain tissue 
(Engidawork et al. 2001).

Fig. 9.5  Survival and ATP levels in peripheral organs and brain. Survival rate and ATP levels 
(%) found 10 min after delivery of asphyxia-exposed and control (caesarean delivery only, zero 
asphyxia) rat pups. Perinatal asphyxia was performed by immersion of pup containing uterine 
horns into a water bath at 37 °C, removed by a caesarean section from ready-to-deliver rats. Two 
minutes after delivery, asphyxia-exposed and control animals were decapitated for removing brain, 
heart and kidneys, to be treated according to Engidawork et al. (2001), for measuring energy-rich 
phosphates by high-performance liquid chromatography ( HPLC) coupled to a ultraviolet ( UV) 
detector according to Ingebretsen et al. (1982). In control animals, ATP levels were 1.2 ± 0.2, 
4.7 ± 0.1 and 1.6 ± 0.3 μmol/g wet weight in brain ( n = 7), heart ( n = 16) and kidneys ( n = 16), 
respectively, 10 min after caesarean delivery ( n = 7). Filled circles, survival rate; filled inverted 
triangles, ATP in brain; filled squares, ATP in heart; filled triangle, ATP in kidneys. Vertical line 
marks the time (15 min) when survival rate starts to drop; horizontal line marks 50 %. Abscissa, 
time (min) of immersion into a water bath at 37 °C (asphyxia); ordinate, survival in percentage 
(%). Compared to zero asphyxia.
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9.8  Cognitive Deficits

Motor and cognitive alterations of variable severity, including cerebral palsy, sei-
zures, spasticity, attention deficit, hyperactivity, mental retardation and/or neuro-
psychiatric syndromes with delayed clinical onset, have been associated with peri-
natal asphyxia (du Plessis and Volpe 2002; Van Erp et al. 2002; Kaufman et al. 
2003; Vannuci and Hagberg 2004; de Hann et al. 2006; Odd et al. 2009). In rats, 
several studies have investigated the behavioural effects associated with perinatal 
asphyxia, addressing motor function (Bjelke et al. 1991; Chen et al. 1995), emo-
tional behaviour (Dell’Anna et al. 1991; Hoeger et al. 2000; Venerosi et al. 2004, 
2006; Simola et al. 2008; Morales et al. 2010) and spatial memory (Boksa et al. 
1995; Iuvone et al. 1996; Hoeger et al. 2000, 2006; Loidl et al. 2000; Van de Berg 
et al. 2003; Venerosi et al. 2004).

We have investigated whether perinatal asphyxia may produce long-term effects 
on cognitive performance using the object recognition test (Ennaceur and Delacour 
1988). The test consists of discriminating between objects differing in shape and 
colour, without any genuine significance to the rat, or associated with any reward-
ing or aversive stimuli. During a first session, two copies of the same object are pre-
sented to the rat for 4 min, and then again, during a second session, when one of the 
previously presented objects is replaced by a novel one, similar in size but different 
in shape and/or colour. The idea is that the rat has to recognise the novel object, 
spending longer time exploring the novel than the previously presented object. The 
first and the second sessions can be separated by different time intervals for evalu-
ating the consolidation of learning. A good memory would be able to recognise a 
previously presented object after a long time elapsing between a first and second 
session, meaning that the animal would concentrate on exploring the novel object. 
In our studies, we used a 15- or 60-min interval, and the animals were studied at 3 
months of age (Simola et al. 2008). No differences were observed between asphyx-
ia-exposed (20-min asphyxia) and control animals when a 15-min interval elapsed 
between the first and the second session. Both asphyxia-exposed and control rats 
recognised the novel stimulus similarly well, spending longer time exploring the 
novel object. However, when 60 min elapsed between the first and second session, 
asphyxia-exposed animals spent less time exploring the novel object, indicating 
that asphyxia-exposed rats could not recognise its novelty (Simola et al. 2008). 
This is a straightforward experiment showing a subtle consequence of a metabolic 
insult (anoxia) occurring at birth, impairing a cognitive function that will show up 
only after a proper challenge. It is very much reminiscent to the clinical experience 
revealing effects only when the child starts primary school (see Odd et al. 2009; 
Strackx et al. 2010).
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9.9  Conclusions

Perinatal asphyxia is still a health concern worldwide, a risk factor for several men-
tal and neurological disorders with a delayed clinical onset. Hypoxia implies a se-
vere energetic crisis, leading to death if re-oxygenation is not promptly restored. 
The functional constraints produced by the lack of oxygen can be exacerbated by 
and during the re-oxygenation period, implying oxidative stress, synthesis and re-
lease of metabolic by-products delaying the onset of proper homeostasis and recov-
ery. A number of sentinel proteins are rapidly activated whenever there is a risk of 
genome damage, stimulating base excision repair. PARP-1 has been shown to play 
a pivotal role for repairing damaged DNA and for eliciting caspase-independent cell 
death when repair is not viable, modulating pro- and anti-inflammatory signalling. 
PARP-1 overactivation leads to NAD+ exhaustion, worsening the energy crisis, 
which is the basis for the hypothesis that PARP-1 is a suitable target for therapeutic 
interventions preventing the long-term effects of perinatal asphyxia, nicotinamide 
being a prototype for counteracting PARP-1 overactivation.
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Abstract The present chapter reviews current knowledge of the neurobiology of 
maternal behavior in mammals. In the first section, we present existing information 
of the affective, motivational, and cognitive processes that characterize maternal 
behavior, primarily discussing research findings in rats and humans, because most 
of the work on the neurobiological basis of this behavior has been done in these 
species. The second section outlines the maternal neural circuitry, with a special 
emphasis on the mechanisms that underlie the affective, motivational, and cognitive 
processes of motherhood. Finally, we summarize some of the main themes raised in 
the chapter and issues yet to be explored.

10.1  Maternal Behavior: Definition and Generalities

The study of motherhood did not receive direct scientific attention until the mid-
twentieth century (Beach 1939; Schneirla and Rosenblatt 1961; Rosenblatt and Leh-
rman 1963) when, finally, beyond the mythical exaltation of its sublime character, 
with the load restrictions and impositions that the myth of motherhood implied for 
women, began a systematic and objective scientific observation and experimenta-
tion of the psychobiological processes that regulate this behavior. Much has hap-
pened in this field since then, notably advancing our understanding on the physi-
ology of mammalian maternal behavior. However, because of the extent of such 
research, this chapter does not attempt to be complete and exhaustive. Our major 
interest in this chapter is to address the proximal psychobiological mechanisms 
of maternal behavior, with a special emphasis on the affective, motivational, and 
cognitive processes.
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A number of theories have focused on different aspects of motherhood. Hence, 
the process of new motherhood has been referred as a period in life, a personal 
decision, a biological transition, a cultural creation, an evolutive process, a state 
of mind, and a basic emotion (Mayes et al. 2005). From a psychobiological per-
spective, it could be proposed that mothering and bonding occur as a result of a 
particular mental state (Winnicott 1956) and a basic care emotion (Panksepp 1998) 
evoked by immature and helpless individuals that promote in the caregiver a se-
lective motivation to care for and protect them. Epigenetic processes and learning 
shape caregiving behaviors and thoughts, allowing mothers to cope with the physi-
cal and psychological needs of the young and ultimately promoting a strong affec-
tive bond between them.

In mammals, since the female lactates, it is often the mother who is the primary 
caregiver of her offspring, and hence most of what we know about the neurobio-
logical mechanisms of mothering is derived from research investigating the mother. 
However, it needs to be emphasized that the father and other individuals can devel-
op caregiving activities toward young as efficiently as the mother, and converging 
evidence has outlined a core neural network for mothering.

Even though motherhood is widely conserved in the animal kingdom, there is 
no universal maternal care in nature but considerable variations among species and 
individuals exists depending on the context, the culture and historical epoch, the 
social structure they belong to, the degree of development of the young at birth, and 
individual factors including the decision about motherhood. In addition, the way 
in which mothers interact with their infants also show significant individual dif-
ferences, likely reflecting differences in mothers’ affect, cognition, and motivation 
during their process of new motherhood.

10.2  Affective, Motivational and Cognitive Processes 
Involved in Maternal Behavior

This section aims to describe the affective, motivational, and cognitive processes 
that underlie maternal behavior. This division is not new. Already in 348–328 BC, 
Plato argued that the soul is divided into three parts: the spirited, the appetitive, and 
the logical. Along the same line, but in more recent times, Berridge and Robinson 
(1998) proposed that there are three dissociable components of reward: “liking” 
or the emotional, hedonic impact or pleasure of an experience; “wanting” or the 
appetitive desire, actual motivation or the incentive salience of an experience; and 
“learning” in which both hedonic impact and incentive salience are modified by 
learning, experience and “logical reasoning.”
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10.2.1  What Is Affect?

Affect refers to the observable reactions of emotional states (Panksepp 1998) and 
is a key process of organisms’ interaction with social stimuli. Interestingly, Pank-
sepp (who fostered the field of Affective Neuroscience, 1998) proposed that one 
of the basic affects or emotions in both human and non-human animals is the ma-
ternal care. Without doubt, the subjective feeling corresponding to maternal affect 
in humans is love (Harlow 1958; Panksepp 1998). Indeed, most mothers report 
experiencing a strong feeling of love about their babies together with feelings of 
well-being when interacting with them (Fleming et al. 1997).

These intense feelings of love are accompanied by “primary maternal preoccu-
pations,” a state in which the mother becomes totally focused on her baby to the ex-
clusion of everything else (Winnicott 1956). This mental state, “almost an illness,” 
begins at late pregnancy and continues through the first months of the infant’s life. 
It is because of these feelings of love and concerns about the baby that the mother 
increases her sensitivity to the needs of the child and withstands difficult situations 
(i.e., lack of sleep, stress), remaining alert and in close proximity to her newborn 
(Feldman et al. 1999; Barrett and Fleming 2011; Kim et al. 2013).

These intense feelings of love and exclusivity with the infant are reflected in 
part by the behavioral synchrony between mothers and their babies from the first 
hours after birth. New mothers speak more slowly and in a higher pitch and often 
exaggerate the pronunciation of vowels to adjust their speech when interacting with 
their baby (Ingram 1989; Newport 1972, 1974, 1975). Mothers also interact emo-
tionally with their newborns through exaggerated facial expressions and sustained 
mutual gaze (extensive face-to-face interactions with their infant; Klaus et al. 1975; 
Leckman et al. 1999). This subjective experience of love in human mothers can be 
assessed by self-reports (e.g., Wojnar 2004) and questionnaires, including Parental 
Bonding Questionnaire (Papousek and Papousek 1983; Brockington et al. 2001) 
and Parenting Stress Questionnaire (Loyd and Abidin 1985).

It is also possible to measure the affect component in non-human animals, and a 
variety of methods exist for monitoring aspects of emotional processes by measur-
ing behavioral and physiological affective responses. One such example is the af-
fective facial reactions elicited by sweet and bitter tastes in human neonates, orang-
utans, chimpanzees, monkeys, and even rats and mice (Steiner et al. 2001; Berridge 
and Kringelbach 2008). Unfortunately, very little work has been done to date in 
examining maternal affect and feelings of love in non-human animals, which is 
probably the most important process of the mother–infant bond.

10.2.2  Other Affective Changes During Motherhood

This positive affective state of mothers while interacting with their young brings 
about dramatic changes in their behavioral and physiological response to other en-
vironmental stimuli that aid in the healthy development and survival of the young, 
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including a generalized reduction in fearfulness, anxiety, and other aspects of emo-
tional reactivity, and aggressiveness toward intruders. For example, postpartum 
mother rats exhibit a reduced freezing response toward a sudden loud noise (Hård 
and Hansen 1985; Ferreira et al. 2002), as well as anxiolytic-like behaviors in the 
open field paradigm (Fleming and Luebke 1981), conflict test (Ferreira et al 1989) 
and plus maze test (Bitran et al. 1991; Lonstein 2005; Pereira et al. 2005) compared 
with males and females in other stages of their reproductive cycle. Interestingly, 
virgin females that develop maternal behavior toward neonates also exhibit blunted 
emotional reactivity similar to that of postpartum rats (Ferreira et al. 2002; Pereira 
et al. 2005; Agrati et al. 2008). In both cases, such changes are highly dependent on 
the presence of the offspring or at least require recent physical contact with them 
(Hård and Hansen 1985; Lonstein 2005; Pereira et al. 2005), suggesting that the 
pups may encourage the mother to confront potentially environmental threats. No-
tably, only postpartum females, but not maternal virgin females, exhibit a blunted 
hypothalamic–pituitary–adrenal (HPA) response to a variety of physical and emo-
tional threats (Lightman et al. 2001; Agrati et al. 2008).

Maternal emotional changes of decreased fearfulness, anxiety, and stress reactiv-
ity have also been reported in women. The physical contact with the baby, including 
but not limited to breastfeeding behavior, has been associated with lower anxiety 
scores in human mothers, although only breastfeeding mothers exhibit a reduced 
adrenocorticotropic hormone and cortisol responses to stressors compared with 
nonbreastfeeding mothers (Carter et al. 2001; Heinrichs et al. 2001).

Concomitant with the blunted emotional reactivity, mothers engage in aggres-
sive displays in defense of their young or the nest. In the rat, the expression and 
maintenance of maternal aggression is highly dependent on the presence of the 
pups and associated cues (Ferreira and Hansen 1986; Ferreira et al. 1987; Mayer 
and Rosenblatt 1993; Kolunie and Stern 1995; Ferreira et al. 2002). Although ma-
ternal aggression has been studied most extensively in rodents, mothers in most 
mammalian species, including human (Hahn-Holbrook et al. 2011) and non-human 
primates (Harlow et al. 1963; Jay 1963; Weisbard and Goy 1976; Hrdy 1977; Troisi 
et al. 1988; Maestripieri 1994) display increased aggression in potentially hostile 
situations for the young.

These affective changes of the mother toward her newborn and the environment 
are reflected in a mixture of intense feelings of love and positive affect together with 
a vigilant protectiveness of her young, and allow for the construction of a selective 
motivation to take care of the neonate. A common experience for new mothers are 
symptoms such as emotional lability, tearfulness, anxiety, or irritability associated 
with postpartum blues, which can begin in the first days after delivery, and usually 
resolve by 10–14 days postpartum. For most women, these symptoms are mild and 
do not consistently affect the women’s ability to mother and may even enrich their 
emotional response to their babies in their first and subsequent interactions. How-
ever, 10–15 % of women develop postpartum depression, a serious condition that, if 
not recognized and treated timely, not only has deleterious effects on the mother but 
also poses a serious risk for the mother–infant relationship. One or two in a thousand 
women will develop postpartum psychosis—a very serious illness that needs quick 
intervention, usually including hospitalization (World Health Organization 2009).
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10.2.3  What Is Motivation?

Motivation (a reason to move; the base of an action) can be defined as the set of 
processes through which organisms modulate the probability, proximity, and avail-
ability of biologically significant stimuli (Salamone and Correa 2002), as are the 
young for a mother.

Maternal behavior is a highly motivated behavior. For example, the maternal 
rat will allocate most of her time and energy caring and protecting her pups, will 
overcome stressful and risky situations to retrieve pups (Nissen 1930; Fahrbach and 
Pfaff 1982), will choose pups over food (Fleming et al. 1994; Afonso et al. 2009) 
or a male during the postpartum estrus (Agrati et al. 2008), will lever press to gain 
access to pups (Wilsoncroft 1969, Lee et al. 2000), and will choose an environment 
associated with pups over one associated with food (Fleming et al. 1994) or cocaine 
(Mattson et al. 2001).

Human mothers also show a strong attraction to infant cues after delivery that 
allows for the development of a strong maternal motivation. This motivation is 
reflected in the maternal expenditure of time, and energy, including sustained atten-
tion and disrupted sleep–wake cycles, as well as the financial costs associated with 
raising a baby to adulthood (Leckman et al. 1999). Mothers also experience a loss 
of motivation in the world outside the dyad, including other people, occupational 
goals, and hobbies, which are substituted by the exclusive interest in their newborn 
(Leckman et al. 1999).

10.2.4  What Is Cognition?

The term cognition (Latin: cognoscere, “to know,” “to conceptualize,” or “to recog-
nize”) refers to a faculty for the processing of information, applying knowledge, and 
changing preferences. Cognition, or cognitive processes, can be natural or artificial, 
conscious, or unconscious. But, what is the role of cognition in maternal behavior? 
Obviously, maternal behavior requires complex cognitive skills even in non-humam 
animals; new mothers must acquire and update, efficiently process and store, evalu-
ate, organize, and act on the constantly changing information from the young to flexi-
bly adjust their caregiving responses. Orientation, expectation, memory, and decision 
making are complex cognitive processes necessary for the sensitive performance of 
maternal activities. Moreover, mothers must do so in a complex dynamic environ-
ment, where many other incentives are available and compete for her attention.

Mothers of many species, including humans, have been found to perform better 
on a number of tasks that assess aspects of cognitive functions, including attention, 
behavioral flexibility, working memory, and spatial learning and memory, when 
compared to nonmothers (Lovic and Fleming 2004; Lambert et al. 2005; Kinsley 
et al. 2006; Leuner and Gould 2010). Such improved cognitive skills involve reor-
ganization of brain circuits (Pawluski and Galea 2007; Kinsley and Lambert 2008; 
Leuner and Gould 2010), and collectively are a fundamental component of mother-
ing and key to maternal sensitivity.
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Frank Beach, already in 1939, showed that mother rats who make fewer errors 
in a maze build better nests, show shorter latencies to retrieve the pups to the nest, 
and more licking behavior than those making more errors. These initial investiga-
tions have been confirmed and expanded by the studies of Alison Fleming and col-
laborators on attention and mothering. Specifically, a better performance on tests of 
executive functions, including the attentional set-shifting task and prepulse inhibi-
tion of the startle response, was positively associated with levels of pup licking by 
these females when they later became mothers (Lovic and Fleming 2004). In terms 
of human mothers, recent work also in Fleming’s laboratory revealed an associa-
tion between sensitive mothering and measurements of executive functions, includ-
ing cognitive flexibility, working memory, and attentional control (Gonzalez et al. 
2012). In particular, less sensitive parenting was associated with a poorer strategy in 
spatial working memory and less cognitive flexibility (Gonzalez et al. 2012).

Empathy, defined as appropriate perception, experience, and response to anoth-
er’s emotion, is especially relevant to parenting in which infants’ needs are great, 
yet most communication is exclusively nonverbal and correctly identifying and re-
sponding to infant signals or intentions is essential for sensitive parenting (Meins 
et al. 2003; Slade 2005; Fonagy et al. 2007). The application of the concepts of 
cognitive empathy and theory of mind to mothering is relatively new and exciting. 
In a functional MRI (fMRI) study, Leibenluft et al. (2004) showed that viewing 
of one’s own child evoked a unique pattern of neural activation in mothers that 
reflected maternal attachment and was associated with brain regions involved with 
representing the mental state of others, including amygdala and prefrontal cortical 
regions. It may be that mothers with good “theory of mind” and empathy are more 
sensitive in their interactions with their infants (Meins et al. 2003; Slade 2005; 
Fonagy et al. 2007).

10.3  Neuroendocrine Mechanism Involved in Affective, 
Motivational and Cognitive Processes of Maternal 
Behavior

10.3.1  Hormonal Regulation of Maternal Behavior

The biological processes that synchronize the rapid development of the mother’s 
affect, motivation, and the cognitive ability to care for neonates are closely related 
to the hormonal changes around parturition (Terkel and Rosenblatt 1972; Bridges 
1990). In the rat, a sharp fall in progesterone and an increase in estrogens, oxytocin, 
placental lactogens, cortisol, and prolactin enhance the mothers’ sensory perception 
of infant stimuli, and are initially responsible for the rapid development of mater-
nal responsiveness, underpinning the mother’s initial attraction to her young and 
promoting the mother–infant interaction that starts a positive reinforcing cycle for 
attachment (Bridges 1990, Numan and Insel 2003).
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In human mothers, the success of adoption (Singer et al. 1985; van Ijzendoorn 
and Juffer 2006) has led to the idea that maternal behavior of female primates is 
less dependent on reproductive hormones compared to many non-primate mam-
malian females. Therefore, even though the function of reproductive hormones on 
caregiving behavior is well established in non-primate females, little investigation 
has been devoted to understand the function of these hormones in human parental 
behavior. However, recent studies suggest that hormonal factors do influence the 
intensity of maternal responsiveness in humans. Thus, mothers who experienced a 
stronger attachment to their new babies after birth had an increase in the estradiol-
to-progesterone ratio throughout pregnancy, whereas those with low attachment ex-
perienced a decreased in the estradiol/progesterone ratio over this same pregnancy 
period (Fleming et al. 1997).

Oxytocin is another key neuroendocrine factor related to caregiving activities 
and social behaviors in mammals (for reviews, see Uvnäs-Moberg and Eriksson 
1996; Carter 1998; Insel and Young 2001; Feldman 2012). In humans, plasma 
oxytocin levels in pregnancy predict attachment to the baby, whereas postpar-
tum serum and salivary oxytocin levels predict maternal behaviors toward infants 
(Levine et al. 2007; Feldman et al. 2010). For instance, serum oxytocin levels in 
mothers following interaction with their infant was significantly higher in those 
mothers with a secure attachment style, compared with mothers with an insecure-
avoidant attachment style, a result that was strongly correlated with activation of 
hypothalamus/pituitary region and the ventral striatum in response to smiling and 
crying own-infant face cues in the fMRI scanner (Strathearn et al. 2009).

Cortisol is another hormone implicated in the emotional regulation of infant 
stimuli in both human and non-human mothers. Cortisol levels peak during parturi-
tion and decrease rapidly in the postpartum period (Storey et al. 2000). In humans, 
high cortisol levels have been strongly associated with affectionate touching of the 
infant in first-time mothers, as well as with the success at recognizing one’s own 
infant in multiparous mothers (Fleming et al. 1997; Gonzalez et al. 2009). These 
studies highlight the role of cortisol as one main hormone associated to accuracy in 
sensory recognition and pleasantness of infant stimuli.

However, the hormonal profile of parturition is not the only mechanism through 
which maternal behavior can be initiated in mammals. Thus, nonhormonal parental 
behaviors appear in humans and other animals during adoption, and high degrees of 
maternal-like behavior occur when group members other than the biological parents 
help to care for and protect the young (Hrdy 1977). In the laboratory, continuous 
exposure (6–10 days) to young pups can stimulate maternal behavior in juvenile, 
adult male, and cycling female rats, a process called pup induction of maternal 
behavior or sensitization, indicating the existence of a nonhormonal route through 
which infant stimuli can gain access to the maternal circuitry (Wiesner and Sheard 
1933; Rosenblatt 1967).

However, despite the absence of any hormonal changes of gestation, parturi-
tion, and lactation in sensitized female and male rats and adoptive human parents, 
interaction with newborn infants alter levels of hormones in both brain and plasma, 
such as cortisol and prolactin (humans: Parsons et al. 2010; rats: Jakubowski and 
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Terkel 1986; Samuels and Bridges 1983), which can influence subsequent caregiv-
ing activities.

10.3.2  Sensory Regulation of Maternal Behavior

After the transient hormonal spurt, the presence of hormones becomes progres-
sively less important. Continued interaction with the offspring further increases 
their incentive value, assuring the maintenance of maternal responsiveness during 
the postpartum period. Thus, the sensory experiences acquired by the mother while 
interacting with the young and processes of learning and reinforcement are the main 
factors responsible for the maintenance of maternal behaviors during the nonhor-
monal phase that begins shortly after parturition (for a revision, see Magnusson and 
Fleming 1995; Stern 1997).

10.3.3  Maternal Circuitry

Among the brain structures critically involved in postpartum maternal responsive-
ness, the medial preoptic area (mPOA) is believed to act as a primary locus of 
integration, orchestrating the effective expression of maternal behavior to the de-
velopmental stage of the pups across the postpartum period. The mPOA receives 
converging young-related information from every sensory modality (Simerly and 
Swanson 1986; Risold et al. 1997) and is a key neural site where the hormones of 
pregnancy act to synchronize maternal responsiveness to infant-related stimuli at 
parturition (Bridges 1990). The mPOA has reciprocal important connections with 
areas of the brain involved in affect, motivation, and cognition, relevant for mater-
nal behavior that provide a means for pup-responsive mPOA neurons to influence 
the female’s responsivity to pups with expression of appropriate maternal behaviors 
across postpartum. Thus, the mPOA output circuitry plays a critical role in the dis-
play not only of maternal behavior per se but also of the accompanying behavioral 
and physiological adaptations, such as alterations in food intake, stress reactivity, 
anxiety, and aggressiveness, that also contribute to successful parenting.

Although the maintenance of maternal behavior becomes independent of hor-
mones, it remains dependent on the mPOA and related circuitry. Importantly, across 
this period, the mother’s responsiveness to her developing young changes to match 
their evolving needs. Recent research has revealed that a substantial functional 
reorganization of the rat maternal circuitry occurs across postpartum, probably 
sculpted by the continuous experience of interaction with the pups (Pereira and 
Morrell 2009, 2011). Specifically, the mPOA has been demonstrated to change its 
role throughout postpartum, from a necessary facilitatory role for both the onset 
(Numan et al. 1977; Jacobson et al. 1980; Gray and Brooks 1984; Cohn and Gerall 
1989), and the early postpartum expression (Gray and Brooks 1984; Numan et al. 
1988; Cohn and Gerall 1989; Lee et al. 2000; Pereira and Morrell 2009) of maternal 
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behavior to an inhibitory role during the late postpartum period (Pereira and Morrell 
2009), to allow such changes in the mother’s behavior across postpartum attuned to 
the developing needs of her young.

A unifying system of affect, motivation, and cognition is the mesocorticolimbic 
dopamine (DA) system. Primary efferents from the mPOA traveling through the lat-
eral hypothalamus interact with components of the mesocorticolimbic DA system 
to regulate aspects of affective, motivational, and cognitive processes of maternal 
behavior. This system, which is comprised of DA cell bodies in the midbrain ventral 
tegmental area (VTA) and its major targets, the nucleus accumbens (NA) and pre-
frontal cortex (PFC), has been recognized for its central role in several behavioral 
functions related to motivation and cognition (Berridge 1996 and 2004; Salamone 
and Correa 2012). The NA receives converging excitatory inputs from most cortical 
and limbic structures, and hence has long been considered a functional interface 
between the limbic system and the motor system (Mogenson et al. 1980) that allows 
the translation of motivation, emotion, and cognition into a coherent action, under 
the modulatory influence of DAergic inputs from the VTA (LeMoal and Simon 
1991; Mogenson et al. 1980).

10.3.4  Neural Mechanisms Underlying Maternal Affect

The close bond between the mother and the infant greatly depend on feelings of 
love and positive affect. Interestingly, the components of the adult social brain 
(Brothers 1990), largely correspond to the affective networks identified by affec-
tive neuroscience (Panksepp 1998), involving subcortical structures, such as the 
NA, ventral pallidum, and amygdala, and cortical structures, including the orbito-
frontal cortex (OFC), medial prefrontal cortex (mPFC), and insular cortex. It can 
be proposed that these social and affective regions are likely recruited during the 
mother–infant interaction because this is the most essential form of interindividual 
affective interaction.

Besides feelings of love and positive affects, mothers experience preoccupations 
and obsessive thoughts associated with their infants during the early postpartum 
period, which are critical for the formation of maternal attachment. These feelings 
may involve brain circuits that underlie obsessive–compulsive behaviors, such as 
the dorsolateral PFC and orbito-striatal areas (Leckman et al. 1999; Abramowitz 
et al. 2010).

This strong emotional commitment with the young is accompanied by affective 
changes toward the environment, including a generalized reduction in fearfulness, 
anxiety, and other aspects of emotional reactivity, and aggressiveness toward in-
truders.

Few studies have examined the brain areas involved in the reduction of fear and 
anxiety during motherhood. The medial amygdala (MeA), which is implicated in 
the control of innate fear responses, also modulates anxiety-like behaviors in the 
mother rat (Fleming 1989). Thus, lesions of this area, as well as, exogenous ovarian 
hormones, presumably acting on the MeA, reduce anxiety-like behaviors assessed 
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in the open field (Fleming 1989). Conversely, electrical stimulation of the MeA in 
nulliparous female rats reduces the time spent in the center of the open field, in-
dicative of higher anxiety. Interestingly, a recent study (Smith and Lonstein 2008) 
shows that some brain areas, traditionally associated with emotional regulation, ex-
hibit lower Fos expression in mothers that have recently interacted with their litter.

Changes along the entire HPA stress axis together with a reduction in the activ-
ity of limbic circuits that project to the paraventricular nucleus (PVN) account for 
the stress-hyporesponsiveness during lactation (Heinrichs et al. 2001; Slattery and 
Neumann 2008). Such changes have been related primarily to the endocrine profile 
of the perinatal period and lactation, in particular to the lactogenic hormones oxy-
tocin and prolactin, although the mechanism by which these hormones modify the 
endocrine stress response is yet unclear.

Areas involved in perception of olfactory cues from the pups, such as the olfac-
tory bulb (OB; Ferreira et al. 1987), or in the contrast between odors from the pups 
and the intruder, such as the insular PFC and ventromedial hypothalamus (VMH; 
Ferreira et al. 1987; Lynds 1976), are related to the control of maternal aggression. 
Also, the ventral stimulation of the nipples and surrounding skin (Stern and Kolunie 
1989; Mayer et al. 1987; Factor et al. 1993), as well as, areas that form part of the 
ascending milk-ejection pathway, such as the peripeduncular nucleus (PPN; Hansen 
and Ferreira 1986; Factor et al. 1993) and the PVN of the hypothalamus (Olazábal 
and Ferreira 1997; Giovenardi et al. 1998), modulate the aggressive responses of 
the mothers toward intruders.

In addition to the abovementioned areas, other cortical and subcortical regions 
modulate maternal aggression, including the anterior hypothalamus (AHA), the 
ventromedial hypothalamic nucleus (VMH), the lateral septum (LAS), the amyg-
dala, the periaqueductal gray (PAG), the PFC, and the mPOA (for a review, see 
Lonstein and Gammie 2002). Several neurotransmitter systems, which include the 
GABAergic, the serotonergic and the oxitocinergic systems, acting in different re-
ceptor subtypes and brain areas, importantly modulate maternal aggression (for a 
review, see Lonstein and Gammie 2002).

10.3.5  Neural Mechanisms Underlying Motivational  
Aspects of Maternal Behavior

Current evidence indicates that mPOA connections with the VTA and NA com-
ponents of the mesocorticolimbic DA system mediate motivational aspects of 
maternal behavior (Numan and Stolzenberg 2009). The mPOA can influence NA 
function through a direct projection to it and indirectly through projections to the 
VTA (Simerly and Swanson 1988; Numan and Numan 1997; Geisler and Zahm 
2005). Intact bilateral connections between the mPOA and the VTA and NA are 
essential for activational aspects of maternal behavior in rats. Severing the dorso-
lateral connections of the mPOA—but not its other afferents and efferents—disrupt 
active components of maternal behavior, including retrieval, licking, and nest build-
ing, in a manner similar to lesions of the mPOA itself (Terkel et al. 1979; Jacobson 
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et al. 1980; Numan et al. 1985; Arrati et al. 2006; Pereira and Morrell 2009). More-
over, DA is released in the NA of postpartum mother rats during active maternal in-
teraction with pups (Hansen et al. 1993; Champagne et al. 2004; Afonso et al. 2009; 
Robinson et al. 2011; Pereira et al. 2013). On the other hand, interference with 
accumbens DA in mother rats by electrolytic or DA-depleting lesions of the VTA, 
pharmacological manipulation of VTA activity, or intra-accumbens administration 
of D1 or D2 DA receptor antagonists each selectively and severely disrupt the ac-
tivational aspects of maternal behaviors in early postpartum rats, while leaving the 
directional aspects relatively intact (Hansen et al. 1991a, b; Keer and Stern 1999; 
Silva et al. 2003; Numan et al. 2005, 2009; Seip and Morrell 2009). Of course, 
DA in the NA does not participate in maternal motivation in isolation, and recent 
studies, for example, have shown involvement of adenosine and the adenosine A2A 
receptors in modulating DA-mediated maternal behavior (Pereira et al. 2011).

Interestingly, not only maternal behaviors but also associated affective behaviors 
have a motivational basis. Our prior studies showed that the D2 DA receptor antag-
onist haloperidol induced deficits in early postpartum females’ affective behaviors, 
including increased anxiety-like behavior and reduced maternal aggression toward 
an intruder male. The presence of the pups counteracted haloperidol-induced defi-
cits, restoring maternal anxiolysis (Pereira et al. 2005). In addition, haloperidol-in-
duced low levels of aggression were restored to typical levels exhibited by postpar-
tum females by increasing the incentive salience of the pups (Ferreira et al. 2012).

10.3.6  Neural Mechanisms Underlying Cognitive  
Aspects of Maternal Behavior

Specific regions of the PFC are activated by offspring cues and parenting behavior 
in rodents (Fleming and Korsmit 1996; Hernández-González et al. 2005; Febo et al. 
2008) and lesions of the mPFC have profound effects on maternal behavior (Afonso 
et al. 2007; Febo et al. 2010; Pereira and Morrell 2011). The PFC receives poly-
modal sensory input and has been implicated in stimulus recognition and executive 
functions contributing to attentional selection, optimal organization and planning, 
flexibility, and decision making in relation to complex goal-directed behaviors. The 
mPFC receives DA input from the VTA (mesocortical DA system) and has recip-
rocal connections with several subcortical structures, including many involved in 
maternal behavior such as the mPOA, BST, VTA, NA, and the PAG. Importantly, 
specific subregions of the mPFC appear to be differentially involved in rat maternal 
behavior across the postpartum period. Permanent lesions and transient inactivation 
of the anterior cingulate affect the organizational aspects of maternal behavior both 
during early and late postpartum periods, likely by inducing deficits in attention 
and behavioral inhibition processes, although mother rats remain interested in pups. 
Depression of the infralimbic cortex, the most ventral part of the mPFC, severely 
disrupts maternal behavior only during early postpartum, whereas inactivation of 
the prelimbic subregion does so only during late postpartum (Pereira and Morrell 
2011).
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The growing field of cognitive neuroscience, propelled by modern brain imag-
ing techniques and interest in deficits of empathy, has revealed networks of brain 
activity relating to empathy and emotional mirroring. These imaging studies sug-
gest that two networks are involved in human mothering, a motivational–emotional 
one, which includes the amygdala, NA, and anterior cingulate cortex, and a social 
attention network related with social cognition and empathy, which comprises the 
mPFC, superior temporal gyrus, insula, inferior parietal lobe, and inferior frontal 
gyrus (Atzil et al. 2011).

Interestingly, the studies of Ruth Feldman show that mothers experiencing syn-
chronous interactions with their infants show a more coherent activation of the 
amygdala and NA to their infant’s stimuli (Atzil et al. 2011). This physiological 
synchrony can allow the mother to feel and interpret her child signals. Even more 
interestingly, mothers and fathers show a notable synchrony in the activation of ar-
eas related to social cognition, theory of mind, and empathy when they look at their 
own infant video, which may help parents to make a coincident lecture of nonverbal 
infant cues (Atzil et al. 2012).

10.4  Conclusion and Perspectives

The maternal behavior of new mothers toward their offspring shows both marked 
similarities and considerable differences across and within species. In this chapter, 
our primary interest was to highlight the complexity of motherhood in terms of the 
emotional concern or affection, motivation, and cognition processes that contribute 
to individual differences in mothering and their interrelated neural mechanisms. The 
wide variation in mothering styles observed in nature relies, in part, in individual dif-
ferences in multiple levels of functioning, including aspects of perception, emotion, 
attention, and other measures of executive function, that impact mothers’ motivation 
to engage with their young. These systems have developed as a function of the moth-
ers’ genetic and early experiences, and are sensitive to the psychobiological context, 
the developmental maturity of the neonates, and the mothers’ affective or mood state.

We would like to see more studies assessing the influence of affect, motivation, 
and cognition on maternal behavior, and the mediating changes in the brain in an 
attempt to reveal why mothers differ from one another.
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Abstract For mammals, sensory, social, and hormonal experience early in life is 
essential for the continuity of the infant’s development. These experiences come 
from the mother through maternal care, and have enduring effects on the physiology 
and behavior of the adult organism. Disturbing the mother–offspring interaction 
by maternal deprivation (neglect) or exposure to adverse events as chronic stress, 
maltreatment, or sexual abuse has negative effects on the mental, psychological, 
physiological, and behavioral health. Indeed, these kinds of negative experiences 
can be the source of some neuropsychiatric diseases as depression, anxiety, impul-
sive aggression, and antisocial behavior. The purpose of this chapter is to review 
the most relevant evidence that supports the participation of cues from the mother 
and/or littermates during the postnatal preweaning period for the development of 
nervous system of the offspring. These findings come from the most frequently uti-
lized experimental paradigms used in animal models, such as natural variations in 
maternal behavior, handling, partial maternal deprivation, and total maternal depri-
vation and artificial rearing. Through the use of these experimental procedures, it 
is possible to positively (handling paradigm), or negatively (maternal deprivation 
paradigms), affect the offspring’s development. Finally, this chapter reviews the 
importance of the hormones that pups ingest through the maternal milk during 
early lactation on the development of several physiological systems, including the 
immune, endocrine systems, as well as on the adult behavior of the offspring.

In most mammalian species, social and sensory experiences throughout life affect 
the individual’s physiology and behavior. However, the timing of the experience 
matters. Experiences acquired during critical or sensitive periods of development 
often have the most profound and enduring effects in nonhuman primates (Harlow 
et al. 1965), in rodents (Denenberg et al. 1950; Levine 1957; Weininger 1954), 
and in sows, ewes, guinea pigs, rabbits, and humans (see reviews; González-
Mariscal and Kinsley 2009; González-Mariscal and Melo 2013; Barret and 
Fleming 2011; Fleming et al. 2002). The lengthy prenatal and postnatal periods 
provide an opportunity for mothers to influence their offspring through a variety 
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of mechanisms. During gestation, mothers’ influences on fetal development are 
critical for growth and development and variations in these influences occur as 
in prenatal stress or maternal malnutrition, and can have long-term consequences 
for the offspring’s physiological and psychological health (Markhan and Koenig 
2011; Bosch et al. 2006; Almeida et al. 1996). During the postnatal preweaning 
period, the main source of maternal influence derives from mothers’ milk and the 
sensory exchanges that occur during mother–infant interactions (Ellis et al. 1996; 
see Cirulli et al. 2003; Faturi et al. 2010; Caldji et al. 2000; González-Mariscal and 
Melo 2013). These experiences can influence gene expression and the structure of 
the emerging brain, as well as the programming of hormonal axes, growth, and the 
development of organ morphology and/or metabolic pathways.

Mother–offspring interaction involves a synchrony of interchanges of sensory, 
social, and hormonal stimuli between the mother and her offspring, where the off-
spring provides the mother with sensory and social stimulation necessary for the 
establishment and maintenance of maternal behavior and the mother provides to 
the offspring sensory, social, and hormonal stimulation which promotes continuity 
in their development (see González-Mariscal and Poindron 2002; Champagne and 
Meaney 2007; Fleming et al. 2002; Rosenblatt and Lehrman 1963). Mothers adjust 
their maternal behavior to be consistent with characteristics of the pups and their 
stage of development. During the first 2 weeks of lactation, when the offspring re-
main in a “hyporesponsive stress response” (HRSR) stage, they depend completely 
on the maternal care for their development and survival. The mother approaches the 
pups frequently, she provides sensory stimulation through body and genital licking 
(which stimulates urination and defecation), and she groups them into the nest and 
crouches over them, often aiding their attachment to her teats. In contrast, during 
the last 2 weeks of lactation the mother spends less time caring for the pups as they 
become increasingly independent; i.e., they initiate approaches to mother’s ventrum 
from a distance, in order to grasp a nipple and suckle, and they begin to obtain solid 
foods from mothers snout region and fur (Rosenblatt 1965; Rosenblatt et al. 1985; 
Alberts and Gubernick 1983). During the period of active mother–litter interactions, 
the sensory (tactile) and social cues from the mother and/or littermates favor the 
fine-tuning of specific systems in the nervous system of the young, acting on the 
genome and the future expression of genes. These observations raise the issue as to 
(1) how the sensory and social stimuli affect the development of the organism? (2) 
which specific mechanisms are affected by the early experience? and (3) how are 
these characteristics transmitted to the next generation? Although there is already 
a considerable literature that addresses these questions, many questions remain. 
These are some of the issues that this chapter addresses.

The primary endpoint of this chapter is a review of the experimental evidence 
that supports the participation of sensory, social, and hormonal cues from the moth-
er and the littermates during the postnatal preweaning period, which is a time win-
dow for the effects of early experience on the development of the offspring. This 
is accomplished through the use of several experimental paradigms that have been 
devised in order to understand the developmental origins of the physiological, neu-
roendocrinological, and behavioral phenotype of the offspring. Under laboratory 
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conditions, it is possible to manipulate the environment around the infants in or-
der to change the direction and magnitude of development. Here, we describe the 
findings from some of the most frequently used experimental procedures that are 
used to address the above questions. In order to positively affect the offspring’s 
development, the “handling” procedure has been utilized; in contrast, in order to 
negatively impact on development, maternal separation (MS; early social isolation) 
has been used. The latter can involve partial separation (3–6 h per day during the 
first 10–14 postnatal days, PND) or total separation (24 h per day, every day, dur-
ing PND 3–4 to 22, using the artificial rearing (AR) system). Finally, in addition 
to the obvious fact that maternal milk is essential for nutrition and growth, the role 
of bioactive components in milk (for example, hormones) is an emerging issue due 
to their potential link to metabolic, endocrine, and mental health disorders later in 
life. Therefore, this chapter ends with a discussion of the hormones (mainly steroids 
and peptides) that are found in maternal milk, the importance of their levels in milk 
throughout lactation, and their long-term biological effects on the development of 
the offspring.

There are vast species differences in the amount of care that mothers provide to 
their offspring. In some species, mothers spend most of their waking hours caring 
for their newborn babies, as in many rodents, carnivores, and primates (Rosenblatt 
1967; Rosenblatt and Lehrman 1963; Bridges 1996); however, in others, like rab-
bits, mothers spend at most 3–5 min daily nursing their young. In ungulates, which 
are precocial, mothers engage in mostly passive behaviors, allowing the young to 
suckle but without extensive licking or contact stimulation (Poindron et al. 1980; 
Lévy et al. 1996). In addition to species differences, even within species there are 
also wide variations in the amount of time mothers spend with their new offspring. 
In the case of both interspecies and intraspecies variation, mothers’ behaviors influ-
ence how the offspring will develop. In an elegant series of studies, Meaney and his 
colleagues have exploited the natural variations that occur in the level of maternal 
licking behavior within a population of rats, in order to examine the role of gene 
expression and epigenetics in regulation of variation in the subsequent generation 
(Meaney 2001; Meaney and Aitken 1985; Meaney et al. 1988, 1989; Champagne 
et al. 2003). In these studies, a population of dams and their litters are observed 
using one-zero time-sampling procedures for 8 hours daily across the first 10 PND 
and the levels of licking and crouching that the mother exhibits is recorded. Mothers 
and their litters are selected for further analysis based on the level of licking moth-
ers give to their litters. Hence, mothers providing more than one standard deviation 
above the mean of licking for the entire population are designated as dams that 
provide high levels of pup body licking and arched back nursing posture (high LG-
ABN), whereas mothers that provide licking levels one standard deviation below 
the mean of the population are designated as dams providing low levels of maternal 
behavior (low LG-ABN; see later). As reported below, comparisons of young reared 
by high LG-ABN and low LG-ABN yield fascinating differences in development at 
the behavioral, molecular, and neuroanatomical levels.

In contrast to studies of natural variations, there are also studies that explore ex-
perimentally which features of the early maternal and nest environment contribute 
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to the differences in offspring development. To study the role of early experience on 
the development of organisms, there are experimental paradigms that manipulate the 
amount of sensory or social cues that pups receive during the postnatal preweaning 
period. For instance, under laboratory conditions, there are “positive” effects on the 
development of the offspring when early stimulation is increased, by (1) reducing the 
number of pups in the litter (Leigh and Hofer 1973) or (2) separating the pups from 
the mother for a very brief period of time (15 min; handling which promotes en-
hanced maternal licking when the pups are returned to the mother, Lee and Williams 
1974). On the other hand, it is possible to induce “negative” effects on the offspring 
by decreasing the amount of stimulation provided to pups by (1) increasing the 
number of pups within the litter (Fleming et al. 1979), (2) inducing anosmia in the 
mother (which decreases her licking, Fleming and Rosenblatt 1974; Fleming et al. 
1979; Moore 1984), (3) separating the pups from the mother for a portion of each 
day (3–5 h daily from PND 2–4 to 14; partial maternal separation), or (4) separat-
ing the pups from the mother and nest totally, and rearing pups in an AR apparatus 
(Hall 1975; Total maternal separation, see later). The mechanisms through which 
these effects are mediated still are not well understood. Furthermore, we know, for 
instance, that maternal milk from early, but not late, lactation contains bioactive 
compounds (cytokines, enzymes, and hormones such as prolactin (PRL), leptin, 
corticosterone, etc.) that pups ingest during in the first days (rodents) or months 
(primates, humans) of life, and these agents also participate in the development of 
immune, neuroendocrine, and behavioral profiles of the developing offspring (Melo 
et al. 2009; Shah et al. 1988; Ellis and Picciano 1995; Ellis et al. 1996; Grosvenor 
et al. 1992; Hazum 1983; Koldovsky 1980; Brummelte et al. 2006).

Finally, although most of the work in this area has focused on animal models, 
many of the principles derived from this work apply as well to humans (Teicher et al. 
2003, 2006; Weiss et al. 1999; see Barrett and Fleming 2011; González-Mariscal  
and Melo 2013), where inadequate or abusive care by mothers and fathers puts 
children at risk for many problems later in life associated with disrupted stress 
responsiveness, inadequate growth and brain development, as well as problems of 
affect, cognition, and executive functions; many of these effects of parental neglect 
have also been described in the rat models (Donatelli et al. 2010; Glaser 2000; 
Teicher et al. 2003, 2006; Green et al. 2010). In humans, as well as in nonhumans, 
there is also evidence of transgenerational effects of parenting style or parental sep-
arations (see van Ijzendoorn 1992; Champagne 2008).

To summarize, there is now ample evidence that how the young develop in 
terms of their physiology, brain structure, neural function, and behavior de-
pends on the adequacy of the maternal care received early in life. Included in 
this care are the sensory, behavioral, and physiological influences whose effects 
can be sustained through multiple generations. Their effects are varied and are 
likely mediated through both genomic and nongenomic mechanisms. These are 
described below.
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11.1  Natural Variations in Maternal Behavior

In natural conditions, female virgin rats show an aversion toward pups; however, as 
pregnancy advances, the neophobia decreases and the pups’ attractiveness increases 
(Fleming and Rosenblatt 1974; Fleming and Luebke 1981). As is well known, in 
late pregnancy there are changes in the levels of hormones that trigger the beginning 
of maternal care. These changes consist in a decrease of progesterone, an increase in 
estrogen, PRL, and oxytocin (OT; Ben-Jonathan et al. 1989; Rosenblatt et al. 1979). 
The neophobia is decreased by continued exposure to odor derived from pups (pups 
sensitization paradigm), or by giving a hormonal regimen to an ovariectomized fe-
male that mimics the hormonal changes that occur in the latter phase of pregnancy. 
In rats, inducing anosmia during pregnancy by removing the main olfactory bulbs 
(Fleming and Rosenblatt 1974; Pollack and Sachs 1975) or by destroying the olfac-
tory epithelium with ZnSO4 spray (Benuck and Rowe 1975) slightly disrupted the 
expression of maternal care. On the other hand, inducing anosmia in virgin rats by 
lateral olfactory lesion or by ZnSO4 spray on the olfactory epithelium promoted the 
expression of maternal care in a sensitization test (Fleming and Rosenblatt 1974; 
Mayer and Rosenblatt 1977). The most interesting data are that when both the main 
and the accessory olfactory systems were blocked, a facilitation of maternal care 
was produced (Fleming et al. 1979). These data suggested that both olfactory sys-
tems are involved in the sensitization process through reducing neophobia. Simi-
lar effects have been reported in rabbits (Chirino et al. 1999, 2000, 2001). Thus, 
removing the accessory olfactory bulbs in intact females did not disturb maternal 
care toward their pups (Chirino et al. 1999). However, the same procedure induced 
a greater facilitation of maternal behavior in virgins, but not intact female rabbits 
(Chirino et al. 2000). In contrast with the findings in rats, administration of ZnSO4 
to virgin rabbits, a procedure that induces anosmia, did not facilitate maternal be-
havior (Chirino et al. 2001). Once maternal care is initiated, there are differences 
among mothers in the intensity of the behavior expressed. As indicated earlier, some 
of the differences may derive from differences in the extent to which they were 
cared for by their own mothers, in which pups that were licked a lot by high LG-
ABN dams come to lick their offspring more than do pups from low LG-ABN dams 
(Champagne and Meaney 2001; Champagne et al. 2003, 2006). That differences 
in hormones of parturition do not mediate these differences is indicated by the fact 
that adult virgin females that were reared by high LG-ABN and then in adulthood 
exposed with foster pups (sensitization paradigm) show significantly shorter laten-
cies to display maternal behavior and exhibit higher levels of licking of foster pups, 
compared to females reared by low LG-ABN mothers (Francis et al. 1999). More-
over, there was a negative correlation between the latency to show pup retrieval in 
the sensitization paradigm, as virgins, and the frequency of pup licking/grooming 
toward their own pups after they gave birth. In terms of possible mechanisms medi-
ating these behavioral effects, subsequent studies using the same high low-licking 
paradigm find that in comparison to their low-licking counterparts, high LG-ABN 
females showed higher OT receptor levels in the medial preoptic area (MPOA; area 
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involved in the regulation of maternal expression), the lateral septum, the central 
nucleus of the amygdala, the paraventricular nucleus, and the bed nucleus of the 
stria terminalis (Champagne and Meaney 2001). Recent work shows that the level 
of maternal care also affects estrogen and OT receptors in the female offspring. 
Virgin female offspring of high, as opposed to low LG-ABN mothers show higher 
levels of estrogen receptor alpha in the MPOA (Champagne et al. 2003). These 
effects are retained even after cross-fostering, indicating that the effects are experi-
ence based: When offspring of high and low LG-ABN mothers are cross-fostered at 
birth, the biological offspring of low LG-ABN mothers fostered to high LG-ABN 
show increased estrogen receptor alpha in the MPOA. Epigenetic effects can also 
be seen at the molecular level, for example, female offspring from high LG-ABN 
mothers show a higher expression of cyclic AMP-response element binding protein 
(CREB)-binding protein (CBP), a higher acetylation of histones, and reduced DBA 
methylation pattern of the gr exon 17 promoter in the hippocampus (Champagne 
et al. 2003). Moreover, higher levels of cytosine methylation across the ER alpha 
1b promoter have been found in the offspring of low LG-ABN, compared to high 
LG-ABN mothers (Champagne et al. 2006). Based on these results, it is clear that 
mothers’ early experiences of being cared for affect the quality of mothering that 
they provide to their offspring and that these effects are mediated through expe-
rience-based alterations in the neural circuits that underlie mothering in the adult  
organism.

In addition to having effects on the neural substrates of mothering, early ex-
periences of being mothered also affect other important endocrine and behavioral 
systems. In contrast to offspring that received low levels of maternal care early 
in life, offspring that received high levels of LG-ABN also show a reduced stress 
response, reflected in a moderate hypothalamic–pituitary–adrenal and behavioral 
response to a stressful situation and lower levels of fear responses. In addition, they 
show enhanced cognitive ability and more efficient spatial learning (Champagne 
et al. 2003; Liu et al. 1997, 2000; Caldji et al. 1998). At the cellular level, high LG-
ABN animals, show reduced plasma ACTH and CORT responses to restraint stress, 
increased hippocampal glucocorticoid (GC) receptor messenger ribonucleic acid 
(mRNA) expression, enhanced GC negative feedback sensitivity, and decreased 
hypothalamic CRH mRNA levels (see Cirulli et al. 2003; Faturi et al. 2010). Fur-
thermore, these rats also show increased CRH receptor levels in the locus coeruleus 
and decreased central gamma-aminobutyric acid (GABA)/benzodiazepine receptor 
levels (Sapolsky and Meaney 1986).

11.2  Handling Paradigm

Neonatal handling is an experimental procedure used to understand how early-
life experience can positively affect the fine-tuned neurobehavioral development 
and place animals on a pathway to prevent pathology. This procedure involves 



22511 Role of Sensory, Social, and Hormonal Signals from the Mother …

briefly separating pups from the mother and the nest, and placing them in indi-
vidual cages for 15 min a day during the first 2 weeks of life. Once pups are re-
turned to the nest, mothers show more frequent nursing bouts and spend signifi-
cantly more time licking them, than do mothers of nonhandled pups. Thus, at the 
time of weaning, handled pups have experienced more sensory stimulation than 
nonhandled pups, and their behavior looks similar to what has been reported for 
the high LG-ABN pups (Meaney et al. 1988, 1989, 1996; Liu et al. 1997; Francis 
and Meaney 1999; Pryce et al. 2001). Compared to nonhandled animals, handled 
pups show increased exploratory behavior in novel environments, reduced def-
ecation and urination in an open field, a high degree of exploration in the hole 
board test, reduced neophobia and startle responsivity, and reduced conditioned 
taste aversion. They also had a more rapid return of corticosterone to basal levels 
after restraint stress, increased impulsive behavior in adolescence, reduced help-
lessness behavior, and reduced emotionalty, and these effects persist throughout 
life (Levine and Lewis 1959; Hess et al. 1969; Meaney et al. 1996; Costela et al. 
1995; Weinberg et al. 1978; Meaney 2001; Beane et al. 2002; Macri et al. 2004; 
Pryce and Feldon 2003; Kosten et al. 2007). Early handling also has an effect on 
neural plasticity, producing a greater amplitude of long-term potentiation (LTP) 
in the hippocampus (Wilson et al. 1986) and on the hypothalamic–pituitary–ad-
renal (HPA) stress response and its mechanisms (Levine 1957; Meaney et al. 
1996). For instance, handled as compared to nonhandled pups, when shocked, 
show higher levels of GC, but a more rapid return to basal levels, an increased 
number of GC receptors in the hippocampus and frontal cortex, and lower basal 
hypothalamic CRH mRNA and protein levels, in comparison with nonhandled 
rats (Plotsky and Meaney 1993; Meaney and Aitken 1985; Viau et al. 1993). 
Associated with these changes in the HPA axis, there are elevations as well in 
GABA-A receptors levels in the locus coeruleus and the nucleus of the tractus 
solitarius as well as reduced CBZ receptors sites in the central and lateral nucleus 
of the amygdala, the frontal cortex, and the LC and NTS (Caldji et al. 2000). 
Furthermore, pups that had experienced prenatal stress but then later received the 
handling procedure exhibited decreases in stress behavior and in stress-induced 
analgesia, compared to nonhandled pups (Sternberg and Ridgway 2003). In sum-
mary, handled rats appear to be better adapted to the novel environments, show-
ing reduced exposure to GCs after a stressor and hence reduced risk of incurring 
its negative effects on the central nervous system. Recently, Pryce and Feldon 
(2003) proposed a unified nomenclature in order to facilitate discussion on this 
topic. Thus, they proposed the following: (1) MS should be used to describe 
the separation of the intact litter from the mother for 1 or more hours per day 
across the first 14 PND, (2) a single MS as a separation of the intact litter from 
the mother for a single 24-h period, (3) isolation or maternal deprivation of the 
pups from the dam and their littermates for one or more hours per day (1, 3, 6, 
8, 12 h) across the first 14 PND (SMD). The section that follows describes the 
findings from SMD and the experimental paradigm of total maternal deprivation 
and artificial rearing (AR).
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11.3  Short or Partial Maternal Deprivation

Basic neurobiological research has established that the mother acts as an external 
regulator of the infant’s states. The mother–infant interaction at least during the 
first 2 weeks of life is essential for the normal development of the organism, and 
mainly, of the HPA axis in rats and mice (Gutman and Nemeroff 2002; Macri et al. 
2004, 2008; Matthews and Robbins 2003). Sensory and feeding stimulation from 
the mother and littermates have been shown to sustain the HPA axis of the pups in 
a hyporesponsive state (Brummelte et al. 2006, 2010; Casolini et al. 1997; Cata-
lani et al. 1993, 2000; Meerlo et al. 2001). When offspring are separated from the 
mother, or from the mother and littermates, they show behavioral and neurochemi-
cal changes immediately after the separation (acute effects) and, if separation is 
prolonged during the first 14 PND, the effects are negative and can persist for life. 
Concerning the acute effects, it has been reported that rat pups are more active in 
an unfamiliar area, showing increased locomotor and exploratory behavior, and, 
when tested as a group, they show more self-grooming, and more defecation and 
urination (Hofer 1972). They habituate in the box-test at significantly slower rates 
and the latency to onset of active sleep (REM) is prolonged (Hofer 1973a, b). In 
addition, the cardiac and respiratory rates of pups separated at 14 PND fell by 40 % 
(Hofer 1973b). All of these separation effects are independent of nutrition and oc-
cur despite maintenance of body temperature at nest levels during the separation 
period. If temperature falls 2–3 °C, activity and other behaviors decrease, and with 
separation resting cardiac rate and respiratory rates fall 40 % within 12–18 h after 
separation. If nonlactating females or littermates are present during the separation 
period, most of the behavioral deficits are prevented, and if pups are infused with 
milk through gastric cannulae, the cardiac effects are prevented (Hofer 1970, 1972, 
1973b, c). Other neuroendocrine effects can also be observed within 4–8 h after the 
initiation of separation, primarily in an enhanced adrenal sensitivity to adrenocor-
ticotropic hormone (ACTH) and a decreased expression of central HPA markers, 
such as corticotropin-releasing hormone (CRH; Schmidt et al. 2004). By contrast, 
during the second half of the separation period, negative feedback mechanisms 
become activated to restrain the continued increase in ACTH and corticosterone 
release (Schmidt et al. 2004). But, what happens when the MS is repeated during 
a prolonged period of time during the first 10–14 PND? Concerning the long-term 
effects of SMD, though initially, the main goal of the separation paradigm was to 
assess the role of maternal care in the development of offspring, and in terms of the 
handling or very short-term separation, this continues to be a goal. However, the 
separation paradigm has also been conceived as a chronic stressor designed to affect 
the development of the offspring’s stress susceptibility and onset of stress-related 
psychiatric disorders in adulthood. There are large variations in the outcomes that 
this basic paradigm produces which depend on differences in the age of the MD, 
in the frequency and duration of the separations, subtle differences in procedure, 
and in animal husbandry. Thus, rats and mice exposed to repeated neonatal SMD 
show different cognitive, behavioral, and neurodocrine and neurochemical effects, 
with longer separations being more detrimental than shorter separations (Matthews 
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et al. 1996a, b; Ladd et al. 1996; Hall et al. 1999). Animals exposed to repeated MS 
of 180–360 min/day for the first 2 weeks of life, in comparison to no separation 
show significantly increased plasma ACTH and corticosterone (CORT) response 
to stressful stimuli, and more prolonged responses, an effect opposite to handling 
(Sapolsky et al. 1984; Anisman et al. 1998). The longer periods of separation also 
result in decreased GC receptor binding in both the hippocampus and the hypothala-
mus, and a higher basal CRF mRNA levels in the hypothalamus with higher titers 
of CRF in the median eminence (Plotsky and Meaney 1993; see Pryce and Feldon 
2003; Faturi et al. 2010). However, the effects of prolonged maternal separations 
are not always consistent. A number of papers also indicate that even 3–4 h daily 
separations performed from birth until weaning result in behavioral and endocrine 
changes in the same, rather than in the opposite, direction as produced by handling 
(see Lehmann and Feldon 2000; Pryce et al. 2001; Pryce and Feldon 2003; Faturi 
et al. 2010).

11.4  Total Maternal Deprivation and Artificial Rearing 
(AR)

This paradigm involves a complete maternal deprivation paradigm (24 h daily) and 
AR of pups isolated in individual cups, without any contact with their mother or 
littermates (Hall 1998). Separated animals are then compared to their maternally 
reared (MR) siblings. AR protocol has been used in previous studies (Gonzalez 
et al. 2001; Lévy et al. 2003; Lovic and Fleming 2004; Lovic et al. 2006; Melo et al. 
2006, 2009). In this protocol, pups of 3–4 PND are removed from the nest, and three 
pups then undergo a stomach or cheek implant to enable formula delivery, while 
the last pup is marked and returned to the nest to be reared by its mother; this latter 
treatment comprises the intact MR control group. Two of the pups that had received 
the implant are reared artificially; one receives minimal anogenital stimulation to 
induce urination and defecation (AR), and the other receives maximal stimulation, 
comprising 5–8 tactile stimulation in the body for 45 s (AR-Max) or minimal tactile 
stimulation along with social stimulation (AR-Social), in which they are reared in 
the company of two pups of the same age from a donor mother. The third pup has 
the tube cut off just outside the skin and is returned to the nest to be reared by its 
mother; this is the sham control treatment (MR-Sham). AR pups are housed indi-
vidually in open-top plastic cups with corncob bedding, which fit into a second 
weighted cup floating in a temperature-controlled water bath (36–40 °C). The tube 
is connected to syringes containing Messer milk formula (Messer et al. 1969; Smart 
et al. 1986) mounted in a Harvard Apparatus syringe pump programmed to infuse 
the diet (velocity of infusion is calculated as a function of weight of the all pups) 
for 10 min every hour, 24 h daily. All pups (AR and MR) are weaned by PND 22, 
housed in 2–3 animals per acrylic cages and left undisturbed until adulthood.

In comparison to the paradigm of short maternal deprivation, this paradigm has 
a reduced effect on the HPA axis during the period of separation (Lomanowska 
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et al. 2010; Spear et al. 1989). In addition, the AR or “pup-in-a-cup” procedures 
do not involve deprivation of nutrients, animals are provided with stable humidity 
and temperature. Thus, the body weight (Diaz et al. 1981, 1983; Haney et al. 1986; 
Melo et al. 2009a), liver and kidney tissues (Díaz et al. 1983), and liver protein 
and DNA content, diacyl glycerolacyl transferase and fatty-acid CoA ligase ac-
tivities (Haney et al. 1986) are similar to those obtained from pups reared by their 
mothers. The results obtained to date, enumerated below, are likely attributable to 
the sensory and/or social deprivation during postnatal preweaning period, rather 
than to other factors, like undernutrition, loss of body temperature, or chronic 
stress. Total maternal deprivation and AR produces a wide variety of behavioral 
and physiologic effects. Behaviorally, animals reared without their mothers (AR) 
in comparison to mother-reared animals show (1) deficits in maternal behavior 
toward their own offspring, i.e., they spend less time over their pups and less time 
licking them (Gonzalez et al. 2001; Lovic and Fleming 2004; Melo et al. 2006); 
(2) deficits in maternal memory through interaction with pups (Melo et al. 2006; 
Numan 2006); (3) reduction in attention and increases in activity in adulthood 
(Lovic and Fleming 2004); (4) hyperactivity and reduced “fear” in a plus maze 
task (Burton et al. 2006); (5) marked inattention in prepulse inhibition and atten-
tion set-shifting tasks (Lovic and Fleming 2004), deficits in social learning (Lévy 
et al. 2003; Melo et al. 2006), and social behaviors (Gonzalez et al. 2001; Lovic 
and Fleming 2004); and (6) high levels of maternal and offensive aggressive-
ness (Melo et al. 2009a). Physiologically, the effects of AR are equally striking. 
Compared to postpartum MR rats, AR rats show increased basal extracellular 
dopamine (DA) levels in nucleus accumbens and reduced pup-related DA eleva-
tions. These DA changes are related to disrupted maternal behavior (Afonso et al. 
2008). In addition, AR rats treated with DA agonists such as amphetamine show 
dose-dependent increases in locomotor activity above and beyond what is typi-
cally observed in MR rats (Lovic et al. 2006). Most of these effects are prevented 
partially or completely by providing pups with daily additional stroking stimula-
tion with a paintbrush 5–8 times per day designed to simulate mother’s licking 
(Fleming et al. 2002; Gonzalez et al. 2001; Lévy et al. 2003) or by providing peer-
derived social stimulation during AR (Melo et al. 2006, 2009a). Interestingly, 
these behavioral effects of deprivation are similar in many important respects to 
the institutional inattention/overactivity syndrome seen in infants raised in insti-
tutions who are then adopted into enriched homes (Fries and Pollak 2004; Gunnar 
et al. 2001; Rutter and O’Connor 2004). The effects of AR are also transferred 
across generations: Daughters of AR mothers show patterns of maternal behavior 
that are similar to their own mothers (Gonzalez et al. 2001).

The above data strongly suggest that specific cues associated with the interaction 
between the mother and the offspring, such as sensory (tactile) stimuli, social con-
tact with the mother and littermates, feeding, and rhythmicity of milk delivery, are 
involved in the development of the offspring. However, when pups are deprived of 
the above stimuli during AR, they are also deprived of maternal milk. In the section 
that follows, we describe additional ways that pups can be affected by their mothers, 
not by maternal behavior, but rather, by aspects of the mother’s physiology.
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11.5  Hormones in Maternal Milk

Maternal milk provides the young with essential nutrients (fat, proteins, lactose, 
minerals) to support optimal offspring growth and survival during postnatal life. 
It is well-known, for well over 50 years, that maternal milk contains a wide ar-
ray of bioactive compounds such as cytokines, growth factors, vitamins, immuno-
globulins, enzymes, and hormones that contribute to the growth, development, and 
maturation of the newborn (Grosvenor et al. 1992; Hazum 1983; see Koldovsky 
1980). The hormones present in milk of several mammalian species are: PRL, go-
nadotrophins, thyroid-stimulating hormone (TSH), adrenocorticotrophic hormones, 
oxytocin (OT), thyroid-releasing hormones, luteinizing hormone release hormones 
(LH-RH), gonadotrophin release hormones (GnRH), thyroid hormones (TH), es-
tradiol, estriol, progesterone, leptin, testosterone, corticosterone, among others (see 
Grosvenor et al. 1992; Table 11.1). Milk also provides substances that induce im-
mune competence in the offspring (Goldman and Frawley 1996; Goldman 1993; 
Ellis et al. 1996; Ellis and Picciano 1995).

There are two primary potential sources of the constituents and bioactive com-
ponents in milk; these are (1) synthetized in the mammary gland from precursors in 
blood and/or (2) transferred directly from blood to milk through the alveolar–blood 
barrier. These compounds likely enter into the milk through the alveolar epithelium 
of the mammary gland by passive diffusion, bound to carrier proteins or by active 
transport (see Polk 1992; Ellis et al. 1996; Ellis and Picciano 1995).

Once the pups ingest the milk, the milk’s components are absorbed through the 
neonatal gastro intestinal tract (GIT) and are then transferred to the pup circulation 
in biologically active forms. There is a large literature that reports that the GIT 
of suckling mammals (mainly in rats and mice) has the ability to absorb several 
large molecular proteins, as hormones, without changes in its immunological prop-
erties (see Koldovsky 1980). Although it is known that lipid-soluble hormones are 
converted enzymatically to less active forms in the intestinal and hepatic tissues 
(Baumrucker and Magliaro-Macrina 2011), this is not well established for most of 
the maternal milk components. Furthermore, this GIT ability appears to be by the 
low proteolytic activities and a higher permeability for macromolecules in neonates 
(see Koldovsky 1996). It is possible that components travel throughout the blood to 
different targets, such as brain, immune tissues, kidney, intestine, and liver, thereby 
acting on them through their binding to specific receptors.

Although there is little information on the possible biological role of these com-
ponents, the hypothesis that they influence the development of offspring is often 
inferred from their relative abundance in early milk compared to mature/late milk 
and maternal serum. The high concentration of most bioactive compounds in milk 
declines as lactation progresses while the offspring’s milk consumption increases. 
The level of concentration of the milk’s components coincide with the level of ab-
sorption in the GIT, i.e., during early lactation there is a high concentration of these 
components in the milk that is correlated with the level of absorption in the GIT of 
the offspring, while during late lactation there is a low concentration of these bioac-
tive components, along with a lower capacity for their absorption in the GIT.
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Hormones Species References
Gonadotropin-releasing 

hormones (GnRH)
Rats, bovines, mares, humans McGarrigle and Lach-

elin (1983); Wolford and 
Argoudelis (1979); Monk 
et al. (1975); Heap et al. 
(1983)

Somatostatin Rats, bovines, sheep, humans Holst et al. (1990); Koch et al. 
(1991); Werner et al. (1988)

Growth hormone-releasing 
factor (GRF)

Human, bovines, sheep, rats Amarant et al. (1982); Baram 
et al. (1977); Sarda and Nair 
(1981); Werner et al. (1986)

Thyrotropin-releasing hormone 
(TRH)

Rats, bovine, humans Amarant et al. (1982); Strbak 
(1985)

TSH T4 T3 Rats Krulich et al. (1977); Tenore 
et al. (1981)

Prolactin (PRL) Rats, bovines, goats, sheep, 
rabbits, humans

Geschickter and Lewis (1936); 
Gala et al. (1975); Malven 
and Mc Murtry (1974); 
Malven (1977); Grosvenor 
and Whitworth (1976); 
Ostrom (1990); Ollivier-
Bousquet (1993)

Prostaglandin Rats, bovines, humans Chappell et al. (1983); 
Simmons et al. (1979)

Estrogen
17 β-Estradiol (E2), Estrone 

(E1), Estriol (E3)

Bovines, humans Koldovsky and Thornbur 
(1987); Nilsson et al. (1978); 
Wolford and Argoudelis 
(1979)

Progesterone Bovines, goats Koldovsky and Thornbur 
(1987); Hruska and Veznik 
(1983); Nilsson et al. (1978); 
Darling et al. (1974); Heap 
et al. (1973); Zaied et al. 
(1979)

Oxytocin Humans Takeda et al. (1986)
Testosterone Bovines Hoffman and Rattenberger 

(1977); Fritsche and 
Steinhart (1999)

Glucocorticoids (corticoste-
rone, cortisol)

Bovines, humans Kulski and Hartmann (1981); 
Tucker and Schwalm (1977); 
Ratsimamanga et al. (1956)

Luteinizing hormone-releasing 
hormone (LH-RH)

Rats Amarant et al. (1982)

Insulin Bovines, humans Ballard et al. (1982); Malven 
(1977); Cevreska et al. 
(1975)

Calcitonin Humans, rats Werner et al. (1982)
Erythropoietin Humans, sheep, rats, mice Grosvenor et al. (1993); 

Dickson et al. (1985); 
Bielecki et al. (1972); Grant 
(1952)

Table 11.1  Hormones in milk 
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These observations raise the question as to (1) why are these compounds present 
in maternal milk? (2) why is their concentration higher in early lactation than in late 
lactation? (3) do they have a biological function? and, (4) if they do, where and how 
do they act? To consider a milk component to have a biologic function, it has to fulfill 
several criteria (Peaker and Naville 1991). It has to: (1) be present and active in milk, 
(2) have a functional effect on the development of the offspring as a neonate and/or 
later in life, (3) become active or retain activity in the target organs, (4) be present 
in greater concentration in milk compared to the concentration in serum, and (5) the 
effect should be eliminated when these components are not present in the milk and 
restored when it is replaced (Peaker and Neville 1991; Ellis et al. 1996). These criteria 
of bioactivity can be fulfilled for some milk elements as with PRL, epidermal growth 
factor, prostaglandins, leptin, and corticosterone (Ellis et al. 1996). However, with 
others they may be bioactive although they may not fulfill all these criteria. In the fol-
lowing section, we present some evidence of specific hormones present in maternal 
milk that have biological effects on the development of the neonates.

11.5.1  Prolactin

PRL is a hormone produced in the anterior pituitary gland that functions to maintain 
milk production during lactation, and it has been identified in the milk of cows, 
sheep, goats, sows, rats, and humans (Grosvenor et al. 1992). PRL levels are high 
during early lactation and subsequently decline to the low levels during late lacta-
tion (Shyr et al. 1986; Malven and McMurtry 1974; Ellis and Picciano 1995; Ellis 
et al. 1996; Grosvenor and Whitworth 1976; Gala et al.1980; Kacsoh et al. 1991, 

Hormones Species References
Melatonin Humans, bovines, goats Eriksson et al. (1998); Valtonen 

et al. (2003)
Epidermal growth factor (EGF) Rats, humans Bohuslav et al. (2000); 

Carpenter (1980); Puccio and 
Lehy (1988); Pollack et al. 
(1987)

Insulin-like growth factors 
(IGFs)

Humans, bovines, rats Malven et al. (1987); Shing and 
Klagsbrun (1984)

Leptin Humans, ruminants, pigs Chilliard et al. (2001); Wolinski 
et al. (2014); Savino et al. 
(2013)

Morphine Bovines, humans Henschen et al. (1979); Hazum 
(1983)

Ghrelin Humans Kierson et al. (2006); Aydin 
et al. (2006)

Cholecystokinin Humans Kierson et al. (2006)
Thyroprotein Bovines Archibald (1945)

Table 11.1 (continued) 
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1993). Milk produced during early lactation by rats, bovines, and humans have high 
PRL bioactivity, which includes its several PRL variants (phosphorylated, glyco-
sylated, and bound; Kacsoh et al. 1993; Ellis and Picciano 1995; Ellis et al. 1996). 
Milk PRL bioactivity exceeds estimates of PRL immunoreactivity by 2–6 fold in 
rats (Kacsoh et al. 1993), and by 1.4–4 fold in humans (Ellis and Picciano 1995). 
The different variants exist in different concentrations in the milk, suggesting ei-
ther differential transfer from blood to milk or differential synthesis of PRL in the 
mammary gland itself (Ollivier-Bousquet et al. 1993; Ellis et al. 1996; see also Cox 
et al. 1996). There are three PRL variants or forms in both rat and human milk: 
phosphorylated, glycosylated, and bound (Ellis and Picciano 1995). The first one 
represents 60–80 % of the biologically active PRL only in human milk. The glyco-
sylated PRL variant is also found in milk in humans and rats. There is evidence that 
the PRL that pups of rats and rabbits ingest through maternal milk is absorbed by 
the jejunum and ileum, possibly bound by PRL receptors on the epithelial cells (Na-
gano et al. 1995). The absorption of PRL into the intestine of the pup was confirmed 
by experiments in which radiolabeled PRL injected to the mother was tracked to her 
milk and ultimately to the serum of her pups. Once milk-derived PRL is absorbed, it 
is detected in the plasma 20–25 min later, with an estimated 16 % of the PRL pres-
ent in milk being absorbed (Gonella et al. 1989; Grosvenor and Whitworth 1976; 
Whitworth and Grosvenor 1978; Malven and McMurtry 1974). Furthermore, re-
cently it has been reported that ovine PRL injected systemically to lactating mothers 
on postpartum day 6 was detected 25–30 min later in serum from their pups (Melo 
et al. 2009b).

What is the effect of this maternal PRL that is absorbed from mothers’ milk 
into the blood of the offspring? There are reports that milk-derived PRL modulates 
the development of the PRL secretory cells (Hoeffler et al. 1985) and tuberoinfun-
dibular-dopamine (TIDA) system (Shah et al. 1988; Shyr et al. 1986; Shieh and 
Pan 1999; Ellis et al. 1996) of the pups during early life. Experimentally reduc-
ing the levels of PRL in maternal plasma and milk (without abolishing lactation) 
by administering low doses of bromocriptine (a dopaminergic agonist that inhibits 
PRL release from anterior pituitary), to lactating rats across lactation days 2–5, 
resulted in a marked suppression of DA turnover in the median eminence of the 
offspring, leading to increased plasma PRL concentration (hyperprolactinemia) in 
the offspring during the juvenile and adult stages. In addition, these females showed 
normal vaginal opening time but had irregular estrous cycles (Shah et al. 1988), 
and their ovarian estrogen secretion was disturbed (Crowley et al. 1990). Recently, 
it has been reported that female adult offspring of bromocriptine-treated mothers 
induced to display maternal behaviors through a pup sensitization paradigm had 
lower latencies to respond maternally than did vehicle-treated mothers. Further-
more, in comparison to female offspring of control mothers, female offspring of 
bromocriptine-treated mothers spent less time hovering over the pups, body lick-
ing and in close proximity to pups (Melo et al. 2009b). The simultaneous infu-
sion of ovine PRL by osmotic minipump (Shyr et al. 1986; Shah et al. 1988) or 
sc injection of ovine PRL (Melo et al. 2009) to the mothers prevented the TIDA 



23311 Role of Sensory, Social, and Hormonal Signals from the Mother …

(Shyr et al. 1986; Shah et al. 1988) or maternal (Melo et al. 2009b) effects of  
bromocriptine.

In addition to the well-established role of immunoglobulins in milk on passive 
immunity, it has been proposed that PRL in milk early in life participates in the 
development of acquired immune system in the pup (Ellis et al. 1996). There is 
evidence that PRL in milk can affect differentiation, proliferation, and function of 
lymphocytes, macrophages, and natural killer cells involved in the acquired im-
mune system in rats and mice (Berczi et al. 1981; Bour et al. 1991). Using the same 
schedule of treatment, injection of bromocriptine into mothers during postpartum 
days 2–5 induced in the offspring at 10, 15, and 21 days of age, a precocious re-
sponse of splenocyte and thymocyte populations to polyclonal mitogens in vitro 
was observed. Furthermore, in mice, the administration of PRL-antiserum or bro-
mocriptine to pups on PND 1–3, reduced the percentage of thymocytes and spleno-
cytes that display the CD4+ T-helper phenotype and B cells (Russell et al. 1998). 
These data suggest that the disruption of lymphocyte suppression early in life is a 
mechanism for generation of self-reactive lymphocytes involved in autoimmune 
diseases as Crohn’s disease and diabetes. This suggestion derives from epidemio-
logical findings that indicate that the frequency of these diseases is higher in infants 
fed with formula than those nursed by maternal milk (Goldman 1993).

In summary, the results presented here suggest that milk-borne PRL may be an 
essential and critical agent in the development of neuroendocrine, reproductive, 
behavior, immune, and neural function in offspring of mice, rat, and humans.

11.5.2  Glucocorticoids

GC (corticosterone in rodents; cortisol in humans and nonhuman primates) is a 
steroid hormone secreted by the cortex of the adrenal gland of many mammals (in-
cluding rodents and primates) that is involved in metabolism, immune responses, 
and development of stress responses (see Catalani et al. 2000). It has been detected 
in milk of bovines, humans, rats, mice (Kulski and Hartmann 1981; Tucker and 
Schwalm 1977; Ratsimamanga 1956), and is reflective of blood GC concentration 
after physical, pharmacological, or psychological stress. It has been suggested that 
GC in milk in rodents, in combination with maternal cues, participate in the main-
tenance of the stress-hyporesponsive period (SHRP) that characterize pups from 
PND 4–14 when the adrenal response to stress or high levels of ACTH (exogenous) 
is either minimal or nonexistent, resulting in stable low levels of circulating GC 
(Sawano et al. 1969; Cirulli et al. 1992; Rosenfeld et al. 1992). The presence of GC 
in milk further supports the hypothesis that exposure to GC during the postnatal 
period also induces permanent effects on growth and differentiation in a number of 
biologic systems, including the central nervous system (CNS). These pituitary–ad-
renal interrelationships between the mother and offspring during postnatal life via 
the corticosterone presence in milk and its passage into pups through endothelial 
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cells of intestine have been investigated. Thus, pups of mothers who received daily 
injections of corticosterone from postpartum day 2 to 22 showed higher corticoste-
rone levels in stomach milk and brain, but not in serum on PND 7, as well as higher 
corticosterone levels in serum, but not in brain (prefrontal cortex, hypothalamus, or 
hippocampus) on PND 18 (Brummelte et al. 2010). The experimental paradigms 
most frequently used to support the above hypothesis involve decreasing the levels 
of GC below the physiological range in the mother (through adrenalectomy) or 
increasing levels to the physiological range through injections of corticosterone to 
lactating mothers (Catalani et al. 1993, 2000; Casolini et al. 1997). Also, GC levels 
in maternal milk can be manipulated. These studies show that a moderate increase 
of corticosterone during the postnatal time by mothers drinking corticosterone in-
duced high levels of hippocampal corticosterone receptors and a lower response 
to stress in 30-day-old offspring (Casolini et al. 1997), as well as a decrease in the 
adult serotonin 1 A receptor binding in the hippocampus CA1 region (Meerlo et al. 
2001). Behaviorally, administration of GC to the neonate results in adults which 
show good performance in spatial memory tasks (Catalani et al. 1993) reduced 
anxiety, improved learning, and better capacity to deal with stress (in the case of 
adult females; Catalani et al. 2000). In contrast, adult male and female offspring of 
mothers treated with corticosterone (40 mg/kg. sc) during the postnatal period (from 
birth to 26 postpartum day) showed higher resistance to capture and greater loco-
motor activity in open field test, and a decreased postnatal cell proliferation in the 
dentate gyrus (in male, but not female offspring; Brummelte et al. 2006). Finally, 
males of dams exposed to very high maternal corticosterone during the postpartum 
period showed more anxiety-like behavior in the elevated plus maze (Brummelte 
et al. 2012). In rhesus monkeys, naturally occurring variations in endogenous GC 
concentrations in mothers’ milk has been related to variations in infant temperament 
(Sullivan et al. 2001). In general, these results suggest that early exposure to GC 
can cause permanent changes in binding capacity of the GC receptors in the hippo-
campus and in related behavioral and endocrine outcomes (Angelucci et al. 1983).

11.5.3  Thyroid Hormones

It is well known that TH, thyroxin (T4), and 3,5,3′-triiodothyronine (T3) are avail-
able to the mammalian embryo from placental transport (Morreale et al. 1987), and 
to neonate from maternal milk (Oberkotter 1989; Vigouroux et al. 1980; Slebodzin-
ski and Twardon 2004). After birth, in addition to TH produced by its own thyroid 
gland, offspring ingest a considerable amount of TH in the maternal milk (Oberkot-
ter 1989; Vigouroux et al. 1980; Slebodzinski and Twardon 2004). The levels of T4 
in colostrum and milk in rabbits, cows, and women were found to be similar, with 
about 2 nmol l−1, which, however, represents a very small fraction of levels found in 
blood serum (Slebodzinski et al. 1986). The physiologic effect of this T4 exposure 
on the offspring is not known. However, there is some evidence that the other TH, 
T3, in milk may exert some physiological effects in offspring, particularly during 
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the early postnatal period. The T3 content in milk approximated one-third of the 
levels found in serum and was about 1.0, 1.8, 0.3, and 0.5 nmol l−1 in the rabbit, pig, 
human, and cow, respectively (Slebodzinski et al. 1986). As with other hormones in 
milk, concentrations of TH in milk vary across lactation. Although there are species 
differences in levels of TH, in general there are low levels of T4 and high of T3 milk 
levels during early lactation, and high milk T4 and low T3 concentrations during 
late lactation (Slebodzinski and Twardon 2004).

The main source of data supporting the hypothesis that maternal TH participates 
in the development of altricial offspring during early postnatal period comes from 
pharmacological studies where serum and milk thyroid content are reduced by ad-
ministration of goitrogen drugs (e.g., 6-N-propylthiouracil, PTU) to lactating rats 
(Tamasy et al. 1984, 1986). The experiment consists of administrating PTU to the 
drinking water (0.1 %) to the mother from parturition and throughout much of lac-
tation. This treatment effectively results in the mother in elevations in serum TSH 
and reduced serum T4 (Koldovsky 1980; Tamasy et al. 1986). Furthermore, pups’ 
body weights were affected by this regimen, suggesting that the changes in maternal 
TH levels in serum also occur in the milk (Tamasy et al. 1984). Furthermore, these 
PTU-treated offspring of 50 PND show severe somatic and motor retardation, de-
creased exploratory activity, no habituation in the hole-board test, as well as behav-
ioral and hormonal malfunctions (Tamasy et al. 1986). Also, the same treatment sig-
nificantly decreases Bcl-2 protein and enhances apoptotic cells in the hippocampus 
neurons at all stages of development and (Huang et al. 2005), as well as inducing 
a dose-dependent auditory threshold deficits (Golden et al. 1995). Similar effects 
of PTU on development have also been reported in hamsters, where male hamsters 
reared by PTU-treated dams showed reduced sexual activity in adulthood (Jansen 
et al. 2007). There are also studies that suggest a role for TH in the development of 
offspring. Included among these are (1) thyroidectomy of lactating rats resulted in 
a transient decrease of T4 in sucklings and (2) the differences in mother milk in-
take achieved by different litter size also affected the thyroid function of sucklings, 
where the pups from small size litters (more milk consumption) had a lower thyroid 
secretion rate, lower plasma TSH, and higher T4 in plasma, a higher growth rate and 
an accelerated overall maturation (Strbák et al. 1983).

11.5.4  OT Hormone

OT is a small nonapeptide, initially considered to be a reproductive hormone in-
volved in uterine contractions and milk ejection, but recently it has been involved 
in several central integrative functions, coordinating behavioral and physiolog-
ical processes and in neural and behavioral development (Carter 2003). OT is 
abundant in the hypothalamus (supraoptic and paraventricular nucleus), and is 
transported to the posterior pituitary by neurosecretion, where it is released into 
the vascular system and acts on the uterus, gonads, heart, and thymus (Gimpl 
and Fahrenholz 2001). It is released by sensory stimulation during social contact, 
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genital stimulation, sexual performance, and breast stimulation by pups, as dem-
onstrated in several species (Carter 1992; Uvnas-Moberg 1998). OT receptors 
are found in brainstem and are involved in reproductive, social, affiliative, and 
adaptive behaviors (Witt 1997). OT has a vagal/parasympathetic function that 
integrates metabolic, behavioral systems involved in the control of anxiety, ob-
sessiveness, and stress reactivity (Carter 1997; Sawchenko and Swanson 1985). 
Recently, it has been reported that exposure to OT during the prenatal and/or early 
postnatal period has lifelong consequences for the development of behavior and 
physiology of offspring (Boer 1993; Boer et al. 1994; see review Carter 2003). OT 
receptor binding is increased in female (but not male) offspring that received high 
levels of maternal licking and grooming (Champagne and Meaney 2001; Francis 
et al. 2002). Maternal behavioral effects on offspring OT function have, therefore, 
been demonstrated. However, the presence of OT in maternal milk has only been 
demonstrated in humans (Takeda et al. 1986). Although the capacity of OT to pass 
from the mother to the offspring system through the milk and remain stable and 
with bioactive properties has not been studied in rat models, the behavioral data 
suggest that neonatal OT can affect offspring development (Hartman et al. 1986). 
OT administered centrally and peripherally on 6–8 PND results in a reduction in 
the ultrasonic vocalizations (USV) emitted by isolated pups (Carter 2003), and a 
single dose of OT administered intracisternally induced an elevation of novelty-
induced grooming (Noonan et al. 1989). In addition, the central administration of 
an OT antagonist blocks the effects of central, but not peripheral, administration 
of OT (Insel and Winslow 1991). In prairie voles ( Microtus ochrogaster), OT 
antagonist (OTA) were administered either on PND 1 or daily from days 1 to 7, 
and then on day 8, the pups were exposed to social isolation. The single doses of 
OTA decreased USV during social isolation, but repeated doses increased USV 
in females (Kramer et al. 2003). Furthermore, early postnatal treatment with OT 
resulted in increased body weight, changes in nociceptive threshold (Uvnas-Mo-
berg 1998), altered responses of aortic tissue to vasopressin, altered placental and 
fetal growth during pregnancy (Sohlström et al. 2002), and elevation of novelty-
induced grooming (Noonan et al. 1989). When OT is administered early in life 
(1–14 PND) to offspring from food-restricted mothers, it stimulates postnatal 
weight gain and decreases the elevated levels of serum corticosterone and blood 
pressure (Sohlström et al. 2000; Olausson et al. 2003). In prairie voles ( Microtus 
ochrogaster), a single injection of OT or OTA on the first day of life affected 
partner preference formation and aggression (Bales and Carter 2002), alloparental 
behavior (Pfeifer et al. 2001), and reproductive competency in adults (Bales et al. 
2001). Finally, in rats, there is a relation between high levels of licking/grooming 
received early in life, and OT release and levels of central OT receptors in the 
pups (Champagne and Meaney 2001; Francis et al. 2002). Moreover, pups that 
received a high level of licking, as opposed to low levels of licking, showed in 
adulthood higher levels of maternal care and reduced anxiety-related behaviors 
(Francis et al. 2002; Pedersen and Boccia 2002).
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11.6  Summary

The issues surrounding the roles of “nature versus nurture” in phenotypic develop-
ment have been debated for many years and continue to the present day. Rather 
than viewing nature and nurture as dichotomous factors that contribute indepen-
dently to the traits of the organism, we now know that nature and nurture are not 
opposites, but that they interact during development of the organism to produce the 
considerable phenotypic variation that characterizes mammalian behavior we see 
(Moore 2013). It is undeniable that transmission of many traits across generations 
results from the inheritance by offspring of genomic information. However, even 
the highly conserved traits develop, and involve environmental inputs to do so. In 
many cases, the environmental input is relatively invariant, while in others it shows 
considerable variation. Moreover, there is a large literature that describes the role 
of epigenetic mechanisms that are activated when environmental factors or stimuli 
exert effects on the genome during critical or sensitive periods in the development. 
Among the critical periods, the postnatal preweaning has acquired importance due 
to that the sensory, social, and hormonal cues provided through maternal care that 
can have long-term effects on the development of the offspring. When these influ-
ences occur prenatally or during the early postnatal period, they have been referred 
to as having long-term “programming effects” that suggest the existence of periods 
of “developmental plasticity” leading to individual differences in physiology and 
behavior in the offspring.

The use of animal models has been helpful in understanding the mechanisms 
underlying the association between early life experience and adult phenotypes. In 
humans, we can talk about correlations and associations; in animal models, we can 
talk about causes. For example, the short or partial maternal deprivation paradigm 
provides an excellent model to assess the role of negative (stress) factors on de-
velopment, whereas the handling paradigm assesses the role of sensory (tactile) 
cues, and the total separation paradigm permits assessment of both tactile and also 
social cues on development. Among the cues provided by the mother, the maternal 
milk is essential not only as a food that furnishes nutrients for offspring growth 
but also as a vehicle to transfer bioactive elements that participate in the postnatal 
development of the immature organisms. For example, it has been shown that milk 
PRL is important during the first days of life for the development of the immune, 
cognitive, and behavioral systems of rodents. Although it has been known for more 
than 50 years that there are hormones in the breast milk of human mothers, the 
role of these hormones on the development of infant is unclear. What is known 
is that breastfeeding, compared with infant formula feeding, confers protections 
against several metabolic and physiological problems later in life, such as obesity 
and related medical complications. Furthermore, in contrast to breast milk, infant 
formula lacks hormonally active peptides; however, not enough is known to state 
categorically that specific hormones are essential to the development of the infant. 
It is hoped that through the use of animal models, where clear effects of hormones 
in milk have been demonstrated, human studies will be undertaken with specific 
hypotheses, based on the animal work. Finally, we have yet to fully understand how 
cues from the mother and littermates operate early in life to modify the genes and 
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their expression. Recent evidence from studies of laboratory rodents illustrate the 
associations between the experience of prenatal stress, total maternal separation, 
maternal care, abusive caregiving in infancy, juvenile social housing, and adult so-
cial stress and variation in DNA methylation and histone modification. These stud-
ies emphasize the possibility that dynamic epigenetic changes (molecular modifica-
tions that alter gene expression without altering the underlying DNA sequence) may 
account for this plasticity and underlie many of the behavioral effects reported in 
this chapter. Precisely which genes and which environments, at what developmental 
stages, are important for the early postnatal influences described herein have yet to 
be examined both in the animal models and in humans.
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Abstract Large retrospective, epidemiological studies accumulated in the late 
1980s, providing increasing evidence to the deeply rooted thought that perinatal 
events could persistently affect the individual’s functioning and health/disease pat-
terns throughout the lifetime. Evidences of such associations can be found in the 
literature since the beginning of the twentieth century, but studies from Barker, 
Hales, and colleagues serve as an important hallmark. They proposed the “thrifty 
phenotype” hypothesis, stating that poor nutrition in fetal and early infant life is det-
rimental to the development and function of the individuals’ organism, predisposing 
them to the later development of adult chronic diseases. At first used to explain the 
increased risk for type 2 diabetes in low birth weight individuals, the hypothesis 
was soon adapted to other systems, becoming one of the core assumptions of the 
Developmental Origins of Adult Health and Disease (DOHaD) model. The central 
nervous system is also vulnerable to the effects of environmental variation during 
fetal or neonatal life. Many researchers have explored the effects of perinatal pro-
gramming on the human neurodevelopment, and some aspects of the brain structure 
and/or functioning (such as cognitive function, physiological reactivity to stress, and 
the risk for behavioral disorders or psychopathology) were shown to be modifiable 
by the exposure to certain adverse events early in life such as neonatal infections, 
exposure to gestational psychosocial stress, nutrition during gestation, exposure to 
drugs, or tobacco smoking during pregnancy. Until recently, most studies focused 
on birth weight as a strong surrogate of the intrauterine environment, investigating 
the effects of low birth weight (as a marker of suboptimal fetal environment) on a 
variety of neurodevelopmental outcomes. Despite the fact that literature reviews on 
this topic are as old as 1940, the more recent retrospective studies are summarized 
in this chapter.



252 P. P. Silveira and G. G. Manfro

Retrospective studies are based on existing data that have been recorded for rea-
sons other than research. Therefore, the investigator depends on the availability 
and accuracy of the medical record (e.g., chart reviews) and there is no follow up 
of the individuals. There are three general types of retrospective study: case report, 
case series, and case-control study. A case report describes unusual/instructive case 
(or multiple cases in the case series). Case-control studies retrospectively compare 
persons who have an outcome of interest (cases) with others who do not have it 
(controls), estimating the odds to have the outcome based on the previous exposure 
to the risk factor of interest (Hess 2004).

Large retrospective, epidemiological studies accumulated in the late 1980s, 
providing increasing evidence to the deeply rooted thought (Ferreira 1965) that 
perinatal events could persistently affect the individual’s functioning and health/
disease patterns throughout the lifetime. After having observed that early twentieth 
century local infant mortality rates were related to the geographical differences in 
death rates from ischemic heart disease in England and Wales (Barker and Osmond 
1986), Barker and colleagues hypothesized that impaired perinatal growth could be 
an important risk factor for ischemic heart disease in adult life. To verify this, they 
studied the records from the east Hertfordshire districts, in England, which were ob-
tained by the attending midwife between 1911 and 1930. She was required to notify 
every birth to the county medical officer of health within 36 h, as well as to visit 
the newborn’s home periodically throughout the first year of life. Then, using the 
National Health Service Central Register, they were able to investigate the cause of 
death of these people in relation to their birth weight. Among 5654 men, those who 
had had the lowest weights at birth (below 2.5 kg) had the highest death rates from 
ischemic heart disease as adults (Barker et al. 1989). Soon after that, Hales, Barker, 
and collaborators also described that reduced growth in early life is strongly linked 
with impaired glucose tolerance and type II diabetes (Hales et al. 1991), as well as 
with the prevalence of metabolic syndrome (Barker et al. 1993), with the risk falling 
progressively in both men and women from those who had the lowest to those who 
had the highest birth weights. They proposed the “thrifty phenotype” hypothesis 
(Hales and Barker 1992), which states that poor nutrition in fetal and early infant 
life is detrimental to the development and function of the individuals’ organism, 
predisposing them to the later development of these adult chronic diseases. At first 
used to explain the increased risk for type 2 diabetes in low birth weight individu-
als, the hypothesis was soon adapted to other systems, becoming one of the core 
assumptions of the Developmental Origins of Adult Health and Disease (DOHaD) 
model (Barker 2003; Gluckman and Hanson 2004; Silveira et al. 2007; Wadhwa 
et al. 2009).

The central nervous system is also vulnerable to the effects of environmental 
variation during fetal or neonatal life. Many researchers have explored the effects 
of perinatal programming on the human neurodevelopment, and some aspects of 
the brain structure and/or functioning (such as cognitive function, physiological 
reactivity to stress, and the risk for behavioral disorders or psychopathology) were 
shown to be modifiable by the exposure to certain adverse events early in life such 
as neonatal infection (e.g., Salk et al. 1985), exposure to gestational psychosocial 
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stress (e.g., Selten et al. 1999), nutrition during gestation (e.g., Susser and Lin 1992; 
Brown et al. 1995), exposure to drugs (e.g., Jacobson et al. 1987), or tobacco smok-
ing during pregnancy (e.g., Mortensen et al. 2005). Until recently, most studies 
focused on birth weight as a strong surrogate of the intrauterine environment, in-
vestigating the effects of low birth weight (as a marker of suboptimal fetal environ-
ment) on a variety of neurodevelopmental outcomes. Despite the fact that literature 
reviews on this topic are as old as 1940 (Benton 1940), the more recent retrospec-
tive studies are summarized below.

12.1  Cognitive Functioning

Already in 1949, Asher and Roberts reviewed the birth histories of 4800 children 
from Britain’s ordinary primary and secondary schools, 877 children from the spe-
cial schools for the educationally subnormal, and 343 mentally defective children, 
describing that the incidence of very low birth weight was four times greater for 
the special school and defective children than for the controls (Asher and Roberts 
1949). In 1953, Alm studied data obtained through a search of the communal and 
state records from the year 1947. The study compared 999 boys with a birth weight 
of 2500 g or less, born at the three largest maternity hospitals in Stockholm between 
1902 and 1921, with 1002 control children born with birth weights between 2760 
and 3750 g, finding increased rates of institutional care and governmental pensions 
for spastic paralysis, epilepsy, and educable and uneducable mental deficiency in the 
low birth weight group (Alm 1953). In 1955, Pasamanick and Lilienfeld used offi-
cial records identifying information of patients with diagnosed mental deficiency or 
intelligence quotients under 80 who were born in Baltimore during the period from 
1935 to 1952 inclusive, using the subsequent birth as a control, and found associa-
tions between mental retardation and complications of pregnancy and parturition 
(bleeding, toxemia), low birth weight, and abnormal neonatal conditions (seizures, 
cyanosis, or anoxia; Pasamanick and Lilienfeld 1955). Moore (1965) described that 
premature children of relatively low IQ had lower birth weight when compared to 
those of relatively high IQ, especially in males (Moore 1965). Studying 573 institu-
tionalized, mentally retarded children, Katz and Taylor (1967) reported a higher in-
cidence of low birth weight and, especially, of very low birth weight in his samples 
as compared with the general population of Pennsylvania (Katz and Taylor 1967).

The quarter-century from 1956 to 1981 brought more progress and more promise 
for the low birth weight/premature infant than any similar previous quantum of time 
(David and Siegel 1983). Better perinatal medical care accounted for the major-
ity of the improvement, with consequent reduction in mortality rates and a com-
plete change in terms of the previously established epidemiological associations 
and known risk factors for morbidity in this population (Kessel et al. 1984). As the 
neonatal intensive care established and improved, interest in the long-term impact 
of this medical intervention became more and more evident, as it can be detected 
by the innumerous prospective studies started at the time. Homogeneous,  consistent 
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retrospective data from this period are virtually inexistent. An exception is a large 
series of 12,058 live births from Finland, covering 96 % of all children born in 
the region in 1966, which gathered information from questionnaires and medical 
records up to the age of 14 years and demonstrated that the incidence of severe 
mental retardation, lower IQ, and educational problems was significantly higher in 
the lower birth weight groups (Rantakallio 1985). More recent studies have used 
birth weight as a continuous variable, in correlation to IQ scores. In a study of 4300 
Danish military conscripts born between 1973 and 1975, Sorensen et al. found that 
the Boerge Prien IQ test increased progressively with the birth weight, leveling out 
above a birth weight of 4.2 kg (Sørensen et al. 1997). Another large-scale study of 
357,768 Swedish military conscripts born as singletons without congenital malfor-
mations between 1973 and 1981 showed that poor fetal growth was associated with 
decreased cognitive functioning in adult life (Lundgren et al. 2004) and this was not 
explained by differences in socioeconomic status (Bergvall et al. 2006). Recently, 
a U-shaped association of fetal growth with the risk for intellectual disability in a 
large Australian retrospective study has been reported (Leonard et al. 2008).

More recent studies are better at discerning the effects of prematurity (less than 
37 weeks gestation at birth) from the poor intrauterine growth (low birth weight 
for a given gestational age). For instance, a study retrospectively divided a total 
of 1,623,038 live births registered in the Taiwan Birth Registry between 1985 and 
1989 into those born at term with low birth weight, those preterm infants with nor-
mal birth weight, and the preterm infants with low birth weight; using data from the 
Basic Competence Test (assessing language, mathematics, and sciences) applied to 
all junior high school students in Taiwan at age 15 years, the researchers showed 
that lower birth weight has a negative effect on adolescent learning achievement 
(Wang et al. 2008). Other retrospective studies have found associations between 
specific types of prenatal stress and individuals performing less well in cognitive 
tests. For instance, it was shown a dose–response relationship between maternal 
smoking during pregnancy and offspring adult intelligence at the mean age of 18.7 
years in 3044 singleton males from the Copenhagen Perinatal Cohort at start of the 
military service (Mortensen et al. 2005).

A very recent study investigated the cognitive abilities of men from the Helsinki 
Birth Cohort Study who had been separated temporarily from their parent(s) during 
World War II. These men underwent the Finnish Defense Forces Basic Intellec-
tual Ability Test twice, at 20 years and retest at 70 years. Compared with the men 
without childhood separation, those who were separated from their parents scored 
lower on verbal, visuospatial, arithmetic, and general cognitive ability at the ages 
of 20 and 70 years. All these studies suggest that early-life stress is significantly as-
sociated with weaker cognitive performance at different time points during the life 
course in humans (Pesonen et al. 2013).
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12.2  Behavioral Disorders

A relatively consistent literature documents that low birth weight may be associated 
with attention deficit/hyperactivity disorder (ADHD). An early extensive retrospec-
tive study including 1151 children referred to a branch of the Baltimore Board of 
Education for deviant behavior (lack of concentration, or hyperactive/confused/dis-
organized behavior) shows that prematurity, with or without other perinatal com-
plications, was found significantly more often among these children than among 
matched controls (Pasamanick et al. 1956). Data from the 1981 National Health 
Interview Survey including 11,699 children aged 4–17 years provided information 
on parent-reported behavior problems and chronic childhood conditions; it shows 
that low birth weight children were more likely to experience school difficulty (in 
terms of both repeating grades and requiring special education) as well as to have 
received higher scores on the hyperactivity subscale of the Behavior Problems In-
dex (McCormick et al. 1990). A case-control study selected a sample of 823 chil-
dren from lists of newborn discharges occurred between 1983 and 1985 in two 
major hospitals in Michigan; using data abstracted from medical records at birth 
and from teachers’ ratings on the Teacher Report Form, researchers were able to 
show that low birth weight children had increased scores on the Attention Problems 
scale (Breslau et al. 1996). In 1993, a population random sample survey of 1775 
children aged 4–16 years in Western Australia, in which linkage with original birth 
information was performed, used the Child Behavior Checklist (CBCL) and the 
Teacher Report Form as the behavioral outcomes. It was seen that children who had 
achieved only 57–72 % of their expected birth weight given their gestational age at 
delivery were at significant risk to have altered behavior on the CBCL, as well as 
more likely to be rated as academically impaired (Zubrick et al. 2000).

The 1997 Health Survey for England, besides addressing health issues, demo-
graphic and social factors, also collected data on reported birth weight and the 
Strengths and Difficulties Questionnaire for children aged 4–15 years, a measure 
that enquires about five dimensions of behavior: conduct problems, hyperactivity, 
emotional symptoms, peer relationships, and prosocial behavior. In this study, it 
was found that children with high hyperactivity, peer problem, conduct problem, 
and total difficulties scores were lighter at birth than those with low/borderline 
scores. A gender effect was also evident, in which boys with high hyperactivity, 
peer and conduct problem scores were significantly lighter than boys with low/
borderline scores, as well as girls with peer problems were significantly lighter than 
girls without such problems (Kelly et al. 2001). In a Finnish study, a consecutive 
series of mothers and their singleton infants who were born healthy in one of the 
main maternity hospitals in the Helsinki area between March and November 1998 
responded to a survey sent to the sample in 2003, in which behavioral symptoms of 
ADHD were rated by the mother and the father of the child using the ADHD rating 
scale. The researchers report that a smaller ponderal index, a smaller head circum-
ference, and a smaller head-circumference-to-length ratio at birth predicted sig-
nificantly higher total and inattention-hyperactivity subscale scores on the ADHD 
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rating scale, even after adjusting for variables such as gender, income, maternal age, 
length of gestation, maternal alcohol and tobacco use during pregnancy, maternal 
prepregnancy body mass index (BMI), parity, and the child’s BMI at the age of 5–6 
(Lahti et al. 2006).

More recently, two retrospective, hospital-based, case-control studies conducted 
comparing ADHD cases with non-ADHD students show that the number of ADHD 
cases who had a birth weight below 2500 g was approximately 3–3.6 times the num-
ber of control cases who had low birth weight (Sasaluxnanon and Kaewpornsawan 
2005; Mick et al. 2002).

In line with the associations with fetal growth, other specific prenatal adverse 
exposures are prominent risk factors for behavioral problems in the offspring lat-
er in life. For example, a study using data from 4704 children 4–15 years of age 
from the American National Health and Nutrition Examination Survey 1999–2002 
demonstrates that prenatal tobacco exposure is significantly associated with ADHD 
(Braun et al. 2006). In accordance to this finding, a Danish study including all chil-
dren who were born in Denmark from 1991 through 1994 and recorded in the Dan-
ish Psychiatric Central Register until the end of 1999 with hyperkinetic disorders 
as their main diagnosis (= 170 cases), and a random sample of 3765 controls born 
on the same date shows that maternal smoking during pregnancy is associated a 
nearly threefold increased risk for hyperkinetic disorder in the offspring; this is still 
significant after adjustment for years of schooling after basic school, employment 
status, annual income, cohabitant status, and history of psychiatric disorders in the 
parents and siblings (Linnet et al. 2005).

The association between maternal smoking during gestation and increased 
risk for ADHD was also reported in a case-control study performed in 12 public 
schools in Porto Alegre, Brazil, enrolling 100 subjects with ADHD and 100 non-
ADHD controls; this study demonstrated a significantly higher number of cigarettes 
smoked per day during pregnancy for mothers of subjects with ADHD (Schmitz 
et al. 2006). Finally, a study performed in twins recruited 2054 pairs at 5–16 years 
of age, identified from the population-based Greater Manchester Twin Register 
whose mothers completed a validated set of questionnaires and information on the 
number of cigarettes smoked during pregnancy, as well as the birth weight of each 
twin. Teachers were also asked to complete an ADHD rating scale on each twin. 
The study shows a strong association between maternal smoking during pregnancy 
and offspring ADHD symptom scores (Thapar et al. 2003). Other studies also re-
port this association between maternal smoking during gestation and the offspring 
ADHD (Milberger et al. 1998; Milberger et al. 1996). Less consistent evidence also 
exists linking exposure to stress during gestation and the risk for childhood ADHD 
(McIntosh et al. 1995).

Psychological stress during pregnancy has long been recognized as a possible 
risk factor for behavioral and developmental outcomes in humans. An early case-
control study involving autistic and nonautistic children demonstrates a higher pres-
ence of family discord during the prenatal period in the cases (Ward 1990). Another 
study enrolling autistic children and controls gathered information on perinatal vari-
ables and major life events addressed by the Social Readjustment Rating Scale in 
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4-week blocks spanning the duration of pregnancy. The study reports an increase in 
the number of reported prenatal stressors among mothers of autistic children, espe-
cially at 21–32 weeks gestation, which is consistent with the embryological age in 
which brain structures believed to be altered in autism are developing (Beversdorf 
et al. 2005). Another interesting study linked data from the Louisiana’s Department 
of Health and Hospitals on the birth dates and gender of all individuals seen in the 
state health system since 1990 who had a diagnosis of autism disease, with data 
from the National Weather Service on all hurricanes, tropical storms, or floods that 
struck Louisiana from 1980 to 1995, including the storms’ dates, tracks, and de-
gree of destructiveness. They show that the prevalence of autism disease increased 
in a dose-response fashion with the severity of the prenatal storm exposure, and 
the effect depends on the period of exposure (higher if the exposure was on mid-
gestation), being also more evident in males (Kinney et al. 2008). A case-control 
study based on children born in Denmark from 1973 to 1999 and including all 
children ( N = 698) discharged from a Danish psychiatric hospital with a diagnosis 
of  infantile or atypical autism and a set of controls; information about perinatal 
 characteristics was obtained from the Medical Birth Register. Breech presentation, 
low Apgar score at 5 min (less than 7), low birth weight (less than 2500 g), gesta-
tional age at birth of less than 35 weeks, and being small for gestational age and 
high paternal age were associated with a statistically significantly increased risk of 
autism (Larsson et al. 2005).

Therefore, many different types of early-life events seem to affect neurodevelop-
ment and consequently behavior. The timing and severity of the insult seem critical 
to determine the outcome in terms of the severity and morbidity.

12.3  Mental Health

In 1987, a very interesting study linked data from the State Institute of Forensic 
Medicine collected between 1978 and 1984, and birth data from the Stockholm 
hospitals in unambiguous cases of suicide victims ( n = 281), alcoholics ( n = 66), 
and drug addicts ( n = 106). The comparison with 2901 controls showed that suicides 
involving asphyxiation were closely associated with asphyxia at birth, suicides by 
violent mechanical means were associated with mechanical birth trauma, and drug 
addiction was associated with opiate and/or barbiturate administration to mothers 
during labor (Jacobson et al. 1987). Although at the time it was not possible to fore-
see any mechanism to explain the findings, the authors were already proposing that 
birth trauma could be transferred, somehow, to adulthood.

Nonetheless, some evidence of this transmission (or perinatal programming) was 
already described by then. A 1966 case-control study located birth certificates of 
52 schizophrenic adults and their 115 siblings in the Bureau of Vital Statistics at 
Cleveland City Hall, and compared the birth weight between cases and controls. 
Despite the fact that most of the schizophrenics were males (who generally have a 
higher birth weight than females), while the siblings were equally divided between 
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males and females, the schizophrenics weighed significantly less at birth than did 
their siblings (Lane and Albee 1966).

In a set of 7086 individuals born at the public Helsinki University Central Hos-
pital between 1924 and 1933 that had birth information, mothers’ height, weight 
in late pregnancy, age, parity, and the date of the last menstrual period extracted 
from birth records together with data on the newborns’ length, weight, head cir-
cumference, and placental weight, early-life information was linked to the Finn-
ish Hospital Discharge Register, so that diagnosis of broad schizophrenia could 
be identified. The study reports that mothers’ late-pregnancy BMI as well as low 
birth weight were significantly related to the occurrence of schizophrenia in their 
offspring (Wahlbeck et al. 2001). Similarly, other subsequent studies also describe 
an association between perinatal obstetric complications and an increased risk for 
schizophrenia later in life (Lewis and Murray 1987; Foerster et al. 1991; Rifkin 
et al. 1994; Verdoux et al. 1997; Kotlicka-Antczak et al. 2001).

In another large retrospective study, 334,188 males born in Sweden between 
1973 and 1980 (Swedish Medical Birth Registry) and conscripted into military ser-
vice in 1990–1997 (Military Service Conscription Registry) were linked to their 
medical records from then on (Population and Housing Censuses and the Swedish 
Inpatient Discharge Register), in an attempt to gather incident schizophrenia cases 
arising in the period following the conscription medical examination. 106 individu-
als developed schizophrenia and 173 developed other nonaffective psychoses sub-
sequent to their conscription medical examination. Both low birth weight and high 
birth weight were associated with increased risk for the disease, but the greatest 
risk was seen in the low birth weight category (Gunnell et al. 2003). However, in 
a subsequent study in the same population but including women, the authors argue 
that there was little evidence of an association between birth weight and schizophre-
nia, although short babies were at an increased risk. In males, low BMI and short 
height at age 18 were associated with increased risk (Gunnell et al. 2005). The same 
research group studied the predictors of suicide in 713,370 young adults, born in 
Sweden between 1973 and 1980, describing a raised risk of attempted suicide for 
individuals of short birth length, adjusted for gestational age, born fourth or more 
in birth order, from mothers with lower maternal educational level or aged 19 years 
or younger. Predictors of suicide were low birth weight adjusted for gestational age 
and teenage motherhood (Mittendorfer-Rutz et al. 2004). An earlier report using 
the same strategy and databases describes that adulthood schizophrenia as well as 
affective and reactive psychosis were associated with specific perinatal variables 
such as multiparity, maternal bleeding during pregnancy, birth season, and uterine 
atony; an increased risk for schizophrenia was described in boys who were small for 
their gestational age at birth as well as whose mothers had had bleeding during late 
pregnancy (Hultman et al. 1999).

A sharp and time-limited decline in the food intake of the Dutch population fol-
lowing a Nazi blockade in 1944–1945 generated birth cohorts exposed to severe 
food deprivation; data on these individuals were later linked to the Dutch Psychiat-
ric Registry, which contains information on all inpatients’ psychiatric admissions to 
psychiatric and university hospitals in Holland since 1978. In this study, researchers 
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verified that the offspring exposed to famine in utero had increased relative risks 
for adulthood schizophrenia in women (Susser and Lin 1992), or in both genders 
in the most severely undernourished cohort (Susser et al. 1996), suggesting that 
early prenatal nutrition can have an effect on the risk for this disease. The same as-
sociation was also found for schizoid and antisocial personality disorders, affective 
psychosis, and addiction in this cohort (Brown et al. 1995; Hoek et al. 1996; Brown 
et al. 2000; Franzek et al. 2008; Neugebauer et al. 1999). In a different cohort from 
the same populational basis, it was shown that maternal exposure to famine prior to 
conception was associated with poorer mental health and quality of life in her adult 
offspring (Stein et al. 2009). Interestingly, individuals exposed to a massive famine 
in China in 1959–1961 experienced similar results, showing that prenatal exposure 
to famine increases risk of schizophrenia in later life (St Clair et al. 2005; Xu et al. 
2009), although this finding was not supported by a large nationally representative 
sample survey study in China (Song et al. 2009).

Exposure to maternal stress during gestation was also proposed to be involved in 
the risk for affective and nonaffective psychoses, but the results are less consistent. 
For instance, in a study performed in the Netherlands, researchers gathered infor-
mation from the Dutch Psychiatric Registry on admissions to inpatient psychiatric 
care, selecting data on patients who had been born in one of the 19 municipalities 
where the impact of a natural disaster (in 1953, a violent gale caused a flood in the 
southwest of the Netherlands) was high and mortality exceeded 0.25 %. The risk 
of nonaffective psychosis for the exposed birth cohort was found to be increased, 
but the result was statistically not significant (RR = 1.8; 95 % CI: 0.9–3.5; Selten 
et al. 1999). Another Dutch study also investigated the effect of gestational stress 
(attack and occupation by the German army in May 1940) on the risk for adulthood 
schizophrenia. Individuals whose mothers were pregnant at the time of the inva-
sion were defined as exposed. Nonexposed cohorts were individuals born in the 
corresponding periods in the previous and subsequent 2 years. Data on psychiatric 
admissions were obtained from the National Psychiatric Case Register. Exposed 
individuals had a small, but statistically significant increased risk of lifetime diag-
nosis of schizophrenia (van Os and Selten 1998). Finally, a population-based cohort 
derived from all 92,408 births in 1964–1976 to mothers residing in West Jerusalem 
gathered information from the Israel’s population registry and the Israel’s national 
psychiatric registry. Gestational exposure to the Arab–Israel War of June 1967 was 
considered as an acute maternal stress exposure. Offspring whose mothers were in 
the first trimester of pregnancy during the war had a significantly increased relative 
risk for mood disorders as compared to other trimesters (Kleinhaus et al. 2013).

A study enrolling 52 adolescents whose death before their 20th birthday was 
deemed a suicide by the Office of the State Medical Examiner, Department of 
Health, Rhode Island, between 1975 and 1983 and a group of 104 controls (births 
preceding and following that of the subject, matching sex, race, and hospital of birth 
in the records of the Division of Vital Statistics of the Department of Health in the 
State of Rhode Island) shows that several perinatal variables were significantly re-
lated to the increased risk for adolescent suicide: previous premature births, bleed-
ing during pregnancy, maternal chronic disease, long duration of labor, decreased 
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fetal heart rate during labor, placenta previa, no antenatal care before 20 weeks, 
respiratory distress for more than 1 h after birth, and neonatal infection (Salk et al. 
1985).

Soon after the proposal of the “thrifty phenotype hypothesis” and the description 
that low birth weight was associated with ischemic heart disease in the population 
from the east Hertfordshire districts, Barker and collaborators studied the relation-
ship between early-life variables (birth weight, weight at 1 year of age) registered 
by the attending midwife between 1911 and 1930 and the incidence of suicide in 
this population, by comparison to the national rates for men and women of a cor-
responding age and year of birth. The researchers demonstrate that each kilogram 
decrease in weight gain between birth and 1 year was associated with an increased 
risk of suicide of 45 % in men and 31 % in women (Barker et al. 1995). In a subse-
quent study in the same population, it was demonstrated that, among men but not 
women, the odds ratios for depression fell with increasing birth weight (Thompson 
et al. 2001).

Nevertheless, these findings are not a consensus. In a Danish study, data from 
10,753 birth certificates were linked to the Danish Psychiatric Central Register, 
which compiles data on admissions to psychiatric hospitals and to psychiatric de-
partments in general hospitals in Denmark since April 1969, with coverage close 
to 100 %. A total of 190 men had been discharged from a psychiatric ward with a 
diagnosis of depression between 1969 and 2002, of which 39 were diagnosed as 
having a bipolar affective disorder. There was no association between birth weight 
or ponderal index and risk of depression from age 16 to 49 years in this study (Osler 
et al. 2005). A subsequent study in the same population also reports no association 
between indicators of fetal growth and the risk for bipolar disorder (Øgendahl et al. 
2006). A larger analysis linking data from the Danish Civil Registration System, 
Danish Psychiatric Central Register, Cause of Death Register, and the Danish Medi-
cal Birth Register covering a period from 1955 to 2005 gathered information in 
more than 2 million persons and enabled the researchers to calculate relative risks 
for schizophrenia, bipolar disorder, unipolar depressive disorder, and schizoaffec-
tive disorder. The study showed that the loss of a parent (especially by suicide) was 
a risk factor for all disorders; schizophrenia was related to paternal age and living 
conditions at birth, and being born small for gestational age was a risk factor for all 
disorders except for schizophrenia (Laursen et al. 2007).

The Helsinki Birth Cohort Study has provided a large body of evidence con-
cerning the early-life effects on the risk for mental and personality disorders. For 
instance, a study focused on individuals that had been separated temporarily from 
their parent(s) during World War II (register in the Finnish National Archives). Of 
the 12,734 participants, 1487 subjects had a serious mental disorder (registered in 
the hospital discharge register or the death certificate); after the analysis, it was 
shown that the separated children had higher risks of substance use mental and 
personality disorder (Lahti et al. 2012; Räikkönen et al. 2011), as well as depres-
sive symptoms (Pesonen et al. 2007). A study in the same subjects demonstrates 
that higher trait anxiety is predicted by smaller body size at birth, in infancy and in 
adulthood. Moreover, faster growth particularly from 7 to 11 years of age and slow-
er growth between 11 and 63 years predicted higher trait anxiety (Lahti et al. 2010).
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12.4  Hypothalamic–Pituitary–Adrenal Axis: A Possible 
Mechanism Linking Early-Life Experiences to the 
Development of Mood Disorders

The hypothalamic–pituitary–adrenal (HPA) axis is one of the physiological systems 
that help humans sustain emotional, cognitive, behavioral, and metabolic activity 
in response to threat. Upon exposure to stress, neurons of the hypothalamus secrete 
CRH that stimulates the secretion of ACTH from the anterior pituitary. ACTH in-
duces the secretion of glucocorticoids by the adrenal. Thus, the secretion of gluco-
corticoids is a necessary physiological response to emotional and physical stress.

The loss of a parent during childhood is considered an emotional stress and is 
associated to increased prevalence of psychiatric disorders such as depression, anxi-
ety, and substance abuse later in life. Rodents and nonhuman primate studies have 
shown that maternal loss or separation are associated to long-term effects on copy-
ing style, social adjustment, cognitive function, and behavioral responses to stress 
as well as affect latter functioning of HPA axis. Considering this, HPA dysregula-
tion may play a significant role in mediating the pathway between early attachment 
relationships to adult disorders.

However, few studies have been conducted in humans in order to evaluate the 
psychobiology of early-life events. An epidemiological community study (Flinn 
and England 1997) demonstrated that glucocorticoids are associated with health 
status in infants and also showed that long-term separation from a parent could in-
fluence HPA function in children. In accordance to this study, Gunnar et al. (2001) 
have also described higher cortisol levels in Romanian orphans after 6 years or 
more of their adoption (Gunnar et al. 2001). But, it is still not known whether these 
effects may persist into adult life. Some studies have evaluated cortisol levels from 
adults that have suffered parental loss. Tyrka et al. (2008) studying 44 adults sug-
gested that parental loss is associated to increased cortisol levels at baseline or after 
stress particularly in males (Tyrka et al. 2008). A study that evaluated 57 adult men 
demonstrates that parental death during childhood is associated to higher cortisol 
levels, providing evidence that early-life stressors may have lasting effects on HPA 
functions, even in the absence of psychopathology (Nicolson 2004). The effect of 
parental loss on HPA axis later in life may be dependent on gender (DeSantis et al. 
2011) and some recent studies have demonstrated that maternal separation in child-
hood is associated to alterations in the diurnal cortisol pattern in middle age (Ku-
mari et al. 2013).

Many animal studies demonstrate that induced prenatal stress has sizable and 
long-lasting effects on offspring fear, behavior, neurogenesis, immunity, and stress 
physiology (Coe et al. 2003). In humans, prenatal anxiety is associated to a wide 
range of outcomes in children, including decrease in cognitive functions (Davis 
and Sandman 2010), altered neuropsychological tests (Glover et al. 2004), altered 
sleep (O’Connor et al. 2007), and behavioral problems (Van den Bergh and Mar-
coen 2004). It is hypothesized that elevated maternal cortisol (in response to stress 
exposure, for instance) may cross the placenta and affect obstetric outcomes, as 
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well as child development via HPA functioning (O’Donnell et al. 2012). Although 
this hypothesis is evident in animal models, less evidence is found in humans. A 
previous study with 74 10-year-old children demonstrated that prenatal anxiety pre-
dicted raised diurnal cortisol (O’Connor et al. 2005). In a study with 889 15-year-
old adolescents evaluated regarding their cortisol levels at awakening, 30 min after 
awakening, at afternoon, and at evening during 3 consecutive days found that pre-
natal maternal mood was associated with a modest alteration of adolescents’ diurnal 
cortisol levels indexed by reduced cortisol awakening response and flatter diurnal 
slope (O’Donnell et al. 2013). This study provides a strong evidence that prenatal 
mood has a small but persistent effect on the HPA axis and human development. In 
agreement to this study, healthy young adults whose mothers experienced a severe 
stress during pregnancy (death of a loved one) had lower cortisol levels before a 
stress test whereas higher cortisol after a stress test as compared to individuals from 
a control group (Entringer et al. 2009). Depression during pregnancy, as well as 
during the postpartum period is also associated to HPA dysfunction in the offspring. 
Prolonged intrauterine exposure to stress may lead to an alteration of the HPA axis 
functioning, resulting in increased cortisol levels that in turn may negatively affect 
many systems. Maternal depression can lead to offspring prematurity and low birth 
weight, mediated throughout maternal higher cortisol levels (Field et al. 2006). Ear-
ly-life stressors influence trait-like cortisol levels and slope, with both hyper- and 
hypo-arousal depending on the type of the stressor (Essex et al. 2011).

Children maltreatment has also been associated to the development of psycho-
pathology, but it is not known if it is mediated throughout HPA axis. A recent study 
demonstrated that women with a history of childhood physical abuse evaluated 
throughout the Children Trauma Questionnaire displayed a significantly blunted 
cortisol response to a stress test as compared to women without physical abuse in 
childhood (Carpenter et al. 2011).

Moreover, recent studies suggested that one of the processes linking intrauterine 
growth retardation or prenatal stress to long-term adverse outcomes later in life 
may be the fetal programming of the HPA axis. In adult life, subjects with low birth 
weight have higher basal morning cortisol levels (Levitt et al. 2000). In a study with 
106 healthy young men, the cortisol levels after a stress test were inversely related 
to birth weight, providing evidence for the concept of fetal programming HPA func-
tion (Wüst et al. 2005).

In conclusion, a substantial body of research proposes that early-life experi-
ences can have significant later effects on the behavior and neurodevelopment of 
offspring, suggesting that the abnormal development of the brain during gestation 
contributes to many neurological disorders that manifest later in life. Studies aiming 
at identifying windows of opportunity for intervention (e.g., environmental stimu-
lation) as well as public health measures to improve antenatal care are warranted.

 Conflict of Interest The authors declare no conflicts of interest.



26312 Retrospective Studies

References

Alm I (1953) The long-term prognosis for prematurely born children. Acta Paediatr Stockh 
42(Suppl. 94):391–394

Asher C, Roberts JA (1949) A study on birth-weight and intelligence. Br J Soc Med 3(2):56–68
Barker D (2003) The midwife, the coincidence, and the hypothesis. BMJ 327(7429):1428–1430
Barker DJP, Osmond C (1986) Infant mortality, childhood nutrition, and ischaemic heart disease 

in England and Wales. Lancet 1:1077−1081
Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ (1989) Weight in infancy and death 

from ischaemic heart disease. Lancet 2(8663):577−580
Barker DJ, Hales CN, Fall CH, Osmond C, Phipps K, Clark PM (1993) Type 2 (non-insulin-depen-

dent) diabetes mellitus, hypertension and hyperlipidaemia (syndrome X): relation to reduced 
fetal growth. Diabetologia 36(1):62−67

Barker DJ, Osmond C, Rodin I, Fall CH, Winter PD (1995) Low weight gain in infancy and suicide 
in adult life. BMJ 311(7014):1203

Benton AL (1940) Mental development of prematurely born children: a critical review of the lit-
erature. Am J Orthopsychiat 10:719–746

Bergvall N, Iliadou A, Tuvemo T, Cnattingius S (2006) Birth characteristics and risk of low intel-
lectual performance in early adulthood: are the associations confounded by socioeconomic 
factors in adolescence or familial effects? Pediatrics 117(3):714−721

Beversdorf DQ, Manning SE, Hillier A, Anderson SL, Nordgren RE, Walters SE, Nagaraja HN, 
Cooley WC, Gaelic SE, Bauman ML (2005) Timing of prenatal stressors and autism. J Autism 
Dev Disord 35(4):471−478

Braun JM, Kahn RS, Froehlich T, Auinger P, Lanphear BP (2006) Exposures to environmental 
toxicants and attention deficit hyperactivity disorder in U.S. children. Environ Health Perspect 
114(12):1904−1909

Breslau N, Brown GG, DelDotto JE, Kumar S, Ezhuthachan S, Andreski P, Hufnagle KG (1996) 
Psychiatric sequelae of low birth weight at 6 years of age. J Abnorm Child Psychol 24(3):385–
400

Brown AS, Susser ES, Lin SP, Neugebauer R, Gorman JM (1995) Increased risk of affective disor-
ders in males after second trimester prenatal exposure to the Dutch hunger winter of 1944–45. 
Br J Psychiatry 166(5):601−606

Brown AS, van Os J, Driessens C, Hoek HW, Susser ES (2000) Further evidence of relation be-
tween prenatal famine and major affective disorder. Am J Psychiatry 157(2):190–195

Carpenter LL, Shattuck TT, Tyrka AR, Geracioti TD, Price LH (2011) Effect of childhood physical 
abuse on cortisol stress response. Psychopharmacology (Berl) 214(1):367−375

Coe CL, Kramer M, Czéh B, Gould E, Reeves AJ, Kirschbaum C, Fuchs E (2003) Prenatal stress 
diminishes neurogenesis in the dentate gyrus of juvenile rhesus monkeys. Biol Psychiatry 
54(10):1025−1034.

David RJ, Siegel E (1983) Decline in neonatal mortality, 1968–1977: better babies or better care? 
Pediatrics 71:531–540

Davis EP, Sandman CA (2010) The timing of prenatal exposure to maternal cortisol and psycho-
social stress is associated with human infant cognitive development. Child Dev 81(1):131−148

DeSantis SM, Baker NL, Back SE, Spratt E, Ciolino JD, Moran-Santa MM, Dipankar B, Brady KT 
(2011) Gender differences in the effect of early life trauma on hypothalamic-pituitary-adrenal 
axis functioning. Depress Anxiety 28(5):383−392

Entringer S, Kumsta R, Hellhammer DH, Wadhwa PD, Wüst S (2009) Prenatal exposure to mater-
nal psychosocial stress and HPA axis regulation in young adults. Horm Behav 55(2):292−298

Essex MJ, Shirtcliff EA, Burk LR, Ruttle PL, Klein MH, Slattery MJ, Kalin NH, Armstrong JM 
(2011) Influence of early life stress on later hypothalamic-pituitary-adrenal axis functioning 
and its covariation with mental health symptoms: a study of the allostatic process from child-
hood into adolescence. Dev Psychopathol 23(4):1039−1058



264 P. P. Silveira and G. G. Manfro

Ferreira AJ (1965) Emotional factors in prenatal environment: a review. J Nerv Ment Dis 
141(1):108−118

Field T, Hernandez-Reif M, Diego M, Figueiredo B, Schanberg S, Kuhn C (2006) Prenatal corti-
sol, prematurity and low birthweight. Infant Behav Dev 29(2):268−275

Flinn MV, England BG (1997) Social economics of childhood glucocorticoid stress response and 
health. Am J Phys Anthropol 102(1):33–53

Foerster A, Lewis SW, Owen MJ, Murray RM (1991) Low birth weight and a family history of 
schizophrenia predict poor premorbid functioning in psychosis. Schizophr Res 5(1):13–20

Franzek EJ, Sprangers N, Janssens AC, Van Duijn CM, Van De Wetering BJ (2008) Prenatal expo-
sure to the 1944-45 Dutch ‘hunger winter’ and addiction later in life. Addiction 103(3):433−438

Glover V, O’Connor TG, Heron J, Golding J, ALSPAC Study team (2004) Antenatal maternal 
anxiety is linked with atypical handedness in the child. Early Hum Dev 79(2):107–118

Gluckman PD, Hanson MA (2004) Living with the past: evolution, development, and patterns of 
disease. Science 305(5691):1733−1736

Gunnar MR, Morison SJ, Chisholm K, Schuder M (2001) Salivary cortisol levels in children ad-
opted from Romanian orphanages. Dev Psychopathol 13(3):611–628

Gunnell D, Rasmussen F, Fouskakis D, Tynelius P, Harrison G (2003) Patterns of fetal and child-
hood growth and the development of psychosis in young males: a cohort study. Am J Epide-
miol 158(4):291–300

Gunnell D, Harrison G, Whitley E, Lewis G, Tynelius P, Rasmussen F (2005) The association of 
fetal and childhood growth with risk of schizophrenia. Cohort study of 720,000 Swedish men 
and women. Schizophr Res 79(2–3):315−322

Hales CN, Barker DJ (1992) Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty pheno-
type hypothesis. Diabetologia 35(7):595–601

Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, Winter PD (1991) Fetal and infant 
growth and impaired glucose tolerance at age 64. BMJ 303(6809):1019−1022

Hess DR (2004) Retrospective studies and chart reviews. Respir Care 49(10):1171−1174
Hoek HW, Susser E, Buck KA, Lumey LH, Lin SP, Gorman JM (1996) Schizoid personality dis-

order after prenatal exposure to famine. Am J Psychiatry 153(12):1637−1639
Hultman CM, Sparén P, Takei N, Murray RM, Cnattingius S (1999) Prenatal and perinatal risk fac-

tors for schizophrenia, affective psychosis, and reactive psychosis of early onset: case-control 
study. BMJ 318(7181):421−426

Jacobson B, Eklund G, Hamberger L, Linnarsson D, Sedvall G, Valverius M (1987) Perinatal ori-
gin of adult self-destructive behavior. Acta PsychiatrScand 76(4):364−371

Katz CM, Taylor PM (1967) The incidence of low birthweight in children with severe mental 
retardation. Am J Dis Child 114:79–87

Kelly YJ, Nazroo JY, McMunn A, Boreham R, Marmot M (2001) Birthweight and behavioural 
problems in children: a modifiable effect? Int J Epidemiol 30(1):88–94

Kessel SS, Villar J, Berendes HW, Nugent RP (1984) The changing pattern of low birth weight in 
the United States-1970 to 1980. JAMA 251(15):1978−1982

Kinney DK, Miller AM, Crowley DJ, Huang E, Gerber E (2008) Autism prevalence follow-
ing prenatal exposure to hurricanes and tropical storms in Louisiana. J Autism Dev Disord 
38(3):481−488

Kleinhaus K, Harlap S, Perrin M, Manor O, Margalit-Calderon R, Opler M, Friedlander Y, Mala-
spina D (2013) Prenatal stress and affective disorders in a population birth cohort. Bipolar 
Disord 15(1):92−99

Kotlicka-Antczak M, Gmitrowicz A, Sobów TM, Rabe-Jabłonska J (2001) Obstetric complica-
tions and Apgar score in early-onset schizophrenic patients with prominent positive and promi-
nent negative symptoms. J Psychiatr Res 35(4):249−257

Kumari M, Head J, Bartley M, Stansfeld S, Kivimaki M (2013) Maternal separation in childhood 
and diurnal cortisol patterns in mid-life: findings from the Whitehall II study. Psychol Med 
43(3):633−643



26512 Retrospective Studies

Lahti J, Räikkönen K, Kajantie E, Heinonen K, Pesonen AK, Järvenpää AL, Strandberg T (2006) 
Small body size at birth and behavioural symptoms of ADHD in children aged five to six years. 
J Child Psychol Psychiatry 47(11):1167−1174

Lahti J, Räikkönen K, Pesonen AK, Heinonen K, Kajantie E, Forsén T, Osmond C, Barker DJ, 
Eriksson JG (2010) Prenatal growth, postnatal growth and trait anxiety in late adulthood-the 
helsinki birth cohort study. Acta Psychiatr Scand 121(3):227−235

Lahti M, Pesonen AK, Räikkönen K, Heinonen K, Wahlbeck K, Kajantie E, Osmond C, Barker 
DJ, Eriksson JG (2012) Temporary separation from parents in early childhood and serious 
personality disorders in adult life. J Pers Disord 26(5):751−762

Lane EA, Albee GW (1966) Comparative birthweights of schizophrenics and their siblings. J 
Psych 64:227–231

Larsson HJ, Eaton WW, Madsen KM, Vestergaard M, Olesen AV, Agerbo E, Schendel D, Thorsen 
P, Mortensen PB (2005) Risk factors for autism: perinatal factors, parental psychiatric history, 
and socioeconomic status. Am J Epidemiol 161(10):916−925

Laursen TM, Munk-Olsen T, Nordentoft M, Bo Mortensen P (2007) A comparison of selected risk 
factors for unipolar depressive disorder, bipolar affective disorder, schizoaffective disorder, and 
schizophrenia from a Danish population-based cohort. J Clin Psychiatry 68(11):1673−1681

Leonard H, Nassar N, Bourke J, Blair E, Mulroy S, de Klerk N, Bower C (2008) Relation between 
intrauterine growth and subsequent intellectual disability in a ten-year population cohort of 
children in Western Australia. Am J Epidemiol 167(1):103−111

Levitt NS, Lambert EV, Woods D, Hales CN, Andrew R, Seckl JR (2000) Impaired glucose toler-
ance and elevated blood pressure in low birth weight, nonobese, young south african adults: 
early programming of cortisol axis. J Clin Endocrinol Metab 85(12):4611−4618

Lewis SW, Murray RM (1987) Obstetric complications, neurodevelopmental deviance, and risk of 
schizophrenia. J Psychiatr Res 21(4):413 − 421

Linnet KM, Wisborg K, Obel C, Secher NJ, Thomsen PH, Agerbo E, Henriksen TB (2005) 
Smoking during pregnancy and the risk for hyperkinetic disorder in offspring. Pediatrics 
116(2):462−467

Lundgren M, Cnattingius S, Jonsson B, Tuvemo T (2004) Intellectual performance in young adult 
males born small for gestational age. Growth Horm IGF Res 14(Suppl. A):S7–S8

McCormick MC, Gortmaker SL, Sobol AM (1990) Very low birth weight children: behavior prob-
lems and school difficulty in a national sample. J Pediatr 117:687–693

McIntosh DE, Mulkins RS, Dean RS (1995) Utilization of maternal perinatal risk indicators in the 
differential diagnosis of ADHD and UADD children. Int J Neurosci 81(1-2):35–46

Mick E, Biederman J, Prince J, Fischer MJ, Faraone SV (2002) Impact of low birth weight on 
attention-deficit hyperactivity disorder. J Dev Behav Pediatr 23(1):16–22

Milberger S, Biederman J, Faraone SV, Chen L, Jones J (1996) Is maternal smoking during preg-
nancy a risk factor for attention deficit hyperactivity disorder in children? Am J Psychiatry 
153(9):1138−1142

Milberger S, Biederman J, Faraone SV, Jones J (1998) Further evidence of an association between 
maternal smoking during pregnancy and attention deficit hyperactivity disorder: findings from 
a high-risk sample of siblings. J Clin Child Psychol 27(3):352−358

Mittendorfer-Rutz E, Rasmussen F, Wasserman D (2004) Restricted fetal growth and adverse ma-
ternal psychosocial and socioeconomic conditions as risk factors for suicidal behaviour of 
offspring: a cohort study. Lancet 364(9440):1135−1140

Moore BC (1965) Relationship between prematurity and intelligence in mental retardates. Am J 
Ment Defic 70(3):448−453

Mortensen EL, Michaelsen KF, Sanders SA, Reinisch JM (2005) A dose-response relationship 
between maternal smoking during late pregnancy and adult intelligence in male offspring. 
Paediatr Perinat Epidemiol 19(1):4–11

Neugebauer R, Hoek HW, Susser E (1999) Prenatal exposure to wartime famine and development 
of antisocial personality disorder in early adulthood. JAMA 282(5):455−462

Nicolson NA (2004) Childhood parental loss and cortisol levels in adult men. Psychoneuroendo-
crinology 29(8):1012−1018



266 P. P. Silveira and G. G. Manfro

O’Connor TG, Ben-Shlomo Y, Heron J, Golding J, Adams D, Glover V (2005) Prenatal anxi-
ety predicts individual differences in cortisol in pre-adolescent children. Biol Psychiatry 
58(3):211−217

O’Connor TG, Caprariello P, Blackmore ER, Gregory AM, Glover V, Fleming P, ALSPAC Study 
Team (2007) Prenatal mood disturbance predicts sleep problems in infancy and toddlerhood. 
Early Hum Dev 83(7):451−458

O’Donnell KJ, Bugge Jensen A, Freeman L, Khalife N, O’Connor TG, Glover V (2012) Mater-
nal prenatal anxiety and downregulation of placental 11β-HSD2. Psychoneuroendocrinology 
37(6):818−826

O’Donnell KJ, Glover V, Jenkins J, Browne D, Ben-Shlomo Y, Golding J, O’Connor TG (2013) 
Prenatal maternal mood is associated with altered diurnal cortisol in adolescence. Psychoneu-
roendocrinology. doi:10.1016/j.psyneuen.2013.01.008, pii: S0306-4530(13)00013-9

Øgendahl BK, Agerbo E, Byrne M, Licht RW, Eaton WW, Mortensen PB (2006) Indicators of 
fetal growth and bipolar disorder: a Danish national register-based study. Psychol Med 
36(9):1219−1224

Osler M, Nordentoft M, Andersen AM (2005) Birth dimensions and risk of depression in adult-
hood: cohort study of Danish men born in 1953. Br J Psychiatry 186:400−403

Pasamanick B, Lilienfeld AM (1955) Association of maternal and fetal factors with develop-
ment of mental deficiency. 1. Abnormalities in the prenatal and paranatal periods. JAMA 
159(3):155−160

Pasamanick B, Rogers ME, Lilienfeld AM (1956) Pregnancy experience and the development of 
behavior disorders in children. Am J Psychiatry 112(8):613−618

Pesonen AK, Räikkönen K, Heinonen K, Kajantie E, Forsén T, Eriksson JG (2007) Depressive 
symptoms in adults separated from their parents as children: a natural experiment during World 
War II. Am J Epidemiol 166(10):1126−1133.

Pesonen AK, Eriksson JG, Heinonen K, Kajantie E, Tuovinen S, Alastalo H, Henriksson M, Le-
skinen J, Osmond C, Barker DJ, Räikkönen K (2013) Cognitive ability and decline after early 
life stress exposure. Neurobiol Aging 34:1674–1679

Räikkönen K, Lahti M, Heinonen K, Pesonen AK, Wahlbeck K, Kajantie E, Osmond C, Barker DJ, 
Eriksson JG (2011) Risk of severe mental disorders in adults separated temporarily from their 
parents in childhood: the Helsinki birth cohort study. J Psychiatr Res 45(3):332−338

Rantakallio P (1985) A 14-year follow-up of children with normal and abnormal birth weight for 
their gestational age. A population study. Acta Paediatr Scand 74(1):62−69

Rifkin L, Lewis S, Jones P, Toone B, Murray R (1994) Low birth weight and schizophrenia. Br J 
Psychiatry 165(3):357−362

Salk L, Lipsitt LP, Sturner WQ, Reilly BM, Levat RH (1985) Relationship of maternal and perina-
tal conditions to eventual adolescent suicide. Lancet 1(8429):624−627

Sasaluxnanon C, Kaewpornsawan T (2005) Risk factor of birth weight below 2,500 grams and 
attention deficit hyperactivity disorder in Thai children. J Med Assoc Thai 88(11):1514−1518

Schmitz M, Denardin D, Laufer Silva T, Pianca T, Hutz MH, Faraone S, Rohde LA (2006) Smok-
ing during pregnancy and attention-deficit/hyperactivity disorder, predominantly inattentive 
type: a case-control study. J Am Acad Child Adolesc Psychiatry 45(11):1338−1345

Selten JP, van der Graaf Y, van Duursen R, Gispen-de Wied CC, Kahn RS (1999) Psychotic illness 
after prenatal exposure to the 1953 Dutch flood disaster. Schizophr Res 35(3):243−245

Silveira PP, Portella AK, Goldani MZ, Barbieri MA (2007) Developmental origins of health and 
disease (DOHaD). J Pediatr (Rio J) 83(6):494–504

Song S, Wang W, Hu P (2009) Famine, death, and madness: schizophrenia in early adulthood after 
prenatal exposure to the Chinese great leap forward famine. Soc Sci Med 68(7):1315−1321

Sørensen HT, Sabroe S, Olsen J, Rothman KJ, Gillman MW, Fischer P (1997) Birth weight and 
cognitive function in young adult life: historical cohort study. BMJ 315(7105):401−403

St Clair D, Xu M, Wang P, Yu Y, Fang Y, Zhang F, Zheng X, Gu N, Feng G, Sham P, He L (2005) 
Rates of adult schizophrenia following prenatal exposure to the Chinese famine of 1959–1961. 
JAMA 294(5):557−562



26712 Retrospective Studies

Stein AD, Pierik FH, Verrips GH, Susser ES, Lumey LH (2009) Maternal exposure to the Dutch 
famine before conception and during pregnancy: quality of life and depressive symptoms in 
adult offspring. Epidemiology 20(6):909−915

Susser ES, Lin SP (1992) Schizophrenia after prenatal exposure to the Dutch Hunger Winter of 
1944–1945. Arch Gen Psychiatry 49(12):983−988

Susser E, Neugebauer R, Hoek HW, Brown AS, Lin S, Labovitz D, Gorman JM (1996) Schizo-
phrenia after prenatal famine. Further evidence. Arch Gen Psychiatry 53(1):25–31

Thapar A, Fowler T, Rice F, Scourfield J, van den Bree M, Thomas H, Harold G, Hay D (2003) 
Maternal smoking during pregnancy and attention deficit hyperactivity disorder symptoms in 
offspring. Am J Psychiatry 160(11):1985−1989

Thompson C, Syddall H, Rodin I, Osmond C, Barker DJ (2001) Birth weight and the risk of de-
pressive disorder in late life. Br J Psychiatry 179:450−455

Tyrka AR, Wier L, Price LH, Ross N, Anderson GM, Wilkinson CW, Carpenter LL (2008) 
Childhood parental loss and adult hypothalamic-pituitary-adrenal function. Biol Psychiatry 
63(12):1147−1154

Van denBBR, Marcoen A (2004) High antenatal maternal anxiety is related to ADHD symptoms, 
externalizing problems, and anxiety in 8- and 9-year-olds. Child Dev 75(4):1085−1097

van Os J, Selten JP (1998) Prenatal exposure to maternal stress and subsequent schizophrenia. The 
May 1940 invasion of The Netherlands. Br J Psychiatry 172:324−326

Verdoux H, Geddes JR, Takei N, Lawrie SM, Bovet P, Eagles JM, Heun R, McCreadie RG, Mc-
Neil TF, O’Callaghan E, Stöber G, Willinger MU, Wright P, Murray RM (1997) Obstetric 
complications and age at onset in schizophrenia: an international collaborative meta-analysis 
of individual patient data. Am J Psychiatry 154(9):1220−1227

Wadhwa PD, Buss C, Entringer S, Swanson JM (2009) Developmental origins of health and dis-
ease: brief history of the approach and current focus on epigenetic mechanisms. Semin Reprod 
Med 27(5):358−368

Wahlbeck K, Forsén T, Osmond C, Barker DJ, Eriksson JG (2001) Association of schizophrenia 
with low maternal body mass index, small size at birth, and thinness during childhood. Arch 
Gen Psychiatry 58(1):48–52

Wang WL, Sung YT, Sung FC, Lu TH, Kuo SC, Li CY (2008) Low birth weight, prematurity, and 
paternal social status: impact on the basic competence test in Taiwanese adolescents. J Pediatr 
153(3):333−338

Ward AJ (1990) A comparison and analysis of the presence of family problems during pregnancy 
of mothers of “autistic” children and mothers of normal children. Child Psychiatry Hum Dev 
20(4):279−288

Wüst S, Entringer S, Federenko IS, Schlotz W, Hellhammer DH (2005) Birth weight is associated 
with salivary cortisol responses to psychosocial stress in adult life. Psychoneuroendocrinology 
30(6):591–598

Xu MQ, Sun WS, Liu BX, Feng GY, Yu L, Yang L, He G, Sham P, Susser E, St Clair D, He L 
(2009) Prenatal malnutrition and adult schizophrenia: further evidence from the 1959-1961 
Chinese famine. Schizophr Bull 35(3):568−576

Zubrick SR, Kurinczuk JJ, McDermott BM, McKelvey RS, Silburn SR, Davies LC (2000) Fetal 
growth and subsequent mental health problems in children aged 4 to 13 years. Dev Med Child 
Neurol 42(1):14–20



269

Chapter 13
Prenatal Stress and Its Effects on the Fetus 
and the Child: Possible Underlying Biological 
Mechanisms

Vivette Glover

M. C. Antonelli (ed.), Perinatal Programming of Neurodevelopment,  
Advances in Neurobiology 10, DOI 10.1007/978-1-4939-1372-5_13,  
© Springer Science+Business Media New York 2015

V. Glover ()
Institute of Reproductive and Developmental Biology, Imperial College London,  
Hammersmith Campus, Du Cane Road, London W12 0NN, UK
e-mail: v.glover@imperial.ac.uk

Abstract Many prospective studies have shown that if a mother is depressed, 
anxious or stressed while pregnant, this increases the risk for her child having a 
wide range of adverse outcomes including emotional problems, symptoms of atten-
tion deficit hyperactivity disorder (ADHD) or impaired cognitive development. 
Although genetics and postnatal care clearly affect these outcomes, evidence for 
a prenatal causal component also is substantial. Prenatal anxiety/depression may 
contribute 10–15 % of the attributable load for emotional/behavioural outcomes.

The mechanisms underlying these changes are just starting to be explored. One 
possible mediating factor is increased exposure of the fetus to cortisol, as has been 
shown in animal studies. However, the human hypothalamic–pituitary–adrenal 
(HPA) axis which makes cortisol functions differently in human pregnancy from in 
most animals. The maternal HPA axis becomes gradually less responsive to stress 
as pregnancy progresses. And there is only a weak, if any, association between a 
mother’s prenatal mood and her cortisol level, especially later in pregnancy. Cy-
tokines are alternative possible mediators. An additional explanation is that stress 
or anxiety causes increased transfer of maternal cortisol across the placenta to the 
fetus. The placenta plays a crucial role in moderating fetal exposure to maternal fac-
tors and presumably in preparing the fetus for the environment in which it is going 
to find itself. There is some evidence in both rat models and in humans that prenatal 
stress can reduce placental 11β-HSD2, the enzyme which metabolises cortisol to 
inactive cortisone. The level of cortisol in the amniotic fluid, surrounding the baby 
in the womb, has been shown to be inversely correlated with infant cognitive devel-
opment. However, several other biological systems are likely to be involved. Sero-
tonin is another possible mediator of prenatal stress induced programming effects 
on offspring neurocognitive and behavioural development. The role of epigenetic 
changes in mediating alterations in offspring outcome following prenatal stress is 
likely to be important and starting to be explored.
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13.1  Prenatal Stress and Child Outcomes

Stress is a generic term, which includes a wide range of different exposures, and 
many different types of prenatal stress have been shown to be associated with al-
tered outcome for the child. These include symptoms of maternal anxiety and de-
pression (O’Connor et al. 2003; Van den Bergh et al. 2008), pregnancy-specific 
anxiety (Huizink et al. 2002), bereavement (Khashan et al. 2008), life events, in-
cluding a bad relationship with the partner (Bergman et al. 2007) and exposure to 
acute disasters such as a Canadian ice storm (Laplante et al. 2008), 9/11 (Yehuda 
et al. 2005), Chernobyl (Huizink et al. 2007) or a hurricane in Louisiana (Kinney 
et al. 2008a). It is clear that it is not just a diagnosable mental illness or very extreme 
or “toxic stress” that can alter the outcome. Exposures which can have an effect 
vary from the very severe, such as the death of an older child, to quite mild stresses, 
such as daily hassles.

It has been suggested that mild-to-moderate stress may actually improve some 
outcomes. Mild prenatal stress has been shown in some studies to accelerate motor 
development and cognitive ability (DiPietro et al. 2006). This is an interesting idea 
and deserves further investigation. Other studies have found a linear dose response 
between prenatal maternal anxiety and emotional/behavioural outcomes for the 
child (O’Connor et al. 2002). It is possible that prenatal stress has different patterns 
and direction of effect for different outcomes. For example, mild-to-moderate stress 
may accelerate physical maturation and cognitive function while also increasing 
symptoms of anxiety.

Many independent prospective studies have now shown that if the mother is anx-
ious, depressed or stressed while she is pregnant her child is at increased risk of a 
wide range of problems (Van den Bergh et al. 2005; Talge et al. 2007; Glover 2011; 
see Table 13.1). These include both neurodevelopmental, such as emotional and be-
havioural disorders (O’Connor et al. 2002), and physical problems, such as asthma 
(Khashan et al. 2012). It is important to note that in all these studies, the findings 
show only an increased risk. Most children are not affected. But an increased risk, 
for example, a doubling of a probable mental disorder, from about 6–12 %, if the 
mother in the top 15 % of anxiety or depression as shown in a normal population 
(O’Donnell et al. 2014), is of real clinical significance.

Different studies have examined children at times from birth until adulthood. 
Many have shown that prenatal stress is associated with somewhat lower birthweight 
and reduced gestational age (Wadhwa et al. 2011; Rice et al. 2010). Studies have 
found an increased proportion of children who are mixed handed, rather than right 
handed, after prenatal stress (Glover et al. 2004; Rodriguez and Waldenstrom 2008), 
and also altered fingerprint patterns (King et al. 2009). These physical alterations are 
of interest because they are features that are known to develop in utero. Being mixed 
handed is not a problem in itself, but it is known that people with a range of neuro-
developmental problems such as autism and schizophrenia are also more likely to be 
mixed handed. Recent studies have shown prenatal stress is associated with reduced 
telomere length (Entringer et al. 2011, 2013). This is an intriguing finding, as well as 
of concern, as reduced telomere length is associated with a reduced life span.
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Some investigators have looked at the newborns of mothers who report stress 
during pregnancy and found a poorer performance on the Neonatal Behavioral As-
sessment Scale relative to newborns of mothers who do not report stress during 
pregnancy (Rieger et al. 2004), showing that adverse behavioural outcomes are also 
observable from the very beginning. Studies of infants and toddlers have shown 
more difficult temperament (Austin et al. 2005; Werner et al. 2007; Davis et al. 
2007; Blair et al. 2011), sleep problems (O’Connor et al. 2007), lower cognitive 
performance and increased fearfulness associated with higher maternal stress dur-
ing pregnancy (Bergman et al. 2007). Other studies have examined the association 
between prenatal stress and neurodevelopmental outcomes in children aged 3–16 
years. Many independent groups have shown that prenatal stress increases child 
emotional problems, especially symptoms of anxiety and depression, and symptoms 
of attention deficit hyperactivity disorder (ADHD) and conduct disorder (O’Connor 
et al. 2002, 2003; Van Den Bergh and Marcoen 2004; Rodriguez and Bohlin 2005; 

Table 13.1  Studies showing prenatal anxiety, depression or stress is associated with an increased 
risk of the following conditions
Psychological/behavioural/cognitive References
Worse function on the Brazelton test in 

newborns
(Rieger et al. 2004)

More sleep problems in infants (O’Connor et al. 2007)
More anxiety in infants (Bergman et al. 2007)
More difficult temperament in infants (Austin et al. 2005; Werner et al. 2007; Davis 

et al. 2007; Blair et al. 2011)
Worse cognitive ability in infancy
Increased cognitive ability in infancy

(Huizink et al. 2003; Bergman et al. 2007; 
Laplante et al. 2004; DiPietro et al. 2006)

ADHD in childhood (O’Connor et al. 2002, 2003; Van Den Bergh 
and Marcoen 2004; Rodriguez and Bohlin 
2005; Li et al. 2010)

Emotional problems in childhood and 
adolescence

(O’Connor et al. 2002, 2003; Van Den Bergh 
and Marcoen 2004; Pawlby et al. 2009; 
Barker et al. 2011)

Conduct disorder in childhood (O’Connor et al. 2002, 2003; Rice et al. 2010)
Decreased cognitive ability in childhood (Laplante et al. 2008; Barker et al. 2011)
Autism or autism spectrum disorder
No increased risk of autism

(Beversdorf et al. 2005; Kinney et al. 2008b; 
Class et al. 2013; Li et al. 2009)

Vulnerability to bullying at school (Lereya and Wolke 2012)
Increased risk of schizophrenia in adulthood (van Os and Selten 1998; Khashan et al. 2008)
Physical
Lower birthweight and/or gestational age (Wadhwa et al. 2011; Rice et al. 2010)
Reduced telomere length (Entringer et al. 2011, 2013)
Oral cleft (Ingstrup et al. 2013)
Altered fingerprint pattern (King et al. 2009)
Mixed handedness (Glover et al. 2004; Rodriguez and 

Waldenstrom 2008)
Altered immune function (O’Connor et al. 2013)
Asthma (Khashan et al. 2012)
Obesity (Entringer 2013)
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Li et al. 2010; Pawlby et al. 2009; Barker et al. 2011; Rice et al. 2010). Studies have 
also shown a reduction in cognitive performance associated with prenatal stress 
(Laplante et al. 2008; Barker et al. 2011).

Some research (Beversdorf et al. 2005; Kinney et al. 2008b; Class et al. 2013), 
although not all (Li et al. 2009), has found an association between prenatal stress 
and increased risk of autism or autistic spectrum disorder. Two studies have found 
an increased risk of schizophrenia in adults born to mothers who experienced stress 
during pregnancy (van Os and Selten 1998; Khashan et al. 2008). Both showed 
effects with severe stress, the death of a relative or exposure to the invasion of the 
Netherlands in 1940. One group, using magnetic resonance imaging (MRI), has 
shown associations between prenatal stress and specific regional reductions in grey 
matter density in the brain (Buss et al. 2010). Such altered grey matter may be as-
sociated with neurodevelopmental and psychiatric disorders as well as cognitive 
and intellectual impairment.

There is little consistency in the literature as to the most sensitive time in gesta-
tion for the influence of prenatal stress. It is likely that there are different times of 
sensitivity dependent on the outcome studied and the stage of development of the 
relevant brain structures. The two studies of schizophrenia found the most sensitive 
period was in the first trimester (van Os and Selten 1998; Khashan et al. 2008). 
This is when neuronal cells migrate to their eventual site in brain, a process previ-
ously suggested to be disrupted in schizophrenia. In contrast, two studies of conduct 
disorder, or antisocial behaviour, found associations with stress in mid or late preg-
nancy (O’Connor et al. 2003; Rice et al. 2010).

Many human studies, as discussed above, have shown that there is an association 
between maternal stress during pregnancy and an altered outcome for the child. The 
evidence for this is very strong and has been shown in many independent prospec-
tive studies from around the world. What is harder to establish is that the association 
is causal. If a mother is stressed while she is pregnant, she may well be stressed 
postnatally and this could affect her parenting. There can be other associated con-
founding factors such as smoking or alcohol consumption, which may affect her 
child, for example, in behaviour and birthweight. There also could be genetic con-
tinuity. The mother may have certain genes which make her more likely to become 
anxious or depressed and she may pass these genes on to her child, which in turn 
makes them more prone to emotional or behavioural problems.

Several studies have tried to address these points but the first evidence to con-
sider is that from animals. With animal studies, it is much easier to establish that 
prenatal stress has a direct effect on the outcome for the offspring. Newborn rat 
pups of prenatally stressed mothers can be cross-fostered to non-stressed mothers 
on the 1st day after birth, with control pups of unstressed mothers cross-fostered 
also (Weinstock 2001; Maccari et al. 2003). This can establish that any differences 
in outcome are caused by stress in the prenatal period. Many such studies have 
shown that there are definite programming effects of prenatal stress on behaviour, 
cognitive development and brain structure of the offspring. The nature of the effects 
can be affected by the timing of the exposure in gestation, the type of the stress, the 
strain of the animal and the age at which the offspring was tested (Weinstock 2007). 
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Some altered outcomes are not observed in the youngest offspring, but become 
apparent as they mature. The effects can also depend on the sex of the offspring. 
In general, although not always, prenatal stress increases anxiety and depressive 
behaviour to a greater extent in female offspring and impairs learning and cognition 
more in the males (Weinstock 2007).

In humans there are several types of evidence which also suggest that prenatal 
stress is causing fetal programming, but it is harder to be definitive. There is good 
evidence for an association between the mother’s emotional state and the behaviour 
or heart rate of her fetus. Experiments in which a pregnant mother is asked to carry 
out a stressful computer task, while the fetal heart rate is monitored, showed that the 
fetal heart rate went up during the task, but only in mothers who rated themselves 
as anxious (Monk et al. 2003). Thus, even before birth, the fetus can be affected by 
the maternal emotional state, although we do not know what the mechanism is for 
this (it is too quick to be caused by the stress hormone cortisol). There is evidence 
for continuity between fetal behaviour and neurological maturation at 2 years of age 
(DiPietro et al. 2007). The fact that maternal stress during pregnancy is associated 
with altered outcomes at birth including reduced birthweight (Wadhwa et al. 1993), 
reduced scores on a neonatal assessment (Rieger et al. 2004) and epigenetic changes 
in the glucocorticoid receptor in cord blood (Hompes et al. 2013) is evidence for 
some prenatal, independent of postnatal, effects. Findings of altered fingerprint pat-
terns (King et al. 2009) and handedness (Glover et al. 2004) are also strong evi-
dence for prenatal effects as the pattern for both of these is set in utero.

Another approach to establishing that the associations between the maternal 
emotional state and long-term outcome for the child are, at least in part, causal 
is by controlling for confounding factors such as prenatal smoking and alcohol 
consumption and for postnatal maternal mood. Several studies have done this and 
found a strong signal remaining for prenatal anxiety or depression, thus controlling 
for impaired parenting due to postnatal depression or anxiety, e.g. O’Connor et al. 
(2002). If the observed associations are primarily due to an anxious mother passing 
on predisposing genes to her child, it would not be expected to be specifically as-
sociated with prenatal as opposed to postnatal mood. In a recent study (O’Donnell  
et al. 2014) we have shown that the associations with child emotional and behav-
ioural problems last until 13 years of age. In this study, we also show that allowing 
for paternal prenatal mood makes little difference to the associations with prenatal 
maternal anxiety or depression, thus adding further evidence for maternal prenatal 
effects independent of genetics.

An interesting study compared the association between prenatal stress and child 
outcome in children born after in vitro fertilisation, in those who were genetically 
related to the mother with those who were not (Rice et al. 2010). They showed that 
there was an association between maternal stress in pregnancy and child symptoms 
of ADHD and conduct disorder, and that the association with conduct disorder was 
apparent in the unrelated mothers. This gives strong support to the idea that the 
association between prenatal stress and child conduct disorder can be independent 
of genetic factors. However, the fact that the increase in symptoms of ADHD was 
apparent only in those with related mothers does not conclusively rule out a prenatal 
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environmental component. There may be a gene–environment interaction. Prenatal 
stress may only have the effect of increasing symptoms of ADHD in the genetically 
vulnerable mother and child pairs. More research is needed to disentangle the role 
of genetic factors for all outcomes.

One further indication that the effects of prenatal stress are not just due to genetic 
continuity is the group of studies that have shown children of mothers exposed to 
acute disasters, such as the Canadian ice storm (Laplante et al. 2008). With these 
“natural experiments”, the level of stress was objectively assessed, and the exposure 
was of a specific duration. This reduces the confounding effects of pre-existing 
emotional problems and genetic continuity, and also postnatal emotional and par-
enting effects.

There clearly are additional effects of both postnatal maternal mood and par-
enting. For example, the association between prenatal anxiety and child fearful-
ness was found to be greater in those children with an insecure attachment to their 
mother (Bergman et al. 2008). In our recent study (O’Donnell et al. in press), we 
found that the magnitude of the effect of prenatal maternal mood was similar to that 
of postnatal and that the two were additive.

Although there is some room for scepticism, the evidence is mounting that in 
humans, as in animals, prenatal stress has a direct causal effect on fetal development 
including neurodevelopment. However, the early postnatal environment is equally 
important, and can either exacerbate or ameliorate the prenatal effects.

It is important to consider the clinical magnitude of these effects. When we com-
pared the outcome for children of the 15 % most prenatally anxious or depressed 
women with the rest, in a large normal population (O’Donnell et al. in press), we 
found that the rate of probable mental disorder doubled from about 6–12 % at age 13 
years, after allowing for a very wide range of possible confounders. This is of clear 
clinical and public health significance but also shows that most children are not 
affected. Those children that are affected are often affected in different ways (Berg-
man et al. 2007). One reason for this may be differential genetic vulnerabilities.

13.2  Mechanisms

In animal studies, there has been much research on underlying mechanisms with an 
especial focus on the hypothalamic–pituitary–adrenal (HPA) axis (Weinstock 2005; 
Harris and Seckl 2011; Khulan and Drake 2012). The effects of prenatal stress on 
the offspring can be partially mimicked by giving the pregnant animal a synthetic 
glucocorticoid such as dexamethasone (Matthews and Phillips 2011; Crudo et al. 
2013) or adrenocorticotropic hormone (ACTH) to stimulate the production of cor-
tisol (or corticosterone in rodents), and at least partially blocked by adrenalectomy 
(Weinstock 2008).

A model of some potential underlying mechanisms, based on the animal data, is 
shown in Fig. 13.1, with references in Table 13.2. The hypothesis is that prenatal 
stress causes an increase in maternal cortisol; this then crosses the placenta in a 
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quantity sufficient to affect the development of the fetal brain. However, each stage 
of this needs to be tested in humans, and this is only just starting.

There is some evidence that in humans, as in animal models, prenatal administra-
tion of dexamethasone is associated with more behavioural and emotional problems 
in the child (Khalife et al. 2014), lasting at least until adolescence, where a thinning 
of the cortex has been shown (Davis et al. 2013). There is also evidence for the 
potentially widespread role for exposure to increased cortisol in human fetal brain 
development by a study showing, by microarray analysis, that increased cortisol 
exposure affects the expression of over a thousand genes in fetal brain cells (Salaria 
et al. 2006).

However, there is either a weak or no correlation found in many studies be-
tween a mother’s symptoms of anxiety and depression while pregnant and her level 
of cortisol (Sarkar et al. 2006; O’Donnell et al. 2009; Davis and Sandman 2010; 
Baibazarova et al. 2013). In human pregnancy, the placenta produces increasing 
concentrations of corticotrophin-releasing hormone (CRH) which stimulates ma-
ternal production of cortisol; towards the end of pregnancy, plasma levels reach 
those found in melancholic depression. This in turn is associated with a dampened 
cortisol response to stress (Kammerer et al. 2002). Maternal plasma cortisol levels 
correlate strongly with cord blood (Gitau et al. 1998) and amniotic fluid (Sarkar 
et al. 2007; Baibazarova et al. 2013), and prenatal maternal cortisol levels can be 
a predictor of child outcome independent of maternal mood (Davis and Sandman 
2010). However, the maternal mediator between prenatal stress, anxiety and depres-
sion and altered child outcome is currently not known.

One possible biological group of maternal mediators could be those associated 
with the immune system and inflammation, such as the pro-inflammatory cyto-
kines. There is a growing literature associating them with depression (Hepgul et al. 

Fig. 13.1  A model of some potential underlying mechanisms, based on the animal data
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2013). Increased cytokines have been associated with psychosocial stress during 
pregnancy (Coussons-Read et al. 2007). Elevated stress was related to higher se-
rum interleukin-6 (IL-6) both in early and late pregnancy. No relationships between 
stress and cytokines were apparent during the second trimester. However, elevated 
stress levels across pregnancy were predictive of elevated production of the pro-
inflammatory cytokines IL-1B and IL-6 by stimulated lymphocytes in the third 
trimester, suggesting that stress during pregnancy affects the function of immune 
system cells. A recent study has confirmed that depressed pregnant women have 
higher levels of IL-6 in the first trimester (Haeri et al. 2013). However, another 
study has failed to find any association between maternal symptoms of anxiety and 
depression during pregnancy and levels of IL-6 (Blackmore et al. 2011), at 18 or 32 
weeks. This is clearly an area that needs further exploration.

Increase in activity of the sympathetic system may also be important although it 
has been much less studied than the HPA axis. However, noradrenaline, unlike cor-
tisol which is only partially metabolised (Gitau et al. 1998), is totally metabolised 
by the placenta (Giannakoulopoulos et al. 1999).

The placenta plays a crucial part in fetal programming. Dependent on the chemi-
cal signals it receives from the mother, it can alter its filtering capacity and thus alter 
the exposure of the fetus to specific chemicals (Jansson and Powell 2007). Animal 
studies have shown that prenatal stress can have an effect on placental function, 
including on the regulation of 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2), 
the enzyme that breaks down cortisol (corticosterone in rodents) to inactive product. 
Two studies have shown that prenatal stress in the last week of gestation caused a 
downregulation of expression of this enzyme (Mairesse et al. 2007; Jensen Pena 
et al. 2012). However, acute stress on day 20 of gestation caused an upregulation 
(Welberg et al. 2005).

We have shown that with increasing maternal anxiety the correlation between 
maternal plasma and amniotic fluid cortisol increased significantly (Glover et al. 
2009). We have more recently shown directly, in women having an elective cae-
sarean section, that maternal symptoms of anxiety on the previous day were as-
sociated with a downregulation of 11β-HSD2 (O’Donnell et al. 2012). This would 
be compatible with some chemical signal from the mother causing an alteration in 

Table 13.2  Possible mechanisms
Mother References
Cortisol (Sarkar et al. 2006)
Cytokines (Coussons-Read et al. 2007)
Placenta
11β- HSD2 (O’Donnell et al. 2012)
Amniotic fluid
Cortisol (Bergman et al. 2010)
Child
HPA axis function (O’Donnell et al. 2013; Entringer et al. 2009)
Brain structure (Buss et al. 2010)
Epigenetic changes (Hompes et al. 2013)
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the filtering capacity of the placenta, allowing more cortisol to pass through to the 
fetus. Another study has failed to find this downregulation of placental 11β-HSD2 
in association with prenatal maternal symptoms of anxiety or depression, (Ponder 
et al. 2011), although they did find alterations in the noradrenaline transporter. This 
may be due to differences in the design of the study, and especially in the inclusion 
of women who have experienced labour. There is some evidence that labour alters 
the expression of 11β-HSD2 (personal communication).

In addition to cortisol, another factor which may be important in altering fetal 
brain development is 5-hydroxytryptamine (5-HT), which acts as a trophic factor 
to regulate fetal neuronal cell division, differentiation and synaptogenesis (Gaspar 
et al. 2003). 5-HT has a different role during early development from that in adult-
hood (Oberlander 2012). Whilst selective serotonin reuptake inhibitors can alleviate 
anxiety and depression later in life, treatment of newborn mice with these drugs 
causes an increase in these symptoms (Ansorge et al. 2004). Recent work has iden-
tified an endogenous serotonin biosynthetic pathway within the human placenta, 
which plays a role in offspring neurodevelopment (Bonnin et al. 2011).

A major mechanism for removing 5-HT is its metabolism to inactive 5-hydroxy-
indoleacetic acid by the enzyme monoamine oxidase A (MAO A). This is the en-
zyme that metabolises a range of monoamine neurotransmitters including noradren-
aline and dopamine. The placenta is a very rich source of MAO A suggesting its 
importance in the regulation of fetal monoamine exposure. We have recently shown 
that prenatal maternal depression is associated with a downregulation of expression 
of placental MAO A (Blakeley et al. 2013), suggesting that another mechanism 
underlying the effects of prenatal mood on fetal brain development may be via in-
creased exposure to 5-HT. This is a promising area for future research.

There is little direct human evidence yet that fetal overexposure to specific 
chemicals is mediating the effects of prenatal stress. However, amniotic fluid corti-
sol levels have been shown to be inversely correlated with cognitive development 
in the infant (Bergman et al. 2010), but only in those children who were insecurely 
attached. It is clear that at least some prenatal effects can be buffered or modified 
by the postnatal environment.

Animal studies have shown that many of the long-term effects of the early envi-
ronment, including the psychosocial, are due to epigenetic changes, which can be 
maintained through the life span and even the grandchild generation (Meaney and 
Szyf 2005; Bale et al. 2011; Monk et al. 2012; Gudsnuk and Champagne 2012). 
These are changes “on top of the DNA” which alter whether a specific gene is 
turned on or off, and if turned on, how much of it is expressed. Prenatal stress has 
been shown to cause, through microRNA regulation, certain epigenetic signatures 
of psychiatric and neurological diseases in the offspring (Zucchi et al. 2013).

In human studies too, epigenetic changes in the child are starting to be found 
after prenatal stress, with an initial focus on the glucocorticoid receptor, the recep-
tor that responds to cortisol (Harris and Seckl 2011). Methylation in the promoter 
of the glucocorticoid receptor NR3C1 in the newborn has been found to be altered 
after prenatal stress, in a cohort from the Congo, and the changes were associated 
with reduced birthweight (Mulligan et al. 2012). High pregnancy-specific anxiety 
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has also been shown to be associated with epigenetic changes in the promoter for 
this receptor in the newborn (Hompes et al. 2013). And maternal exposure to inti-
mate partner violence has been shown to be associated with epigenetic changes to 
the promoter for the same receptor in the blood of their adolescent children (Radtke 
et al. 2011).

In animal models, it has been found that prenatal stress can have a long-term ef-
fect on the function of the HPA axis in the offspring, although the patterns are quite 
complex (Weinstock 2005). There has been little work so far in humans but our 
group has shown that prenatal anxiety was associated with raised morning cortisol 
in 10-year-old children (O’Connor et al. 2005), but that the pattern had changed by 
adolescence (O’Donnell et al. 2013). In 15-year-old children, there were modest but 
significant effects, with the morning rise being reduced and a flatter diurnal slope. 
It is unlikely that these changes in the diurnal cortisol pattern underlie any of the 
emotional, behavioural or cognitive changes seen in older children as they are much 
too small.

A notable finding of all the prenatal stress and child outcome studies is that most 
of the children are not affected. This is probably due at least in part to different 
genetic vulnerabilities and gene–environment interactions (Caspi et al. 2003). Al-
though no interactions have been found between prenatal anxiety, genetic variation 
in the 5-HT transporter and child outcome (Braithwaite et al. 2013) we are finding 
small interactions between prenatal anxiety and variants of the COMT and BDNF 
genes (unpublished observations). This is certainly an area where further research 
is warranted.

13.3  Conclusion

There is good evidence that various forms of prenatal stress contribute to long-
term neurodevelopmental changes in the child. The underlying mechanisms are just 
starting to be understood, and probably include the HPA axis, changes in the filter-
ing capacity of the placenta and epigenetic changes in the child. However, much 
work is needed before we understand these underlying mechanisms and are able to 
evaluate and target different interventions properly.
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Abstract Animal studies of prenatal maternal stress permit random assignment of 
pregnant animals to stress and no-stress groups, and allow total control of the type, 
severity, and timing of the stressor in utero. Human studies have obvious constraints 
that make the use of experimental methods nearly impossible. Studying pregnant 
women who experience natural disasters during pregnancy, however, approximates 
the random assignment to groups enjoyed by animal studies, and can characterize 
the timing of the stressor in utero with great precision. In this chapter, we briefly 
describe our three ongoing prospective longitudinal studies of children exposed to 
prenatal maternal stress from natural disasters. We present results from Project Ice 
Storm in detail, showing effects of prenatal maternal stress on cognitive and neu-
rodevelopment. We contrast these results with preliminary findings from the Iowa 
Flood Study and introduce the QF2011 Queensland Flood Project. In the “Discus-
sion” section, we present conclusions to date and discuss the relative effects of the 
severity of maternal objective disaster exposure and maternal subjective distress 
levels, the moderating effects of fetal sex and the timing of the stressor in utero, and 
the longevity of the effects. Finally, we discuss some possible mechanisms that may 
mediate the effects of prenatal maternal stress on the neurodevelopment of children.

14.1  Introduction

Retrospective epidemiological studies suggest that maternal exposure to a severe 
stressor during pregnancy (e.g., divorce, death of a relative, foreign invasion) 
increases the fetus’ risk for suboptimal growth and for developing a variety of neu-
rodevelopmental disorders later in life, such as autism and schizophrenia. The sub-
sequent challenge is to understand the process that is responsible for these effects: 
how much of the effect of maternal exposure to an event is due to the objective 
severity of the event itself, how much is due to her subjective level of distress, how 
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much to her hormonal response, and how might these aspects of the stress experi-
ence interact to affect the unborn child? And how might the mother’s genetic profile 
moderate her subjective and hormonal response to a potentially stressful event? 
Similarly, how might the timing of the stressor in utero, the sex of the child, and the 
child’s own genetic profile moderate the effects of the mother’s distress on his or 
her own neurodevelopment?

When testing the “fetal programming hypothesis” prospectively, animal studies 
randomly assign pregnant animals to stress or nonstress conditions and find that ma-
ternal glucocorticoids (GCs) pass the placenta and alter fetal brain development, par-
ticularly the hypothalamic–pituitary–adrenal (HPA) axis and immune system, caus-
ing changes in a wide variety of outcomes for the offspring. Using experimental ani-
mals, the type, severity, and timing of the prenatal stress can be varied and controlled. 
In humans, however, the criteria for the gold standard of the rigorous experimental 
method are difficult to meet because we cannot randomly assign pregnant women to 
different stress conditions to determine the effects on the fetus. Without such rigor 
in the research design, the internal validity of a study is called into question, and the 
biopsychosocial mechanisms responsible for the wide variety of consequences of 
prenatal maternal stress (PNMS) seen in human offspring remain obscure.

Natural experiments offer an opportunity to circumvent the obstacles to ran-
dom assignment in human research on PNMS. Many forms of disaster distribute 
their harm in quasi-random fashion, affect sizable communities that include large 
numbers of pregnant women, and have sudden onsets that allow the researcher to 
determine the moderating effects of the timing of the event in gestation. In human 
research, it is also important to distinguish between the pregnant woman’s objective 
exposure to an event and her degree of subjective distress in response to it. Although 
one may assume that two rats of the same strain will not differ appreciably in their 
level of distress at having their tails pinched, for example, the human stress response 
is highly individual. Appraisal theory, which describes the intrapsychic processes 
that explain why two people experiencing the same event may have completely dif-
ferent emotional reactions to it (Folkman and Lazarus 1988; Lazarus 1991; Smith 
and Lazarus 1990), suggests that the objective degree of exposure to a stressor and 
the subsequent subjective distress are relatively independent of each other.

The goal of our research program is to capitalize on natural disasters in order to 
complement current understanding of how stress to the pregnant woman impacts 
her unborn child. We aim to determine the relative effects of several objective, sub-
jective, and hormonal components of the stress experience by tracking these aspects 
of stress as they cascade onto biological processes in mother, placenta, and fetus, 
and onto development through early childhood and beyond.

In this chapter, we will summarize our three ongoing studies of women exposed 
to natural disasters during pregnancy and the findings on the child that are relevant 
to neurodevelopment, and discuss the general trends in the results.
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14.2  Background

Disasters and other independent life events have been used in retrospective PNMS 
research and have shown effects on the development of psychopathology in later 
life. PNMS during specific weeks of gestation significantly increases the risk of 
developing schizophrenia and major depression: This has been shown in retrospec-
tive studies of the death of the mother’s husband (Huttenen and Niskanen 1978) or 
other relatives (Khashan et al. 2008) during the pregnancy, of hurricanes and torna-
does (Kinney et al. 1999a), and foreign invasion (van Os and Selten 1998). Similar 
conclusions have been made for autism. In a historical analysis of ten severe storms 
in Louisiana, Kinney et al. (1999b; 2008) report that rates of autism in the state 
were significantly increased in a dose–response manner according to the severity 
of the storms. For children exposed during weeks 20–24 or 36–40 of pregnancy, 
for storms classified by the National Weather Service as moderate or high intensity, 
the prevalence rates for autism rose above baseline rates of 5.2/10,000 to 9.7, and 
26.6/10,000 for moderate- and high-intensity storms, respectively. Although these 
retrospective studies demonstrate the power of a stressor in pregnancy to disrupt 
development in the fetus, they are incapable of elucidating the active ingredient in 
the prenatal stress experience.

Prospective studies of independent stressors, on the other hand, can be designed 
so as to disentangle the effects of any genetic transmission of maternal traits, the 
intrauterine environment, and the postnatal rearing environment. Our approach to 
PNMS research for the past 15 years has been to study pregnant women experienc-
ing natural disasters. A disaster is any event that “causes disruption exceeding the 
adjustment capacity of the affected community” (Lechat 1979). By their nature, di-
sasters tend to have sudden onsets and to be independent of the control of individu-
als (i.e., “independent stressors”). Using disasters for natural experiments in PNMS 
presents an approximation of the randomization afforded by true experiments and 
capitalizes on the relatively large potential subject pool following a disaster to a 
large community.

We currently have three such studies under way: Project Ice Storm, begun after 
the January 1998 Quebec Ice Storm in Canada; The Iowa Flood Study, including 
pregnant women exposed to the floods of June 2008 in the USA; and QF2011, the 
Queensland Flood Study of pregnant women in and around Brisbane, Australia. 
Although the samples are relatively small, with initial sample sizes between 200 
and 300 women, statistical power is enhanced by having a range of exposure levels 
from mild to severe; by having a deep level of information on the women, their ex-
posures, and their distress gathered soon after the events; by the fact that the degrees 
of exposure to the disasters were independent of family psychosocial attributes; and 
by the acute onsets of the events which allow exact dating of the stressors in the 
pregnancy. The independent nature of these stressful events allows us to worry less 
about controlling for potential confounds and allows us to disentangle the effects 
of objective degrees of exposure to the event from the women’s subjective distress 
and hormonal responses.
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As such, the overarching aim of our research program is to increase understand-
ing of the ways in which different aspects of PNMS influence the development 
of the unborn child. We began this endeavor with the preconceived, underlying 
hypothesis that the more severe the woman’s objective exposure to a disaster, the 
greater would be her subjective distress, which would result in higher levels of basal 
cortisol, which should then be the active ingredient in the effects on the fetus.

14.2.1  Project Ice Storm

Project Ice Storm was conceived following one of Canada’s worst natural disasters 
in history: the January 1998 Quebec ice storm. During the first week of the year, a 
series of freezing rain storms passed through southern Quebec. The weight of the 
ice toppled high-tension power lines and utility poles, collapsing the power grid to 
the region. Resulting power outages ranged from a few hours to as long as 6 weeks 
for 3 million people in the province of Quebec. On Friday, January 9, the down-
town core of Montreal was blacked out, leaving the city in darkness and commuters 
stranded in metro cars. The military were called in to assist local forces in removing 
broken trees and other debris from roads. Cold fronts followed the mild weather, 
plunging the region into seasonal temperatures of − 10 °C to − 20 °C. Without elec-
tricity to power central heating, pumps for well water, farm equipment, or factories, 
the personal and financial costs of the ice storm crisis left a significant impact on 
the population. Security forces went door to door to rescue isolated individuals in 
danger from cold and hypothermia, asphyxiation from unconventional heating de-
vices, and fire due to blocked chimneys. There were more than 27 deaths attributed 
to the ice storm.

We identified physicians who deliver babies in the four main hospitals in the 
region southeast of Montreal (the Montérégie) which is typified by bedroom com-
munities and rural areas. Physicians who agreed to collaborate indicated the number 
of patients in their practice who met our inclusion criteria: over 18 years of age, 
French-speaking, and pregnant on January 9,1998, or became pregnant between 
January 9 and April 9 (the preconception-exposed group). We delivered the correct 
number of postal questionnaires to each physician whose office staff addressed and 
mailed them on June 1,1998. Of the 1,440 questionnaires that were sent, 224 wom-
en responded—a 15.5 % response rate. Of the 224 initial responders, 178 women 
gave us their names and addresses, and permission to recontact them. Some of these 
women’s pregnancies ended in miscarriage or stillbirth, and other families were lost 
to follow-up over the years. Our largest sample for a single testing was 110 children 
at age 5½ years. Our most recent assessment, at the age of 13½, included approxi-
mately 80 families.

The first questionnaire in June 1998 included a series of objective items about the 
women’s exposure to the ice storm crisis. We constructed items to reflect four main 
categories of disaster exposure: threat, loss, change, and scope. To create a total 
score, we attributed a maximum of 8 points to each category and then summed them 
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to create the Storm32 objective stress score. Table 14.1 presents the Storm32 items 
and their weightings. Women also completed the Impact of Event Scale- Revised 
(IES-R; Brunet et al. 2003; Weiss and Marmar 1997) which reflects the severity of 
their posttraumatic stress symptoms relative to the ice storm: hyperarousal, avoid-
ance, and intrusive thoughts or images. We included saliva sampling kits for the 
assessment of cortisol levels at seven times points over 24 h. The questionnaire also 
included scales of current anxiety and depression. At 6 months after each woman’s 
due date, we sent a second questionnaire about the birth and the newborn, and que-
ried about other life events in the preceding year. Mental health and life event scales 
were repeated at every assessment.

The goal of Project Ice Storm has been to determine the effects of PNMS on the 
cognitive, behavioral, physical, and motor behavior of the children as they develop. 
Over the years, and as funding permitted, Project Ice Storm mothers completed 
postal questionnaires 6 months after their due dates, and when the children were 
2, 4, 5, 6, 8, 9, 11, and 13 years of age. The children’s school teachers completed 
rating scales of the children throughout elementary school, and the children have 
completed self-report questionnaires since the age of 11. We assessed the children’s 
development through direct testing at ages 2, 5, 8, 11, and 13 years, including struc-
tural brain magnetic resonance imaginings (MRIs) at age 11, and a social stress 
test at age 13. DNA, diurnal and reactive cortisol, and blood for assessing glucose 
tolerance and immune functioning have also been collected from the children at 
various points. Beginning in 2013, further developmental assessments and brain 
imaging will continue between the ages of 15 and 18 years, and perhaps beyond as 
funding permits.

The Sample

Approximately half of the sample had given birth by June 1, the date the first ques-
tionnaire was mailed. The sample had, and maintains, a fairly equal balance of 
women who were exposed to the ice storm during the first, second, and third trimes-
ters and in the 3-month preconception period. In addition, their infants were in equal 
numbers of boys and girls. Rates of preterm birth (8 %) and postpartum depression 
(17 %) were within the normal range. The 224 initial responders to the Ice Storm 
questionnaire were significantly better educated and had higher family incomes, 
than the averages for their region; 70.8 % of the participants were from households 
in the upper-middle class or above, and only 4.5 % were from lower and lower-
middle classes. This socioeconomic bias in the sample explains the high cognitive 
functioning of their children (see sections below).

Stress Levels

On average, the women in the sample were without electricity for 14 days, with 
some going without power for as long as 45 days. The families were without phone 
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Threat Loss Scope Change
1 Were you 

injured?
No = 0
Yes = 1

1 Did your residence 
suffer damage as 
a result of the ice 
storm?

No = 0
Yes = 2

1 How many 
days were 
you without 
electricity?

0 = 0–5 days
1 = 6–13 days
2 = 14–19 days
3 = 20–21 days
4 =  >  22 days

1 Did your 
fam-
ily stay 
together 
for the 
duration 
of the ice 
storm?

Yes = 0
No = 1

2 Was anyone 
close to you 
injured?

No = 0
Yes = 1

2 Did you experience 
a loss of personal 
income?

No = 0
Yes = 2

2 How many 
days were 
you without 
the use 
of your 
telephone?

0 = 0 days
1 = 0.01–1 day
2 = 2–4.5 days
3 = 5–7 days
4 = 8 + days

2 Did you 
spend any 
time in a 
temporary 
shelter?

No = 0
Yes = 1

3 Were you ever 
in danger 
due to:

3 How much was the 
total financial 
loss including 
income, food, 
damage to 
home?

0 =  < CAD 100
1 = CAD 100–

CAD 1000
2 = CAD 1000–

CAD 10,000
3 = CAD 10,000–

CAD 100,000
4 =  >  CAD 100,000

3 How often 
were you 
required 
to change 
residence 
during the 
ice storm?

0 = 0
1 = 1 time
2 = 2+ times

3.1 …the cold
No = 0
Yes = 1

4 Did you take 
in guests 
during the 
ice storm?

No = 0
Yes = 1

Table 14.1  Storm32: questions used to assess the four dimensions (threat, loss, scope, and change) 
of our objective stress questionnaire that the mothers completed after the ice storm
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service for an average of 4 days, and some for as long as 34 days. Only one-third of 
the families in the study never left their own home, while most families were forced 
to move to friends’, neighbors’ and relatives’ homes; half the sample moved once or 
twice, and 15 % moved up to five times during the crisis.

The initial sample scored between 0 and 24 on the Storm32 objective stress ques-
tionnaire, with an average score of 10.6 (standard deviation (SD) = 4.7) and a fairly 
normal distribution of scores (Fig. 14.1). The distribution of subjective stress levels, 
as assessed by the IES-R, was positively skewed (Fig. 14.2), and mean levels were 
moderate ( M = 11.9; SD = 12.5), with 16.4 % of women scoring above the cutoff of 
22 often used for screening for posttraumatic stress disorder (PTSD). In general, 
cortisol levels for the women showed the usual diurnal patterns and, as expected, 

Threat Loss Scope Change
3.2 …exposure 

to downed 
electrical 
power lines

No = 0
Yes = 1

5 Did you 
experi-
ence an 
increase 
in physi-
cal work 
during the 
ice storm?

0 = less or 
same

1 = little or 
lot more

3.3 …exposure 
to carbon 
monoxide

No = 0
Yes = 1

6 Number of 
nights 
away 
from 
home:

0 = none
1 = 1–7.5 

nights
2 = 8 + nights

3.4 …lack of 
potable 
water

No = 0
Yes = 1

3.5 …lack of food
No = 0
Yes = 1

3.6 …falling 
branches 
and ice

No = 0
Yes = 1

8 points 8 points 8 points 8 points

Table 14.1 (continued) 
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were significantly higher in women who were still pregnant at the time they took the 
samples. This difference in basal levels according to pregnancy status has made the 
inclusion of maternal cortisol in statistical analyses untenable for much of our study.

The three forms of stress (objective, subjective, and cortisol) are relatively un-
correlated with each other. Storm32 and IES-R scores tend to be correlated at less 
than 0.30, and Storm32 and diurnal cortisol levels are uncorrelated ( r < 0.20). In 
the subsample that was still pregnant at saliva sampling, IES-R and integrated di-
urnal cortisol correlated −0.26 ( p < 0.05); although statistically significant, these 
two measures of stress cannot be considered highly associated, and the association 
that is present is negative: the more severe the women’s PTSD symptoms the lower 
their basal cortisol levels, echoing findings from the PTSD literature (Zoladz and 
Diamond 2013). Socioeconomic status (SES), as reflected in the Hollingshead In-
dex which takes both maternal and paternal education and occupation into account, 
has been uncorrelated with both objective and subjective stress ( r < 0.20).

Cognitive Development

General Intelligence Perhaps one of the most obvious clues to any effects of 
PNMS on neurodevelopment is the effect on general intelligence. As noted ear-
lier, the families in Project Ice Storm are better educated and have higher incomes 
than the regional averages. Not surprisingly, then, their children, even those from 
high-stress families, have consistently scored above average on all tests of cogni-
tive development. Statistically, this presents an inherent obstacle to explaining the 

Fig. 14.1  Distribution of Storm32 objective prenatal maternal stress ( PNMS) scores for Project 
Ice Storm cohort
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limited variance in outcome variables. Psychosocially, this limits the study’s gen-
eralizability to more disadvantaged families who would have had fewer financial 
resources for dealing with the ice storm crisis.

We obtained our first small grant for Project Ice Storm in time to test a subset of 
Project Ice Storm children at age 2 years (Laplante et al. 2004, 2007). To select the 
sample, we included only children whose mothers were exposed to the ice storm in 
the first ( n = 21), second ( n = 14), or third ( n = 23) trimesters (that is, we excluded 
the preconception-exposed group). We also excluded mothers who reported ciga-
rette or alcohol use in pregnancy, and those who reported any other major life events 
while pregnant. In order to limit the sample size while maximizing the variance be-
tween groups, we split the sample into three equal groups according to the Storm32 
objective stress scale and invited the low- and high-stress groups for face-to-face 
testing, but not the moderate-stress group. Children were tested with the Bayley 
Scales for Infant Development for general intelligence (the Mental Development 
Index: MDI), the MacArthur Communicative Developmental Inventory (MCDI) 
for receptive and productive language, and they were videotaped during a 15-min 
free play session to assess the maturity of their play style.

At this 2-year assessment, as illustrated in Fig. 14.3, we found that children from 
the high-objective stress group had, on average, approximately one full SD low-
er Bayley scores than those from the low-stress group, even controlling for birth 
weight; SES was unrelated to the Bayley MDI, perhaps because of the limited range 
in SES levels. The large effect of PNMS was obtained with the Storm32 objective 
stress score; the women’s subjective distress level, reflected in the IES-R posttrau-
matic stress symptom score, had no effect on Bayley scores. At this age, the results 
demonstrated a significant moderating effect of the timing in utero of the ice storm: 

Fig. 14.2  Distribution and means (with standard errors) of subjective prenatal maternal stress 
( PNMS) levels (IES-R) for women in all three cohorts
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The difference between low and high Storm32 groups was significant for children 
exposed to the ice storm in the first or second trimester, but not in the third.

Given that both animal and human research suggest that prenatal stress or mater-
nal pregnancy anxiety predicts a more difficult temperament in children (Weinstock 
2008), we were concerned that scores on the Bayley may reflect effects of PNMS on 
the children’s behavior with the experimenter rather than their cognitive develop-
ment per se. By observing the children during a free play session while their moth-
ers sat nearby, however, we could circumvent potential confounding by the child’s 
temperament and attempt a replication of the results found by the more structured 
Bayley test using a more implicit test of cognitive development (Laplante et al. 
2007). The experimenter presented all of the children with the same array of toys 
arranged identically. Raters coded videos of each child’s play behaviors, moment 
by moment, into three categories: stereotypical, such as waving or mouthing a toy; 
relational, when touching two or more toys together without any specific function; 
and functional, in which a toy is used according to its intended function, such as 
rolling the truck along the floor or making pouring motions with the teapot. Results 
from these ratings replicated the effects of objective stress from the ice storm, as 
well as the moderation of the effect by the timing in utero: for children exposed to 
the ice storm in the first or second trimester, the low Storm32 objective stress group 
engaged in significantly less of the immature stereotypical play, and in significantly 
more of the more mature functional play, than the high-stress group. On the other 
hand, although the effect of objective stress was again highly significant, subjec-
tive stress (IES-R) levels were also significantly correlated with functional play 
outcomes.

Fig. 14.3  Means and standard errors for Bayley MDI scores at 2 years and WPPSI/WISC-III IQ 
scores at 5½, 8½, and 11½ years
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The results obtained at age 2 years encouraged the Canadian Institutes of Health 
Research (CIHR) to support the project, and more extensive cognitive assessments 
were done at the ages of 5½, 8½, and 11½ years, including Wechsler intelligence 
scales, memory, and attention measures. Given the new funding, we were able to in-
clude all children from the study, including the moderate-stress group. Once again, 
at ages 5½ (Laplante et al. 2008) and 8½ we found that the high objective stress 
group had significantly lower full scale IQ than the low-stress group (5½: 108.2 vs. 
115.5; 8½: 108.5 vs. 114.5); what we had not anticipated, however, was that the 
moderate-stress group obtained higher IQ scores than the low-stress group (5½, 
118.4; 8½, 116.8). These curvilinear results were confirmed with a significant qua-
dratic term when using the Storm32 score as a continuous measure. We could not 
have predicted these curvilinear results from the findings at age 2 since we had de-
cided not to include the moderate-stress group in the testing at that age (Fig. 14.3).

Verbal Memory In similar fashion, the results using the Immediate Verbal Mem-
ory Index of the Children’s Memory Scales with the children at 5½ years of age 
once again show this curvilinearity effect of Storm32 objective stress, although this 
time in boys only (Fig. 14.4).

Language Development The susceptibility of language development to the effects 
of PNMS has been a recurring theme in Project Ice Storm results. During the assess-
ment at 2 years, we administered the MCDI which presents the mother with a list 
of words. She indicated, for each word, whether the child understood it (recep-
tive vocabulary) and/or used the word (expressive/productive vocabulary). At this 
age, the high objective stress group understood 10 % fewer words than the low-

Fig. 14.4  Immediate Verbal Memory Index standard scores for boys and girls at 5½ years of age 
(means and standard errors)
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stress group (82.4 vs. 90.6 words), and used 27 % fewer words than their low stress 
peers (54.7 vs. 74.9; Laplante et al. 2004). As with the results for the Bayley scales, 
there was no effect of the mothers’ subjective stress scores. However, unlike the 
results for the Bayley and for the play style, there was no timing effect on language 
development.

Beginning with the assessment at age 5½ years, we have used the Peabody Pic-
ture Vocabulary Test (PPVT-R) to assess receptive language, and have used the 
verbal tests from the Wechsler scales to assess other components of language devel-
opment. At age 5½, we found significant effects of Storm32 objective stress, but not 
subjective stress (IES-R), on PPVT-R scores and replicated the curvilinear effects of 
PNMS on language that we saw in the full-scale Wechsler IQ scores, with a slight 
increase in vocabulary with moderate stress but a sharp drop in vocabulary with 
higher stress levels (Fig. 14.5; Laplante et al. 2008). Within the Wechsler itself, we 
found similar significant and curvilinear effects of objective stress on the two verbal 
tests we administered (Information and Similarities), but no effect on the nonverbal 
Block Design test.

Similar IQ and receptive vocabulary outcomes were observed in boys and girls 
at 8½ years of age: Children exposed to moderate levels of objective PNMS exhib-
ited the highest scores while those exposed to high levels had the lowest scores. At 
age 11½, however, the results differed by sex: For boys, the curvilinear pattern was 
replaced by a significant, negative, linear effect of objective stress on IQ, while for 
girls there was no longer any effect of prenatal stress (Fig. 14.3). For PPVT-R scores 
at 11½ years, boys still showed the curvilinear effect, while for girls there was now 
a significant, linear, positive effect of objective stress on vocabulary. Thus, the ef-
fects of PNMS on cognitive outcomes appear to become sexually dimorphic at the 
onset of puberty (Fig. 14.5).

Fig. 14.5  Receptive vocabulary standard scores as a function of year of assessment (means and 
standard errors). PPVT-R Peabody Picture Vocabulary Test
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Physical Development

Conventional wisdom would suggest that any effects of PNMS on cognitive out-
comes would be the result of a direct neurodevelopmental insult during gestation, 
probably due to the effects of maternal stress hormones passing through placenta. 
Indeed, a review of the literature (Charil et al. 2010) supports the notion that PNMS 
has important, negative effects on brain development, at least in laboratory animals. 
The hippocampus appears to be especially sensitive to PNMS. Unfortunately, these 
studies are difficult to replicate in humans.

Dermatoglyphic Asymmetry Neurodevelopmental insults may be evident in 
parts of the human body outside of the brain itself. For example, individuals diag-
nosed with schizophrenia, which is presumed to be neurodevelopmental in origin, 
exhibit higher rates of some physical traits than do normal controls. Schizophre-
nia patients have, on average, more minor physical anomalies (Lane et al. 1997) 
and have greater left–right asymmetry in the number of ridges in their fingerprints 
(Markow and Wandler 1986). Fingerprints develop out of the same fetal ectoderm 
as the brain between weeks 14 and 22 which overlaps with the timing of crucial 
hippocampal development. There was considerable debate within the schizophrenia 
literature about the causes of this dermatoglyphic asymmetry, whether genetic or 
neurodevelopmental in origin.

To address this debate, we tested the hypothesis that maternal stress from the ice 
storm would predict dermatoglyphic asymmetry in the children, but only in those for 
whom the onset of the ice storm occurred at some point between weeks 14 and 22 
of pregnancy (King et al. 2009). Results showed that mere exposure to the ice storm 
during the key time period resulted in half a standard deviation greater asymmetry 
than in children exposed at other times of gestation. Within the group exposed dur-
ing weeks 14–22, greater asymmetry was associated with both more severe objec-
tive stress ( r = 0.348, p < 0.10) and subjective stress ( r = 0.500, p < 0.05). Finally, for 
the 17 children in the 14–22-week exposure target group whose mothers were still 
pregnant when they took diurnal salivary cortisol samples, higher levels of cortisol 
were associated with less asymmetry ( r = − 0.557, p < 0.05), that is, greater evidence 
of neurodevelopmental insult was associated with lower levels of maternal cortisol. 
Although we would have predicted that higher maternal cortisol would have been 
associated with greater evidence of neurodevelopmental insult, our cortisol assess-
ments were taken 5–6 months after the ice storm crisis and may be poor reflections 
of actual acute levels of cortisol at the time of the storm. The stress literature is 
debating the meaning of the low cortisol levels in people diagnosed with PTSD; 
there is support for the notion that these low cortisol levels pre-existed the trauma 
exposure (a difficult hypothesis to test) and represent a vulnerability for developing 
symptoms of PTSD in the face of trauma rather than a concomitant effect of the 
exposure (Yehuda et al. 2000).

Brain Structure The effect of ice storm stress on dermatoglyphic asymmetry sug-
gested the possibility that an effect would also be seen on the development of the 
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hippocampus. Structural brain scans (MRI) were conducted when the children were 
aged 11½ years; for comparison, we also scanned a matched sample of children who 
were born in the year before the ice storm. Unpublished results show that in both 
boys and girls, smaller normalized right and left hippocampal volumes were associ-
ated with being exposed to a greater number of maternal obstetric complications. 
Moreover, boys exposed to higher levels of objective PNMS had smaller normalized 
right hippocampal volumes. However, an observed objective PNMS × obstetric 
complication interaction suggests that smaller normalized right hippocampal vol-
umes were observed in boys who were exposed to either high levels of objective 
stress, irrespective of the level of maternal obstetric complications, or low levels 
of objective PNMS and high levels of maternal obstetric complications (Fig. 14.6).

Thus, exposure to a major stressor in utero appears to have implications for brain 
development. But what of our comparison cohort of postnatally exposed children? 
Near the end of our scanning sessions, we began to wonder whether the neurodevelop-
ment of children in our comparison group, who had been infants during the ice storm, 
might be influenced by the stress of their mothers and, if so, by what mechanism? 
Apart from having a stressed mother, or being cold, it occurred to us that maternal 
stress might be transmitted to infants directly via breast milk. Indeed, studies show that 
maternal cortisol does reach the infant via breast milk (Patacchioli et al. 1992). For the 
15 children who were breastfed during the ice storm crisis, we created a composite 
score, multiplying the mother’s objective stress score times the number of days that 
her child was breastfed during the disaster. The higher this composite stress exposure 
score, the smaller the child’s left hippocampal volume ( r = − 0.581, p < 0.10); examina-
tion of the scatter plot ruled out the effects of outliers (Fig. 14.7; King et al. 2012).

Fig. 14.6  Normalized right hippocampal volumes as a function of objective PNMS and obstetric 
complications (OC) (means and standard errors)
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HPA Axis Functioning Because the animal literature suggests that PNMS alters 
HPA functioning in the offspring, we have obtained salivary cortisol samples from 
our subjects before and after potentially stressful situations on several occasions. 
At about the age of 5 years, children in Quebec are scheduled to receive vaccina-
tions. We traveled to the medical clinics in order to be present for the vaccinations 
of 34 children who provided saliva samples while in the waiting room before the 
injection, and 15 min post injection. Results suggest that neither maternal objec-
tive nor subjective stress was related to the children’s acute cortisol reaction to the 
vaccination. In all children, however, lower acute stress response predicted more 
severe internalizing (e.g., depression and anxiety) and externalizing (e.g., aggres-
sion, destructiveness) at age 5½ on the maternal-rated Child Behavior Checklist 
(CBCL).

We used a similar protocol to determine the children’s stress reactivity from the 
MRI scans at age 11½. Preliminary results from the Project Ice Storm children sug-
gest there is no association between either objective or subjective PNMS and pre- or 
post-MRI cortisol levels.

For the subjects from the infancy-exposed MRI comparison group who had been 
breastfed during the ice storm, the results suggest that higher composite stress scores 
were associated with smaller left hippocampal volumes, which were then associ-
ated with smaller acute cortisol responses to the stress of the MRI scan ( r = 0.632, 
p < 0.05), which were then associated with more severe CBCL internalizing prob-
lems at the same age (King et al. 2012). This latter association is consistent with 
the results from the prenatally exposed Ice Storm cohort for whom more blunted 
cortisol responses to vaccination were associated with more severe internalizing 

Fig. 14.7  Scatterplot of the control children’s normalized left hippocampal volumes as a function 
of their mother’s objective prenatal maternal stress ( PNMS) × duration of breastfeeding composite 
scores
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problems. The clinical implications of these results are that the failure to mount 
a stress response is a greater risk factor for psychopathology than an increase in 
cortisol, something seen in conditions such as schizophrenia (Brenner et al. 2009).

Finally, at age 13½ years, 63 Project Ice Storm teens completed the Trier Social 
Stress Test (Kirschbaum et al. 1993). Data from that protocol have not been ana-
lyzed to date, but will provide useful information on the longevity of the effects of 
PNMS on the HPA axis into early adolescence. The data collection protocol at age 
15½ (2013–2014) will include salivary cortisol awakening responses in association 
with daily stressors during the school year.

Project Ice Storm Limitations

Project Ice Storm was the first prospective longitudinal study of a natural disaster that 
teased apart the objective and subjective aspects of the PNMS experience. As such, 
it provides unique data about the nature of PNMS and its effects. However, there are 
several limitations to the project that can neither be overlooked nor remedied.

These limitations are related to the numerous challenges involved in initiating 
a large study of pregnant women in the immediate aftermath of a natural disas-
ter. First, despite the significant effects that both objective exposure and subjective 
distress have on a variety of outcomes, we have no data that enlighten us about 
the biological mechanisms involved in these effects. Part of the problem is that 
pregnant women in a target population will not all stay pregnant for long; fetuses 
will not wait for researchers to prepare a protocol that would permit them to col-
lect precious biological samples that may contain clues about the cascade of effects 
from maternal exposure, through the placenta and umbilical cord to the fetus. In 
Project Ice Storm, half the sample had already given birth by the time of the first 
postal survey. Any delay between the disaster and initial data collection may also 
compromise the prospective nature of the data since the difficulty of the women’s 
birthing experiences may color their recall of the disaster. In addition, the longer 
the delay between the disaster and the collection of biological data, such as cortisol, 
the more difficult the interpretation of the hormonal data; we have found it difficult 
to conduct analyses combining cortisol samples from pregnant women and from 
women who have already given birth and who may or may not be breastfeeding. 
Even the subjective stress data must be interpreted within the context of a relatively 
prolonged stress response: Do high levels of distress 6 months after the ice storm 
necessarily reflect similarly high levels during the storm itself, and how many of the 
women with low distress levels at 6 months had had high levels at the height of the 
disaster? Thus, speed is of the essence in setting up a disaster study.

The second challenge is to initiate a study (including protocol development, eth-
ics approval, subject recruitment, and assessment) in record time in the absence of 
dedicated funds. When funds are limited, it is difficult to conduct the most effective 
recruitment methods. Project Ice Storm relied upon inexpensive postal question-
naires for recruitment and obtained a 15 % response rate from a potential sample 
of 1,400 women, rather than using more direct, personal, and costly face-to-face 
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methods. Carrying a sample of fewer than 180 cases at the beginning of the study, 
and fewer than 100 cases 15 years later, means the sample size limits the complex-
ity of the statistical analyses that can be conducted; once the sample is separated by 
child sex and trimester of exposure, additional interactions and nonlinear associa-
tions push the sample size beyond its limits.

Another side effect of the cost-saving recruitment method is that the sample is 
biased towards the highly educated family. This bias limits the generalizability of 
the results to similarly advantaged families, and also (in theory) reduces statistical 
power due to the restricted variance in the children’s outcomes in the upper ranges 
of functioning.

Finally, the occasional critic of Project Ice Storm has noted that it is limited by 
not having evaluated the pregnant women in the study before the ice storm struck. 
Not being blessed with the gift of prophecy, this limitation seemed quite impossible 
to overcome.

14.2.2  The Iowa Flood Study

In 2008, we discovered that we could conduct a pre-post disaster study without nec-
essarily being able to predict future disasters. In early June of that year, the Midwest 
of the USA was hit with back-to-back storms. The record-breaking levels of rainfall 
lead to the flooding of rivers and breeching of levees. Iowa lay at the heart of the 
destruction, suffering its worst flooding in more than 50 years. The Cedar and Iowa 
rivers exceeded record high water levels set back in the early twentieth century. In 
Iowa alone, 83 of 99 counties were declared federal disaster areas. In Cedar Rap-
ids and Linn County, 1300 city blocks (9.2 square miles) were covered in water, 
engulfing the city hall, Linn County jail, fire department, and public library. The 
severe flooding in Johnson County, Iowa City, and the University of Iowa forced 
the evacuation of 35,000–40,000 people from their homes. The disastrous flooding 
lasted from early June to early July damaging 5238 homes and 940 businesses. The 
agricultural industry suffered a US$ 2 billion loss as many corn and soybean crops 
were destroyed. Approximately two dozen people were killed and 150 injured as a 
result of the storms and flooding. Overall, the 2008 Midwestern flood ranks among 
the top ten disasters in US history.

As the flood waters were still rising, we contacted Dr. Michael O’Hara, the well-
known postpartum depression researcher at the University of Iowa, to discuss a 
collaboration. We learned that Dr. O’Hara’s doctoral student, Kimberly Nylen (now 
Hart), was in the midst of conducting a study linking stress in pregnancy to obstetric 
and birth complications (Nylen et al. 2013a, b). We invited them to collaborate on 
a replication of Project Ice Storm by piggybacking our disaster protocol onto their 
birth outcomes project.
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The Sample

The 134 women who had already been recruited into Nylen’s doctoral research 
were invited to join the Iowa Flood Study. Additional participants continued to be 
recruited for both studies via media advertisements distributed throughout Eastern 
Iowa, in-person recruiting in the Department of Obstetrics and Gynecology at the 
University of Iowa Hospitals and Clinics, letters distributed to patients of obstetrics 
and gynecology practices in Eastern Iowa, and the clinic associated with the John-
son County Department of Public Health.

When our final recruitment phase was completed, we had flood stress data from 
268 women who had been pregnant before or during the flooding, of whom 74 
had been assessed by Nylen before the flooding for psychopathology, life events 
and daily hassles, social support, coping style, and other psychosocial variables. 
Despite efforts to recruit a wider range of participants, the majority of subjects 
were from either upper-middle class (55 %) or upper class (20 %), with only one 
woman in the lower-class category, and 25 % in the lower-middle- and middle-class 
groups—not appreciably more representative than the Project Ice Storm sample. 
Although the Iowa Flood Study failed to include a preconception-exposed group 
of any size ( n = 18), 34 women from Nylen’s project, who had given birth before 
the floods, constituted a postpartum-exposed group that may be followed into the 
future to determine the effects of maternal stress during infancy and, perhaps, the 
role of breastfeeding.

Stress Levels

Much of the initial assessment protocol was similar to that of Project Ice Storm. 
However, the objective stress questionnaire from the ice storm needed major revi-
sions to be relevant to a flood disaster. The final version included old and new items 
in the four categories of threat, loss, scope, and change. Weighting each category 
equally, with a maximum of 25 points each, our Iowa Flood Study scale is named 
IF100. As expected, a large percentage of women experienced very little hardship 
from the flood, and a small percentage experienced catastrophic loss and danger 
(Fig. 14.8).

Although Storm32 and IF100 scores cannot be compared directly between the 
two events, both studies used the IES-R to measure subjective distress. As in Project 
Ice Storm, the IES-R distribution is highly skewed, with 6.7 % of women scoring 
above the cutoff of 22 for potential PTSD. Despite the fact that several women from 
Iowa lost their homes in the floods, something unheard of in the ice storm sample, 
the average IES-R scores were significantly lower in the Iowa Flood Study than in 
Project Ice Storm (Fig. 14.2).

In the hope of circumventing the difficulties noted in Project Ice Storm of assess-
ing persistent PTSD symptoms 6 months post-disaster, in Iowa we introduced two 
“peritraumatic” measures: the Peritraumatic Distress Inventory and the Peritrau-
matic Dissociative Experiences Questionnaire. Both measures ask the respondent 
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to recall and report what they had experienced at the time of the trauma. At recruit-
ment, these peritraumatic measures correlate between 0.60 and 0.70 with the IES-
R total score. Future analyses will elucidate the relative contributions these three 
distress measures make in explaining variance in child outcomes.

Assessments of Child Development

Funded by the CIHR, face-to-face evaluations of the children’s cognitive, behav-
ioral, motor, and physical development have been conducted at ages 2½ ( n = 161) 
and 4 years ( n = 130) with a 5½-year assessment to begin in 2013–2014. To date, 
only the 2½-year assessment has preliminary results that are sufficiently advanced 
to present here.

 Cognitive Development

General Intelligence and Language As in Project Ice Storm, maternal stress from 
the disaster explained significant amounts of variance in the children’s composite 
scores from the Bayley. Unlike in the Ice Storm cohort, however, there was no effect 
of maternal objective stress exposure (IF100). Instead, a significant  interaction 
suggested that high levels of maternal subjective distress (IES-R scores) were 
 associated with lower Bayley scores for those exposed during the first trimester. 

Fig. 14.8  Distribution and means of objective prenatal maternal stress ( PNMS) levels for women 
in the Iowa Flood (IF100) and QF2011 (QIF100) cohorts
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Thus, the Iowa results support the idea of a certain vulnerability in early gestation 
for cognitive development assessed at this age, but suggest that the smoking gun 
may be maternal subjective distress and not objective hardship in this cohort.

Mothers completed the MCDI during this assessment, checking words on a list 
indicating their children’s receptive and productive vocabulary. Although it appears 
that the language development of boys and girls were affected in different ways by 
their mother’s flood stress, it appears that for all children exposed to the flood dur-
ing the first or second trimesters the greater their mother’s subjective distress, the 
lower their productive language at this age.

 HPA Axis Functioning

The Iowa Flood Study included a relatively controlled test of stress reactivity in 
the toddlers at age 2½. Mothers left the testing room for up to 3 min leaving their 
toddlers alone (but under surveillance by research staff via camcorder and one-way 
mirror). Saliva samples were taken before and after the separation. The children’s 
cortisol reactions to the separation were mixed, with some showing an increase in 
cortisol by 25 % or more (~ 40 %), others a decrease by at least 25 % (~ 20 %), and 
still others showed little change (~ 40 %). Preliminary analyses of those data, ex-
plaining approximately 27 % of the variance in pre-post separation cortisol change, 
suggest that the association between the mothers’ objective stress exposure and the 
child’s cortisol response differed for boys and girls, with girls appearing to be more 
sensitive to the effects of the stress. Timing also appears to play a role, with greater 
cortisol responses in children exposed to objective maternal stress in early gestation 
and lower responses (even decreases in cortisol) in those exposed later in utero.

There was no stress induction included in the 4-year-old assessment, but we plan 
to follow the effects of maternal stress from the Iowa floods on the children’s HPA 
axis functioning at later ages.

Iowa Flood Study Limitations

The Iowa Flood Study is the world’s first pre-post disaster study of PNMS. Al-
though the data are still being analyzed, it promises to yield unique and crucial re-
sults that will further increase our understanding of PNMS. In particular, the ability 
to control for pre-trauma psychosocial functioning, coping styles, and social sup-
port will permit us to better understand pregnant women within their own contexts, 
and to learn which psychosocial factors may buffer them and their unborn children 
from adverse outcomes, and which may increase risk.

We had hoped that the Iowa study would provide a larger, more representative 
sample than the Ice Storm study, and that the range of exposure severity would be 
greater than that in Project Ice Storm which lacks a “no stress” comparison group. 
Although the range of hardship is probably greater in Iowa than in Ice Storm, the 
average IES-R scores were lower. We also failed to recruit a sample with a sig-



30514 Using Natural Disasters to Study Prenatal Maternal Stress in Humans

nificantly greater range of socioeconomic levels, despite more direct recruitment 
in sites such as community health clinics. Finally, we had developed a protocol for 
collecting placentas, umbilical cords, and cord blood in Iowa, but we did not obtain 
the required funding in time, limiting our ability to study a complete picture of the 
cascading stress process from mother to placenta to fetus.

14.2.3  QF2011 The Queensland Flood Study

In 2011, after years of severe drought, the Australian state of Queensland experi-
enced some of its worst summer flooding in living memory. Starting late December 
2010, the state experienced torrential rainfall, leading to severe flooding throughout 
much of January 2011. The rains lead to the state’s second largest flood in the past 
100 years. Severe flooding was recorded throughout most of the Brisbane River 
catchment, affecting at least 70 towns, including the state capital of Brisbane. Bris-
bane is the third largest city in Australia and home to more than 1 million people. 
The flooding in Brisbane alone affected 200,000 people, caused residences on 2100 
streets to be evacuated, inundated 18,000 properties, and left 100,000 homes and 
businesses without electricity. In total, three-quarters of Queensland was declared 
a disaster zone. Altogether, 35 deaths were directly attributed to the flooding. The 
flooding severely damaged many roads and bridges leaving many individuals 
stranded in their homes until they could be rescued by the army. Economic losses 
were enormous, amounting to around Australian $ 1.5 billion.

Working through our network of contacts, we were referred to Dr. Sue Kildea, 
director of midwifery research at the Mater Mother’s Hospital and at the Mater 
Medical Research Institute in Brisbane. In Australia, nearly all babies are brought 
into the world with the aid of midwives, working in hospitals, and 10,000 babies 
per year are born within the walls of the Mater. Dr. Kildea was coinvestigator on 
a multisite randomized control trial of two forms of midwifery care, the M@NGO 
Trial (Tracy et al. 2011), which was in mid-recruitment at the time of the floods. 
With our invitation to collaborate, she saw an opportunity to determine the extent 
to which the experimental condition, Group Midwifery Practice, might buffer the 
effects of stress from the flooding on the pregnant women and their unborn chil-
dren. She agreed to append a new flood study onto the existing Brisbane arm of 
the M@NGO Trial. Although flooded out of her home herself, she rallied a team 
on-site to prepare ethics documents and to put in place procedures for collection of 
the birth biological samples. Our Montreal team sent a young placentology student 
to Brisbane to be on-call 24/7 to receive the needed tissues at the time of birth and 
a research assistant to help the Mater team with the coordination. The number of 
individuals in Montreal and in Brisbane who were involved in making the QF2011 
Queensland Flood Study happen is too great (in quality and in quantity) to describe 
here. A grant application was submitted to the CIHR on March 1, the first placenta 
was collected in April, and notification of funding arrived in July of that year.
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One advantage of adding QF2011 to the stable of PNMS studies is that it will 
allow a more direct replication of the Iowa Flood Study—two studies of similar 
disasters during the same season of the year.

The Sample

Women who were taking part in the M@NGO trial, and who were still pregnant 
during the flooding, were recontacted to invite them into QF2011. Additional wom-
en meeting the inclusion criteria were recruited in person and by flyer through the 
Mater Hospital. At this writing, 2½ years post-flood, we are beginning to finalize 
the description of the QF2011 sample. Objective and subjective stress levels are 
available for 228 women. Following the birth of the children, we were able to obtain 
dates of birth and sex of the children from 201 women. Thirty-five women were in 
their third trimester of pregnancy, 81 in their second trimester, and 75 in the first 
trimester of pregnancy at the peak of the flooding. An additional 10 women became 
pregnant within 3 months of the peak of the flooding. The women gave birth to 96 
daughters and 105 sons.

 Stress Levels

With the Iowa Flood Study protocol already developed and tested, relatively little 
adaptation was required to prepare the objective stress questionnaire for the Aus-
tralian context. Nonetheless, we created more detailed questions about insurance 
coverage, business losses of the spouse, and other specifics. Once the laborious 
task of creating the scoring scheme was completed, the Queensland Flood Objec-
tive Stress Scale (QFOSS) had a possible maximum of 200 points: 50 points each 
for the threat, loss, change, and scope scales; we also created an additional scale on 
nutrition but which does not figure into the QFOSS score.

As in Iowa, the QFOSS scale has a positively skewed distribution, unlike 
Storm32 which was normally distributed. In both flood studies, a large percentage 
of women experienced very little hardship as a result of the flood, while a non-
negligible percentage lost nearly all of their worldly goods.

Because the QFOSS was essentially an extension of the IF100, we could pull 
an IF100 score out of the Queensland questionnaire (which we called QIF100). In 
so doing, we saw that the average objective PNMS score was significantly higher 
in the Brisbane cohort ( M = 11.4; SD = 10.8) relative to the Iowa cohort ( M = 8.6; 
SD = 11.4; Fig. 14.8).

The IES-R was administered at recruitment, again with the expected skewed 
distribution. When the IES-R scores were compared across all three studies, women 
who experienced the ice storm had higher IES-R scores compared to the women 
who experienced either flood. When comparing the flood victims, women in the 
Brisbane cohort had higher IES-R scores relative to women in the Iowa cohort 
(Fig. 14.2).
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When comparing the peritraumatic experiences of the flood victims, women in 
the Brisbane cohort had higher peritraumatic distress levels (recruitment: M = 11.9, 
SD = 8.9; follow-up survey: M = 9.5, SD = 6.3) compared to women in the Iowa 
cohort (recruitment: M = 10.4, SD = 7.6; follow-up survey: M = 7.5, SD = 7.2). The 
women’s peritraumatic dissociative experiences did not differ at either assessment 
point.

As in Project Ice Storm and Iowa, QF2011 subjects provided diurnal cortisol 
samples, allowing us to study both the cortisol awakening response and the com-
plete diurnal pattern of cortisol secretion. These data have yet to be analyzed.

 Infant Assessments

The first face-to-face assessment of the QF2011 children was conducted at 16 
months of age (2012–2013). The Bayley scales, the VMI Visual Motor Integration, 
the cognitive free play session, and the MCDI (completed by the mother) were 
included in the protocol. In addition, the brief separation from the mother, identical 
to the task used in Iowa, was conducted to assess the child’s HPA axis response to 
stress. This protocol was identical to the one we used in the Iowa Flood Study at 2½ 
years and will be repeated in the QF2011 2½-year assessments (2013–2014).

To date, there are no results to report. The demands of working out the bureau-
cratic regulations of multiple institutions, ethical requirements protecting the data, 
while at the same time keeping up with data collection, keep the production of re-
sults from prospective studies of this nature moving at a snail’s pace.

14.3  Conclusions and Discussion

After 15 years of studying PNMS, we would like to have definitive conclusions to 
present here. A certain number of patterns have emerged in Project Ice Storm over 
time, only to be contradicted by our subjects as they approach adolescence and to be 
challenged by preliminary results from Iowa. It seems that conclusions are moving 
targets, changing over time, across geographic boundaries and across disasters of 
different varieties.

14.3.1  Objective Exposure, Subjective Distress, and Cortisol

We began our research program with a preconceived model of how PNMS would 
work: A pregnant woman would experience an objective stressor, the severity of 
which would predict her subjective response to it, which would then drive her hor-
monal response, and the resulting increase in cortisol levels would overwhelm the 
11-β-HSD2 in the placenta, sending noxious cortisol to the fetus and interrupting 
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otherwise optimal neurodevelopment of whichever system was in ascendance at 
that moment in gestation.

In Project Ice Storm, however, the correlations among objective and subjective 
stress measures and cortisol have been low (< 0.30) suggesting that the three ele-
ments of the PNMS experience are relatively independent, at least in the Quebec 
winter of 1998. For Iowa, these same correlations are in the range of 0.40–0.60. 
There may well be something about the nature of the different disasters that explain 
these discrepancies: The 1998 Quebec ice storm created disruptions in daily life for 
the entire population of the region, even for those who never lost power, which is 
reflected in the normal distribution of objective stress (Fig. 14.1). Thus, although 
there was relatively little loss of house and home from the ice storm compared to the 
Iowa floods, there could also be no “no stress” group in Project Ice Storm as there 
could be in the Iowa Flood Study and in QF2011 in which some families were never 
inconvenienced and others lost everything they owned (Fig. 14.8). We also wonder 
about the possibility of additional physical stress caused by exposure to cold—an 
oversight in the Storm32 questionnaire—that may have its own effects that are in-
dependent of those from psychosocial stress.

Our elaboration of a measure of objective stress exposure in Project Ice Storm 
was initially intended as a simple control measure, the backdrop against which ma-
ternal subjective distress would emerge as the smoking gun in causing suboptimal 
neurodevelopmental outcomes in the unborn child. Yet, our results from this first 
study suggest that objective exposure is a powerful agent in influencing the child’s 
cognitive development (IQ, verbal memory, language) and physical development 
(hippocampal volumes, obesity, insulin secretion) in the absence of a concomitant 
effect of maternal subjective distress. Similarly, preliminary results suggest that, in 
both Ice Storm and Iowa, children’s HPA axis responses to their own exposure to 
stress is driven more by maternal objective exposure than by subjective distress. 
Thus, the strength of the effects of objective stress exposure have surprised us and, 
to date, we have no data upon which to base a hypothesis about how mere objective 
exposure to a stressor by the pregnant woman can influence fetal outcomes while 
bypassing maternal subjective distress.

Much of the effect of maternal objective exposure on child cognitive outcomes 
in Project Ice Storm appears to be, surprisingly, curvilinear. Thus, 5- and 8-year-old 
children whose mothers had objective stress scores in the mid-range had higher 
Wechsler IQs and language and memory scores than those with lower maternal ob-
jective stress, although high stress still predicted the worst performance. One might 
apply the Yerkes–Dodson Law of Optimal Arousal (Yerkes and Dodson 1908) to 
explain this effect, but the application breaks down when we consider that Yerkes–
Dodson would apply to the stress and arousal of the pregnant mother, which would 
seem to have limited relevance to the performance of her child on an IQ test at age 5 
or 8 years. One might rather invoke the notion of hormesis (Calabrese 2008), a con-
cept from toxicology that describes the observation that small doses of some toxins 
have beneficial effects while effects become catastrophic at larger doses.

Maternal subjective distress from a disaster also has a role to play in the chil-
dren’s neurodevelopment. Although in Project Ice Storm, performance on the  Bayley 
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scales of infant cognitive development at age 2 years was related to objective stress, 
and not subjective distress, the opposite was true in Iowa with subjective stress 
explaining the bulk of the variance in general intelligence and language develop-
ment. Even within Project Ice Storm, there are some inconsistencies in the effects 
of PNMS on cognitive development. Although at age 2 years it was objective stress 
predicting Bayley scores, objective and subjective stress explained equal amounts 
of variance in the maturity of the children’s free play. And although objective stress 
explained the lion’s share of variance in cognitive development at ages 5, 8, and 11 
years, we are starting to see a shift at age 13 years towards a greater effect of ma-
ternal subjective stress, rather than objective. Thus, differences between disasters 
(winter/summer, ice storm/flood) and between the ages at which assessments occur 
(childhood, adolescence) seem to influence the relative roles of prenatal exposures 
to objective and subjective maternal stress.

Thus, one general conclusion from our work is that the degrees of objective ex-
posure and subjective distress of a pregnant woman going through a natural disaster 
have differential effects on a variety of developmental trajectories of their children. 
An additional complexity emerges in much of our data, however. Although not men-
tioned in our review above, for some outcomes (e.g., fetal growth, Dancause et al. 
2011; motor skills, Cao et al. 2014), the worst child outcomes are associated with 
mothers who exhibited a “mismatch” between their objective exposure and their 
subjective distress; in Project Ice Storm, the shortest birth lengths and the lowest bi-
lateral coordination and visual motor integration performances belonged to  children 
whose mothers either had high subjective stress in the face of mild objective expo-
sure or had low distress in the face of high exposure levels. Preliminary analyses 
from Iowa suggest that it is these over- and under-reacting mothers who are also 
at greatest risk of postpartum depression (Brock et al., unpublished data). Further 
analyses are required to determine whether maternal psychopathology  triggered by 
a mismatch in disaster reaction mediates the effect of the disaster on child outcomes.

Logistic difficulties with maternal cortisol assessment, being too long after the 
disaster itself to tell us about immediate maternal response to the event, and dif-
ficulties equating samples from pregnant and postpartum women, prevent us from 
drawing conclusions about the role of maternal GCs in these PNMS effects. To date, 
we have seen that lower (rather than higher) levels of maternal diurnal cortisol, 
sampled 5–6 months after the crisis, are associated with greater dermatoglyphic 
asymmetry which is presumed to reflect neurodevelopmental insult in utero. Other 
research paradigms are required to elucidate the mechanisms by which this unex-
pected association occurs.

14.3.2  Timing in Gestation and Sex Effects

Another important consideration in PNMS research is the timing in gestation of the 
stressor and how this might moderate the stress effects. Thanks to the use of sud-
den onset natural disasters, we have been able to date the stressors with accuracy. 
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The patterns of results suggest that every moment in pregnancy presents a  window 
of vulnerability for some form of development. Objective exposure (in Project 
Ice Storm) or subjective distress (in Iowa) predicted lower cognitive development 
scores at age 2 years, but only when exposure occurred in early gestation. In Project 
Ice Storm, maternal subjective distress during the second trimester predicted greater 
dermatoglyphic asymmetry. On the other hand, for motor development, we showed 
that the later in gestation girls were exposed to the ice storm the lower their bilateral 
coordination and visual motor integration scores at age 5½. The third trimester also 
appears to be a sensitive period for the development of attention problems, accord-
ing to preliminary analyses from the ice storm. These timing effects appear to be 
fleeting, however. In Project Ice Storm, the timing effects on cognitive development 
are only seen at age 2 years, and disappear in assessments between ages 5½ and 13½.

The timing of the stressor in gestation is not the only significant moderator of 
the effects of PNMS on neurodevelopment. The literature presents an inconsistent 
 picture of whether males or females are more sensitive to the effects of PNMS, 
and our results are similarly irregular. In Project Ice Storm, sex does not  moderate 
effects of maternal stress on cognitive outcomes until age 11½ when the effect 
becomes negative and linear for boys, and nonexistent in girls; these results are 
echoed in the hippocampal volume data at the same age. Girls, on the other hand, 
appear more vulnerable than boys to the effects of late gestation exposure on mo-
tor functioning. We have also found girls to be more vulnerable to the effects of 
maternal subjective stress in predicting childhood asthma (Turcotte-Tremblay et al. 
2014). As such, neither sex appears to be more or less at risk of neurodevelopmental 
 consequences of PNMS, but results suggest that we must continue to be vigilant in 
testing hypotheses about sex as a potential moderator of the effects.

14.3.3  The Longevity of Effects

Children who were born preterm begin life with certain developmental  disadvantages 
compared to their term-born peers. But by elementary school, they tend to catch 
up to their classmates with few long-term consequences. We suspected to find a 
similar effect of prenatal maternal disaster exposure. Results suggest, however, that 
significant effects can still be seen at later ages as preliminary analyses of Project 
Ice Storm results at age 13½ continue to demonstrate. The magnitude of the effects 
seems to diminish with age, but remain in the small-to-moderate range at age 13.

Apart from a general weakening of effect over time, the age of the child at the 
time of the assessment also seems to be an important consideration in the study of 
PNMS as noted in our review of animal research on PNMS and brain development 
(Charil et al. 2010). We have seen timing effects at age 2 years that disappear at 
later ages, and patterns of objective exposure effects on cognition that held stable 
through childhood suddenly change at age 11½. The onset of puberty may well 
change many of our conclusions from younger assessment ages.
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14.3.4  Possible Mediators of PNMS

The conventional wisdom implicates the maternal HPA axis, and the noxious effects 
of GCs that invade the placenta, as the mechanism by which PNMS exerts its influ-
ence in programming the fetus. Several investigators are testing complementary 
hypotheses about mediation of PNMS by other agents such as the immune system, 
epigenetics, and androgens. All three of our disaster studies provide genotyping 
data with which to study gene-by-environment interactions in the years to come. 
We anticipate furthering knowledge about these mechanisms through analysis of 
the biological specimens from QF2011.

In the meantime, our preliminary analyses of blood from a subset of children 
from Project Ice Storm at age 13 suggest that the degree of maternal objective ex-
posure explains: significant amounts of variance in immune system measures such 
as cell counts and cytokines; epigenetic signals (Cao-Lei et al., Under review); and 
(in girls) testosterone levels (Veru et al, Under review). Thus, we anticipate that the 
field will be expanding in its elaboration of the mechanisms of action of PNMS over 
the coming years.

14.3.5  Limitations of Prenatal Maternal Stress Work in Disasters

The use of natural disasters as a PNMS paradigm has a number of advantages, as 
noted in the introduction. There are several disadvantages, however, that render this 
approach difficult to manage and the results difficult to interpret. Most of these limi-
tations are a function of the disaster itself, as noted above in the section on Project 
Ice Storm Limitations. Because disasters are unpredictable, there is an inevitable 
delay between the event and the collection of the first data point: potential on-site 
collaborators, who may themselves be victims of the disaster, must be found and 
convinced of the importance of the project; the protocol must be elaborated and 
adapted to the particular disaster; ethics approval must be obtained; and all of these 
must be done often at some geographic distance and (as with QF2011) at great time 
zone differences.

The advantages of having a single, sudden-onset disaster as the PNMS paradigm 
are tempered by the disadvantage of a potential confound of the timing in gestation 
of the event by the season of the event. In “normal” years, there may be seasonal 
patterns in outcomes such as preterm birth, metabolism, or temperament. Without a 
control group, matched by birth month, one cannot be entirely certain that signifi-
cant timing effects of a natural disaster are not the result of annual patterns by date 
of birth rather than a function of fetal windows of vulnerability. Having a suite of 
three natural disaster studies, one in winter and two in summer, helps us to circum-
vent this particular challenge.
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14.3.6  Conclusion

Despite these limitations and challenges, the advantages associated with study-
ing an independent, sudden-onset stressor that is applied to large populations of 
pregnant women give added value to these studies and provide data that are not 
available elsewhere. Project Ice Storm, the Iowa Flood Study, and QF2011 are well 
positioned to complement the PNMS data generated from other study paradigms. 
Together, all of these approaches will fill in the gaps in knowledge about the effects 
of PNMS and its mechanisms and, we hope, guide the development of interventions 
to circumvent maladaptive fetal programming.

The reader interested in staying abreast of the results from Project Ice Storm, The 
Iowa Flood Study, and QF2011 may wish to consult our website called “SPIRAL” 
(Stress in Pregnancy International Research Alliance) at www.mcgill.ca/spiral/.
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Abstract The long-lasting effects of fetal exposure to early life influences (ELI) 
such as maternal anxiety, stress, and micronutrient deficiencies as well as mediat-
ing and moderating factors are quite well established in animal studies, but remain 
unclear in humans. Here, we report about effects on cognition, behavior, and emo-
tion in offspring aged 5–20 years old in two prospective longitudinal birth cohorts.

The long-lasting effects of fetal exposure to early life influences (ELI) such as 
maternal anxiety, stress, and micronutrient deficiencies as well as mediating and 
moderating factors are quite well established in animal studies, but remain unclear 
in humans. Here, we report about effects on cognition, behavior, and emotion in 
offspring aged 5–20 years old in two prospective longitudinal birth cohorts.

Maternal anxiety in the first and second trimester of pregnancy was associated 
with more variable performance during a simple reaction time task at age 5–6. In ad-
dition, children of women who reported high levels of anxiety (state anxiety > 90th 
percentile) were slower and performed more variable on a choice reaction time 
task. Moreover, prenatal maternal anxiety was associated with problem behavior 
(e.g., hyperactivity/inattention problems, emotional symptoms) in 5–6-year-olds. 
Our findings suggest a heightened vulnerability to developmental modulation of 
programming effects of maternal anxiety during pregnancy in boys. Maternal caf-
feine intake during the first and second trimester of pregnancy was not associated 
with a higher risk for behavior problems in 5–6-year-olds. No evidence was found 
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for mediation by fetal growth restriction or gestational age or for effect modification 
by the child’s gender. Higher maternal concentrations of omega-3 fatty acids (doco-
sahexaenoic acid, DHA, and eicosapentaenoic acid, EPA) during early pregnancy 
decreased the risk for overall problem behavior and emotional symptoms (moth-
ers rating their child). In contrast, higher maternal concentrations of omega-6 fatty 
acid (archidonic acid, AA) and a higher omega-6 to omega-3 ratio during gestation 
increased the risk for overall problem behavior, hyperactivity/inattention problems, 
and peer relationship problems. Evidence was found neither for mediation by pre-
term birth, and being small for gestational age, nor for effect modification by the 
child’s gender.

In 15-year-old offspring, hypothalamo–pituitary–adrenocortical (HPA) axis 
function was measured through establishing a saliva diurnal cortisol profile and 
depressive symptoms were measured with the Children’s Depression Inventory. 
Maternal anxiety at 12–22 weeks of pregnancy was associated with an attenuated 
diurnal cortisol profile in both boys and girl due to elevated cortisol secretion in the 
evening. Moreover, in female adolescents this flattened cortisol profile mediated the 
link between prenatal maternal anxiety and depressive symptoms. Prenatal maternal 
anxiety during week 12–22 of pregnancy was also associated with attention-deficit/
hyperactivity disorder (ADHD)-related symptoms, lower intelligence scores, and 
impairments in endogenous cognitive control (i.e., the ability from within one self 
to control actions, strategies, and thoughts) as measured with neuropsychological 
tasks in 15–17-year-old offspring. Importantly, results of event-related potentials 
(ERPs) at age 17 and functional magnetic resonance imaging (fMRI) at age 20 
confirmed a less optimal endogenous cognitive control function and indicated aber-
rant brain functioning in adolescents of mothers reporting high levels of prenatal 
maternal anxiety.

Results from both prospective cohorts indicate that ELI (e.g., prenatal maternal 
anxiety and fatty acid status) enhance neurobiological vulnerability and influence 
offspring’s cognitive, emotional, and behavioral functioning well into adolescence. 
A possible mechanism might be modulation of programming of the offspring’s 
(neuro)physiology and brain structure–function relationships.

15.1  Atypical Early Influences During Fetal Life are 
Associated with Less Favorable Neurodevelopmental 
Outcomes in Later Life

The fetal programming hypothesis (Barker and Osmond 1986), Developmental 
Origins of Health and Disease (DOHaD; Gluckman and Hanson 2004; Gluckman 
et al. 2008), and Developmental Origins of Behavior, Health and Disease  
(DOBHaD; Van den Bergh 2011a) propose that human health and development 
have their origin in early life, in the womb. The fetus responds to its uterine envi-
ronment and to changes and disturbances in this environment, e.g., those elicited by 
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maternal stress, micronutrient deficiencies, or placental dysfunction. The induced 
alterations in fetal physiology and metabolic responses may modulate the trajectory 
of developmental processes, i.e., “modulate the programming’’ of the developmen-
tal pattern within key tissues and organ systems (Gluckman et al. 2008). We delib-
erately choose to term these processes developmental modulation of developmental 
programming, because we presume that developmental modulation of developmen-
tal programming by means of early environmental cues in order to shape an organ-
ism’s development is a fundamental part of the trajectory in typical development 
across species (Van den Bergh 2007, Van den Bergh 2011a).

Animal research starting around 1950 demonstrated that experimentally manipu-
lated exposure to adverse environmental factors in early life (e.g., (induced) stress, 
stress hormones administered to the pregnant animal or fetus, cytokines, alcohol, 
hypoxia, cocaine) are causally related to several short- and long-term effects on 
offspring behavior, affects developing brain areas (i.e., hippocampus, amygdala, and 
frontal lobes), and is associated with changes in neuronal circuits that are involved in 
cognitive and emotional processing and in modulating stress responses (Bock et al. 
2005; de Kloet et al. 2005; Seckl and Meaney 2004; Weinstock 2008; Stanwood 
et al. 2001; Stanwood and Levitt 2004; Son et al. 2006; Baier et al. 2012). In hu-
mans, since 1990, an increasing number of prospective studies shows that exposure 
to atypical ELI during pregnancy is associated with adverse birth outcomes and a 
range of less favorable child neurobehavioral outcomes. Most studies looked at the 
association between prenatal exposure to maternal stress, anxiety, or depression and 
emotional and behavioral problems (i.e., temperamental reactivity, externalizing be-
havior) measured with self-report questionnaires or behavioral observation scales. 
A small number of studies examined specific aspects of cognitive function; these 
studies revealed evidence for an association between prenatal exposure to atypical 
prenatal environmental factors and reduced attention, lowered IQ scores, and low-
ered linguistic competence. These findings from human studies are in accordance 
with results from animal studies, including inconsistent findings that probably result 
from genetic differences, differences in intensity/severity, duration/chronicity, con-
trollability/coping, the developmental timing of ELI, and differences in postnatal 
environment (e.g., in adversity or in maternal care-giving style; for reviews, see 
Glover et al. 2010; O’Donnell et al. 2009; Van den Bergh et al. 2005b; Weinstock 
2008; Räikkönen et al. 2011; Beijers et al. 2014; Graignic-Philippe et al. 2014).

Our studies were aimed at a better understanding of developmental modulation 
of programming of cognition, behavior, and emotion in humans: from birth to age 
20. In the following paragraphs, we will present results from two prospective, lon-
gitudinal birth cohort studies. The first cohort: The Amsterdam-Born Children and 
their Development Study (ABCD study) started in 2003 and aims to examine a 
broad range of factors during pregnancy and in early life that are potentially related 
to the child’s health and development at birth and in later life (van Eijsden et al. 
2011). To date, mothers and children have been assessed until children were 5–6 
years old. The second cohort of pregnant women which was started in 1986 in Leu-
ven, Belgium, was followed up from 12–22 weeks of gestation until their offspring 
was 20 years old (Mennes 2008).
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15.2  Results from the Amsterdam-Born Children  
and their Developmental Study

In the following paragraphs, we will briefly describe the study design and proce-
dures of the ABCD study. Thereafter, we will present results with regard to the 
association between three ELI that are highly prevalent in pregnant women (i.e., 
experience of negative emotions, caffeine intake, and a suboptimal fatty acid status) 
and children’s cognitive functioning and behavior.

15.2.1  ABCD-Study Design and Procedures

Pregnant women ( n = 8266) filled out a questionnaire covering sociodemographic, 
obstetric, lifestyle, and psychosocial conditions on average at 16 weeks gestation 
and an extra blood sample was taken during routine blood collection for prenatal 
screening purposes ( n = 4389). Pregnancy outcomes were obtained through Youth 
Health Care of the Public Health Service Amsterdam, and from the Dutch Perinatal 
Registry. Three months after delivery, mothers received a questionnaire concerning 
the course of pregnancy and delivery, the health and development of their baby, and 
questions about their own lifestyle ( n = 5131 returned). When the children were 5 
years old, mothers received three questionnaires ( n = 6161 sent). The first question-
naire covered the child’s health, medical conditions, family sociodemographics, and 
children’s problem behavior ( n = 4488 returned). The second was a food frequency 
questionnaire ( n = 2851 returned). The third, which was addressed to the child’s 
teacher, concerned school performance and problem behavior ( n = 3588 returned). 
Furthermore, children were invited for a health check at school ( n = 3321) where 
they took part in cognitive testing.

15.2.2  Maternal Anxiety during Pregnancy and Children’s 
Neurocognitive Functioning and Behavior at the  
Age of 5–6

Analyses in a group of 922 mothers with a large range of anxiety scores (mean 
state-anxiety score = 36) and children revealed that there indeed is an association 
between maternal anxiety during the first and second trimester (mean 16th week) 
and alterations in children’s neurocognitive functioning at the age of 5–6. Chil-
dren of anxious pregnant mothers were more variable in their performance during a 
simple reaction time test than children of less anxious women, but no associations 
were found between antenatal anxiety and the children’s mean reaction time during 
both a simple and a choice reaction time task. Examination of nonlinear associa-
tions revealed a significant nonlinear association between antenatal anxiety and the 
children’s variability in reaction time in the incompatible part (i.e., incompatible 
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stimulus-response mode) of the choice reaction time task. Visual inspection of the 
data showed that higher levels of maternal anxiety were related to a stronger than 
linear increase in children’s variability in reaction time. This finding suggested that 
the modulation of programming effects of antenatal anxiety become stronger when 
reported anxiety levels rise. Subsequent analyses in a highly anxious subsample 
(state-anxiety score > 90th percentile, mean state anxiety = 54.7, n = 100) showed 
that higher levels of antenatal anxiety were more strongly associated with longer 
reaction times and more intraindividual variability in reaction time in the incompat-
ible part of the choice reaction time task. The child’s sex moderated the relation 
between antenatal anxiety and intraindividual variability in the simple reaction time 
task in the highly anxious subsample. Boys performed more variables on the simple 
reaction time task, but no significant associations were found in girls (Loomans 
et al. 2012b).

In addition, children of mothers who reported higher levels of state anxiety (mean 
state−anxiety score = 36.7) during the first and second trimester (mean 16th week) 
showed more overall problem behavior, hyperactivity/inattention problems, emo-
tional symptoms, peer relationship problems, and conduct problems and showed 
less pro-social behavior when mothers had rated their child’s behavior ( n = 3446). 
When child behavior was rated by their primary school teacher ( n = 3520), maternal 
anxiety during pregnancy was related to more overall problem behavior and less 
pro-social behavior. The child’s sex moderated the relation between antenatal anxi-
ety with overall problem behavior and hyperactivity/inattention problems in chil-
dren when reported by their mother. Higher levels of antenatal anxiety were more 
strongly related to overall problem behavior in boys than in girls. Furthermore, an-
tenatal anxiety was significantly associated with hyperactivity/inattention problems 
in boys, while this was not the case in girls (Loomans et al. 2011).

15.2.3  Maternal Caffeine Intake During Pregnancy is not 
Associated with Problem Behavior in 5–6-Year-Old 
Children

Analyses in 3439 mothers and children indicated that maternal dietary caffeine in-
take (self-reported coffee, tea, and soft drink consumption) during the first and sec-
ond trimester (mean 16th week) pregnancy was not associated with a higher risk for 
hyperactivity/inattention problems, emotional symptoms, conduct problems, peer 
relationship problems, suboptimal pro-social behavior, and overall problem behav-
ior in their 5–6-year-old children. In addition, no evidence was found for modera-
tion by the child’s sex or for mediation by fetal growth restriction and gestational 
age. Given the fact that a relatively large group of women consumed considerable 
quantities of caffeine ( n = 862 > 4 cups per day), we were able to fully explore the 
effect of high doses of caffeine intake; nevertheless, our findings did not provide 
evidence for a dose-response effect of intrauterine caffeine exposure. Because nau-
sea, a common symptom in the first trimester of healthy pregnancies ( n = 1.586 
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women reported nausea), did reduce caffeine intake significantly in our sample, 
we repeated analyses in a subsample of only nonnauseous women that revealed 
no associations between caffeine consumption and children’s problem behavior 
(Loomans et al. 2012a).

15.2.4  Maternal Omega-3 and Omega-6 Fatty Acid Status 
During Pregnancy is Related to Children’s Risk  
of Problem Behavior at Age 5–6

We found evidence for long-term developmental modulation of programming influ-
ences of maternal long-chain polyunsaturated fatty acid (LCPUFA) status during 
the first and second trimester of pregnancy (gestational week at blood sampling, 
mean = 13) on offspring’s problem behavior at age 5–6 years when rated by mothers 
( n = 2502). Higher concentrations of omega-3 fatty acid DHA in maternal plasma 
phospholipids decreased the risk for offspring’s overall problem behavior. Higher 
concentrations of omega-3 fatty acid EPA decreased the risk for overall problem be-
havior and emotional symptoms. In contrast, higher concentrations of omega-6 fatty 
acid AA increased the risk for peer relationship problems and a higher omega-6 to 
omega-3 ratio increased the risk for overall problem behavior, hyperactivity/inat-
tention problems, and peer relationship problems. No associations were found when 
teachers rated children’s behavior. No evidence was found for mediation by preterm 
birth and being born small for gestational age. The child’s sex did not modify the 
association between maternal LCPUFA status and children’s behavioral outcome 
(Loomans et al. 2014).

15.3  Results from the 1986 Leuven Cohort

Next, we describe the results of a second longitudinal study on the neurobehavioral 
effects of prenatal exposure to maternal anxiety and stress (PEMAS) on human 
offspring. Initiated in 1986, the Leuven Cohort investigated effects of PEMAS on 
fetal, infant, and childhood development, continuing into adolescence with follow-
up investigations in 14–17- and 20-year-old adolescents. To uncover biological 
mechanisms underlying effects of PEMAS on depressed mood, we examined the 
offspring’s pituitary HPA axis activity. In addition to HPA axis functioning, we ex-
amined cognitive processing and associated neural activity using ERPs and fMRI  
(Van den Bergh 2011a).

Maternal state anxiety, measured with the State Trait Anxiety Inventory (STAI), 
was assessed during weeks 12–22, 23–31, and 32–40 of pregnancy in 86 pregnant 
women who completed the STAI as part of a larger battery of standardized psycho-
logical questionnaires probing anxiety and stress. It is important to note that we had 
access to the full range of anxiety scores in our sample. The mother also completed 
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the same battery of questionnaires at all postnatal research phases, allowing to con-
trol for a possible influence of postnatal maternal anxiety. Importantly, although 
postnatal maternal anxiety was associated with many outcome measures, it did not 
explain effects related to PEMAS. In addition, we were able to show that most 
of our findings were (statistically) independent of confounding factors including 
smoking and alcohol use during pregnancy or birth weight.

15.3.1  PEMAS is Associated with Altered Fetal, Infant,  
and Child Neurobehavioral Development

The full cohort participated in fetal ultrasound measurements (120 min) that focused 
on body movements, eye movements, and heart rhythm, resulting in the identifica-
tion of behavioral states (i.e., sleep–wake cycles). State-dependent motor activity 
was significantly higher and the percentage of time spent in quiet (or deep) sleep 
significantly lower in fetuses from pregnant women reporting high levels of anxiety 
compared to fetuses from pregnant women reporting low levels of anxiety. A moth-
er’s anxiety during pregnancy explained between 10 and 25 % of the differences in 
irritability, excessive crying, irregularities in biological functions, and (difficult) 
temperament in the offspring during the first 7 months after birth. In contrast, we 
observed no significant relationship with PEMAS for (clinical) observations about 
the neurological condition, general cognitive and motor development, and feeding 
behavior (Van den Bergh et al. 1989, Van den Bergh 1990).

In a second research phase of the Leuven Cohort, we examined neurobehavioral 
development in the 8–9-year-old children ( n = 72; 38 boys). Children from moth-
ers reporting high PEMAS showed significantly more behavioral self-regulation 
problems compared to children from mothers reporting lower levels of PEMAS 
(explained variance between 17 and 22 %). Importantly, problem behavior was re-
ported at home (reported by the mother), in class (reported by the child’s teacher), 
and during experimental test settings (reported by an observer). Reported problem 
behavior reflected impaired regulation of emotion and cognition, ADHD symptoms, 
increased externalizing behavior, and augmented self-reported feelings of anxiety 
(Van den Bergh and Marcoen 2004).

15.3.2  HPA Mediates the Link Between PEMAS and Adolescent 
Depressed Mood

In a third follow-up of the cohort, when children were 14–15 years old, we were 
able to examine whether offspring HPA axis mediated the link between PEMAS and 
reported emotional problems in the offspring. Such link was hypothesized based 
on the implication of HPA axis functioning in depressive symptomatology (Claes 
2004; Swaab et al. 2005; Heim et al. 2000) and evidence from animal studies that 
early life stress can alter HPA axis functioning (Maccari et al. 2003; Macrì et al. 
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2007). Using cortisol measurements in the 15-year-old offspring ( n = 58; 29 boys), 
we showed that in both, boys and girls, PEMAS during week 12–22 of pregnancy 
was associated with a high, flattened diurnal cortisol profile showing elevated cor-
tisol secretion in the evening. However, only in girls we were able to partly explain 
the effect of PEMAS on depressed mood by the effect of the flattened cortisol pro-
file on depressed mood (Van den Bergh et al. 2008). These results suggested that 
PEMAS can prenatally modulate the programming HPA axis functioning and in-
duce a vulnerable phenotype in the offspring. A plausible, albeit untested, underly-
ing mechanism might operate through a “resetting” of HPA axis set points by ante-
natal exposure to maternal anxiety during critical periods resulting in a hyperactive 
HPA axis (de Kloet et al. 2005; Seckl and Meaney 2004). However, PEMAS-related 
modulation of programming is likely not limited to the HPA axis. For instance, 
evidence from animal studies suggests PEMAS-related sequelae in neural circuits 
involved in emotional and cognitive processing.

The fundamental brain architecture of the fetus is established during the first 
two trimesters of pregnancy, and its sensory organs gain functionality during the 
third trimester. From the first month of gestation, brain development proceeds as 
a continuous dialogue between the fetus’s genome and its environment. Accord-
ingly, environmental factors (such as PEMAS) that disturb the expression of genes 
involved in cellular proliferation, migration, and differentiation may impact early 
brain development, thereby constraining sensory and cognitive/emotional develop-
ment even in the absence of structural brain alterations (Meaney 2010; Van den 
Bergh et al. 2005b).

15.3.3  Neuropsychological, ERP, and fMRI Measures Reveal 
Evidence for Impaired Endogenous Cognitive Control 
Associated with PEMAS

In addition to assessing associations between PEMAS and emotional functioning, 
we included measures that enabled us to assess associations between PEMAS and 
neural functioning related to cognitive processes (e.g., inhibition, planning, mem-
ory). The field of cognitive neuroscience has produced several robust (now mostly 
computerized) tasks that target specific aspects of cognitive functioning. Classic 
examples are Go/NoGo paradigms assessing inhibition or N-back memory tasks 
that index memory capacity. By administering these tasks during ERP measure-
ments and fMRI scans, neuroimagers have been able to assess the timing and speed 
of cognitive functions as well as make inferences about the involvement of specific 
brain regions or larger functional networks (e.g., Whelan et al. 2012). Just as the oc-
cipital cortex is essential to visual processing, the prefrontal cortex is given a central 
role in cognitive processing (Miller and Cohen 2001), including attentional control, 
error monitoring, and executive functions. In the context of our earlier findings sug-
gesting altered attention-related, externalizing behaviors following high levels of 
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PEMAS, we expanded our research to investigate the association between PEMAS 
and prefrontal cortical functioning.

In follow-up phases of the Leuven cohort at ages 15 ( n = 64; 33 boys) and 17 
( n = 49; 29 boys), we investigated cognitive functioning with IQ tests and com-
puterized neuropsychological tasks assessing working memory, sustained attention, 
and response control. These neuropsychological domains were specifically targeted 
based on the type of problem behavior shown to be associated with PEMAS in 
infancy and childhood. Specifically, at age 15 we included three tasks that assess 
functions closely tied to aspects of self-regulation and that have a well-established 
relationship with prefrontal cortex: (1) visual attention control and working mem-
ory (Encoding), (2) response control (Stop Task paradigm) and (3) sustained atten-
tion (Continuous Performance Task). For the follow-up at age 17 we extended our 
behavioral task battery to five tasks, taxing five prefrontal functions: (1) the ability 
to orient attention (Cued Attention), (2) working memory (N-back), (3) external 
response inhibition (Go/NoGo), (4) the ability to perform two tasks simultane-
ously (Dual Tasks), and (5) the ability to switch between response sets (Response 
Shifting).

By evaluating the cognitive functions needed to successfully perform in each of 
these tasks, we observed a specific pattern of cognitive deficits in adolescents of 
mothers reporting high levels of anxiety during weeks 12–22 of their pregnancy. 
Children of mothers reporting high levels of PEMAS were impaired in the Con-
tinuous Performance Task and Response Shifting tasks. Both tasks require the abil-
ity to endogenously (i.e., autonomously, from within oneself and without external 
sources) inhibit reactions to interfering and distracting stimuli or inhibit a learned 
response. In contrast, adolescents of mothers reporting high levels of PEMAS per-
formed adequately in tasks that triggered response inhibition in an exogenous, ex-
ternal manner (e.g., through presentation of a sound in the Stop Signal Task). Next, 
to a deficit in endogenous cognitive control, adolescents of mothers reporting high 
levels of PEMAS during weeks 12–22 of their pregnancy exhibited lowered scores 
on Vocabulary and Block Design, two subtests of the Wechsler Intelligence Scale 
for Children-Revised (WISC-R) at age 15, and decreased performance when the 
cognitive load of the task was increased (e.g., in Dual Tasks) at age 17. Finally, we 
observed no association between PEMAS and performance on working memory 
tasks (Van den Bergh et al. 2005a; Van den Bergh et al. 2006; Mennes et al. 2006).

To further investigate the relationship between PEMAS and neuronal function-
ing associated with these cognitive functions, we measured ERPs during some tasks 
administered at age 17. ERPs are small changes in the electrical activity of the brain 
caused by an internal or external event, and they are interpreted as reflections of 
brain activity related to the processing of that event. Using small electrodes placed 
on the scalp of a participant, we can measure this electrical activity. Accordingly, 
when ERPs are measured during cognitive tasks, we can make inferences about 
the cognitive processes underlying the changes seen in the electrical currents and 
functional significance can be ascribed to the observed waveforms. We recorded 
ERPs with 19 scalp electrodes during 4 tasks. These included a Go/NoGo, N-back, 
and switching paradigm similar to those used in the behavioral assessments, as well 



324 B. R. H. Van den Bergh et al.

as a gambling paradigm specifically requiring high levels of endogenous cogni-
tive control. In accordance with the behavioral results, we observed no relationship 
between PEMAS and ERPs measured during the Go/NoGo paradigm. This result 
confirmed that offspring of mothers reporting high levels of PEMAS have likely 
no behavioral or neuronal impairments in exogenous cognitive control. In contrast, 
we observed an association between PEMAS and decision making during the gam-
bling task. This association was evident in both a less optimal behavioral perfor-
mance and aberrant brain activity in adolescents of mothers reporting high levels 
of PEMAS during weeks 12–22 of their pregnancy. Particularly the early frontal 
P2a ERP component measured during endogenous cognitive trials was related to 
the level of PEMAS. As the P2a is thought to be related to the task relevance of a 
stimulus (Potts 2004), we speculated that adolescents of mothers reporting high lev-
els of PEMAS based their decisions during the gambling tasks on different features 
of the gambling stimulus compared to adolescents of mothers reporting lower levels 
of PEMAS, thereby focusing on the most obvious features of the stimulus (e.g., 
color), while missing the intricacies of the stimulus present in less evident stimulus 
features (e.g., the numbers indicating a possible amount of gain/loss). As such, these 
results showed a link between brain activity of the offspring and the level of anxiety 
experienced by their mother during pregnancy, specifically targeting endogenous 
cognitive control processes (Mennes et al. 2009).

ERPs are measured with millisecond accuracy and have an excellent temporal 
resolution regarding the ongoing cognitive processes. However, ERPs lack spatial 
specificity, preventing tying specific cognitive processes to specific brain regions. 
Therefore, to complement the ERP results with spatial information about which 
areas in prefrontal cortex show differences in functionality related to PEMAS, we 
assessed endogenous cognitive control using fMRI in the follow-up phase of the 
Leuven Cohort at age 20. During fMRI scans, the blood oxygenation level depen-
dent (BOLD) response is measured while performing a (cognitive) task. Based on 
the ratio of deoxy- and oxygenated hemoglobin in the blood, the BOLD response 
is thought to be coupled with oxygen consumption in the context of neuronal pro-
cesses. As such, fMRI is said to provide an indirect measurement of neuronal activ-
ity (Menon 2012). By relating variations in the BOLD response over time to the 
timing of events in an experimental paradigm, neuroimagers can relate cognitive 
processes to specific areas of the brain. For the follow-up phase at age 20, we in-
vited all ten boys of the high anxious group present in the Leuven Cohort as well 
as ten boys, matched on IQ, of the low-average anxious group (final n = 18). All 
participants performed four cognitive tasks during fMRI scanning, again similar to 
the tasks included in the follow-up phases at ages 15 and 17: response switching, 
N-back, Go/NoGo, and gambling. Confirming the previous results, we observed 
that offspring of mothers reporting high levels of PEMAS during weeks 12–22 of 
pregnancy exhibited altered, endogenously controlled decision making. This behav-
ioral difference was complemented by altered patterns of brain activation in regions 
involved in cognitive control including inferior frontal junction (e.g., Zysset et al. 
2006) and areas in the middle frontal gyrus. Again, we observed no association 
between PEMAS and brain activity during the Go/NoGo task requiring exogenous 
cognitive control (Mennes 2008).
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15.4  Discussion

Results from both our prospective longitudinal birth cohorts corroborate and extend 
results from preclinical studies as they provide evidence for adverse neurodevelop-
mental consequences of atypical ELI from early childhood until late adolescence, 
and are in accordance with the DOBHaD paradigm proposed by Van den Bergh 
(2011a). Especially high levels of maternal anxiety during the first and second tri-
mester of pregnancy were associated with self-regulation problems, (externalizing) 
behavior problems, and enhanced self-reported feelings of anxiety in the offspring, 
taking important confounders (e.g., postnatal maternal anxiety) into account. Neu-
ropsychological, ERP, and fMRI measures provided evidence for impaired cog-
nitive functioning and altered brain activity patterns related to prenatal maternal 
anxiety. In addition, data from the ABCD study showed that maternal omega-3 and 
omega-6 fatty acid status during early pregnancy are related to children’s problem 
behavior at ages 5–6, whereas maternal caffeine intake was not associated with 
offspring’s behavior.

15.4.1  Modulation of Developmental Programming of Early 
Brain and Behavior Development and Mental Health

In Fig. 15.1, Van den Bergh (2011a, b) attempts to integrate results from preclini-
cal, clinical, neurobehavioral, developmental, and epidemiological research that re-
vealed direct or indirect evidence for the DOBHaD hypothesis. Importantly, early 
brain and behavior development are integrated and put in a central place in the 
figure. Research in animals has convincingly shown that developmental exposure 

Fig. 15.1  Developmental programming of early brain and behavior development and mental 
health and physical health (problems). (Adapted from Van den Bergh 2011b)
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to excess glucocorticoids or stress may modulate the programming the peripheral 
and central nervous system (CNS) involved in the two coacting stress-regulating 
subsystems: (1) the hypothalamic–pituitary–adrenal axis (with the hormones cor-
ticotrophin-releasing hormone, vasopressin, adrenocorticotrophic hormone, min-
eralocorticoid, and glucocorticoid) and (2) the autonomous nervous system (with 
noradrenaline and adrenaline). Effective coping with stress is important throughout 
life (de Kloet et al. 2005) and is an important behavioral regulation factor. The 
perinatal period is seen as a unique period in ontogeny where the fine-tuning of the 
stress-regulating system and resilience can be permanently modulated which may 
lead to enhanced vulnerability to develop diseases in later life. Evidence for altera-
tions in neuronal circuits was shown in preclinical research. For instance, in limbic 
brain structures (hippocampus, amygdala) and prefrontal cortex, both are involved 
in stress reactivity and regulation patterns, in emotional (e.g., anxiety, anger) and 
cognitive (e.g., learning, memory) processing, and in temperamental variation in 
behavior (e.g., novelty seeking, harm avoidance, reactive temperament) (Gluck-
man and Hanson 2004; Seckl and Holmes 2007; Barker 1998; Räikkönen et al. 
2011; Oitzl et al. 2010; Lupien et al. 2009). These changes may influence how an 
individual “behaves” (i.e., perceives, interprets, and reacts) to its environment and 
to situations of acute and chronic stress. In concert with physiological activity (the 
hypothalamic–pituitary–adrenal axis and the autonomous nervous system), these 
processes may underlie behavioral problems and psychopathology, or more in gen-
eral, mental health problems. In accordance, recent theories hold that individuals 
vary in their biological sensitivity (Boyce and Ellis 2005) or in their susceptibility 
(Belsky and Pluess 2009) to environmental influences. These theories predict that 
some individuals are more susceptible than others to both the adverse and beneficial 
effects of, respectively, unsupportive and supportive environments. The nature of 
the environment and this difference in sensitivity or susceptibility will influence 
how mental health or mental health problems are shaped; these processes covary 
with physical health and health problems (Van den Bergh 2011, p. 21–22).

15.4.2  Potential Underlying Mechanisms

While the mediating and moderating factors and the long-lasting effect of ELI on 
offspring are quite well established in animal studies (for reviews, see other chap-
ters in this book), in humans they are only beginning to be understood (Schlotz and 
Phillips 2009; Van den Bergh 2011). In studies focusing on offspring biological 
systems possibly altered by ELI, some studies examined HPA axis function. While 
animal research showed that exposure to excess glucocorticoids during specific 
sensitive periods in utero might alter the homeostasis of the fetal HPA axis (see 
Weinstock 2008), this hypothesis is not tested in a direct way in humans. However, 
altered basal or stress-related cortisol secretion were seen in infants and adolescent 
offspring subjects of anxious (e.g., O’Connor et al. 2005; O’Donnell et al. 2009) 
or highly stressed women developing posttraumatic stress disorder (Yehuda et al. 
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2005). Accordingly, results from the Leuven cohort showed that the offspring HPA 
axis mediates the link between prenatal maternal anxiety and offspring’s emotional 
problems.

While in humans the role of the maternal and fetal HPA axis in mediating the 
transmission of stress from mother to fetus are still not clear, current data indi-
cate that key targets for programming may include not only cortisol secretion itself 
but also glucocorticoid receptor (GR) and 11β-hydroxysteroid dehydrogenase type 
2 (11βHSD2) gene expression in a range of tissues (Bertram and Hanson 2002; 
McGowan et al. 2009; Oberlander et al. 2008; Hompes et al. 2013). For instance, 
preclinical research has shown that early life experiences may induce epigenetic 
modifications in the expression of the GR gene ( NR3C1) and in other key players 
in the biological stress response (Weaver et al. 2004; Zhang et al. 2010, Meaney 
and Ferguson-Smith 2010; Meaney et al. 2007). In humans, McGowan et al. (2009) 
showed that childhood abuse leads to increased promoter methylation and decreased 
expression at the NR3C1 gene in hippocampal brain tissue. Oberlander et al. (2008) 
observed a link between prenatal emotional stress and methylation of the NR3C1 
gene 1F promoter in DNA from human cord blood. Furthermore, an altered stress 
response reactivity at 3 months of age correlated with a higher methylation status of 
the NR3C1 gene. Hompes et al. (2013) investigated the association between prena-
tal stress, in combination with HPA axis functioning, and the methylation pattern of 
the NR3C1 1B, 1D, and 1F promoter regions in cord blood mononuclear cells. Their 
results indicate that prenatal maternal emotional state, particularly pregnancy relat-
ed anxiety, is associated with the methylation state of the NR3C1 gene in the infant.

The few studies that focused on CNS structures or on the structure-functioning 
relationship found associations between ELI and altered brainstem auditory evoked 
potential (DiPietro et al. 2010), auditory ERPs (Harvison et al. 2009), and gray mat-
ter volume reductions in several parts of the brain, such as the prefrontal and pre-
motor cortex, the medial temporal lobe, and cerebellum (Buss et al. 2010). As indi-
cated above, the results of the Leuven cohort indicated that altered patterns of brain 
activation in regions involved in cognitive control such as inferior frontal junction 
and areas in the middle frontal gyrus were involved. However, it is clear that more 
studies confirming these results are needed before firm conclusions can be reached.

It is known that a wide spectrum of micronutrients during pregnancy may have 
long-lasting effects on offspring’s physical health (Godfrey and Barker 2001), as 
well as cognitive functioning and behavior (Monk et al. 2013). Findings from the 
ABCD cohort suggest that maternal LCPUFA concentrations during pregnancy 
might modulate the programming offspring’s neurodevelopmental outcomes. De-
spite the fact that long-chain polyunsaturated fatty acids are essential components 
in brain development, it is possible that the alterations in cognitive functioning and 
increased risk for problem behavior could be attributed to deficiencies in other nu-
trients relevant to brain development, such as iron, zinc, selenium, iodine, folate, 
and vitamin A (Georgieff 2007; Monk et al. 2013). In addition, fetal exposure to 
maternal bacterial or viral infections during pregnancy, as a result of stress-induced 
immune dysregulation (Coussons-Read et al. 2007; Meyer and Feldon 2009; Meyer 
et al. 2009; Bilbo 2013), could be an alternative explanation for the increased preva-
lence in problem behavior and altered cognitive functioning in our studies.
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15.5  Conclusion

The DOBHaD hypothesis has led to convergence of knowledge from different 
fields and has stimulated interdisciplinary research. There is clear evidence that 
prenatal and early postnatal adversity may affect lifelong behavior and both men-
tal and physical health. Our chapter may further stimulate research examining the 
influence of ELI that are highly prevalent in women in the childbearing age (e.g., 
negative emotions, micronutrient deficiencies, environmental toxins) on offspring’s 
neurodevelopmental outcomes, with the use of objective, sensitive assessment tech-
niques.

Both the prenatal and early postnatal periods are targets for innovative, preventa-
tive, and intervention strategies. Because maternal lifestyle and stress are modifi-
able, expected potential, societal, and economic returns on investment, e.g., by im-
proving behavior and health of the next generation, are substantial (Shonkoff 2010). 
The pregnancy and the early postnatal period are times of both great opportunity 
and considerable risk, and their influence can extend over a lifetime.
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Abstract The recent years have witnessed an exponential growth in the knowledge 
of epigenetic mechanisms, and piling evidence now links DNA methylation and 
histone modifications with a wide range of physiological processes from embryonic 
development to memory formation and behavior. Not surprisingly, deregulation of 
epigenetic modifications is associated with human diseases as well.

An important feature of epigenetics is the ability of transducing environmen-
tal input into biological signaling, mainly by modulation of the transcriptome in 
response to a particular scenario. This characteristic generates developmental 
plasticity and allows the manifestation of a variety of phenotypes from the same 
genome.

The early-life years represent a period of particular susceptibility to epigenetic 
alteration, as active changes in DNA methylation and histone marks are occur-
ring as part of developmental programs and in response to environmental cues, 
which notably include psychosocial stimulation and maternal behavior. Memory 
formation and storage, response to stress in adult life, behavior, and manifesta-
tion of neurodegenerative conditions can all be imprinted in the organism by 
epigenetic modifications that contribute to shape the brain during prenatal or 
early postnatal life. Moreover, if these epigenetic alterations are preserved in the 
germ line, changes induced in one generation are likely inherited by future off-
spring. Programming by transgenerational inheritance thus represents a central 
mechanism by which environmental conditions may influence disease risk across 
multiple generations.

As novel techniques emerge and as genome-wide profiling of disease-associated 
methylomes is achieved, epigenetic marks open a new source for biomarker dis-
covery.
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16.1  Introduction

The sequencing of the human genome and the fast development of molecular biol-
ogy techniques in the recent years had a profound impact on the analysis of human 
disease. Psychiatry, developmental psychology, and related fields have also incor-
porated the analysis of the genome and the study of the effects of nucleotide varia-
tions in the DNA on cell biology, physiology, and emotional states as part of their 
efforts on understanding individual differences in brain development, function, and 
disease (Meaney 2010).

During the past recent years, we have witnessed an exponential growth in the 
interest and knowledge of epigenetics. The capacity of profiling epigenetic marks at 
the genome-wide level ignited the research across the lifespan of the organisms, and 
what was before considered of exclusive domain of development, is now recognized 
to play roles in health and disease during the postnatal periods and on adulthood.

From the most current definition of epigenetics as “the study of mitotically and/
or meiotically heritable changes in gene function that cannot be explained by chang-
es in DNA sequence” (Riggs et al. 1996) to the theory of the developmental origin 
of adult onset diseases (Barker and Clark 1997), epigenetic mechanisms have been 
reported to mediate discordant tween phenotypes; the responses to the environment; 
plasticity and memory formation and to underlie a myriad of neurological diseases 
from autism, Rett, Angelman, and Prader–Willi syndromes, to adult onset disorders 
including Parkinson’s and Alzheimer’s diseases.

The perinatal environment in particular has profound effects on modulation of 
epigenetic mechanisms that might mediate long-term health effects. Maternal expo-
sure to stress, alcohol, drugs, chemicals, and poor nutrition are being recognized to 
impact on brain function and learning.

While most of our knowledge is derived from cellular and animal models, the 
emerging field of epigenetic epidemiology might provide mechanistic insights and 
will likely guide potential interventions aimed at improving health outcomes of 
“exposed” individuals.

16.2  Epigenetics 101

The “central dogma of modern biology” summarizes the processes involved in 
maintaining and translating the genetic code necessary to sustain life. In its basic 
form, it implies the self-propagation of the DNA, the transcription of the genetic 
code into a messenger RNA, and the translation of the message to synthesize pro-
teins (Crick 1970). As molecular biology grew deeper, new equations were added 
to the dogma, which now accounts for DNA synthesis from and RNA template by 
reverse transcription in retroviruses and retrotransposons (Kim et al. 2004a; Med-
strand et al. 2005) and also includes the replicative ability of self-aggregating prions 
(Cohen and Prusiner 1998; Shorter and Lindquist 2005). More recently, the discov-
ery of noncoding RNAs, including microRNAs and long noncoding RNAs, added 
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a new level of complexity to the flow of genetic information, with the recognition 
of the role of these molecules in the regulation of gene expression (McManus and 
Sharp 2002; Magistri et al. 2012).

The term “epigenetics” was coined by Waddington early in 1942 to conceptu-
alize the interaction of the gens with their environment to produce a phenotype 
(Waddington 1942). As the word implies, the Greek prefix epi states that these 
marks operate “above” the DNA sequence and might be seen as a new addition to 
the dogma as proteins now feedback into the flow between DNA and RNA. Be-
yond semantics, the concept of epigenetics was used to explain certain anomalous 
 phenotypes that could not be accounted by Mendelian inheritance considering non-
Mendelian traits inherited by the maternal line like mitochondria. Epigenetic mech-
anisms are believed to be the first line of response of the organisms to the physical 
environment, including the intrauterine milieu, exposure to chemicals, endocrine 
disruptors, alcohol, drugs of abuse, nutrients, and also to psychosocial stimulus, 
particularly to early-life stress.

16.2.1  The Chromatin and the Histone Code

The scenario for epigenetic reactions is the DNA molecule, which resides in the 
cellular nucleus in a complex with histone proteins, forming the chromatin. The 
basic unit of the chromatin is the nucleosome, which contains a segment of DNA 
of 147 base pairs (bp) wrapped around an octamer of histones (composed by two 
molecules of each H2A, H2B, H3, and H4; Kornberg 1974). The chromatin is a 
dynamic molecule that can adopt either an open and relaxed conformation known 
as euchromatin, most favorable for gene expression, or that can exist in a closed, 
tightly packed structure named heterochromatin, which is nonpermissive for tran-
scription. Transition between these states is highly determined by epigenetic mech-
anisms including histone modifications and DNA methylation and is crucial for the 
regulation of the transcriptome (Fig. 16.1).

The N-terminal tails of histone proteins are targets for a wide arrange of modi-
fications, including acetylation, methylation, phosphorylation, ubiquitylation, su-
moylation, and adenosine triphosphate (ADP)-ribosylation, and which are crucial 
determinants of the chromatin structure (Vaquero et al. 2003). Histone covalent 
modifications occur at precise sites and are catalyzed by specialized enzymes. His-
tone acetyltransferases (HATs), which acetylate histones H3 and H4 (Roth et al. 
2001), and histone deacetylases (HDACs), which deacetylase histone tails (Kuo 
and Allis 1998; Grozinger and Schreiber 2002), are the groups most extensively 
investigated. In addition, histone lysine methyl transferases (HKMTs) and the more 
recently described histone demethylases (Tsukada et al. 2006) are also important 
chromatin modifiers. Lysine modifications can be present as mono-, di- or tri-meth-
ylated states, adding complexity to what is called “the histone code,” or the specific 
pattern of histone modifications that outlines which portions of the genome will 
be expressed at a certain time and in a certain cell type (Jenuwein and Allis 2001).
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While the combinatorial possibilities of the histone code and the association of 
chromatin modifier activities with other transcription factors render a quite complex 
array of regulatory scenarios, a simplified vision considers that histone acetylation 
and mono-methylation on specific lysine residues are signals for predominantly 
active chromatin configuration (Perry and Chalkley 1982; Lee et al. 1993), while 
marks such as certain phosphorylated residues, lost of acetylation and di- and tri-
methylation of lysine residues 9 and 27 are associated with heterechromatin confor-
mations that are nonpermissive for transcription (Allis et al. 2006). It is important to 
note that all these modifications are not gene specific, in contradiction with the fine-
tuning of transcription attributed to epigenetic regulation. Gene-specific targeting 
is achieved by chromatin remodeling complexes, whereby transcription factors that 
bind DNA at specific recognition sites recruit histone-modifying enzymes induc-
ing a local change in chromatin conformation and thus determining the expression 
status of particular genes (Jenuwein and Allis 2001).

16.2.2  DNA Methylation

DNA methylation is one of the oldest known epigenetic modifications whose 
changes are highly correlated with gene expression (Razin and Riggs 1980). This 
variation consists in the addition of a methyl group, from S-adenosyl-L-methionine 

Fig. 16.1  A simplified schematic of the epigenetic modulation of gene expression. The overall 
balance between DNA methylation and the degree of acetylation/methylation of specific histone 
residues predict the transcriptional status of a gene. Heavily methylated heterochromatin ( upper) 
is associated with repression of gene expression. Increase in histone acetylation and methylation of 
the lysine residue at position 4 of the histone 3 (H3K4) is associated with transition to chromatin-
relaxed states that are permissive for transcription ( lower)
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donor, to the 5′ position of a cytosine ring present on a CpG dinucleotide on the 
DNA template. The reaction is catalyzed by a family of specialized enzymes, the 
DNA methyltransferases (DNMTs) and since this new 5-methyl-cytosine (5mC) 
residue is part of the chemical structure of the DNA itself, it is more stable than 
other epigenetic marks and holds a high potential for diagnosis and biomarker de-
velopment (Beck et al. 1999). A characteristic of DNA methylation in mammals 
is that not all CpG sites are modified in any cell type, therefore this epigenetic 
mark confers cell-specific identity (Razin 1998). Distribution of methylated regions 
along the genome shows enrichment at noncoding regions and interspersed repeti-
tive elements. Regions with a high density of CpGs are known as “CG islands” and 
these clusters that are normally found at gene promoters tend to be unmethylated 
(Weber et al. 2007). Recent evidence is showing that DNA methylation in gene 
regions other than islands might be important for transcriptional regulation. Meth-
ylation at introns might regulate noncoding RNAs that contribute to chromatin si-
lencing and RNA degradation (McGowan et al. 2009). In the brain, the distribution 
of DNA methylation regarding CpG neighborhood context and genomic location 
shows that loci with decreased methylation are more likely to locate at CpG islands 
and associate with promoter regions located around 1500 or 2000 bp upstream of 
the transcription start sites (TSS1500, TSS200) and also at first exon sites, while 
CpG sites located farther away from islands (open sea) and at the gene bodies are 
more likely to present increased methylation (Davies et al. 2012).

DNMTs can be divided according to the methylation status of the DNA template 
on which they catalyze the methyl transfer. Thus, “de novo” methylation enzymes, 
including DNMT3A and B, catalyze methyl transfer onto a “naked” or unmethyl-
ated DNA template and are mainly responsible for changes in methylation during 
embryogenesis and development. DNMT1, on the other hand, is the “maintenance” 
methylation enzyme, which copies DNA marks from a hemi-methylated template 
and which has major importance preserving methylation patterns in adult tissues, 
including postmitotic cells in the brain (Okano et al. 1998).

The potential roles of DNA methylation in cellular functions after development 
were obscured for a long time for the lack of evidence of a “demethylation” en-
zyme, which would confer plasticity as a quality needed to respond to environ-
mental stimulus. A growing line of evidence now supports the idea that, similar 
to chromatin modification, DNA methylation is potentially reversible (Ramchan-
dani et al. 1999). New reports link demethylation with further modification of the 
5-methylcytosine to produce a variety of chemical modifications. Among these, a 
potential regulatory role for 5-hydroxymethyl-C (5hmC) in neurons and embryonic 
stem cells was suggested after the discovery of high levels of 5hmC in the brain 
(Kriaucionis and Heintz 2009; Tahiliani et al. 2009). In mammals, the members 
of the Ten-Eleven-Translocation (TET) protein family, which are expressed in tis-
sues with active DNA demethylation, catalyze the hydroxymethylation of 5mC into 
5hmC (Tahiliani et al. 2009; Ito et al. 2010). TET1 expression is mainly confined 
to embryonic stem cells, whereas TET2 and TET3 are more ubiquitous (Tahiliani 
et al. 2009; Szwagierczak et al. 2010). Conversion to 5hmC shifts molecular rec-
ognition by reducing the recruitment of methyl-binding proteins, including MeCP2 
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and DNMT1, and resulting in passive demethylation (Valinluck and Sowers 2007). 
In addition, TET proteins could further oxidize 5hmC to 5-formylcytosine (5fC) 
and 5-carboxylcytosine (5caC; He et al. 2011; Ito et al. 2011), raising the possibility 
that these enzymes actively induce DNA demethylation by successive oxidation of 
5mC. To date, no enzyme has been identified that can lead to complete demethyl-
ation of 5mC to C (Franchini et al. 2012).

An important feature of epigenetic modifications is their correlation to chroma-
tin structure, in particular in the case of DNA methylation. Thus, active regions of 
chromatin permissive for gene expression are generally associated with low levels 
of DNA methylation, whereas compacted heterochromatin that represses transcrip-
tion contains hyper methylated DNA regions (Razin 1998; Fig. 16.1). If DNA meth-
ylation sites occur at regulatory gene areas, they determine the transcriptional status 
of the gene. If CpG residues lie in the recognition/binding site of a regulatory factor, 
the presence of the methyl group might directly block the binding of transcription 
factors by steric interference (McGowan et al. 2009). Alternatively, a higher den-
sity of DNA methylation in a defined region can recruit methylated-DNA binding 
proteins such as methyl CpG-binding protein 2 (MeCP2), which in turn might com-
plex with Sin3A and histone modifying enzymes to transition to heterochromatin, 
repressive states (Nan et al. 1997).

In sum, the overall balance between DNA methylation and varied histone modi-
fications dictates chromatin conformation and ultimately determines the expression 
of a particular set of genes at a due moment.

16.3  The Role of Epigenetic Regulation in the Brain

16.3.1  The Dynamic Epigenetic Machinery and its Role  
in Neuronal Function

Albeit fundamental knowledge about epigenetic mechanisms came from develop-
mental studies, a growing body of evidence supports the notion that regulation of 
chromatin structure through histone acetylation and DNA methylation might play 
an important role in long-lasting behavioral changes in the context of learning and 
memory. Thus, while sequence of DNA contains the cellular memory, epigenetic 
modulation that alters chromatin structure might be viewed as a novel way to store 
physiological and behavioral memories that can be preserved until adulthood or 
even beyond generations (Levenson and Sweatt 2005).

The relevance of epigenetic mechanisms for postmitotic terminally differenti-
ated neurons in the adult central nervous system (CNS) was a conundrum. Indeed 
the epigenetic machinery is necessary to preserve the neuronal identity itself. 
Neuronal cells posses a unique specialized proteome populated by proteins in-
volved in excitability, transmitter release, and maintenance of transmembrane 
potential, which if expressed in other cellular types might result highly toxic. 
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Thus, genes that are to be expressed only in neurons have a neuron-restrictive 
silencer element (NRSE) in their promoters (Li et al. 1993). The transcription 
factor REST binds to NRSEs and represses gene expression outside the CNS 
(Chong et al. 1995). REST-mediated gene silencing requires the modulation 
of chromatin structure and seems to involve reductions in histone acetylation. 
REST/SIN3A repressor complexes are associated with HDAC1, whereas REST/
CoREST complexes are associated with HDAC2 (Huang et al. 1999; Naruse 
et al. 1999; Ballas et al. 2001).

The long-term storage of memories that shape behavior and cognition is perhaps 
one of the most fascinating functions of the human brain. Long-standing research 
established that transcription and translation are necessary steps for memory forma-
tion and storage. More recently, novel evidence showed epigenetic mechanisms 
play a crucial role in memory formation (Levenson et al. 2004).

Contextual fear conditioning, whereby an animal learns to associate a novel 
context with an aversive stimulus, is a hippocampus-dependent task that requires 
specific H3 acetylation mediated by mitogen-activated protein kinase/extracellu-
lar-signal-regulated kinase (MAPK/ERK) kinase signaling (Levenson et al. 2004). 
Interestingly, latent inhibition, another form of long-term memory, is associated 
with altered H4 acetylation (Levenson et al. 2004), suggesting that a histone code 
might exist for memory formation, where precise patterns of histone modification 
are linked to specific types of memory.

The formation of long-term memory is dependent upon the ability of the neu-
rons to adjust the strength of synapses, a process known as synaptic plasticity. 
Long-term potentiation (LTP) is a form of synaptic plasticity that requires the ac-
tivation of N-methyl-D-aspartate (NMDA) receptors and the MEK–ERK/MAPK 
signaling cascade, which also results in increased H3 acetylation (Levenson et al. 
2004). Similarly, the activation of dopaminergic, cholinergic, and glutamatergic 
pathways in the hippocampus is associated with ERK-dependent H3 phosphoryla-
tion (Crosio et al. 2003).

A crucial event in neurobiology is the actual retrieval of stored memories, a 
process that induces a window of plasticity during which perturbations of the mo-
lecular signaling involved in memory formation can promote enduring behavioral 
changes (Lattal and Wood 2013). The effects of retrieval-induced plasticity are criti-
cal in two events: during reconsolidation of the original memory, when molecular 
events are needed to stabilize the memory and during extinction, in which learning 
during the retrieval event creates an additional memory of a changed environment 
(Torregrossa and Taylor 2013). Epigenetics provide a plausible cellular and molecu-
lar mechanism for maintaining the persistent loss of behavior induced by extinc-
tion (Lattal and Wood 2013). The use of a selective HDAC3 inhibitor (HDAC3i) 
facilitates extinction of a previously established cocaine-induced conditional place 
preference, while simultaneously enhancing the long-term formation of a concur-
rent object location memory in the same subjects. Importantly, during extinction 
consolidation, HDAC3i promoted a distinct pattern of histone acetylation and 
gene expression in the infralimbic cortex, hippocampus, and nucleus accumbens 
(Malvaez et al. 2013).



P. A. Desplats342

Novel evidence also links DNA methylation on the regulation of associative 
learning. An elegant study, using a Pavlovian reward conditioning model in which 
animals form an association between reward-paired cues and future reward, showed 
that learning events produce changes in DNA methylation in genes upregulated in 
dopamine neurons (Day et al. 2013). Furthermore, blockage of DNA methylation in 
the ventral tegmental area that mediates reward learning prevented memory forma-
tion. These results have a broad implication in the understanding of the molecular 
mechanisms of reward-related learning, which are critical in human behavior as 
they relate to decision making and addiction.

An important feature of neuronal physiology is rhythmicity. Circadian rhythms 
are generated endogenously by a biological timekeeping mechanism known as the 
circadian clock, which resides in the suprachiasmatic nuclei (SCN) of the brain 
and synchronize its cycles with subsequent rounds of transcription and translation. 
The acetylation of histones H3 and H4 associated with the promoters of core mo-
lecular clock genes is differentially regulated during the circadian cycle (Naruse 
et al. 2004). Infusion of the HDAC inhibitor (HDACi) trichostatin A into the SCN 
increases the expression of clock genes Period 1 (Per1) and Period 2 (Per2) in the 
mouse, suggesting the involvement of epigenetic mechanisms on circadian regula-
tion (Naruse et al. 2004). In addition, adjustment of phases to environmental stimu-
lus also requires transcription and is highly regulated by light. Discrete pulses of 
light have been shown to induce increase H3 and H4 acetylation at Per1 and Per2 
promoters (Naruse et al. 2004), as well to result in a significant increase in H3 phos-
phorylation (Crosio et al. 2000).

16.3.2  Deregulation of Epigenetic Mechanisms in 
Neurodevelopment and Neurodegeneration

Due to their crucial roles in neuronal function, it is not surprising that deviations 
on the fine-tuned regulation of gene expression by the epigenetic machinery result 
in disease states. While the role of disrupted epigenetic mechanisms either as caus-
ative or consequence of pathology needs to be clarified yet, abundant evidence links 
DNA methylation and histone modifications with neurodegenerative disorders.

Alzheimer’s disease (AD), the prevalent neurodegenerative condition of the 
older adults, is characterized by amyloid β deposition, resulting from the cleavage 
of the amyloid precursor protein (APP) by presenilins (Masliah et al. 1994). The 
cleavage of APP also generates the APP C-terminal peptide (AICD) that might in-
teract with the histone acetyltransferase Tip60, increasing acetylation of histones 
H3K14 and H4K5 in vitro (Kim et al. 2004c). Moreover, the elegant work of L.H. 
Tsai and her group recently demonstrated that neuron-specific overexpression of 
HDAC2 in the hippocampus decreases dendritic spine density, synapse number 
and plasticity, and impairs memory formation in a mouse model, with some of 
those deficits also identified in postmortem brain tissue from AD patients (Guan 
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et al. 2009). In a recent study analyzing DNA methylation at the temporal neo-
cortex in subjects ranging from 17 weeks of gestation to 104 years old, AD cases 
included in the analyzed cohort showed an acceleration of age-related changes 
in DNA methylation (Siegmund et al. 2007). Yet another study on the entorhinal 
cortex layer II, a region that exhibits substantial pathology in AD, showed de-
creased levels of DNA methylation and methylation maintenance factors in AD 
(Mastroeni et al. 2010), highlighting a previously unsuspected role of epigenetic 
mechanisms on pathology.

Parkinson’s disease (PD) is the second most common neurodegenerative dis-
order in the elderly, affecting 2 % of the population over 60 years old (Dauer and 
Przedborski 2003). PD is manifested clinically by resting tremor and postural insta-
bility, and neuropathologically by the loss of dopaminergic neurons and accumula-
tion of α-synuclein in Lewy bodies, primarily in the striatonigral system (Hirsch 
et al. 1999). At the molecular level, disruption of several physiological pathways 
contribute to pathology, including mitochondrial alterations, deregulation of au-
tophagy and clearance mechanisms (Levy et al. 2009) and reduced adult neurogen-
esis (Desplats et al. 2012). PD is a multifactorial disease and majority of the cases 
are of idiopathic origin, likely due to the joint contribution of genetic susceptibility 
and environmental triggers. We recently reported that aberrant interaction between 
α-synuclein and DNMT1, the main enzyme involved in maintaining the DNA meth-
ylation pattern in adult cells, results in the hypomethylation of specific targets in the 
brains of PD patients (Desplats et al. 2011).

Abnormal epigenetic regulation has also been reported for other neurodegenera-
tive and neurological diseases including Huntington, multiple sclerosis, epilepsy, 
and amyotrophic lateral sclerosis, among others (Urdinguio et al. 2009).

More relevant for the present chapter is the role of epigenetic alterations in 
neurodevelopmental disorders (NDD). While detailed description of the broad 
spectra of NDD is out of scope of the present chapter, an excellent portrayal of 
disorders and their clinical, molecular, and epigenetic factors can be found at the 
review by Millan (Millan 2013). In general, NDD are characterized by impaired or 
delayed CNS development, leading to disruption of discrete cerebral functions or 
generalized impairment in multiple domains, particularly in cognition, language, 
emotion, motor control, and intellectual disability (Millan 2013). NDD can be fur-
ther grouped as 1) disorders characterized by discrete genetic anomalies: including 
Down; Rett; Fragile X; alpha-thalassemia X-linked intellectual disability (ATRX) 
syndromes and also imprinting disorders like Angelman and Prader–Willi syn-
dromes; or as 2) heterogeneous, multifactorial, and polygenic disorders: including 
autism and schizophrenia, where environmental factors like perinatal infection, 
malnutrition, and trauma have a direct role in etiology (Millan 2013).

Importantly, many NDD are accompanied by aberrant epigenetic regulation. 
As selected examples, ATRX is characterized by perturbations of higher-order 
chromatin organization, due to mutations on ATRX, a member of the SW1/SFN 
family of chromatin-remodeling proteins, and resulting in altered coordination of 
DNA methylation patterns and H3K9me3 binding, which is manifested clinically 
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as mental retardation, alpha thalassemia, and pronounced intellectual disability 
(Berube 2011). On the other hand, alterations on imprinting associated with An-
gelman syndrome, are due to maternal deletion imprinting on GABAA receptor 
subunits or UBE3A ubiquitin ligase, which result in cognitive deficits, motor 
dysfunction, and seizures (Jana 2012). Similarly, in Prader–Willi syndrome, a 
paternal deletion of imprinting results in the loss of paternal Necdin, Magel2, and 
snoRNA genes, triggering a series of symptoms including difficulties in feed-
ing during infancy, poor social function, and cognitive deficits (Cassidy et al. 
2012). Perhaps, the most obvious link between NDD and epigenetic alterations 
is represented by Rett syndrome, an X-linked developmental disorder caused by 
mutations on the methyl-DNA binding protein MeCP2, that results in anomalous 
patterns of gene transcription and which is clinically manifested by cerebral hy-
potrophy, intellectual disability at various degrees, autistic features, and motor 
dysfunction (Grillo et al. 2012).

A notable example of NDD associated with environmentally and genetically in-
duced changes is the group of autism spectrum disorders (ASD), which encompass 
syndromes characterized by deficits in social behavior and communication and ac-
companied by intellectual disability, restricted interests, and repetitive stereotyped 
behaviors (Manning-Courtney et al. 2013). The complex genetics of sporadic ASD 
are not yet fully elucidated, still some studies on cerebral tissue support the idea that 
epigenetic processes are disrupted in sporadic ASD in a tissue- and time-dependent 
fashion, particularly on patterning of H3K4me3 on several loci considered as risk 
factors for ASD and known to regulate neuronal development and synaptic commu-
nication (Shulha et al. 2012). In addition, increased methylation of MeCP2 promot-
er, which also correlates with reduced levels of MeCP2 in the frontal cortex, was 
reported in ASD patients (Nagarajan et al. 2006). Hypermethylation of oxytocin 
receptor, involved in promoting social communication was also observed (Gregory 
et al. 2009), pointing out to the complex interplay of epigenetic mechanisms and its 
contribution to disease.

Finally, schizophrenia deserves special attention, as several epigenetic abnor-
malities have been associated to this NDD. Schizophrenic patients present a re-
duction in GAD67, the rate-limiting enzyme for GABA synthesis, in the cortex 
and hippocampus (Grayson and Guidotti 2013). In addition, reduced levels of 
reelin, which controls dendritic spine formation, axonal development, glutama-
tergic transmission, and synaptic plasticity was also reported in the frontal cortex 
of schizophrenic individuals (Grayson and Guidotti 2013). Both deficits seem 
to be rooted in the same mechanism: activation of mGluR2 receptors reduces 
DNA methylation reversing the transcriptional downregulation of these genes 
(Gavin and Akbarian 2012). In addition, H3K4 methylation seems to be involved 
in GAD67 regulation (Grayson and Guidotti 2013). Thus, intricate epigenetic 
regulation, involving histone acetylation and methylation, MeCP2 availability, 
and DNA methylation underlie complex neurochemical changes associated with 
schizophrenia, bringing together a myriad of environmental and genetic factors 
that vary among individuals, disease progression, and tissue (Millan 2013).
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16.4  Genome, Epigenome, and Environment

Developmental plasticity transduces environmental cues into cellular pathways 
during gestation, enabling a single genotype to produce a broad diversity of adult 
phenotypes. Epigenetic mechanisms are the first molecular responders to environ-
mental inputs and sometimes the epygenotype shaped under certain particular con-
ditions might contribute to disease susceptibility later in life or even in the next 
generations (Dolinoy et al. 2007b).

A wide range of environmental factors have been documented to impact on the 
neonatal epigenome, from chemical compounds, like endocrine disruptors bisphe-
nol A (Dolinoy et al. 2007a) or vinclozolin (Skinner et al. 2008); to the effects of 
maternal diet including nutrition and folate availability (Foley et al. 2009), mater-
nal metabolic status (Lehnen et al. 2013), and alcohol consumption (Perkins et al. 
2013). But while the deleterious effects of exposure to a range of substances is 
easier to anticipate, the effects of psychosocial factors encompassed by parental 
behavior and prenatal stress (PS) are far more intriguing and can take a deep toll on 
shaping the epigenetic landscape of the perinatal brain. Thus, the fetal basis of adult 
disease hypothesis postulates that environmental factors acting during prenatal and 
early postnatal life influence developmental plasticity, which might predispose the 
organism to adult chronic diseases.

16.5  Epigenetic Programming of the Brain During  
Early Life

The process of “fetal programming” is mediated by the impact of prenatal expe-
rience on the developing hypothalamic–pituitary–adrenal (HPA) axis, a dynamic 
metabolic system that regulates homeostatic mechanisms, including the ability to 
respond to stressors (Van den Hove et al. 2006), and which is highly sensitive to 
adverse early-life experiences (Meaney 2001). Animal studies show that PS leads 
to vulnerability to anxiety and decreased learning, memory, and locomotor dysfunc-
tion (Weinstock 2001; Huizink et al. 2004), effects that are mediated by increased 
responsiveness of the HPA axis to stress, and to reductions in the expression of the 
glucocorticoid receptor (GR) in the hippocampus of adult offspring (Zuena et al. 
2008). Postnatal stimulation might counteract the biological effects of PS, as chang-
es in the postnatal environment including handling and early adoption improve the 
performance of adult offspring in cognitive tasks (Meaney et al. 1988) and reduce 
stress-induced corticosterone secretion (Vallee et al. 1999). In humans, prenatal de-
pressed/stressed maternal mood is associated with higher rates of preterm delivery 
and lower birth weight (Wadhwa et al. 1993; Van den Bergh et al. 2005), elevated 
cortisol (Field et al. 2004), subsequent working memory performance in young 
women (Entringer et al. 2009), and changes in GR regulation (Mulligan et al. 2012).
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Several studies support the hypothesis that parental programming is mediated by 
epigenetic mechanisms that stably alter gene transcription affecting physiology and 
behavior (Weaver et al. 2004; Caldji et al. 2011; Mulligan et al. 2012).

16.5.1  The Paradigm of the Glucocorticoid Receptor

A key determinant of early-postnatal life is the interaction of the immature indi-
vidual with his/her parents and the presence and sensory input from the mother is 
crucial during neonatal and infancy development (McClelland et al. 2011).

The remarkable studies by Meany and coworkers unveiled the epigenetic 
mechanisms underlying the HPA response to stress, which involves the regula-
tion of GR expression. The organization of the GR gene ( Nr3c1) is similar in 
rodents and humans and comprises nine exons, where exons 2 to 9 are coding 
regions while exon 1 is a regulatory segment encompassing several promoters. 
This modular structure enables the activation of different promoters by specific 
transcription factors to confer tissue-specific patterns of GR expression patterns 
(Meaney 2010). Activation of GRs in the mammalian forebrain is associated with 
a decrease in neurogenesis (Uno et al. 1989) and synaptic plasticity (McEwen 
2007; de Kloet et al. 2008).

Studies in rodents demonstrated that postnatal handling decreased the magnitude 
of behavioral and HPA responses to stress in adulthood (Denenberg 1964; Levine 
1970), effects that were later linked with changes in maternal care (Levine 1970). 
Postnatal handling of rat pups increase the licking/grooming (LG) behavior of the 
mother (Liu et al. 1997), which is a major source of tactile stimulation with effects 
on endocrine and cardiovascular functions (Levine 1994).

The adult offspring of naturally high-LG mothers show more modest behavioral 
and endocrine responses to stress compared to animals reared by low-LG mothers 
(Liu et al. 1997; Francis et al. 1999; Weaver et al. 2004). Cross-fostering stud-
ies, where pups born to high-LG mothers are fostered at birth to low-LG mothers 
(and vice versa), confirmed a direct relation between maternal care and postnatal 
behavioral and HPA responses to stress (Francis et al. 1999; Caldji et al. 2000, 
2003; Weaver et al. 2004), with the rearing mother determining the phenotype of 
the offspring. The effects of maternal care involve alterations in the function of the 
corticotrophin-releasing factor (CRF) systems in selected brain regions (Plotsky 
et al. 1989; Bale and Vale 2004). The adult offspring of high-LG mothers show de-
creased CRF expression in the hypothalamus and reduced glucocorticoid responses 
to acute stress in comparison with the adult offspring of low-LG mothers (Liu et al. 
1997; Francis et al. 1999; Weaver et al. 2004, 2005). The high-LG offspring showed 
significantly increased hippocampal GR expression and decreased hypothalamic 
CRF levels. Moreover, altered maternal care also affects the behavioral responses 
to stress (Francis et al. 1999; Caldji et al. 2003). The adult offspring of high-LG 
mothers showed decreased startle responses, and substantially less fearfulness in 
the presence of stressors. Stress during pregnancy decreases maternal responsivity 
in lactating rats (Fride et al. 1985; Moore and Power 1986) and, as expected, the 
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effects on maternal behavior are apparent in the development of the offspring. As 
adults, the offspring of high-LG/gestationally stressed mothers were comparable to 
those of low-LG dams on their own maternal behavior, and also in fear behavior 
and hippocampal GR gene expression. These effects are also apparent in subse-
quent litters even in the absence of the stressor (Champagne and Meaney 2006). 
Thus, the behavior of the mother “program” stable changes in gene expression in 
the offspring that might set the basis for individual differences in behavioral and 
neuroendocrine responses to stress in adulthood.

The fundamental question posed by these enthralling studies is how maternal 
care might stably affect gene expression and which are the mechanisms that might 
translate social interactions into biological effects. The answer to this question 
holds one of the most exquisite examples of the epigenetic response to the social 
environment.

Tactile stimulation in the form of pup LG increases serotonin (5-HT) metabolism 
in the hippocampus, which in turn elevates the expression of nerve growth factor-
inducible factor A (NGFI-A) and CREB-binding protein (CBP; Meany et al. 2000). 
NGFI-A binds to the exon 17 promoter of GR to modulate its expression (Weaver 
2007). Remarkably, mother–pup interactions actively regulate NGFI-A binding, as 
changes in DNA binding affinity are detected immediately after nursing and decay 
after 25 min without mother-pup contact (Meaney 2010).

Epigenetic mechanisms come into play as NGFI-A and CBP form a complex 
that binds to exon 17 promoter and reshapes the methylation at this region, setting 
a new epigenomic landscape that will persist into adulthood (Weaver et al. 2004; 
Weaver 2007). The adult offspring of high-LG mothers show low levels of methyla-
tion at specific CpG residues located at 5′- end of the NGFI-A consensus binding 
sequence (Weaver et al. 2004). The 5′- and the 3′-CpG residues of this binding site 
are unmethylated on the hippocampus of fetal rats, although both sites appear heav-
ily methylated on postnatal day 1 (PD1) regardless of maternal interaction. Between 
PD1 and PD7 epigenetic programming is imprinted by the maternal interaction, as 
the 5′ CpG is only demethylated in pups reared by high-LG while it appears methyl-
ated in low-LG offspring (Caldji et al. 1998; Champagne et al. 2003).

Furthermore, CBP has histone acetyltransferase activity, and its levels are in-
creased in the hippocampus of high-LG offspring. Binding of CBP to exon 17 pro-
moter contributes to modify the local chromatin structure enabling further binding of 
NGFI-A and other transcription factors that regulate GR expression (Szyf et al. 2005). 
Notably, blockage of HDACs by direct infusion of an inhibitor into the hippocam-
pus of the adult offspring eliminates the maternal imprinting differences at the exon 
17 promoter by increasing histone acetylation on the offspring of low-LG mothers 
and thus erasing maternal effects on NGFI-A binding and GR expression and, most 
importantly, reversing the differences in the HPA response to stress (Weaver et al. 
2004). Another elegant study showed subsequently that the reverse pattern of results 
could be obtained in response to a dietary manipulation that increases the availability 
of methyl-donor groups: increased methylation of the 5′ -CpG in the offspring of 
high-LG mothers decreased NGFI-A binding and GR expression, with concomitant 
increase in HPA responses to stress (Weaver et al. 2005).
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The precise epigenetic alterations that can convert sensory impressions received 
from the environment into biological outcomes are expected to function in trans-
ducing the signals from a myriad of stimulus and on a range of targets as well. The 
methylation status of the promoter of the brain-derived neurotrophic factor ( Bdnf) 
gene can also be reshaped by maternal influence during early life (Roth et al. 2009) 
but moreover it can be altered by contextual fear conditioning in the adult rat (Lubin 
et al. 2008). BDNF is a crucial regulator of neuronal physiology implicated in learn-
ing and memory (Yamada et al. 2002) and whose alterations have been associated 
with AD, depression (Nagahara and Tuszynski 2011), and schizophrenia (Martinotti 
et al. 2012). Changes in methylation in response to external stimulus, including 
but not limited to chronic stress, drugs of abuse, chemical exposure, and psycho-
social interactions, might therefore induce alterations on mental health later in life 
(Tsankova et al. 2007; Jiang et al. 2008; Akbarian and Huang 2009).

16.5.2  Neonatal Stress and Epigenetic Alterations  
on Learning and Memory

As discussed in previous sections, prenatal and early postnatal life is a critical win-
dow for epigenetic modulation of programming, whose outcomes might endure into 
adult life. Beyond altered responses to stress, numerous clinical studies report a 
strong association between early-life experience and cognitive functions. Impor-
tantly, chronic childhood stress due to emotional/social factors, as those triggered 
by extreme poverty, loss of a parent, social deprivation, or abuse, seem to have a 
bigger impact on learning and memory impairments later in life (Chugani et al. 
2001; Kaplan et al. 2001; Wilson et al. 2007). Noteworthy, improving the social 
environment of institutionalized children by placement in functional families sig-
nificantly improves learning and memory in the long term. Remarkably, the tim-
ing of placement in foster care appears to be crucial, as highest improvements are 
observed when placement occurs before the age of 2 years (Nelson et al. 2007). 
These data stress the plasticity of the processes that shape cognitive function in 
response to early-life experiences, making epigenetic mechanisms likely players in 
this modulation of programming.

Enriched early-life experience is associated with persistent attenuation of the 
stress response and with improved learning and memory (Meaney et al. 1991; Feno-
glio et al. 2005), effects mediated at the molecular level by reduced expression of 
corticotropin releasing hormone (CRH) in the hypothalamus and increased levels of 
GR in the hippocampus (Plotsky and Meaney 1993). Similar to what was described 
earlier for GR, regulation of CRH involves epigenetic mechanisms. Expression of 
CRH gene is modified in response to circadian rhythm and stress-provoked stimu-
lus, as well as by MeCP2 (McClelland et al. 2011). The CRH promoter contains a 
regulatory NRSE element that recruits chromatin-modifying factors (Naruse et al. 
1999). It has been previously reported that enriched early-life experience reduces the 
number of excitatory synapses and input to CRH-expressing  hypothalamic neurons, 
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without altering GABAergic neurotransmission, a phenomenon that might signal 
the initiation of the epigenetic cascade that will endure those changes throughout 
life (Korosi et al. 2010). On the contrary, chronic early-life stress results in persis-
tent elevation of CRH in the hippocampus, which impairs dendritic spines, synaptic 
plasticity, and memory function (McClelland et al. 2011).

16.5.3  Psychosocial Stress as Environmental Input

Social interaction is considered the major source of stress for humans in their daily 
life and from a neurobiological standpoint, the study of chronic social stress mod-
els in rodents is accepted as highly relevant to the pathological stress response in 
humans (Stankiewicz et al. 2013). Psychosocial stress seems to evoke epigenetic 
modifications. Hinwood et al. reported that rats subjected to chronic social defeat 
presented increased H3 acetylation in neurons and glia in the prefrontal cortex (Hin-
wood et al. 2011), and similar changes were observed in the nucleus accumbens of 
mice exposed to chronic social defeat stress or to social isolation, both conditions 
serving as depression models (Wilkinson et al. 2009). Moreover, social defeat and 
social isolation also result in altered histone methylation in genes related to cellular 
plasticity, inflammation, and transcriptional regulation, thus suggesting that his-
tone modification seems to be the common transducer of social stress phenotypes 
(Stankiewicz et al. 2013).

On the other hand, acute restraint—suggested as one of the most potent and 
harmful psychogenic stressors—is also linked to epigenetic alterations. Experi-
mental paradigms using male rats showed that soon after a 30-min period of re-
straint, the hippocampus displays changes on H3 methylation that correlate with 
transcriptional repression (Hunter et al. 2009). While acute stress, including forced 
swim and predator stress results in H3 phosphorylation in rodents (Bilang-Bleuel 
et al. 2005), voluntary exercise, on the contrary, significantly reduces neuronal H3 
phosphorylation on mice brains (Binder et al. 2004), in agreement with its role in 
stress alleviation. Moreover, increased H3 phospho-acetylation in the hippocampus 
has also been associated with novelty stress in rats, with changes being evident as 
early as 30 min after exposure, revealing the rapid formation of epigenetic patterns 
(Chandramohan et al. 2007).

Changes in the neuronal network in response to adaptive and maladaptive re-
sponses to chronic stress are highly relevant to human health, and can be mod-
eled by chronic restraint paradigms (Stankiewicz et al. 2013). In adult rats, a 7-day 
restraint stress results in a significant decrease of H3 trimethylation of the lysine 
residue 27 (H3K27me3), an epigenetic mark associated with gene silencing (Hunter 
et al. 2009). Interestingly, these epigenetic changes were subtler than those triggered 
by acute stressors, in agreement with the gradual decrease in transcription reported 
for chronic stress and associated with habituation mechanisms (Hunter et al. 2009).

An intriguing study tested for the first time in humans the idea that extreme 
maternal psychosocial stressors may modify locus-specific epigenetic marks in the 
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newborn resulting in altered health outcomes. The cohort consisted in mothers and 
their newborns from the Democratic Republic of Congo, who suffered a variety 
of psychosocial stressors ranging from socio-economic status to extreme war situ-
ations. The authors reported a significant correlation between culturally relevant 
measures of maternal PS, newborn birth weight, and newborn methylation at the 
GR promoter (Mulligan et al. 2012). These striking results provided strong evi-
dence of the effect of early-life stress on epigenetic modulation of programming in 
humans, but importantly, opened the possibility of measuring concrete methylation 
marks as a potential biomarker of stress-related modulation of programming.

Childhood maltreatment is yet another source of extreme stress that likely influ-
ences fundamental biological processes engraving long-lasting epigenetic marks. A 
study on individuals who had experienced at least two types of trauma other than 
childhood abuse, half of which showed symptoms of post-traumatic stress disorder 
(PTSD) while the rest did not manifest PTSD in adulthood, reported a significant 
larger proportion of DNA methylation changes in the group with childhood abuse 
versus nonabused individuals (Mehta et al. 2013).

An impressive study suggested recently that parent–infant interactions might 
also result in significant epigenetic modifications persistent for life. Moreover, 
these abnormal DNA methylation patterns were associated with suicidal behavior in 
adulthood. Analysis of hippocampal samples of suicidal victims showed increased 
DNA methylation on the exon 1F promoter of the GR (the human homologous for 
the exon 17 promoter in the rat), when compared with control individuals who died 
suddenly from other causes (McGowan et al. 2009). The most striking observation 
was that abnormal methylation was only detected when suicide was accompanied 
with a developmental history of child maltreatment.

Another measure of early-life social conditions—the parental socioeconomic 
status (SES)—has been also associated with chronic disease risk in the adult life 
(Galobardes et al. 2006). A recent study analyzed a US birth cohort of women to 
investigate whether indicators of early-life and adult SES were associated with dif-
ferential methylation at repetitive genomic elements Sta2, Alu, and LINE-1, com-
monly used to profile global methylation. Low family income at birth was associ-
ated with increased Sat2 methylation in adulthood, whereas a single-parent family 
resulted in higher Alu methylation. Lower adult education associated with lower 
Sat2 methylation (Tehranifar et al. 2013). Although the impact of these epigenetic 
drifts on health remains to be determined, global DNA methylation can contribute 
to genomic instability, which is a common cause of human cancers and observed in 
white blood cells in association with disease (Terry et al. 2011).

Lastly, a recent investigation analyzing genome-wide methylation on blood 
samples from children raised since birth in institutional care in comparison to chil-
dren raised by their parents, reported greater levels of DNA methylation in the in-
stitutionalized group, mostly associated with genes involved in immune response, 
cellular signaling, neuronal communication, and brain development and function-
ing (Naumova et al. 2012). Institutional care may represent one of the most in-
tense deprivations in human children, and has been associated with development 



16 Perinatal Programming of Neurodevelopment 351

deficits in every domain examined, including physical growth, motor development, 
cognitive functions, and social behavior (O’Connor and Rutter 2000). Fortunately, 
human studies also suggest that there is a rapid catch-up in development after place-
ment on enriching environments (Nelson et al. 2007). Linkage of plastic epigenetic 
mechanisms to the enduring effects of early stress also supports the successful in-
tervention of adoptive placement and its positive outcome in children cognition and 
development from a molecular standpoint.

16.6  Transgenerational Epigenetic Inheritance

The risk of developing several human diseases is determined by a heritable compo-
nent. Novel evidence suggests that epigenetic processes might also contribute with 
these heritable origins of disease with effects that extend for more than one genera-
tion. In evolutionary terms, the passage of environmental information to the im-
mediate offspring contributes with a better fit progeny. If heritable memory persists 
for several generations each facing a constantly changing background, these marks 
might result in maladaptive phenotypes contributing to disease.

A fascinating new topic in the field is the study of the transgenerational inheri-
tance of epigenetic traits, whereby an altered ancestral methylome is passed through 
several generations without being altered or erased (Reik and Walter 2001).

Embryonic exposure to endocrine disrupting chemicals, like vinclozolin, during 
the window of gonadal sex determination induces a transgenerational effect on male 
reproduction and sperm production (Anway et al. 2005). When prenatally exposed 
animals reach adulthood, they manifest a variety of diseases including breast tu-
mors, prostate disease, and immune abnormalities, but, importantly, these abnor-
malities are still evident in subsequent generations (Anway and Skinner 2006). This 
transgenerational phenotype appears to be transmitted through the male germ line 
and paternal allele (Anway et al. 2005; Anway and Skinner 2006), as although fe-
males develop the disease (Nilsson et al. 2008), they do not transmit the abnormal 
traits. Importantly, this phenomenon is associated with alterations in the germ-line 
epigenome induced by environmental exposure (Anway et al. 2005).

The biological process involved in the transgenerational epigenetic program-
ming occurs during a critical period of development. During gonadal sex determi-
nation, the primordial germ cells migrate to the genital ridge and are subjected to 
waves of demethylation and re-methylation (Morgan et al. 2005). This period of 
abrupt changes in global methylation represents a highly sensitive window where 
alterations in the methylome of the germ line might become permanently fixed 
and transmitted to future generations. All the somatic cells derived from this germ 
line will have a shift in their epigenomes and transcriptomes, that in some tissues 
will promote disease states (Skinner 2011). This mechanism of transmission of 
environmental exposure effects has been related to adult onset diseases including 
spermatogenic defects, prostate and kidney diseases, immune abnormalities, and 
female reproductive defects (Anway et al. 2005, 2006; Guerrero-Bosagna et al. 
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2010; Skinner et al. 2010; Nilsson et al. 2012). Moreover, a recent study reported 
that transgenerational inheritance events affect the epigenetic programming of the 
brain transcriptome and alter anxiety behavior (Skinner et al. 2008), as far as three 
generations after removal of exposure.

The significance of these discoveries on epidemiology and human health are 
vast, as the environment experienced by great-grandparents might induce altera-
tions in the health of their adult descendants almost 100 years later.

16.7  DNA Methylation as a Potential Biomarker

The increasing number of genes that show epigenetic alterations in association with 
disease highlights the potential application of these modifications—particularly 
DNA methylation—in diagnosis, prognosis, and therapy monitoring assays.

DNA methylation is currently used as a successful biomarker in cancer (Kim 
et al. 2004b; Belinsky et al. 2005; He et al. 2010), and holds promise for neurode-
generative disorders as well. The advantages of epigenetic markers are many: (a) 
novel platforms allow easier detection and quantification of DNA methylation with 
high reproducibility rates; (b) DNA methylation occurs mainly at defined and rath-
er small genomic regions, facilitating the design of targeted probes (Anglim et al. 
2008), in comparison to genetic mutations that might occur along the whole gene 
body; (c) as methylation changes represent rapid response mechanisms that precede 
gene expression, detection of DNA methylation might potentially be an indicator of 
early pathological changes, and, finally (d) it can be assessed from blood, enabling 
sampling by noninvasive procedures that minimize patient risk and discomfort.

A crucial question on the feasibility of an epigenetic biomarker approach moni-
toring alterations from peripheral blood is whether blood might be a reasonable 
surrogate for brain tissue. Recent reports raised some concern about the use of 
whole blood DNA on methylation studies because the heterogeneity of the various 
white cell types, each having their own particular epigenome, has the potential to 
confound DNA methylation measurements and disease associations (Adalsteinsson 
et al. 2012; Reinius et al. 2012). As our knowledge on epigenetics grows deeper, 
improved analysis methods have emerged incorporating data on the proportional 
number of single white cell types to correct for confounders (Adalsteinsson et al. 
2012) and to exclude nonvariable CpG sites to improve association signals (Meng 
et al. 2010), features that will aid in the analysis of complex biological systems. 
While the mechanisms that might underlie the covariation of methylation across 
different tissues are largely unknown, recent reports show that despite cell-specific 
variability, interindividual variation is reflected across brain and blood (Davies 
et al. 2012). Taken together, these studies strongly suggest that blood might repre-
sent an adequate proxy to interrogate alterations on the brain methylome associated 
with disease.

Identification of differentially methylated markers might aid to diagnose disor-
ders for which only few genetic mutations have been unequivocally linked, such 
as AD. A recent comparison of genome-wide methylation on homozygotic twins 
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discordant for AD manifestations unveiled a global loss of methylation associated 
with AD (Mastroeni et al. 2009). In addition, methylation patterns in whole blood 
DNA were recently associated with schizophrenia symptoms. In particular, the 
methylation levels at 11 CpG sites significantly correlated with reality distortion 
symptoms (Liu et al. 2013), a discovery that can represent a big stride towards a 
translational application of DNA methylation in psychiatry diagnosis.

We recently investigated genome-wide methylation on postmortem frontal cor-
tex and matched blood samples from PD patients and age-matched healthy con-
trol subjects. Comparison between Parkinson’s-associated and control methylomes 
led us to identify differentially methylated regions (DMRs). Overall, methylation 
profiles were similar among tissues and the distribution of DMRs regarding CpG 
context (islands, shores, shelves, or open sea) did not significantly differ between 
brain and blood. Majority of altered sites in Parkinson’s samples appeared hypo-
methylated, and corresponded to 277 autosomal loci in brains and 380 loci in blood. 
Importantly, we detected covariation of 65 hypermethylated and 61 hypomethylated 
genes between brain and blood. Functional analysis of covariating genes showed 
that higher than 60 % of the genes were previously reported as deregulated in PD 
or linked to PD by genome-wide association studies (GWAS; Masliah et al. 2013). 
These results suggested that blood might indeed serve as an appropriate source for 
biomarker discovery in neurodegenerative disorders.

The promising study by Mulligan and coworkers also contributes with the idea 
of epigenetic biomarkers. The authors showed distinctive changes in the methyla-
tion at precise CpG residues on the NR3C1 promoter associated with PS, that were 
reliable quantitated from cord blood samples (Mulligan et al. 2012), opening the 
tantalizing idea of detecting early-life epigenetic modulation of programming in 
newborns which might dictate early interventions.

16.8  Final Remarks

Epigenetic modifications provide another layer of molecular complexity to the 
precise mechanisms that contribute to shape the brain during development and 
early postnatal life. The most prominent feature of these processes is their ability 
to modulate and transduce signals received from the environment, whether it is 
in the form of physic/chemical input or psychosocial interactions. Thus, epigen-
etic modifications generate a source of variation that contributes to developmen-
tal plasticity. While this adaptive mechanism could be favorable in preparing the 
offspring for an unfriendly landscape, it can also represent a source of increased 
disease susceptibility.

The variety of input signals that directly alter DNA methylation marks or histone 
modifications on the genome might prompt the perception that most environmental 
scenarios are likely to induce detrimental alterations. The beauty of the knowledge 
of epigenetic plasticity relies in the possibility of modulating molecular changes by 
one of the most salient human conditions: social interaction and parental bonding.
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Abstract Perinatal life is a period of enhanced plasticity and susceptibility to 
environmental effects via the maternal environment or parental care. A variety of 
studies have indicated that epigenetic mechanisms, which can alter gene function 
without a change in gene sequence, play a role in setting developmental trajecto-
ries that impact health, including mental health. This chapter reviews examples of 
translational approaches to the study of biological embedding of mental health via 
differences in parental care.

17.1  Introduction

A prominent feature of parent care effects on mental health is its influence on the 
hypothalamic–pituitary axis, a major endocrine regulator of the response to psycho-
social stress. Laboratory rodent models have been particularly useful in identifying 
mechanisms of epigenetic regulation in the brain that have then been used to gen-
erate hypotheses in humans. At the same time, recent advances in genomics have 
provided new means to address these questions in large numbers of human subjects 
in an increasingly comprehensive and powerful manner.

17.1.1  How Mechanisms of Gene Regulation “Above the 
Genome” Contribute to Interindividual Differences 
in Behavior

The advent of new high-throughput DNA sequencing technologies, initiated near 
the turn of the last century, has allowed the elucidation of the genetic sequence 
identities of humans and a growing list of other species. Where human health is 
concerned, these technologies were thought to herald a complete understanding of 
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biological diversity, with strong implications for understanding the ultimate origins 
of behavior and psychopathology. However, this exuberance turned out to be mis-
placed. Our current understanding of genome function indicates that the DNA code 
must be exquisitely programmed by molecular mechanisms “above the genome,” 
termed epigenetic. At a fundamental level, these mechanisms are now known to 
be crucial for conferring cell-type specificity during development by programming 
unique patterns of gene expression among the body’s 200 + cell types. It is also now 
known that cell-type-specific patterns of epigenetic modifications are not exclu-
sively genetically determined, and are to some degree responsive to environmental 
signaling throughout life. As we discuss below with specific examples, there is ac-
cumulating evidence indicating that phenotypic variation observed in humans and 
animal models can result from changes in gene function via epigenetic changes. 
The dynamic nature of epigenetic signaling contrasts with the static nature of the 
genetic code, and provides a mechanism of gene × environment interactions that 
bridge inherited variation with variation originating from environmental and sto-
chastic sources. It should be noted, however, that these sources of variation are not 
necessarily mutually exclusive, as genetic variation can interact with epigenetic 
variation. However, in contrast to the static nature of genetic variation, epigenetic 
variation is potentially amenable to environmental or therapeutic intervention. Thus, 
we and others have argued that the study origins of health and human disease—in-
cluding psychiatric disorders—is incomplete without an understanding of genetic, 
environmental and stochastic contributions to epigenetic signaling (Petronis 2010; 
Sasaki et al. 2013).

17.1.2  What Is “Epigenetics”?

We have alluded to epigenetic mechanisms as those that change gene function in 
the absence of a change in DNA sequence. It should be noted that the definition of 
the term “epigenetics” continues to be a matter of debate. The historical definition 
emphasized the heritability of changes in gene function without a change in gene se-
quence. This definition implied that such changes were trans-generational, passing 
from the maternal environment to the offspring via gametic inheritance. However, it 
is clear that such a definition leaves out important changes in gene function that do 
not involve changes in gene sequence, yet are relatively stable and passed from cell 
to daughter cell during mitosis. It also leaves out mechanisms that program changes 
in gene function in postmitotic cells such as neurons, heart cells, and other cells 
that do not replicate and would thus be left out of the epigenetic sphere. It may be 
equally unwise, however, to characterize all changes of gene function in the absence 
of a change in gene sequence as “epigenetic.” The firing of neurons is a process 
that initiates a change in the expression of hundreds of genes, yet many of these are 
distinct from processes that result in the long-term potentiation of neural responses. 
Clearly, extending the definition of epigenetics to encompass mechanisms altering 
gene expression outside the realm of the DNA sequence requires careful consider-
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ation of the outcomes associated with the epigenetic change. We and others have 
proposed a broad definition of epigenetics that includes long-term changes in gene 
function that are meiotically or mitotically heritable (Sasaki et al. 2013).

17.1.3  Gene Sequence and Its Relationship to Epigenetic 
Changes

The pattern of gene expression in each cell type confers its tissue-specific pheno-
type. As a result, a change in gene function as a result of a sequence alteration could 
alter the structure of the protein encoded by the gene or its activity by interfering 
with factors that increase or decrease its activity. Sequence variation has been as-
sociated with behavioral pathologies but with the exception of a minority of psy-
chopathology linked to Mendelian disorders, such variation is inevitably linked to 
specific environmental conditions and thus is very rarely predicted solely on the 
basis of genetic variance. This has created something of a crisis in psychiatric re-
search and a search by some for intermediary mechanisms that might help explain 
a missing heritability not directly attributable to genetic variance (Petronis 2010). 
In fact, it has been known for some time that epigenetic and genetic variation can 
predict the same biological outcomes.

We propose that understanding epigenetic mechanisms associated with psy-
chopathology is important for at least three reasons: (1) Identifying alterations in 
epigenetic signaling associated with psychopathology may help explain interme-
diate mechanisms between the genome and stochastic and environmental factors 
involved in behavioral pathology; (2) defining these relationships could provide a 
biological understanding of gene × environment interactions; (3) because epigenetic 
mechanisms are potentially reversible, we may be able to identify novel therapeutic 
interventions to prevent or reverse these changes. In what follows, we provide a 
synopsis of our work addressing stable epigenetic changes associated with early-life 
environment in humans and rodent models. To do so, we first describe known mo-
lecular epigenetic processes that are best understood as mediators of these effects.

17.2  The Epigenome

17.2.1  Chromatin and the Histone Code

The epigenome consists of the chromatin and its modifications as well as a covalent 
modification by methylation of cytosine rings found at the dinucleotide sequence 
CG (Razin 1998). The epigenome determines the accessibility of the transcription 
machinery, which transcribes the genes into messenger RNA, to the DNA. Inacces-
sible genes are therefore silent whereas accessible genes are transcribed. We there-
fore distinguish between open and closed configuration of chromatin (Groudine 
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et al. 1983; Marks et al. 1985; Ramain et al. 1986; Grunstein 1997; Varga-Weisz 
and Becker 2006). Densely packaged chromatin can be visualized microscopically 
and is termed heterochromatin while open accessible chromatin is termed euchro-
matin. Another level of epigenetic regulation by small noncoding RNAs termed 
microRNA (miRNA) has been discovered (Bergmann and Lane 2003). miRNAs 
regulate gene expression at different levels; silencing of chromatin, degradation of 
mRNA, and blocking translation. miRNAs have been linked to behavioral patholo-
gies in humans and regulate gene function through a variety of mechanisms, as has 
been extensively reviewed elsewhere (Vo et al. 2005; Mehler and Mattick 2006, 
2007; Qureshi and Mehler 2009). These mechanisms are currently the subject of 
intense investigation. miRNA expression in adulthood has been linked to early-life 
stress in rats (Uchida et al. 2010) and almost certainly plays a more important role 
than is currently understood.

The DNA is wrapped around a protein-based structure termed chromatin. Chro-
matin is formed by an octamer of histone proteins termed a nucleosome. Variants 
of histone proteins, H1, H2A, H3B, H3, and H4 (Finch et al. 1977) and other mi-
nor variants have specific functions in DNA repair and gene activity (Sarma and 
Reinberg 2005). The octamer structure of the nucleosome is composed of a H3–
H4 tetramer flanked on either side with a H2A–H2B dimer (Finch et al. 1977). 
The N terminal tails of these histones are extensively modified by methylation  
(Jenuwein 2001), phosphorylation, acetylation (Wade et al. 1997), and ubiquitination  
(Shilatifard 2006). The state of modification of these tails plays an important role in 
defining the accessibility of the DNA. The amino terminal tails of H3 and H4 his-
tones that are positively charged form tight interactions with the negatively charged 
DNA backbone, thus blocking the interaction of transcription factors with the DNA. 
Modifications of the tails neutralize the charge on the tails, thus relaxing the tight 
grip of the histone tails. Different histone variants, which replace the standard iso-
forms also play a regulatory role and serve to mark active genes in some instances 
(Henikoff et al. 2004). The specific pattern of histone modifications was proposed 
to form a “histone code” that delineates the parts of the genome to be expressed at 
a given point in time in a given cell type (Jenuwein and Allis 2001). A change in 
histone modifications around a gene will change its level of expression and could 
convert a gene from an active state to a silent state, resulting in “loss of function” 
or switch a gene from a silent state to an active state, leading to “gain of function.”

17.2.2  Histone-Modifying Enzymes and Chromatin Remodeling

The most-investigated histone-modifying enzymes are histone acetyltransferases 
(HAT), which acetylate histone H3 at the K9 residue as well as other residues and 
H4 tails at a number of residues, and histone deacetylases (HDAC), that deacety-
late histone tails (Kuo and Allis 1998). Histone acetylation is believed to be a pre-
dominant signal for an active chromatin configuration (Perry and Chalkley 1982; 
Lee et al. 1993). Deacetylated histones signal inactive chromatin, associated with 
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inactive genes. Many repressors and repressor complexes recruit HDACs to genes, 
thus leading to their inactivation (Wolffe 1996). Histone tail acetylation is be-
lieved to enhance the accessibility of a gene to the transcription machinery whereas 
deacetylated tails are highly charged and believed to be tightly associated with the 
DNA backbone and thus limiting accessibility of genes to transcription factors (Kuo 
and Allis 1998).

Histone modification by methylation is catalyzed by different histone methyl-
transferases. Some specific methylation events are associated with gene silencing 
and some with gene activation (Lachner et al. 2001). Particular factors recognize 
histone modifications and further stabilize an inactive state. For example, the het-
erochromatin-associated protein HP-1 binds H3-histone tails methylated at the K9 
residue and precipitates an inactive chromatin structure (Lachner et al. 2001). Re-
cently described histone demethylases remove the methylation mark causing either 
activation or repression of gene expression (Shi et al. 2004; Tsukada et al. 2006).

Chromatin remodeling complexes, which are ATP dependent, alter the position 
of nucleosomes around the transcription initiation site and define its accessibility to 
the transcription machinery (Varga-Weisz and Becker 2006). It is becoming clear 
now that there is an interrelationship between chromatin modification and chroma-
tin remodeling. For example, active regions of the chromatin are associated with 
hypomethylated DNA, and hypermethylated DNA is packaged in inactive chroma-
tin (Razin 1998; Razin and Cedar 1977).

17.2.3  Targeting of Chromatin-Modifying Enzymes to Specific 
Genes

To date, there are relatively few examples from neuroscience research of gene tar-
geting of epigenetic mechanisms, though we review one such example below for 
maternal care. In our view, this is a fundamental principle of epigenetic regula-
tion of gene expression that will shed important light on neuronal gene regulation. 
There are, however, many examples of targeting from other areas of research, a 
few of which we describe below as illustrative examples. Transcription factors and 
repressors recruit the nonspecific histone-modifying enzymes to specific genomic 
loci and target-specific genes (Jenuwein and Allis 2001). Transcription factors and 
repressors recognize specific cis-acing sequences in genes, bind to these sequences, 
and attract specific chromatin-modifying enzymes to genes through protein–protein 
interactions. Specific transacting factors are responsive to cellular signaling path-
ways. Signal transduction pathways are activated by cell surface receptors and 
could thus serve as conduits for epigenetic change linking the environmental trig-
ger at cell surface receptors with gene-specific chromatin alterations and modula-
tion of programming of gene activity. For example, numerous signaling pathways 
including those triggered by G-protein-coupled cell surface receptors in the brain 
alter the concentration of cyclic adenosine monophosphate (cAMP) in the cell. One 
of the transcription factors which respond to increased cAMP is cAMP response 
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element-binding protein (CREB). CREB binds cAMP response elements in certain 
genes. CREB also recruits CREB-binding protein CBP. CBP is a HAT, which acety-
lates histones (Ogryzko et al. 1996). Thus, elevation of cAMP levels in response to 
an extracellular signal would result in a change in the state of histone acetylation 
in specific genes. Environmental or physiological events that interfere at any point 
along the signaling pathway may result in chromatin alterations. Below, we discuss 
an example of such a pathway that leads from maternal behavior to long-term pro-
gramming of gene expression in the hippocampus (Meaney and Szyf 2005).

17.2.4  DNA Methylation

In addition to chromatin, which is associated with DNA, the DNA molecule itself 
is chemically modified by methyl residues at the 5′ position of the cytosine rings 
in the dinucleotide sequence CG in vertebrates (Razin 1998). Other modifications 
to DNA, including hydroxymethylation (5-hmC) and several other DNA modifi-
cations, are attracting increasing interest as potential gene regulatory mechanisms 
(Labrie et al. 2012). It should be noted that conventional methods used for mapping 
5-mC, such as bisulfite sequencing and methylation-sensitive restriction enzyme-
based approaches, do not differentiate it from 5-hmC, although it is possible to use 
enzyme-based glycosylation of 5-hmC followed by restriction enzyme-based detec-
tion of 5-hmC and 5-mC or as via modified bisulfite sequencing (Booth et al. 2012). 
In this chapter, we use the term “DNA methylation” to denote epigenetic changes 
associated with the DNA itself, though the term “DNA modification” is perhaps 
more accurate given the current knowledge.

Among different cell types, distinct CG methylation generates cell-type-specific 
epigenetic patterns. Thus, the DNA methylation pattern confers upon the genome 
its cell-type identity (Razin 1998). The DNA methylation pattern is established dur-
ing development and is then maintained throughout life by the maintenance DNA 
methyltransferases (DNMT; Razin and Riggs 1980). DNA methylation in distinct 
regulatory regions is believed to generally mark silent genes. Thus, aberrant meth-
ylation will silence a gene, resulting in “loss of function,” which will have a similar 
consequence as a loss of function by genetic mechanism such as mutation, deletion, 
or rearrangement.

17.2.5  DNA Methylation Enzymes

The DNA methylation pattern is not copied by the DNA replication machinery, 
but by independent enzymatic machinery the DNMT (Razin and Cedar 1977). The 
DNA methylation machinery in vertebrates has two main roles. First, it establishes 
new cell-type-specific DNA methylation patterns during development and possibly 
during adulthood in response to new signals. Second, it maintains these patterns 
during downstream cell divisions and after DNA repair. The different enzymes and 
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proteins of the DNA methylation machinery must address these different tasks. The 
methylation of DNA occurs immediately after replication by a transfer of a methyl 
moiety from the donor S-adenosyl-l-methionine (AdoMet) in a reaction catalyzed 
by DNMTs. The maintenance DNMT1 prefers a hemimethylated substrate (Razin 
and Riggs 1980). Since hemimethylated sites are generated during DNA replica-
tion when a nascent unmethylated C is synthesized across a methylated C in the 
template parental strand, the DNMT accurately copies the methylation pattern of 
the template strand. Three distinct phylogenic DNMT were identified in mammals. 
DNMT1 shows preference for hemimethylated DNA in vitro, which is consistent 
with its role as a maintenance DNMT, whereas DNMT3a and DNMT3b methylate 
unmethylated and methylated DNA at an equal rate which is consistent with a de 
novo DNMT role (Okano et al. 1998). Knockout mouse data indicate that DNMT1 
is responsible for a majority of DNA methylation marks in the mouse genome (Li 
et al. 1992) whereas DNMT3a and DNMT3b are responsible for some but not all de 
novo methylation during development (Okano et al. 1999).

The answer to the question of whether the DNA methylation is reversible or 
not has important implications on the possibility that DNA methylation is dynamic 
and responsive to physiological and environmental signals throughout life. DNMTs 
are present in neurons (Goto et al. 1994) and there are data suggesting that DNMT 
levels in neurons change in certain pathological conditions such as schizophrenia 
(Veldic et al. 2005). The presence of DNMT in neurons suggests that DNA methyla-
tion is dynamic in postmitotic tissues and is a balance of methylation and demeth-
ylation reactions (Szyf 2001).

17.2.6  DNA Demethylation Enzymes

We and others have proposed that the DNA methylation pattern is a balance of meth-
ylation and demethylation reactions that are responsive to physiological and envi-
ronmental signals and thus serves as a biological manifestation of gene–environment 
interactions (Sasaki et al. 2013; Szyf et al. 2007; McGowan and Szyf 2010). There 
are now convincing examples of active, replication-independent DNA demethyl-
ation during development as well as in somatic tissues. Active demethylation was 
reported for the myosin gene in differentiating myoblast cells (Lucarelli et al. 2001), 
Il2 gene upon T cell activation (Bruniquel and Schwartz 2003), the interferon γ gene 
upon antigen exposure of memory CD8 T cells (Kersh et al. 2006), in the gluco-
corticoid receptor (GR) gene promoter in adult rat brains upon treatment with the 
HDAC inhibitor (HDACi) TSA (Weaver et al. 2004), and in neurons as a function 
of neural activity (Rudenko et al. 2013).

The precise mechanisms governing DNA demethylation are the subject of in-
tense investigation. One proposal has been that a G/T mismatch repair glycosylase 
also functions as a 5-methylcytosine DNA glycosylase, recognizes methyl cyto-
sines and cleaves the bond between the sugar and the base. The abasic site is then 
repaired and replaced with a nonmethylated cytosine resulting in demethylation  
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(Jost 1993). An additional protein with a similar activity was identified as the meth-
ylated DNA-binding protein 4 (MBD4; Zhu et al. 2000). Active demethylation early 
in embryogenesis as well as in somatic cells was also shown to be catalyzed by a 
nucleotide excision repair mechanism, whereby methylated cytosines are replaced 
by unmethylated cytosines, which involves the growth arrest and damage response 
protein Gadd45a and the DNA repair endonuclease XPG (Barreto et al. 2007). It has 
been proposed that the pathway from methylated to unmethylated DNA involves 
5-mC hydroxylation via TET enzymes (Guo et al. 2011). As such, 5-hmC may be 
an intermediary marker of demethylation. In sum, though a number of biochemical 
processes were implicated in demethylation, it is unclear how and when these dif-
ferent enzymes participate in shaping and maintaining the overall pattern of meth-
ylation and how these activities respond to different environmental exposures.

17.2.7  Targeting DNA Methylation and Demethylation 
to Specific Genes

A central question regarding gene-specific changes in DNA methylation associated 
with the environment concerns the targeting of these changes to specific loci in the 
genome. Because DNA methylating and demethylating enzymes are nonspecific, 
targeting must be achieved via other mechanisms. There is evidence that chromatin 
configuration can regulate the accessibility of genes to either DNA methylation or 
demethylation machineries (Cervoni and Szyf 2001; D’Alessio and Szyf 2006). For 
example, the HDACi trichostatin A (TSA), which leads to hyperacetylated chroma-
tin, also leads to active DNA demethylation (Cervoni and Szyf 2001). A change in 
histone acetylation is normally caused by transcription factors that recruit HATs, 
which may cause histone acetylation and facilitate demethylation. Examples of 
histone-modifying enzymes shown to interact with DNMT1 are HDAC1, HDAC2, 
the histone methyltransferases SUV3–9 and enhancer of zeste homolog 2 (EZH2), 
a member of the multi-protein Polycomb complex PRC2 that methylates H3 his-
tone at the K27 residue (Fuks et al. 2000, 2003; Rountree et al. 2000; Vire et al. 
2005). DNMT3a was also shown to interact with EZH2 which targets the DNA 
methylation-histone modification multi-protein complexes to specific sequences in 
DNA (Vire et al. 2005).

Sequence-specific transcription factors may target demethylation to specific 
genes. Trans-acting repressors target both histone-modifying enzymes and DNMTs 
to specific cis-acting signals in regulatory regions of particular genes causing gene-
specific DNA methylation and chromatin modification. For example, the promyelo-
cytic leukemia PML-RAR fusion protein targets HDAC and DNMTs to its binding 
sequences and produces de novo DNA methylation of adjacent genes (Di Croce 
et al. 2002). The intronic kappa chain enhancer and the transcription factor NF-
kappaB are required for B-cell-specific demethylation of the kappa immunoglobu-
lin gene (Lichtenstein et al. 1994). As we discuss below, maternal care may be 
a behavioral mechanism to program gene expression through recruitment of the 
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transcription factor nerve growth factor-induced protein A (NGFI-A) to a promoter 
region of the GR in the hippocampus (Weaver et al. 2007).

In summary, we and others have proposed that DNA modifications are main-
tained in an equilibrium between methylation and demethylation as long as this 
equilibrium of sequence-specific factors engagement of the genes is maintained 
(Sasaki et al. 2013; McGowan and Szyf 2010). This process is essential for nor-
mal development and the process of tissue-specific cellular differentiation. Physi-
ological or environmental signals, which alter the signaling pathways in the cell, 
may result in altering this balance by activating or suppressing specific trans acting 
factors.

17.2.8  DNA Methylation and Gene Repression

DNA methylation in critical gene regulatory regions can silence gene expression. 
There are two main mechanisms by which cytosine methylation suppresses gene 
expression. The first mechanism involves direct interference of the methylation 
mark with the binding of a transcription factor to its recognition element in the 
gene. The interaction of transcription factors with genes is required for activation 
of the gene; lack of binding of a transcription factor would result in silencing of 
gene expression (Comb and Goodman 1990; Inamdar et al. 1991). This form of 
inhibition of transcription by methylation requires that the methylation events occur 
within the recognition sequence for a transcription factor. A second mechanism is 
indirect. A certain density of DNA methylation moieties in the region of the gene 
attracts the binding of methylated-DNA-binding proteins such as MBD1, MBD2, 
MBD3, and MeCP2, which lead to the formation of a “closed” chromatin configu-
ration and silencing of gene expression (Nan et al. 1997; Hendrich and Bird 1998; 
Ng et al. 1999; Fujita et al. 1999). For example, MeCP2 recruits other proteins such 
as SIN3A and histone-modifying enzymes, modifying chromatin conformation via 
this mechanism (Nan et al. 1997).

17.2.9  Cross Talk Between Chromatin Structure and DNA 
Methylation

As described previously, DNA methylation can define chromatin structure by re-
cruiting chromatin-modifying enzymes. Emerging evidence indicates that targeting 
may be a result of both the cross talk between DNA methylation and chromatin 
modifications, and transcription factor recruitment of DNA-modifying proteins to 
gene regulatory elements. The loss of DNA methylation will result in the “opening” 
of chromatin configuration due to increased levels of histone acetylation. Thus, 
chromatin structure and DNA methylation exhibit a substantial cross talk that cre-
ates a feedback loop whereby DNA methylation increases chromatin compaction 
and transcriptional repression. DNA demethylation likewise increases chromatin 
activation, further enhancing DNA demethylation (Cedar and Bergman 2009).
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17.3  Maternal Care, Epigenetics, and the HPA Axis: 
Laboratory Animal Studies

Research findings by Weaver, Meaney, Szyf, and colleagues in the early 2000s 
launched epigenetics to the forefront of research on mechanisms leading from the 
maternal behavior to long-term programming of gene expression the offspring. Ear-
lier work by the Meaney laboratory and others had established that naturally occur-
ring differences in maternal care in the early postnatal period—during the first week 
of life in the rat—lead to long-term effects on stress and stress-related behavior. 
The offspring of mothers who naturally exhibit high levels of care show elevated 
transcript abundance of the GR in the hippocampus, enhanced negative feedback 
sensitivity, and a more modest response to stressors in adulthood (Liu et al. 1997). 
Cross-fostering studies showed that this phenotype is directly attributable to ma-
ternal behavior rather than factors related to the prenatal environment, as offspring 
phenotype was shown to match that of the adoptive mother rather than that of the 
biological mother (Francis et al. 1999). Weaver and colleagues showed that the ac-
companying change in GR expression was regulated by DNA methylation of the 
GR17 splice variant in the hippocampus by inhibiting the binding of NGFI-A, a 
transcription factor that drives GR expression (Weaver et al. 2004). GR17 is 1 of at 
least 11 untranslated first exons of the GR gene. Though it is ubiquitously expressed 
in virtually all cells, levels of expression of GR vary and are controlled in part by 
tissue-specific expression of GR exon 1 splice variants (this is also true for the hu-
man GR exon 1 as is discussed; Turner and Muller 2005; McCormick et al. 2000). 
In the hippocampus, GR17 was previously shown to vary in expression as a func-
tion of the level of maternal care received (McCormick et al. 2000). Interestingly, 
relatively high levels of DNA methylation were maintained among the offspring 
of low maternal care mothers, whereas offspring of high maternal care mothers 
showed demethylation of this promoter during the first week of life, coinciding 
with emergence of differences in maternal care between the two litter types. The 
results implied that DNA demethylation (through a yet unknown process) leads to 
an increased number of GRs and an attenuated response to stress. DNA methylation 
differences were stable throughout adulthood in these animals, but were reversible 
by infusion of trichostatin A (TSA), an HDACi, which also leads to increased gene 
expression in hundreds of other genes (Weaver et al. 2006). Likewise, lower levels 
of DNA methylation observed among the offspring of high maternal care mothers 
resembled that of offspring of high maternal care mothers given central infusions of 
the methyl donor l-methionine, indicating that enzymes responsible for DNA meth-
ylation were poised to act in the adult brain in response to methyl donor.

A recent study has challenged the idea that GR17 transcript is regulated by DNA 
methylation of the NGFI-A response element in rats exposed to stress paradigms 
that lead to altered NGFI-A levels, though stress does appear to modulate the meth-
ylation of other CG sites within the GR17 promoter (Witzmann et al. 2012). It is 
likely that DNA methylation of GR17 gene expression involves the binding of ad-
ditional transcription factors and/or is context and brain region specific. It is also 
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likely that the GR17 is itself part of a response mechanism that involves additional 
splice variants of GR and perhaps other transcription factors.

We performed a microarray analysis of DNA methylation, H3K9 acetylation, and 
gene expression in a 7-million base pair region containing the GR gene in the rat 
hippocampus (McGowan et al. 2011). We found that epigenetic differences in adult-
hood that were associated with early maternal care occurred in clustered regions 
of up to 100 kbp but were nonetheless exquisitely patterned, whereby increased 
transcription occurred in conjunction with hyperacetylation and hypermethylation 
of exons, and hypomethylation of promoters. We found epigenetic differences in 
association with altered transcription as a function of maternal care across several 
GR1 splice variants. Large epigenetic differences were noted in proximity to the 
transcription start site of GR, within the first coding exon (exon 2) and within GR 
introns, suggesting there may be additional regulation of GR via yet-to-be-identified 
noncoding RNAs within the GR locus. These data were the first to link epigenetic 
changes across both coding and noncoding regions in the mammalian brain, and im-
plicate a nonrandom “epigenetic programming” across large-scale loci in response 
to differences in early care. Accumulating evidence indicates that additional genes 
in the neural pathway mediating the stress response are epigenetically regulated by 
DNA methylation of gene regulatory elements in association with early-life stress, 
for example, arginine vasopressin in the hypothalamus (Murgatroyd et al. 2009), 
BDNF in the hippocampus (Roth et al. 2009), and GAD67 in the prefrontal cortex 
(Zhang et al. 2010).

These postnatal programming effects appear to derive from environmentally 
induced alterations of maternal–neonatal interactions, involving systems that de-
termine methylation patterns of GR gene promoter sequences and additional loci. 
It will be important to understand the precise nature of the maternal–neonatal in-
teraction that mediates these changes. For example, there is evidence that artificial 
stimulation of pups with a paintbrush as a substitute for maternal licking can alter 
DNA methylation of a promoter region so of the estrogen receptor alpha gene in the 
preoptic area of the hypothalamus (Kurian et al. 2010). These data have important 
implications for studies of trans-generational impacts related to maternal care via 
epigenetic mechanisms, through via behavioral mechanism of inheritance rather 
than gametic inheritance, as maternal behavior tends to correlate with the maternal 
care provided by offspring to their progeny (Champagne et al. 2003).

17.4  Maternal Care, Epigenetics, and the HPA Axis: 
Human Studies

In the previous section, we discussed evidence from our studies of widespread but 
specific epigenetic and transcriptional alterations of the GR gene extending far 
beyond the GR promoter associated with differences in maternal care (McGowan 
et al. 2011; Murgatroyd et al. 2009; Roth et al. 2009; Zhang et al. 2010). Thus, there 
is mounting evidence that epigenetic mechanisms coordinate widespread changes 
in gene expression in response to differences in early maternal care or adversity.
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GR promoter DNA methylation has been associated in peripheral blood with 
a variety of outcomes related to HPA dysfunction. In one of the earliest reports, 
DNA methylation of GR promoter in infants’ cord blood was found to differ as a 
function of maternal mood during pregnancy and correlate with infants’ cortisol 
response (Oberlander et al. 2008). These data suggest that GR promoter methyla-
tion in the brain and in lymphocytes is under epigenetic control as a function of the 
pre- and postnatal factors. A more recent study indicated that DNA methylation of 
GR promoter in placenta was associated with birth weight, implicating GR methyla-
tion in placental function and suggesting that environmental factors alter metabolic 
processes in part via epigenetic changes in GR (Filiberto et al. 2011). Other recent 
research has identified GR DNA methylation as a predictor of treatment outcome in 
PTSD patients (Yehuda et al. 2013).

We examined postmortem brain tissue from adults with well-characterized life 
histories to investigate the influence of early-life adversity on GR DNA methylation 
in adults with a history of trauma. Our focus was on individuals with a history of se-
vere physical or sexual abuse or neglect during childhood, which is common among 
suicide victims, and is an important risk factor for suicide (Turecki et al. 2012). We 
examined the GR1F promoter in the hippocampus of human suicide victims and 
controls (McGowan et al. 2009). Family dysfunction and childhood adversity are 
linked to altered HPA stress responses and an increased risk for suicide. The pro-
moter region we examined is upstream of one of several untranslated exon 1 splice 
variants that are known to regulate tissue-specific expression of GR, akin to the 
function that the GR exon 1 splice variants serve in the rodent (Turner and Muller 
2005). The study included three conditions: (1) suicide completers with a history of 
childhood abuse or severe neglect, (2) suicide completers without a history of child-
hood abuse or neglect, and (3) individuals who have neither committed suicide nor 
had a history of childhood abuse or neglect. A fourth group of nonsuicide victims 
with a history of abuse or neglect was not available, partly due to the fact that tissues 
from such a “control” group are exceedingly rare, and were unavailable for our 
study. In this study, we found that the GR gene was differentially methylated among 
suicide victims with a history of abuse in childhood, but not among suicide victims 
with a negative history of childhood abuse, compared to control individuals without 
a history of suicide. The data suggest that epigenetic processes might mediate the 
effects of the social environment during childhood on hippocampal gene expres-
sion and that stable epigenetic marks such as DNA methylation might then persist 
into adulthood and influence vulnerability for psychopathology through effects on 
intermediate levels of function such as activity of the HPA axis that regulates the 
stress response. However, it is still unclear whether the epigenetic aberrations were 
present in the germ line, whether they were introduced during embryogenesis, or 
whether they were truly changes occurring during early childhood. We also do not 
yet know the extent to which parental factors per se play a role in this phenotype. 
Despite these important caveats, these data were the first to link the early-life envi-
ronment to changes in the GR gene in humans. The data parallel that in the rodent 
study mentioned above, though in a very different context.
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We have applied high-throughput approaches to examining DNA methylation, 
chromatin modifications, and mRNA expression in gene regulatory, coding, intra-
genic, and intergenic regions in humans in a study that paralleled that described 
above in rats. We analyzed the GR gene locus by interrogating a 7-Mbp region con-
taining the GR gene in hippocampi of adult suicide victims who were abused early 
in life compared to controls using high-throughput DNA microarray (Suderman 
et al. 2012). The GR gene locus shows substantial conservation with the same locus 
in rodents, with an almost identical order or orthologous genes across the locus. 
Like the study in the rat (McGowan et al. 2011), methylation levels were nonran-
domly distributed across the locus, indicating that stochastic processes are unlikely 
to account for the range of variation that we observed in this study. Proximal to the 
GR gene itself, we found a large region hypermethylated in suicide completers rela-
tive to controls within the first coding exon of the GR gene and its proximal promot-
ers, extending previous observations of hypermethylation of the GR1F promoter 
among suicide victims with a history of abuse (McGowan et al. 2009). This analysis 
also revealed differences in DNA methylation in intragenic regions of the GR gene. 
At this time, we can only speculate that unrecognized noncoding RNAs may re-
side within this region and affect GR expression. Other differences were discovered 
within coding regions and the 3′ UTR of the GR gene. These data suggest that GR is 
epigenetically labile in response to the early-life social environment in both rodents 
and humans, though the specific alterations that we observed are not identical in 
both species (Suderman et al. 2012). Nevertheless, the data indicate that the animal 
model of parental care may have broad applicability for translational studies aimed 
at understanding the consequences of epigenetic modification of GR in humans.

Though the most cost-effective means of targeting specific loci for epigenetic 
analyses remain microarray approaches combined with immunoprecipitation, such 
studies are not without limitations. Such approaches suffer from a lack of resolu-
tion (~ 200 bp) compared to single-nucleotide resolution sequencing-based analy-
ses. As the cost of sequencing continues to decrease, it is now becoming feasible to 
employ sequencing-based epigenetic analyses of DNA methylation (via meDIP-Seq 
or Bisulfite Sequencing [BIS-seq]) and chromatin modifications (via ChIP-seq). 
These two have important limitations, as have been reviewed elsewhere (e.g., Bock 
2012). High-throughput studies such as the ones described above in the rat and hu-
man open up a number of questions—undoubtedly more than are answered. It is 
clear that these technological advances that allow whole-epigenome analysis must 
be coupled with equally powerful phenotypic screens using appropriate cell types 
and conditions.

17.5  Conclusions and Prospective

A more complete understanding of the role of epigenetic mechanisms in perinatal 
programming will be afforded by studies that address several basic questions. First, 
in what contexts is the epigenome labile in response to early environment? Are 
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there indeed critical time windows for the influence of the environment on epi-
genetic trajectories? A number of studies have linked early-life events to changes 
in neuroplasticity that have a lasting impact of endocrine systems mediating the 
response to stress (McEwen 2012). It is not always clear, however, which cell types 
are relevant to the question under study. This is particularly problematic for studies 
in humans, where access to neural tissue is nonexistent or limited. Peripheral cells 
such as peripheral blood mononuclear cells (PBMCs) offer an avenue to examine 
the HPA, as PBMCs are sensitive to endocrine modulation of HPA [ref]. Whole 
blood has also been used, but each tissue type is known to be sensitive to differences 
in constituent cell numbers, which may bias the results (Lam et al. 2013; Suderman 
et al. 2013). However, in studying environmental impacts prospectively in children, 
it is not often possible to obtain blood samples and other tissues must be used. The 
most commonly used tissues in such epigenetic studies are buccal cells from mouth 
swabs or saliva. Intriguingly, there is some evidence that such tissue is responsive to 
early-life adversity, though perhaps not via epigenetic changes in GR per se (Essex 
et al. 2013). Buccal cells complement studies of adversity in neurons in the sense 
that they do represent cells with a common embryonic origin. Such studies will pro-
vide a valuable means of resampling to examine epigenetic variance over time and 
with interventions. In animal studies, a goal going forward for translational work 
will be to identify labile epigenetic regions like the GR that can be assessed in brain 
and blood in order to generate hypotheses and biomarkers that can be examined in 
humans. Such research stands to offer critical insights into the manner by which the 
biological embedding occurs during the perinatal period.
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Abstract In this chapter we briefly review the evidence supporting the existence 
of biological influences on sexual orientation. We focus on basic research studies 
that have affected the estrogen synthesis during the critical periods of brain sexual 
differentiation in male rat offspring with the use of aromatase inhibitors, such as 
1,4,6-androstatriene-3,17 (ATD) and letrozole. The results after prenatal and/or 
postnatal treatment with ATD reveal that these animals, when adults, show female 
sexual responses, such as lordosis or proceptive behaviors, but retain their ability to 
display male sexual activity with a receptive female. Interestingly, the preference 
and sexual behavior of these rats vary depending upon the circadian rhythm.

Recently, we have established that the treatment with low doses of letrozole dur-
ing the second half of pregnancy produces male rat offspring, that when adults 
spend more time in the company of a sexually active male than with a receptive 
female in a preference test. In addition, they display female sexual behavior when 
forced to interact with a sexually experienced male and some typical male sexual 
behavior when faced with a sexually receptive female. Interestingly, these males 
displayed both sexual behavior patterns spontaneously, i.e., in absence of exog-
enous steroid hormone treatment. Most of these features correspond with those 
found in human male homosexuals; however, the “bisexual” behavior shown by 
the letrozole-treated rats may be related to a particular human population. All these 
data, taken together, permit to propose letrozole prenatal treatment as a suitable 
animal model to study human male homosexuality and reinforce the hypothesis that 
human sexual orientation is underlied by changes in the endocrine milieu during 
early development.
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18.1 Sexual Orientation in Humans

Human sexuality is a multidimensional phenomenon that includes several aspects 
of behavior and personality. Four dimensions can be distinguished: (1) the type of 
specific action patterns that are produced by the individual (performance) and the 
motivation underlying the expressions of these behaviors, (2) the orientation of the 
behavior and of the sexual fantasies associated with it (sexual orientation), (3) the 
sexual identity that the person believes he/she has, and (4) the sexual role that the 
individual plays into the society (Balthazart 2012).

In 1948, Kinsey classified the sexual orientation in a scale where 0 is the in-
dicator for exclusively heterosexual behavior and desire and 6 is the indicator for 
exclusively homosexual behavior and desire, with 1–5 for degrees in between. This 
classification takes into account the individual’s sexual attraction, sexual fantasies, 
sexual behavior, and self-identification (Kinsey et al. 1948). Accordingly, the ma-
jority of people are sexually attracted to individuals of the opposite sex—hetero-
sexuals—however, there is a low percentage (2–10 %) of men and women who are 
exclusively attracted to individuals of their own sex—homosexuals (Bagley and 
Tremblay 1998; Diamond 1993; Sell et al. 1995). The variation in the incidence of 
homosexuality or bisexuality primarily depends on self-acceptance. In this regard, 
the self-definition of heterosexual, homosexual, or bisexual may take some sexual 
experimentation. It is likely that the prevailing community context with its social, 
legal, and religious norms, and their internalization by subjects play a significant 
role in the sometimes long searching process of one’s true sexual orientation. A so-
cietal context with a hostile attitude toward homosexuality may be so intimidating 
to individuals that it leads to denial or reluctance to (self)-admit one’s sexual orien-
tation (Gooren 2006). The prevalence of homosexual or bisexual behavior, defined 
as sexual activity with same-sex subjects, is largely practiced in nature and can be 
seen in species varying from worms to primates (Poiani 2010), an observation that 
suggests a biological role in its establishment.

The causes of homosexual orientation have been subject of controversy. There 
is a variety of theories ranging from Freudian psychoanalysis to social construc-
tivism, where homosexual orientation has been considered as the result of social 
experiences during early childhood. In the 1970s, John Money applied this concept 
to a male baby: the John–Joan–John case. Unfortunately, a boy lost his penis ac-
cidentally during a phimosis repair. His parents were consulted and they decided to 
raise their son as a girl. Money (1975) published that the treatment was successful 
because the boy accepted the new identity as a girl. However, several years later, 
during puberty, Joan became acquainted with the history and decided to switch sex 
and to live as a male: He turned once more to John, married a woman, and adopted a 
child (Diamond and Sigmundson 1997). After various difficult years, he committed 
suicide. This case suggests that the development of sexual orientation in humans is 
primarily determined during pregnancy and that social experiences only possess a 
modulatory role.
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18.2 Biological Basis of Homosexuality

Several data suggest that biological factors are important regulators of both hetero-
sexual and homosexual orientation. The scientific study of human homosexual be-
havior is relatively recent and primarily centered around male homosexuality possi-
bly because it threatens society more deeply than its female counterpart. The present 
chapter is primarily devoted to analyze male homosexuality, although we are aware 
of the increasing literature emerging in relation with the biological bases of female 
homosexuality (Mustanski et al. 2002; Peplau and Huppin 2008; Veniegas and Con-
ley 2000), including hormonal factors (Meyer-Bahlburg 1979). The main evidences 
of genetic, autoimmune, and neurohormonal factors possibly causing male homo-
sexuality are summarized in Table 18.1. In addition to these internal factors, others 
have proposed that maternal stress could favor the expression of male homosexual-
ity. Regardless of the sources of male homosexuality, there is a growing body of evi-
dence indicating anatomical and functional differences in the central nervous system 
(CNS) between homosexual and heterosexual men. In this chapter, we will give a 
general view of these features with special focus on the endocrine factors.

18.2.1 Genetic Influences

Family and twin studies have provided evidence for a genetic component in male 
homosexuality. Family studies have found a higher rate of homosexuality in the 
male siblings and the maternal uncles of homosexual men. Brothers of homosexual 
men had a median rate for homosexuality of 9 %, which is above the expected fre-
quency (Pillard and Bailey 1995). Also, male homosexuality appears to be inher-
ited more frequently from the maternal line (Bailey et al. 1999; Pillard et al. 1981, 
1982), suggesting the existence of polymorphic and heritable maternal genes favor-
ing male homosexual orientation. Dean Hamer’s group proposed a gene linked to 
male homosexuality found in the distal region of the long arm of the X-chromo-
some, named Xq28 (Hamer et al. 1993). This result was replicated in a subsequent 
study (Hu et al. 1995) using a different sample of male homosexuals.

Table 18.1  Biological causative factors of male homosexuality
Evidence References
Genetic: polymorphic X-linked genes Xq28, 

7q36
Bailey et al. 1999; Camperio-Ciani et al. 2004, 

2012; Hamer et al. 1993; Mustanski et al. 2005
Autoimmune: fraternal birth order effect Blanchard and Bogaert 1996a; Blanchard and 

Klassen 1997; Bogaert and Skorska 2011
Maternal stress Dörner et al. 1980, 1983; Ellis et al. 1988; Ellis 

and Cole-Harding 2001
Hormonal influences Bogaert et al. 2002; Bogaert and Blanchard 1996; 

Meyer-Bahlburg 1977; Rahman 2005; Rahman 
and Wilson 2003; Robinson and Manning 2000
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In this line, a recent study proposed new regions of genetic interest possibly 
involved in sexual orientation determination, for instance 7q36, which contain im-
portant candidate genes such as the vasoactive intestinal peptide receptor (Mustan-
ski et al. 2005). This receptor is necessary for maintaining synchronous rhythms 
among neurons within the suprachiasmatic nucleus (Welsh et al. 2010) that has 
been proposed to be involved in homosexual orientation ( vide infra). Interestingly, 
a group has suggested that the biological advantage of preserving such genes in the 
population is related with fertility. Thus, it has been reported that women related to 
homosexual men in the maternal line are more fertile (Camperio-Ciani et al. 2004, 
2012; Lemmola and Camperio-Ciani 2009). Accordingly, other studies have con-
firmed that homosexual men have a high number of relatives from the maternal line 
(King et al. 2005; Rahman et al. 2008). Even the genetic causes of homosexuality 
is a promising field; no contributions have been made regarding the functional role 
of the proteins that may differ between homosexual and heterosexual men. In addi-
tion, some homosexual individuals do not share such genetic sequences with other 
homosexual men suggesting that other causative factors might be involved.

18.2.2 Fraternal Birth Order Effect

Recently, it was posed that there is a relationship between birth order and the inci-
dence of male homosexuality. The occurrence of male homosexuality is positively 
correlated with the number of older brothers but not with the number of older sis-
ters. This is referred to as the “fraternal birth order effect,” in which each older 
brother increases the odds that a male will be homosexual by 33 % (Blanchard and 
Bogaert 1996a). This hypothesis proposes that this effect reflects the progressive 
immunization of some mothers to male-specific antigens by each succeeding male 
fetus. Male H–Y antigens are foreign to a woman’s body, and thereby the female’s 
immune system becomes more efficient to produce antibodies to attack a male fetus 
with each successive pregnancy (Blanchard and Klassen 1997; Bogaert and Skorska 
2011).

18.2.3 Maternal Stress

Physical and emotional stress produces profound effects on the body. The stress 
of the mother during pregnancy alters the course of fetal development (Ferreira 
et al. present book) and several researchers have explored the effects of prenatal 
maternal stress on human sexual orientation, leading to controversial results. The 
first suggestion was made by Dörner, who surveyed a group of homosexuals born 
in Germany between 1934 and 1953. He found that a high number of homosexual 
men were born during and just after World War II, presumably during a stressful 
time in Germany. He assumed that women who were pregnant during and immedi-
ately after the war were more likely to experience stress (Dörner et al. 1980, 1983). 
Another group found that mothers exposed to stress during the second trimester of 
pregnancy were more prone to give birth to homosexual men (Ellis et al. 1988; Ellis 
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and Cole-Harding 2001), while others failed to find an association between male 
homosexuality and prenatal stress (Bailey et al. 1991; Schmidt and Clement 1990). 
Even controversial, maternal stress could contribute to disrupt the endocrine milieu 
during pregnancy, thus affecting developmental processes involved in sexual ori-
entation. The role of hormones during development in the establishment of sexual 
preference is largely discussed in an independent section ( vide infra).

18.2.4  Anatomical and Functional Changes in CNS  
in Homosexual Men

As aforementioned, independently of the causes underlying homosexuality, a vast 
series of results show anatomical and functional changes in the CNS that appear to 
be related with a particular sexual orientation. Interestingly, most of these studies 
include Kinsey  6 “purely” homosexual subjects, thus intending to associate a par-
ticular feature with this particular sexual orientation. In this regard, it is worth men-
tioning that practically no research has been done in bisexual subjects, a category 
which has been even discussed by some authors (Dworkin 2001; Eliason 1997, 
2001; Reiger et al. 2005). In 1990, Dick Swaab was the first to describe anatomical 
brain differences between homosexual and heterosexual men. He found that the su-
prachiasmatic nucleus is twice the size and contains a great number of the arginine 
vasopressin neurons in homosexual men in comparison with heterosexuals (Swaab 
and Hoffman 1990). Following this pioneer study, Simon LeVay reported that the 
third interstitial nucleus of the anterior hypothalamus (INAH-3) is larger in het-
erosexual men than in homosexuals (LeVay 1991). Another example was given by 
Laura Allen and Roger Gorski who showed that the midsagittal area of the anterior 
commissure is larger in homosexual men (Allen and Gorski 1992). Interestingly, 
this area plays a role in the inter-hemispheric integration of sensory information 
(Risse et al. 1978), suggesting that some behavioral traits that differ between sexual 
orientations have biological bases. In line, the size of the isthmus area of the corpus 
callosum is increased in homosexual men (Witelson et al. 2008). This region con-
tains axons that connect right and left parietotemporal cortical areas and is involved 
in language and spatial cognition (Gazzaniga 2000). Remarkably, some of these 
anatomical brain differences are susceptible to be modified by sex hormones during 
development (Swaab et al. 1987, 1990), suggesting this as a contributory factor.

With respect to functional differences between homosexual and heterosexual 
men, it is necessary to mention the dissimilar brain activity in response to the an-
tidepressant, fluoxetine (Kinnunen et al. 2004). This important finding suggests 
sexual-orientation differences in the activity of the serotoninergic system. In addi-
tion, recent studies have reported a divergent activation of the anterior hypothala-
mus in response to pheromones between homosexual and heterosexual men (Savic 
et al. 2005). The same group found sex-atypical cerebral asymmetry and func-
tional connections in homosexual men in comparison with heterosexuals (Savic 
and Lindström 2008). Finally, numerous studies have found that homosexual men 
performed less well than their heterosexual counterpart in some spatial ability tests 
(McCormick and Witelson 1991; Neave et al. 1999; Rahman and Koerting 2008; 
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Rahman et al. 2003). All these studies indicate that the neural pathways differ be-
tween homosexual and heterosexual men. That is, sexual orientation finds its bio-
logical foundation in the wiring between specific neurons.

18.2.5 Nonright-handedness

Various studies have indicated that the prevalence of left-handedness is sexually 
dimorphic with 13 % in males and 11 % in females (Gilbert and Wysocki 1992; 
Peters et al. 2006). Geschwind and Galaburda (1985) proposed that an excess of 
prenatal testosterone disrupts the development of the left brain hemisphere so that 
corresponding regions on the right one develop more rapidly, resulting in nonright-
handedness dominance. Some studies have associated male homosexuality and 
left-handedness because homosexuals show higher rates of nonright-handedness in 
comparison to heterosexuals (Lalumière et al. 2000; Lippa 2003; McCormick et al. 
1990). These data suggest that high levels of testosterone, present during gestation, 
could be responsible for both processes.

18.3 Hormonal Influences

The role that sex hormones play in homosexual orientation has been widely re-
searched. After the initial discovery that sex hormones, particularly testosterone, 
were able to induce male sexual behavior in animals, it was proposed that the ho-
mosexual orientation was due to low levels of serum testosterone (Meyer-Bahlburg 
1977). In support, some studies show that homosexual men had reduced plasma tes-
tosterone levels and impaired spermatogenesis (Kolodny et al. 1971, 1972). How-
ever, more recent studies have consistently demonstrated a lack of difference in 
systemic hormone levels between heterosexual and homosexual men (Pillard et al. 
1974; Savic et al. 2005). Furthermore, the male homosexuals’ gonadotropin re-
sponse is similar to that of heterosexuals after a challenge with exogenous steroids 
(Gooren 1986; Hendricks et al. 1989). In this line, there is also a lack of relation-
ship between the density, hypothalamic distribution, and sequence of the androgen 
receptor and the sexual orientation (Kruijver et al. 2001; Macke et al. 1993). These 
data and others reinforce the idea that male homosexuality does not depend on 
changes in the effects of testosterone in adulthood. That is, there is no experimental 
support sustaining the idea that male homosexuality is due to endocrine alterations 
in adulthood.

However, we now know that hormones, particularly sex steroids, have a para-
mount role in the organization of the brain during development (Bao and Swaab 
2011; Simerly 2002). Thus, the endocrine changes that underlie sexual orientation 
may have occurred in early stages. Some anthropometric characteristics have been 
explored in relation with sexual orientation, as the result of nonspecific effects of 
hormones during development, for example, the sexual dimorphic 2D:4D ratio 
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(the ratio between the index finger and the ring finger, respectively) that could be 
used as a window to infer the prenatal hormone milieu. Usually, males show a re-
duced 2D:4D ratio because they have a 2D shorter than 4D, whereas females have 
a greater ratio due to the fact that both finger lengths are similar. It has been pro-
posed that such ratio is a marker of prenatal exposure to androgens (Manning et al. 
1998). Interestingly, homosexual men show a lower 2D:4D rations in comparison 
with heterosexuals (Rahman 2005; Rahman and Wilson 2003; Robinson and Man-
ning 2000). In this line of thought, men and women have sex differences in height, 
weight, and onset of puberty. Thus, men, on average, are taller, heavier, and pres-
ent a later onset of puberty as compared with women (Lee 1980; Tanner 1986). In 
contrast, homosexual men are significantly shorter, lighter (Blanchard and Bogaert 
1996b; Bogaert 2010; Bogaert and Blanchard 1996), and show an earlier pubertal 
onset than their heterosexual counterpart (Bogaert and Blanchard 1996; Bogaert 
et al. 2002).

Another series of results that further support the role of the hormonal prenatal 
environment in the establishment of sexual orientation are those that used men and 
women with unusual sex hormone exposure during early development (Ellis and 
Ames 1987), for example, the case of daughters of women with congenital adrenal 
hyperplasia (CAH), characterized by abnormally high amounts of adrenal andro-
gens due to a deficiency of the enzyme steroid 21 hydroxylase, required for cortisol 
biosynthesis. In this condition, the daughters of such women are exposed to high 
testosterone levels prenatally, which resemble those found in healthy male fetus-
es. Consequently, they are born with partially masculinized external genitalia and 
brains. Although the girls with CAH are treated to correct the hormone abnormality, 
they show an increased bisexuality and homosexuality and male-typical behavior 
across their life span (Meyer-Bahlburg et al. 2008; Zucker et al. 1996).

The direct analysis of in-uterus steroid hormone levels and sexual orientation 
of these subjects in adulthood has not been made. Even more difficult seems the 
relation between functional steroid action in uterus (e.g., brain androgen or estro-
gen receptor distribution) and later sexual orientation; indeed, present technique 
impediments preclude such putative associations. Nevertheless, the use of animal 
models permits to experimentally analyze this approach. However, the comparison 
of sexual behavior and orientation between animals and humans has to be cautious-
ly considered primarily because animal studies are incapable to mimic the complex 
biological, psychological, and social factor interaction that underlies human sexual-
ity (Pfaus et al. 2003), but we and others believe that the basic mechanisms underly-
ing the process of sexual orientation/preference are conserved across the species.

18.4  Basic Research: Organization Effects of Sex 
Hormones

In mammals, sexual differentiation fundamentally results after the expression of 
the sex-divergent chromosomal charge, males possess an XY and females an XX. 
Genetic sex is determined at the time of fertilization by the entry of an X or a Y 
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chromosome from the spermatozoon into the ovule. The main role of the sex chro-
mosome is to differentiate the gonads as testes or ovaries. In males, the differentia-
tion of the genital ridge into testis, with the formation of Sertoli cells, only occurs 
in the presence of a Y chromosome. Androgens are essential for normal male sex 
differentiation: During fetal development, testosterone promotes virilization of the 
urogenital tract and it stimulates the Wolffian ducts to develop and differentiate into 
the epididymides, seminal vesicles, and vasa deferentia. In the external genitalia, 
testosterone is rapidly transformed into 5α-dihydrotestosterone (DHT), by the en-
zyme 5α-reductase, to induce the development of the male urethra, prostate, penis, 
and scrotum. The development of the female sexual organs in the womb is primarily, 
but not exclusively, based upon the absence of androgens (Fleming and Vilain 2005).

The concept of hormonal regulation of sexual differentiation of the mamma-
lian reproductive system was established by Jost’s classic experiments in which 
the testes were removed from fetal male rabbits, inducing a female phenotype, and 
the transplantation of testis into female embryos producing a male phenotype at 
birth (Jost et al. 1973). Also classic is the organizational–activational hypothesis 
that comes from the study done by Phoenix and coworkers. They showed that the 
administration of testosterone to pregnant guinea pigs produced female offspring 
that showed increased capacity in adulthood for male-typical sexual behavior and 
decreased competence for female-typical sexual responses. They contrasted these 
early and permanent effects of testosterone—which is called organizational due to 
their changes in the organization of the neural systems—with the later and transient 
effects of hormones during and after puberty, named activational because they re-
flect transient activation of the previously organized systems (Phoenix et al. 1959).

A large body of evidence supports the notion that the sexual differentiation of the 
neural tissue destined to mediate sexual preference and behavior in the rat occurs as a 
result of steroid hormone action during development, specifically by estradiol which 
is synthesized via local aromatization of testosterone secreted by the testes (Lephart 
1996). It should be taken into account that in primates, including men, the brain sexual 
differentiation process does not seem to depend exclusively upon the conversion of 
testosterone to estradiol. That is, testosterone and possibly other androgens exert an 
important role in this process (Amateau et al. 2004; Lenz et al. 2012; McCarthy 2008). 
In rodents, exposure to androgens during this period results in the organization of 
masculine behavior—masculinization (increased mount, intromission, and ejaculato-
ry behaviors, for definition see Larsson 1979)—in the presence of a sexually receptive 
female and in a decrease in the probability to display feminine behavior in presence 
of a male—defeminization (lordosis, dorsiflexion reflex posture with the consequent 
pelvic elevation that allows the penis entrance into the vagina; Beach 1976).

18.5 Animal Models

According to the criteria proposed by Willner (Willner and Mitchell 2002), an ide-
al animal model requires to fulfill various validity criteria such as: face validity, 
that is, phenomenological similarity between the model and the disorder modeled 



18 Perinatal Administration of Aromatase Inhibitors in Rodents as Animal … 389

(symptomatology), and construct validity, that is, the model either relies on or elu-
cidates the same underlying mechanism responsible for the human alteration (caus-
ative factors; Willner 1984). Even these criteria are vastly discussed for animal 
models of psychiatric diseases and homosexuality was deleted as mental illness 
from the Diagnostic and Statistical Manual ( DSM) in 1973; however, the appliance 
of the face and construct validity criteria to establish a good animal model of homo-
sexuality remains actual. In the following section, we review some animal models 
of homosexuality that could be useful to understand the causes and the biological 
features of human homosexuality.

Perkins and Fitzgerald (1992) described that in domestic rams there is a small 
subpopulation that exclusively mount other rams even in the presence of estrous 
ewes. They named these animals male-oriented rams. The frequency of this phe-
notype (approximately 8 %) is similar to that observed in humans. In ovine, as in 
other species, there is a sexually dimorphic cluster of neurons in the preoptic area 
that expresses high levels of aromatase mRNA; this area was named ovine sexual 
dimorphic nucleus (oSDN) and is larger in female-oriented rams than in male-ori-
ented ones (Roselli et al. 2004). The size of this nucleus is controlled directly by 
the amount of androgen present during perinatal development. This observation 
suggests that during development, the brain of male-oriented rams was exposed to 
low levels of estradiol that may be critical for the establishment of same-sex prefer-
ence in adulthood in this species (Roselli et al. 2011). The use of male-oriented rams 
is probably the best animal model of human homosexuality since it clearly fulfills 
the face validity criterion. Unfortunately, the use of rams as experimental subjects 
requires ad hoc expensive settings.

In rodents, several animal models of human homosexuality have been proposed 
(Baum 2006; Fausto-Sterling 1995). Most of them have used changes in the en-
docrine milieu (Bakker et al. 1993a), stress (Meek et al. 2006; Popova et al. 2011; 
Wang et al. 2006), and cohabitation with same-sex partners (Cibrian-Llanderal et al. 
2012; Triana-Del Rio et al. 2011). Following the initial ideas proposed by Phoenix 
in the 1950s ( vide supra), various research groups have administered testosterone 
or estradiol to pregnant dams and/or to neonatal pups and analyzed their preference 
and sexual behavior in adulthood (Henley et al. 2010; Manning and McGill 1974). 
Most studies found that the female offspring displayed high levels of male sexual 
orientation and behavior (Beach 1942; Clemens et al. 1970; de Jonge et al 1988; 
Whalen and Edwards 1967). Conversely, some studies analyzed the effect of the 
absence of androgens or estrogens in male offspring (usually by neonatal castration) 
and found that such animals, as adults, showed female sexual responses after treat-
ment with estradiol plus progesterone (Brand and Slob 1991; Feder and Whalen 
1965; Hendricks 1969; Merkx 1984). The important finding revealing that testoster-
one exerts its virilizing action through its aromatization to estradiol in the rat invited 
various authors to analyze the role of aromatase inhibitors on sexual preference and 
behavior (see Table 18.2).

Table 18.2 shows that the male rats that were prenatally and/or neonatally treated 
with various aromatase inhibitors showed female sexual behavior and orientation 
when adults. Within them, the Slob’s group reported that the neonatal administra-
tion of 1,4,6-androstatriene-3,17 (ATD) induces bisexual behavior when males were 
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tested in a three-compartment box where they could sexually interact with both, a 
sexually active male or a receptive female. Interestingly, with the receptive female 
the ATD males displayed mount and intromissions, whereas with the male they 
exhibited proceptive (female sexual inviting behaviors such as hop and darting) and 
lordosis behaviors (Brand et al. 1991; Swaab et al. 1995). Interestingly, this partner-
preference behavior shows a nocturnal rhythmicity: When tested late in the dark 
phase, ATD males show a clear preference for the female, while when tested early in 
the dark phase they showed a lesser preference for the female, or no preference at all 
(Bakker et al. 1993b, 1995). The nature of this circadian shift remains to be studied. 
Interestingly, the ATD male rats possess a higher number of vasopressin neurons in 
the suprachiasmatic nucleus (Swaab et al. 1995). This difference is similar to that 
found in homosexual men ( vide supra; Swaab and Hoffman 1990), reinforcing the 
idea that the suprachiasmatic nucleus, particularly the neurons using vasopressin as 
neurotransmitter, participates in sexual orientation and suggesting that the modi-
fication of the endocrine milieu in these neurons during the sexual differentiation 
process participates in the establishment of male–male sexual orientation.

18.5.1 Neonatal Castration

In our laboratory, the first approximation to study the relationship between male-sex 
preference in rats and postnatal endocrine milieu was castrating male rats before 
the 5th day postnatally. Figure 18.1 shows the relevance of testicular hormones 
in the preference of a male for a receptive female in behavioral estrous using a Y 
maze. Intact control males showed a clear preference for an estrous female while 

Fig. 18.1  The figure shows the mean ± S.E of the percentage of preference calculated as the differ-
ence in time with the female minus time with the male. Mann–Whitney U test, *p = 0.06

  



18 Perinatal Administration of Aromatase Inhibitors in Rodents as Animal … 391

St
ra

in
D

ru
g

Tr
ea

tm
en

t
Se

xu
al

 p
re

fe
re

nc
e

Se
xu

al
 b

eh
av

io
r

R
ef

er
en

ce
s

C
D

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

Pu
ps

 re
ce

iv
ed

 im
pl

an
t o

n 
2n

d 
po

st
na

ta
l d

ay
 a

nd
 it

 w
as

 
re

m
ov

ed
 o

n 
da

y 
10

 p
os

tn
at

al
ly

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
un

de
r 

tre
at

m
en

t w
ith

 e
st

ra
di

ol
 a

nd
 p

ro
ge

s-
te

ro
ne

: 8
9 %

 d
is

pl
ay

ed
 lo

rd
os

is
 a

nd
 

th
e 

m
aj

or
ity

 sh
ow

ed
 e

ar
 w

ig
gl

in
g 

an
d 

so
m

e 
da

rts

M
cE

w
en

 e
t a

l. 
19

77

Lo
ng

–E
va

ns
1,

4,
6-

an
dr

os
ta

tri
-

en
e-

3,
17

, d
io

ne
 

(A
TD

)

Pr
eg

na
nt

 fe
m

al
es

 re
ce

iv
ed

 1
 m

g/
da

y 
or

 5
 m

g/
da

y 
fr

om
 d

ay
 1

0 
to

 2
2 

of
 g

es
ta

tio
n

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
tre

at
ed

 
w

ith
 se

ve
ra

l d
os

es
 o

f e
st

ra
di

ol
 p

lu
s 

pr
og

es
te

ro
ne

. D
os

e-
re

sp
on

se
 e

ffe
ct

 
on

 lo
rd

os
is

. H
ig

h 
re

ce
pt

iv
ity

 a
fte

r 
ad

m
in

is
tra

tio
n 

of
 e

st
ra

di
ol

 p
lu

s 
pr

og
es

te
ro

ne

C
le

m
en

s a
nd

 
G

la
du

e 
19

78

Sp
ra

gu
e 

D
aw

le
y

A
nd

ro
st

-4
-e

ne
- 

3,
6,

17
-tr

io
ne

 
(A

D
T)

Pu
ps

 w
er

e 
ca

st
ra

te
d 

w
ith

in
 2

4 
h 

of
 b

irt
h 

an
d 

re
ce

iv
ed

 5
00

 μ
g 

du
rin

g 
th

e 
fir

st
 5

 d
ay

s o
f l

ife

Es
tra

di
ol

 a
lo

ne
 in

du
ce

d 
lo

rd
os

is
C

yc
lic

 g
on

ad
ot

ro
pi

n 
se

cr
et

io
n 

in
 

m
al

es
D

im
in

ut
io

n 
of

 m
al

e 
se

xu
al

 b
eh

av
io

r 
af

te
r t

es
to

st
er

on
e 

pr
op

io
na

te

B
oo

th
 1

97
8

C
D

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

Pu
ps

 re
ce

iv
ed

 im
pl

an
t o

n 
2n

d 
po

st
na

ta
l d

ay
 a

nd
 it

 w
as

 
re

m
ov

ed
 o

n 
da

y 
10

 p
os

tn
at

al
ly

G
on

ad
al

ly
 in

ta
ct

; m
or

e 
tim

e 
w

ith
 th

e 
fe

m
al

e 
th

an
 

w
ith

 th
e 

m
al

e;
 si

m
ila

r t
o 

co
nt

ro
ls

G
on

ad
al

ly
 in

ta
ct

: n
or

m
al

 m
al

e 
se

xu
al

 
be

ha
vi

or
, 5

0  %
 d

is
pl

ay
ed

 lo
rd

os
is

 
be

ha
vi

or
 w

ith
 m

al
e

C
as

tra
te

d 
un

de
r t

re
at

m
en

t w
ith

 
es

tra
di

ol
 a

nd
 p

ro
ge

st
er

on
e:

 1
00

 %
 

di
sp

la
ye

d 
lo

rd
os

is
 a

nd
 th

e7
8 %

 
sh

ow
ed

 so
lic

ita
tio

n 
be

ha
vi

or

D
av

is
 e

t a
l. 

19
79

Lo
ng

–E
va

ns
1,

4,
6-

an
dr

os
ta

tri
-

en
e-

3,
17

, d
io

ne
 

(A
TD

)

Pr
eg

na
nt

 fe
m

al
es

 re
ce

iv
ed

 5
 m

g/
da

y 
fr

om
 d

ay
 o

f g
es

ta
tio

n 
10

 
to

 2
1 

or
 1

0 
to

 2
2 

or
 1

0 
to

 2
3 

or
 

20
 to

 2
3

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
tre

at
ed

 
w

ith
 se

ve
ra

l d
os

es
 o

f e
st

ra
di

ol
 

pl
us

 p
ro

ge
st

er
on

e.
 S

om
e 

di
sp

la
ye

d 
lo

rd
os

is

W
ha

le
n 

an
d 

O
ls

en
 

19
81

Sp
ra

gu
e 

D
aw

le
y

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

Pr
eg

na
nt

 fe
m

al
es

 re
ce

iv
ed

 5
 m

g/
da

y 
fr

om
 d

ay
 o

f g
es

ta
tio

n 
10

 to
 

22
 o

r 1
0 

to
 2

4 
or

 2
0 

to
 2

2 
or

 2
0 

to
 2

4 
of

 g
es

ta
tio

n

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
w

ith
 tr

ea
t-

m
en

t w
ith

 se
ve

ra
l d

os
es

 o
f e

st
ra

di
ol

 
pl

us
 p

ro
ge

st
er

on
e 

di
sp

la
ye

d 
lo

rd
o-

si
s, 

bu
t l

ow
er

 in
 c

om
pa

ris
on

 w
ith

 
Lo

ng
–E

va
ns

Ta
bl

e 
18

.2
  S

tu
di

es
 in

 ra
t p

re
fe

re
nc

e 
an

d 
se

xu
al

 b
eh

av
io

r u
si

ng
 a

ro
m

at
as

e 
in

hi
bi

to
rs

  



S. Olvera-Hernández and A. Fernández-Guasti392

St
ra

in
D

ru
g

Tr
ea

tm
en

t
Se

xu
al

 p
re

fe
re

nc
e

Se
xu

al
 b

eh
av

io
r

R
ef

er
en

ce
s

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

1)
 P

re
na

ta
l: 

pr
eg

na
nt

 fe
m

al
es

 
w

ith
 si

lic
on

e 
im

pl
an

t f
ro

m
 

11
th

 d
ay

 o
f g

es
ta

tio
n 

un
til

 
pa

rtu
rit

io
n

2)
 P

re
na

ta
l a

nd
 n

eo
na

ta
l: 

pr
eg

-
na

nt
 fe

m
al

es
 w

ith
 si

lic
on

e 
im

pl
an

t f
ro

m
 1

1t
h 

da
y 

of
 g

es
-

ta
tio

n 
un

til
 p

ar
tu

rit
io

n;
 p

up
s 

re
ce

iv
ed

 a
n 

im
pl

an
t w

ith
in

 9
 h

 
af

te
r b

irt
h 

un
til

 1
0 

da
ys

 o
f a

ge
3)

 N
eo

na
ta

l: 
pu

ps
 re

ce
iv

ed
 a

n 
im

pl
an

t w
ith

in
 9

 h
 a

fte
r b

irt
h 

un
til

 2
1 

da
ys

 o
f a

ge

G
on

ad
al

ly
 in

ta
ct

;
Pr

en
at

al
: p

re
fe

re
nc

e 
fo

r a
 

re
ce

pt
iv

e 
fe

m
al

e
Pr

en
at

al
 a

nd
 n

eo
na

ta
l: 

lo
w

er
 

pr
ef

er
en

ce
 fo

r t
he

 e
st

ro
us

 
fe

m
al

e 
an

d 
hi

gh
 p

re
fe

r-
en

ce
 fo

r a
ct

iv
e 

m
al

e

H
ig

h 
lo

rd
os

is
 a

fte
r a

dm
in

is
tra

tio
n 

of
 

pr
og

es
te

ro
ne

Pr
en

at
al

 a
nd

 n
eo

na
ta

l: 
de

cr
ea

se
 e

ja
cu

-
la

tio
n 

w
ith

 fe
m

al
e.

 H
ig

h 
lo

rd
os

is
 

w
he

n 
m

ou
nt

ed
 b

y 
a 

m
al

e,
 th

er
e 

is
 

an
 in

cr
ea

se
 a

fte
r a

dm
in

is
tra

tio
n 

of
 

pr
og

es
te

ro
ne

N
eo

na
ta

l: 
re

du
ct

io
n 

in
 e

ja
cu

la
-

tio
n 

w
ith

 re
ce

pt
iv

e 
fe

m
al

e.
 H

ig
h 

lo
rd

os
is

 w
he

n 
m

ou
nt

ed
 b

y 
m

al
e 

an
d 

in
cr

ea
se

 a
fte

r a
dm

in
is

tra
tio

n 
of

 
pr

og
es

te
ro

ne

B
ra

nd
 e

t a
l. 

19
91

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

Pu
ps

 re
ce

iv
ed

 a
n 

im
pl

an
t w

ith
in

 
9 

h 
af

te
r b

irt
h 

un
til

 2
1 

da
ys

 
of

 a
ge

G
on

ad
al

ly
 in

ta
ct

 sh
ow

ed
 

a 
lo

w
er

 p
re

fe
re

nc
e 

fo
r 

re
ce

pt
iv

e 
fe

m
al

e
C

as
tra

te
d 

in
 a

du
lth

oo
d 

di
sp

la
y 

lo
w

er
 p

re
fe

re
nc

e 
fo

r r
ec

ep
tiv

e 
fe

m
al

e
C

as
tra

te
d 

in
 a

du
lth

oo
d 

an
d 

te
st

ed
 b

et
w

ee
n 

63
 a

nd
 8

4 
da

ys
 o

f a
ge

 w
ith

 e
st

ra
di

ol
 

fo
r 3

 w
ee

ks
, t

he
 ra

ts
 

di
sp

la
ye

d 
pr

ef
er

en
ce

 fo
r 

a 
se

xu
al

ly
 a

ct
iv

e 
m

al
e

C
as

tra
te

d 
in

 a
du

lth
oo

d 
te

st
ed

 b
et

w
ee

n 
63

 a
nd

 
84

 d
ay

s o
f a

ge
 a

nd
 w

ith
 

es
tra

di
ol

 p
lu

s d
ih

yd
ro

te
s-

to
st

er
on

e 
fo

r 5
 w

ee
ks

. 
A

ni
m

al
s m

ai
nt

ai
n 

th
e 

lo
w

er
 p

re
fe

re
nc

e 
fo

r a
 

re
ce

pt
iv

e 
fe

m
al

e

G
on

ad
al

ly
 in

ta
ct

 lo
w

er
 n

um
be

r o
f 

m
ou

nt
s a

nd
 in

tro
m

is
si

on
s w

ith
 

re
ce

pt
iv

e 
fe

m
al

e
C

as
tra

te
d 

in
 a

du
lth

oo
d 

sh
ow

ed
 a

 
re

du
ct

io
n 

in
 th

e 
nu

m
be

r o
f m

ou
nt

s 
an

d 
in

tro
m

is
si

on
s w

ith
 re

ce
pt

iv
e 

fe
m

al
e

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
te

st
ed

 
be

tw
ee

n 
63

 a
nd

 8
4 

da
ys

 o
f a

ge
 w

ith
 

es
tra

di
ol

 fo
r 3

 w
ee

ks
 sh

ow
ed

 a
 

re
du

ct
io

n 
in

 th
e 

nu
m

be
r o

f m
ou

nt
s 

an
d 

in
tro

m
is

si
on

s w
ith

 re
ce

pt
iv

e 
fe

m
al

e
C

as
tra

te
d 

in
 a

du
lth

oo
d 

te
st

ed
 b

et
w

ee
n 

63
 a

nd
 8

4 
da

ys
 o

f a
ge

 a
nd

 w
ith

 
es

tra
di

ol
 p

lu
s d

ih
yd

ro
te

st
os

te
ro

ne
 

fo
r 5

 w
ee

ks
. I

nc
re

as
e 

in
 th

e 
nu

m
be

r 
of

 m
ou

nt
s a

nd
 in

tro
m

is
si

on
s w

ith
 

re
ce

pt
iv

e 
fe

m
al

e

B
ak

ke
r e

t a
l. 

19
93

a

Ta
bl

e 
18

.2
 (

co
nt

in
ue

d)



18 Perinatal Administration of Aromatase Inhibitors in Rodents as Animal … 393

St
ra

in
D

ru
g

Tr
ea

tm
en

t
Se

xu
al

 p
re

fe
re

nc
e

Se
xu

al
 b

eh
av

io
r

R
ef

er
en

ce
s

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

1)
 P

up
s r

ec
ei

ve
d 

an
 im

pl
an

t 
w

ith
in

 2
–4

 h
 a

fte
r b

irt
h 

un
til

 
14

 d
ay

s o
f a

ge
2)

 P
up

s r
ec

ei
ve

d 
an

 im
pl

an
t o

f 
da

y 
2 

af
te

r b
irt

h 
un

til
 1

4 
da

ys
 

of
 a

ge
3)

 P
up

s r
ec

ei
ve

d 
an

 im
pl

an
t o

f 
da

y 
5 

af
te

r b
irt

h 
un

til
 1

4 
da

ys
 

of
 a

ge

G
on

ad
al

ly
 in

ta
ct

 sh
ow

ed
 

pr
ef

er
en

ce
 fo

r r
ec

ep
tiv

e 
fe

m
al

e 
in

 th
e 

la
te

 d
ar

k 
ph

as
e 

an
d 

in
 th

e 
ea

rly
 

da
rk

 p
ha

se
 p

re
fe

rr
ed

 th
e 

se
xu

al
ly

 a
ct

iv
e 

m
al

e

B
ak

ke
r e

t a
l. 

19
93

b

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

Pu
ps

 re
ce

iv
ed

 a
n 

im
pl

an
t w

ith
in

 
2–

4 
h 

af
te

r b
irt

h 
un

til
 2

1 
da

ys
 

of
 a

ge

G
on

ad
al

ly
 in

ta
ct

 sh
ow

ed
 

pr
ef

er
en

ce
 fo

r r
ec

ep
tiv

e 
fe

m
al

e 
in

 th
e 

la
te

 d
ar

k 
ph

as
e 

an
d 

in
 th

e 
ea

rly
 

da
rk

 p
ha

se
 p

re
fe

rr
ed

 th
e 

se
xu

al
ly

 a
ct

iv
e 

m
al

e
C

as
tra

te
d 

at
 7

 m
on

th
s a

nd
 

te
st

ed
 w

ith
 te

st
os

te
ro

ne
 

im
pl

an
t, 

th
e 

pr
ef

er
-

en
ce

 fo
r t

he
 a

ct
iv

e 
m

al
e 

in
cr

ea
se

d 
ov

er
 te

st
G

on
ad

al
ly

 in
ta

ct
 a

nd
 c

as
-

tra
te

d 
sh

ow
ed

 p
ro

ce
pt

iv
e 

an
d 

re
ce

pt
iv

e 
be

ha
vi

or
s 

in
 th

e 
ea

rly
 p

ar
t o

f t
he

 
da

rk
 p

er
io

d

B
ak

ke
r e

t a
l. 

19
95

Ta
bl

e 
18

.2
 (

co
nt

in
ue

d)



S. Olvera-Hernández and A. Fernández-Guasti394

St
ra

in
D

ru
g

Tr
ea

tm
en

t
Se

xu
al

 p
re

fe
re

nc
e

Se
xu

al
 b

eh
av

io
r

R
ef

er
en

ce
s

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

1)
 P

re
na

ta
l: 

pr
eg

na
nt

 fe
m

al
es

 
re

ce
iv

ed
 5

 m
g/

da
y 

fr
om

 d
ay

 1
0 

to
 2

2 
of

 g
es

ta
tio

n
2)

 P
re

na
ta

l a
nd

 n
eo

na
ta

l: 
pr

eg
-

na
nt

 fe
m

al
es

 re
ce

iv
ed

 5
 m

g/
da

y 
fr

om
 d

ay
 1

0 
to

 2
2 

of
 

ge
st

at
io

n 
an

d 
pu

ps
 re

ce
iv

ed
 a

n 
im

pl
an

t w
ith

in
 9

 h
 a

fte
r b

irt
h 

un
til

 2
1 

da
ys

 o
f a

ge

G
on

al
ly

 in
ta

ct
; P

re
na

ta
l a

nd
 

ne
on

at
al

 g
ro

up
 h

ad
 lo

w
er

 
pr

ef
er

en
ce

 fo
r t

he
 e

st
ro

us
 

fe
m

al
e

Pr
en

at
al

 a
nd

 n
eo

na
ta

l g
ro

up
 h

ad
 lo

w
er

 
m

al
e 

se
xu

al
 b

eh
av

io
r

H
ou

ts
m

ul
le

r e
t a

l. 
19

94

W
is

ta
r

1,
4,

6-
an

dr
os

ta
tri

-
en

e-
3,

17
, d

io
ne

 
(A

TD
)

1)
 P

re
na

ta
l: 

pr
eg

na
nt

 fe
m

al
es

 
re

ce
iv

ed
 5

 m
g/

da
y 

fr
om

 d
ay

 1
0 

to
 2

2 
of

 g
es

ta
tio

n
2)

 P
re

na
ta

l a
nd

 n
eo

na
ta

l: 
pr

eg
na

nt
 fe

m
al

es
 re

ce
iv

ed
 

5 
m

g/
da

y 
fr

om
 d

ay
 1

0 
un

til
 

pa
rtu

rit
io

n 
an

d 
pu

ps
 re

ce
iv

ed
 

an
 im

pl
an

t b
et

w
ee

n 
3 

an
d 

9 
h 

af
te

r b
irt

h 
un

til
 2

1d
ay

s o
f a

ge

G
on

al
ly

 in
ta

ct
; P

re
na

ta
l a

nd
 

ne
on

at
al

 g
ro

up
 h

ad
 lo

w
er

 
pr

ef
er

en
ce

 fo
r t

he
 e

st
ro

us
 

fe
m

al
e

D
ur

in
g 

th
e 

ea
rly

 d
ar

k 
ph

as
e,

 p
re

na
ta

l 
ra

ts
 d

is
pl

ay
ed

 th
e 

ty
pi

ca
l m

al
e 

be
ha

vi
or

 w
ith

 a
 e

st
ro

us
 fe

m
al

e
Pr

en
at

al
 a

nd
 n

eo
na

ta
l: 

lo
rd

os
is

 w
he

n 
te

st
ed

 w
ith

 a
 se

xu
al

ly
 a

ct
iv

e 
m

al
e

Sw
aa

b 
et

 a
l. 

19
95

W
is

ta
r

Le
tro

zo
le

Pr
eg

na
nt

 fe
m

al
es

 re
ce

iv
ed

 1
 m

g/
kg

/d
ay

 o
n 

da
ys

 2
1 

an
d 

22
 o

f 
ge

st
at

io
n

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
un

de
r 

tre
at

m
en

t w
ith

 te
st

os
te

ro
ne

 p
ro

pi
o-

na
te

 2
4 

h 
be

fo
re

 th
e 

te
st

, l
es

s t
ha

n 
50

 %
 sh

ow
ed

 a
 n

or
m

al
 m

al
e 

se
xu

al
 

be
ha

vi
or

 in
 p

re
se

nc
e 

of
 re

ce
pt

iv
e 

fe
m

al
e

C
as

tra
te

d 
in

 a
du

lth
oo

d 
an

d 
un

de
r 

tre
at

m
en

t w
ith

 e
st

ra
di

ol
 b

en
zo

at
e 

24
 h

ou
r b

ef
or

e 
th

e 
te

st
, t

he
 2

5 %
 

sh
ow

ed
 fe

m
al

e 
se

xu
al

 b
eh

av
io

r

G
er

ar
di

n 
an

d 
Pe

re
ira

 2
00

2

Ta
bl

e 
18

.2
 (

co
nt

in
ue

d)



18 Perinatal Administration of Aromatase Inhibitors in Rodents as Animal … 395

neonatally castrated males displayed a male preference. It has to be mentioned that 
both groups were tested for sexual preference without any adult manipulation and 
without previous sexual behavior training tests. This study, however, does not ana-
lyze if the essential role of these hormones occurs during early development or in 
adulthood because, as aforementioned, the neonatally orchidectomized males were 
untreated as adults. In line, Brand and Slob (1991) explored the role of neonatal 
castration on sexual preference in the three-compartment box. Clearly, these rats 
without treatment in adulthood had a lower female preference than controls, but af-
ter 3 weeks of testosterone treatment they chose to spend more time with an estrous 
female than with a male. These data reveal that the low preference of a neonatally 
castrated male for a receptive female is more likely due to the lack of an activational 
effect of androgens.

In addition, the castration approach is far from considering the causative factors 
underlying human homosexuality. That is, such sexual preference in humans is not 
the result of gonadal loss during development or later in life.

18.5.2 Prenatal Administration of Letrozole

Following the idea that homosexuality is caused by atypical sex steroid levels in 
uterus, our next approximation consisted in altering the levels of estradiol with an 
aromatase inhibitor, letrozole. Female rats in proestrus were timed mated (the day 
of mating was considered as day 0 of pregnancy, and the presence of spermatozoa in 
a vaginal smear confirmed pregnancy). These dams received a daily subcutaneous 
(s.c.) injection of letrozole at doses of 0.31 and 0.56 μg/kg in 0.1 ml (dissolved in 
corn oil) or vehicle from day 10 of pregnancy until parturition. This procedure was 
similar to that used by Houtsmuller et al. (1994). On the day of birth, the pups were 
culled to five males and five females and they were weaned at 21 days of age. The 
animals were tested for partner preference and sexual behavior when they were 3–4 
months old. The testing apparatus for sexual preference consisted in a three-com-
partment box similar to that used by Brand et al. (1991). The lateral compartments 
contained the stimulus animals: These incentives were a sexually active male and an 
estrous female (induced by the sequential s.c. injections of estradiol benzoate, 8 μg/
rat, followed by progesterone, 2 mg/rat, 24 and 4 h before the test, respectively).

In line with previous reports (Brand et al. 1991; Bakker et al. 1995), control sub-
jects spent more time in the female chamber in the preference test (see Fig. 18.2). 
The lower dose of letrozole (0.31 μg/kg) produced male rats with female preference 
and only one subject displayed a male-preference behavior, accompanied by pro-
ceptive behaviors. The amount of time spent with a male increased after raising the 
letrozole dose (0.56 μg/kg). Thus, 8 out of 27 males displayed a clear preference for 
the sexually active male. These subjects formed the group termed 0.56 μg/kg MP. 
Such increased preference for the male chamber was unaccompanied by changes 
in the time in the middle compartment suggesting specific actions. In general, only 
one male of the litter (of mothers treated with letrozole at 0.56 μg/kg) showed a 
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male-oriented preference. The reason for such proportion and the causes underlying 
why only one subject was altered remains to be studied.

Using a cylindrical cage, these subjects were forced to interact with a receptive 
female and with a sexually active male during 30 min. The sexual behavior of the 
animals treated with the high letrozole dose (0.56 μg/kg) was analyzed dependently 
for the preference for the receptive female or the sexually active male. The results 
of this experiment are summarized in Table 18.3.

Table 18.3  Sexual behavior in the presence of a receptive female or a sexually active male
Female Male

Treatment Mounts Intromissions Ejaculations Mounts to 
male

Mounts from 
male

Lordosis Lordosis 
quotient

Vehicle
(7/9)

100 %
(7/7)

100 %
(7/7)

71 %
(5/7)

67 %
(6/9)

100 %
(9/9)

0 %
(0/9)

–

Let 0.31 μg/
kg

(11/17)

100 %
(11/11)

91 %
(10/11)

18 %
(2/11)*

53 %
(9/17)

53 %
(9/17)

12 %
(2/17)

82 %

Let 0.56 μg/
kg

(16/19)

100 %
(16/16)

81 %
(13/16)

13 %
(1/16)**

58 %
(11/19)

53 %
(10/19)

16 %
(3/19)

90 %

Let 0.56 μg/
kg MP

(6/8)

100 %
(6/6)

100 %
(6/6)

67 %
(4/6)

100 %
(8/8)

100 %
(8/8)

63 %
(5/8)**

96 %

MP male preference
Fisher test *p < 0.05, **p  < 0.01 versus vehicle

Fig. 18.2  The figure shows mean ± S.E of difference in the time spent in the estrus female com-
partment minus the time spent in the male compartment. Kruskal–Wallis ANOVA ( H = 20.56) 
followed by Dunn’s test: differences versus others groups, ***p 0.56) followed by Dunn’s test
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In the presence of a sexually receptive female, most of these males, regardless of 
the prenatal treatment, showed mounting and intromitting behaviors with a similar 
median number of mounts (data not shown). However, most control males (71 %) 
showed ejaculation in this period, while much less percentages (13 and 18 %) were 
found in the letrozole-treated animals with a female preference. That is, most letro-
zole-treated animals were sluggish. Interestingly, the subjects that had a male pref-
erence displayed a similar percentage of ejaculatory behavior than controls. When 
faced with a sexually active male, 67 % of the control animals mounted the stimulus 
male and all of the control animals received mounts from the active male. However, 
no control subject displayed lordosis after being mounted. Around half of the males 
prenatally treated with letrozole that showed a female preference were mounted or 
mounted the stimulus male; in those groups only 2 out of 17 animals treated with 
the low letrozole dose (0.31 μg/kg) and 3 out of 19 with the high dose (0.56 μg/kg) 
performed lordosis behavior consistently (with high lordosis quotients established 
by dividing the number of lordosis between the numbers of mounts). Interestingly, 
all the males prenatally treated with the high dose of letrozole (0.56 μg/kg MP) that 
preferred the male showed mounts toward and from the stimulus male and most of 
them (63 %) displayed lordosis behavior.

In basic research, most studies analyzing the adult effects of altering the hor-
monal milieu during gestation have studied performance aspects of masculine or 
feminine sexual behavior (see Table 18.2). However, an important aspect of pre-
copulatory behavior is the preference for a potential sexual partner. When given the 
choice for mating partners, most of the individuals usually choose a partner of the 
opposite sex. The prenatal inhibition in estradiol synthesis, by the aromatase inhibi-
tor letrozole, clearly shifted the sexual preference of some of the male offspring. 
This approach is in line with the theory of Ellis and Ames (1987) stating that altera-
tions in the endocrine milieu underlie male homosexuality, at least partly fulfilling 
the construct validity criterion of animal models. In addition, the preference and 
sexual behavior displayed by these males resemble human homosexual orientation 
primarily because the animal is free to choose between a receptive female and a 
sexually active male, satisfying the face validity condition ( vide supra).

In female rodents, typical sexual behavior is the result of the sequential hormon-
al priming with estrogen and progesterone which promote the display of receptivity 
and proceptivity (Beach 1976). Receptivity is usually determined by the lordosis 
quotient. It is known that estrogen alone (usually at high doses or after repeated 
treatment) is sufficient to elicit full lordosis, but progesterone facilitates this be-
havior (Beach 1976; Whalen 1974). Proceptivity includes various behaviors (ear 
wiggling, hopping, and darting) that the female exhibits to stimulate and increase 
the male’s attention (de Jonge et al. 1986; Erskine 1989). The expression of these 
behaviors requires both estrogen and progesterone (Albert et al. 1991; Beach 1976; 
Clark et al. 2004), and may be fully presented by neonatally castrated males treated 
with these hormones (Brand and Slob 1991; Vega-Matuszczyk et al. 1988). Fur-
thermore, it is also known that estradiol and testosterone participate in the female’s 
preference for a sexually active male (de Jonge et al. 1986; Vega-Matuszczyk et al. 
1988). All these data indicate that these parameters are highly influenced by the 
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adult hormonal profile. Thereby, it is of crucial importance to know the adult serum 
levels of testosterone, estradiol, and progesterone of prenatally letrozole-treated 
males in order to establish if the changes in sexual behavior and preference are re-
lated with adult hormonal variations. This information is also important to establish 
if this is a good animal model of human homosexuality, since, as aforementioned, 
homosexual men do not have an altered endocrine profile.

It is remarkable that various males prenatally treated with letrozole have a male 
sexual preference and—when forced to interact—displayed all components of fe-
male sexual behavior. Conversely, few other letrozole-treated males showed pref-
erence for the female but when faced to the male displayed lordosis and solicit-
ing behaviors. Finally, a third population, mostly formed by control and low-dose 
letrozole-treated subjects, had a clear preference for the female but did not show 
female sexual behavior. The two former groups could represent the biological be-
havioral diversity that characterizes human homosexuality (LeVay 2011). In addi-
tion—similar to controls—most of the males treated with letrozole showed typical 
masculine sexual behavior, suggesting that the masculinization process does not 
depend upon the androgen aromatization in late pregnancy or that in this species 
“pure” homosexual subjects cannot be experimentally found. In favor of the latter, 
no experimental manipulation, besides perinatal castration, leads males with only 
feminine sexual behavior (Fausto-Sterling 1995).

It is worth mentioning that the treatment with the aromatase inhibitor ATD pro-
duces males that develop male preference after several sexual behavior trainings 
(Bakker et al. 1993b, 1995). That is, experience seems to account for the sexual 
preference development. An advantage of letrozole is that some of the animals pre-
natally treated showed such preference and behavior in the first test. These results 
invited to study the partner preference along several assays in letrozole-treated 
males. At present we are analyzing their preference repeatdly each 15 days in males 
from 45 to 100 days. Another future research line is to analyze if the circadian-
dependent changes in sexual preference in perinatally treated ATD males (Bakker 
et al. 1993b, 1995) is also present in letrozole-treated animals. Finally, it is worth 
studying if the males sexually oriented to other males possess higher number of 
vasopressinergic neurons in the suprachiasmatic nucleus, as do ATD-treated rats 
(Swaab et al. 1995) and homosexual men (Swaab and Hoffman 1990).

18.5.3 Prenatal Administration of Diethylstilbestrol

As previously stated, it has been proposed that an excess of steroids (androgens or 
estrogens) during development may also account for men homosexuality ( vide su-
pra). That is, it is suggested that either excess or a deficiency of androgens may pro-
duce a homosexual orientation. Diethylstilbestrol (DES) is a potent synthetic non-
steroidal estrogen that was administered to pregnant women (from 1947 to 1971) 
in an effort to preserve pregnancy (Ehrhardt and Meyer-Bahlburg 1981; Noller and 
Fish 1974). In addition, in 1985 there was a study revealing that the women exposed 
to high levels of this compound during pregnancy had an increased prevalence in 
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their daughters to show bisexuality or homosexuality (Ehrhardt et al. 1985; Meyer-
Bahlburg et al. 1995). These data reinforce the notion that sexual orientation in 
humans is endocrinologically influenced during development. On the bases of these 
results, we performed the following experiment: DES was daily injected to pregnant 
females from the 7th gestation day until delivery at the dose of 3.1 μg/kg/day. This 
schedule was similar to that done by Kobayasy et al. (2009) to disrupt the steroido-
genesis and spermatogenesis. In this experiment, we followed the same methodol-
ogy as previously described.

Figure 18.3 shows the preference of male rats prenatally treated with DES. 
Clearly, in these animals there is a reduction in the time they spent in the sexually 
receptive female compartment. Such reduction, however, was not accompanied by 
an increase in the male area but in the neutral middle compartment. This finding 
suggests that prenatal DES treatment renders unspecific actions on sexual prefer-
ence or produces less sociable rats.

Table 18.4 summarizes the sexual behavior shown by control and prenatally 
treated DES males when forced to interact with a receptive female or with an active 
male. When both the control and the DES-treated subjects interacted with a recep-
tive female, all displayed typical male sexual behavior at comparable levels. In the 
presence of a sexually active male, around of 28 % of the subjects prenatally treated 
with DES displayed lordosis, while no control male showed this behavior, suggest-
ing that DES partly feminized these subjects.

The reduced preference for the female seen in DES-treated rats is most likely due 
to the low serum testosterone and estradiol levels found in these subjects as adults 
(data not shown). This prenatal manipulation increased estrogenic activity during 
development, but failed to shift the sexual preference. Various reasons may account 

Fig. 18.3  The figure shows mean ± S.E of difference in the time spent in the estrus female com-
partment minus the time spent in the male compartment. Mann–Whitney test *p < 0.05, **p < 0.01
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for this finding including the DES dose and time of treatment. Thus, it has been 
suggested that there is a window during gestation that is crucial for the development 
of partner preference (Vega Matuszczyk and Larsson 1995; Vega Matuszczyk et al. 
1988). Additionally, it has been suggested that an excess of prenatal androgens, 
rather than estrogens, accounts for left-handedness and male homosexuality (Holt-
zen 1994; Lindesay 1987).

In comparison with letrozole-treated animals, this manipulation provoked a low-
er proportion of animals showing lordosis with a lower lordosis quotient and failed 
to alter sexual preference. These results, taken together, suggest that letrozole ad-
ministered prenatally is a better method than DES to investigate changes in sexual 
preference and behavior.

In closing, we would like to remark that from the earliest stages of fetal brain 
development several areas have steroid receptors (Kühnemann et al. 1995; Vito and 
Fox 1981). These hormones are necessary for the development of brain structures 
and circuits that will be maintained during the rest of life. Consequently, factors that 
disrupt the interaction between hormones and the developing brain would perma-
nently influence behavior (Bao and Swaab 2011; Meyer-Bahlburg et al. 1996). The 
rising in hormone levels during puberty activates circuits that were built during fetal 
development, and thereby stimulates the expression of behavioral patterns created 
in gestation (Schulz et al. 2009; Vigil et al. 2011). The series of present data support 
the idea that the interaction of sex hormones with different brain structures along 
development determines sexual preference. Finally, the use of animal models of 
human sexual orientation would permit important research on the biological causes 
determining sexual preference and on the influence of biological factors on the de-
velopment of associated features such as cognitive, psychiatric alteration, and even 
psychoactive drug-response peculiarities.
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Table 18.4  Sexual behavior of subjects prenatally treated with DES
Female Male

Treatment Mounts Intromissions Ejaculations Mounts to 
sexual 
male

Mounts 
from 
sexual 
male

Lordosis Lordosis 
quotient

Vehicle
(11/16)

100 %
(11/11)

100 %
(11/11)

71 %
(7/11)

75 %
(12/16)

75 %
(12/16)

0 %
(0/16)

–

DES 
3.1 μg/
kg

(16/18)

100 %
(16/16)

100 %
(16/16)

92 %
(16/11)

83 %
(15/18)

61 %
(11/18)

28 % 
(5/18)*

43 %

Fisher test: *p < 0.05
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Prevention is a bargain compared to the current cost of our 
failures

—Lisbeth B. Schorr 1988

Abstract Basic emotional security is central to the construction of the child and 
has an impact on the brain’s organisation, the personal autonomy and the capacity to 
explore the world. The key concept of the attachment theory is supported by recent 
neuroimaging findings of brain development and the structuring of the hypotha-
lamic–pituitary–adrenal axonal regulatory systems.

In addition to the child’s potential, the essential variable lies in the quality of the 
environment’s responses, and consequently in the quality of the maternal security, 
from the very early intrauterine life. The understanding of the effects of parental 
stress during the early developmental stages is advancing. In France, the emotional 
security of pregnant women and future parents has become a major stake of perina-
tal policies for the prevention of developmental disorders.

Specific strategies are being developed to improve both the maternal and the 
infant well-being. These are not restricted only to mental health specialists but rath-
er involve every health-care professional of the perinatal period. The mechanisms 
of change for vulnerable parents emerge from the prospective analysis of support 
methods. Continuity and coherence of such care serve as a holding function, which 
enables the restructuring of previous emotional traumas.

A new interdisciplinary perinatal medicine is emerging, structured rigorously 
around a well-coordinated obstetrical and paediatric follow-up. Considering the 
future of children, teenagers and adults, the stakes are enormous.
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19.1  Introduction

Many societies are facing crucial problems regarding the education of children, be-
haviour troubles and mental disorders during adolescence and later stages of human 
life. Advancement in imaging techniques has resulted in considerable progress in 
the field of maternal and infant mortality. However, other forms of suffering prevail 
and prevent children, the futute adults, to reach their maximum potential. Mate-
rial and social living conditions can heavily increase the insecurity of parents, let 
alone children. Parenthood is from now on identified as a progressive development, 
which is not always straightforward, depending on the present or past living condi-
tions/experiences. Poorly built foundations can have major consequences from both 
a psychosocial and a financial point of view. Taking care of any mental health issue 
is lengthy and costly procedure that often implies a sort of helpnessness. Logically, 
any necessary and preventive strategy should be implemented as early as possible 
for both future parents and their child. Traumatims and negative emotions triggered 
by medical complications have been taken into account during the last years. How-
ever, psychosocial vulnerability situations still remain difficult to be addressed in 
an appropriate way and time. One of the difficulties comes from the fact that health 
professionals who meet a family after a birth are not those who will assess and treat 
disorders at a later stage.

Unfortunately, these well-known observations have not led to sufficient and ef-
ficient prevention strategies. Once the complications have occurred, family distress 
affects in return parents who were already vulnerable, and the loss of self-confi-
dence increases depression and mental health risks. In this context, distrust in the 
health care system that failed to detect or repair any kind of distress or disorder can 
emerge. Therefore, it’s essential that efforts should be made in time before parents 
lose their faith and courage and before troubles crystallize. 

In spite of previous international recommendations and local good practices, it 
is still difficult to define a common framework. In this framework, every impli-
cated specialist would contribute to anticipate and provide the required preventive 
strategies.

The worldwide diversity and dispersion of health care organizations, settings 
and systems make the assessment and the dissemination of knowledge and action 
policies really difficult as well as the construction of a common paradigm. Old’s 
studies (1988) clearly showed that financial recovery from an intensive intervention 
for high risk populations occurs within four years and in a cost-effective manner. 
However, these conclusions failed to be converted into health policies, while the 
rhythm may vary substantially from one country to another. 

The care of a child’s development in its integrative/ holistic nature (physical, 
psychological and social aspects) is undermined by the phenomenon of our era: 
over-specialized professionals with tightly defined disciplines BUT WITH poor 
communication between them. It is much easier for any health professional to treat 
a disorder relevant to his expertise partially and independently from the rest of the 
follow-up rather than work together with other colleagues in a multidisciplinary net-
work. However, the developing interest of clinicians and researchers in the perinatal 
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period leads to high expectations. The part Neurobiology has largely contributed 
to this: The concept of neuronal plasticity and the role of the environment in the 
development of the foetal and neonatal brain offered the necessary objective basis 
and proof to the practicians’ previous intuitions concerning the value and necessity 
of an early intervention. The confirmation of early skills of infant newly born, their 
role in the strengthening of human attachment, the restructure of any past traumatic 
experiences of the adult, the better knowledge of the mechanisms between biology/
emotion/thought opened up/ created excting intervention and research perspectives. 
It might not everything be defined at birth, but still the hormonal regulation system 
is organized from the very early stages of life while being in a permanent interac-
tion with the human environment. Doing everything to preserve and improve this 
environment would be the obvious ecological approach. However, the complexity 
of procedures at stake demands a reorganization of disciplines concerned and new 
training methods.

The gestational period appears as a special occasion and time. (FOR WHAT?) 
Becoming a parent especially for the first time demands particular skills to adapt 
and adjust to new, unknown sometimes even terrifying situations. This transitional 
period is characterised by a special permeability to the environment which permits 
to experience situations and relationships with the professionals in new, different 
ways. Being pregnant implicates the body which leads to meeting with the health 
care system and experience new forms of a secure, non-threatening proximity, of 
being protected and safe. Securing the mother’s well-being is securing that one of 
the child, too, and vice versa. For instance, a woman having addiction troubles can 
accept to receive help for the child’s sake, while she wouldn’t do so or haven’t so 
far requested any for herself. Expecting a child is a positive stage, which is gener-
ally valued by society. Parents hope to get the best for their child, especially if they 
did not benefit from optimal conditions in their own lives. The quality of care, the 
availability of a professional mobilise. Any negative experiences not previously 
verbalised. The future father equally benefits from a framework where his active 
role is encouraged and recognized, whatever his personal story and difficulties are. 
Trusting someone (= a professional) can be a new adventure for adults who had to 
grow up in a premature self-reliance mode. During pregnancy, parents and profes-
sionals share the same goal: to give every chance to the child. The alliance is easier 
to establish than when back at home while facing recognized difficulties. The con-
fidence established at the start will facilitate the work of those who will intervene 
later, in the conditions that we will develop further on. The reception of anxiety by 
a securized professional reduces its intensity. The list would be long if we wanted 
to present the whole range of opportunities on offer, when expecting a child is ac-
companied in an adequate manner. Finally, the perinatal period is a unique occasion 
for the future mother as she is taken care of both physically and psychologically 
with all the corrective benefits mentioned above. Considering the risks of repeat-
ing early disruptions in the parents’ life, we can imagine the prodigious potential of 
reconstruction. The conditions of training and assessment organization remain to be 
defined in order to make such a paradigm’s and culture’s change possible in all the 
disciplines concerned.
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19.2  Scientific Arguments for a Perinatal Prevention 
Policy

Since the end of the 1960s, many studies have enlightened the early stages of child 
development. In the present review, we discuss the data originated from interdis-
ciplinary studies. while this collection is debatable, our experience in a local envi-
ronment lead us to consider these data as empowering for the development of of a 
multidisciplinary culture.

19.2.1  Secure Base, Attachment, Self-feeling

Social and emotional development in early infancy is recognized as essential for 
all aspects of functioning throughout the lifespan. The notion of secure base has 
first emerged from ethological studies, then from neurophysiologic exploration in 
humans. The secure base builds up in a succession of interactions with a human en-
vironment in specific conditions of adjustment. The progressive discovery of one’s 
individuality while being related with the Other leads to the self construction. In an 
appropriate environment, the child becomes able to relate to the social world with-
out fear. It progressively acquires an understanding of the human environment and 
of itself, which will allow it to face the unexpected.

The attachment theoriticians (Bowlby 1969–1982; Cassidy and Shaver 1999; 
Grossmann 2005, 2006) have highlighted the major role of the caregiver; generally 
the mother due to foetal preparation and breastfeeding, and also the father or any 
adult acting as a replacement. In a childbearing woman, pregnancy activates her 
own early attachment experiences, which she had internalised during infancy. These 
mental models ( internal working models) were revised at different stages in life and 
work as point of reference or a filter through which the new interpersonal relations 
are formed, shaped. They are particularly active before a birth. In this way different 
factors may interfere with the quality of the child’s emotional and relational devel-
opment. These factors may either be child-specific (prematurity, genetic illnesses, 
etc.) or derive from the mother (insecurity elements) and the family environment 
(Murray et al. 1999).

Pregnancy and childbirth are powerful stress activators to an unknown situa-
tion, especially for the first child. Several other authors have described the interac-
tion methods and their disruptions. Guedeney (2011) has synthesised the concept of 
synchrony: “Within attachment theory, synchronization plays a major role with the 
concept of sensitivity of the caregiver response to infant stress.” This observation 
indicates the maternal security’s major role which can be affected by numerous fac-
tors including her psychosocial living conditions and experiences. Guedeney refers 
to the works of Hesse and Main (2006) that describe the impact of a trauma experi-
enced by the mother: the elements are not integrated as a whole but “rather stored 
as isolated fragments of sensory perceptions of affective states that can be abruptly 
and easily activated by stimuli associated with the traumatic event ”. This dissocia-
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tive mechanism has been analysed by Fraiberg (1981) as underlying the “ghosts in 
the nursery phenomenon, resulting from unresolved traumatic attachement experi-
ences of the caregiver”. A discordance between the mother’s own needs and those 
of the child prevents the caregiver from intervening effectively. The mother who 
feels insecure needs a transitional protective relationship for herself. This situation 
can generate a major anxiety, which can be found at the origin of the post-partum 
depression (PPD) or in the child’s functional patterns.

The transgenerational transmission of the attachment methods has been particu-
larly examined. It determines the risks of disorder repetition from one generation to 
the next: abuse, deficiency and psychopathology. Fonagy and his colleagues (1997, 
2002, 2005) have particularly examined the role of reflective functioning, which 
allows the mentalisation of the experience and its psychological integration. In the 
secure attachment relationship, the child could freely explore the adults’ mental 
states and understand its own. This ability would help the child to better regulate his 
emotions and to develop harmonious connections with others. If the adult has not 
been able to think about, understand and transformate his/her early traumatic expe-
riences, new restauring opportunities occur with reassuring significant others (???) 
within secure contexts such as a partner, a psychotherapeutic relationship, And the 
alliance with professionals of the perinatal period. RACCOURCI Den katalavaino 
poli kala ti thelei na pei, an katalavaino kala tote: However, if the adult has not 
been able to overcome early traumatic experiences and failed to develop a healthy 
mental state, an intimqte relqtionship such as a partner, a psychotherapist and/or 
the perinatal professionals can offer a secure and reassuring environment and new 
corrective opportunities. Such a close relationship involving body, emotions and 
their verbalisation offers a unique occasion to both parents to revisit past experi-
ences through the feelings and situations experienced at the present. The father is a 
vital interlocutator of the child that shouldn’t be overlooked. Moreover, by actively 
participating in the perinatal follow-up he can benefit from such a “corrective at-
tachment experience” himself too.

19.2.2  Negative Parental Experiences and Memory 
Reorganisation

The studies of Stern (2004), in general, recent studies on implicit memory func-
tioning, enlighten the conditions of reactivation of the parent’s early childhood ex-
periences, a period when the neurological equipment did not allow mentalisation. 
The conscience is unmarked but the neuronal inscription persists (Damasio 1999). 
The emotion or the sensation can be reactivated if the situation displays analogies 
with the past experience. The expectance and the arrival of a baby can reactivate 
moments of the parents’ early childhood. Within a new human context where the 
processes of dependence and autonomy are reactivated, any past traumatism can 
be reorganised especially based on an intimate, protective and trustful relationship. 
In this way, new possibilities to avoid transgenerational repetion are offered. We 
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shouldn’t forget that many adults don’t consult a psychotherapist spontaneously; 
either because they are unaware of their old traumas or they are afraid of having 
them arisen after having them costly pushed away by building fragile protections. 
In addition, psychotherapists underline the importance of the timing and conditions: 
if one person is not appropriately surrounded, forcing the trauma’s verbalisation can 
lead to the opposity results and aggravate it. Through a trust-based consistent and 
reliable relationship, new positive feelings can counterbalance the resurgence of the 
trauma’s stressful feelings. Thus, “the present can rewrite the past” (Stern, 2004) 
within a close and empathetic relationship. 

19.2.3  Stress: Transmission, Effects, Regulation

More recent studies have focused on stress in the perinatal period. The organization 
of the stress regulation system and especially the epigenetic mechanisms of foetal 
development or reprogramming were examined on mammals. At the same time as 
fundamental research for a better understanding of mother to foetus and neonatal 
transmission, several epidemiologic studies have found a connection between ama-
jor anxiety disorders and high levels of stress during pregnancy and the occurence 
of pathology in adulthood. An exhaustive review of these models was published by 
Fumagalli et al. (2007). Such theories are in accordance with the clinical experience 
in perinatal psychology and encourage greater attention to the emotions of pregnant 
women. Moreover, the comprehensive studies that Van den Bergh has perfectly syn-
thesised (2011) describe the effects of a certain level of stress in pregnant women 
on the short- and long-term development of the child. Many prospective studies 
have revealed a link between prenatal exposition to maternal stress, anxiety and de-
pression and some neuro-developmental changes. Socio-emotional, cognitive and 
behavioural problems could appear at birth or up to the age of 20. According to 
Meaney (2010), quoted by Van den Bergh, these epigenetic processes would bring 
physical support to the influence of prenatal environment on the future of a person. 
Postnatal care could have a moderating effect. The reduction of the effects of pre-
natal stress justifies the implementation of targeted pre- and postnatal intervention 
strategies. Preventive interventions could significanty affect the child’s well-being.

Prenatal stress has also been identified long time ago as a contributing factor to 
premature childbirth and low birth weight. In spite of the fact that all these have 
been taken into account and efforts have been made, neither specific tools have 
been developed nor the rates of preterm births have been significantly reduced in 
most countries.

All these results are to be handled with caution, without forgetting the positive 
function of adaptation to stress in adults and in children. Identifying the stress fac-
tors is more beneficial as it allows the assessment of severity and persistence of 
symptoms as well as to define an indivualised treatment. The investigation of any 
stressful life events before or during pregnancy sold be part of any monitoring and 
follow-up procedure. It’s well known that the simple fact of sharing them with a 
specialized, empathetic professional can reduce their negative impact. 
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19.2.4  Parental Depression: Repercussions, Impact on the Child

Studies on perinatal depression have accumulated during the past few decades. De-
pression is one of the most incapacitating illnesses among mental health disorders, 
and according to the WHO’s forecast (WHO 2001), it will be the second most seri-
ous health issue in 2020 (Alderdice et al. 2012). The procreation period is recog-
nized as a high-risk zone of depression. The specificity of PPD has progressively 
emerged due its consequences the woman, the child and the family as a whole. It is 
estimated that one woman out of seven suffers from PPD. In the last decade, sev-
eral indicators have been identified that helped to isolate the entity of the antenatal 
depression and enlight the links between the pre- and the post-natal depression. The 
limited knowledge on this issue is atrributed to two main reasons: Firstly, detec-
tion of clear/specific symptoms is mostly possible quite late after childbirth and 
once at a distance from the regular obstetrical and pediatric follow-up. Secondly, 
the dispersion of literature itself has restricted the interdisciplinary dissemination 
of knowledge and communication. In the last decade, several indicators have been 
identified that helped to isolate the entity of the antenatal depression and enlight the 
links between the pre- and the post-natal depression.

The limited knowledge on this issue is atrributed to two main reasons: Firstly, 
detection of clear/specific symptoms is mostly possible quite late after childbirth 
and once at a distance from the regular obstetrical and pediatric follow-up. Sec-
ondly, the dispersion of literature itself has restricted the interdisciplinary dissemina-
tion of knowledge and communication. The actors of a potential prevention are not 
those of the treatment. Since a long time, psychiatry reviews have been reporting the 
epidemiology, evolution and treatment of PPD. In the past 10 years, the disciplines 
concerned (obstetrics, paediatrics, general practice, psychiatry) have been coming 
closer. This permits a better understanding of semiology and thus a better screening 
even if a differential diagnosis remains essential between gestation-related emotional 
changes and precursors symptoms of PPD. It’s identified that ineffectively-resolved 
conflicts lie at the core of the perinatal depression that are reactivated by parenthood 
(although not necessarily by the first birth), while other external factors may inter-
fere. Maternal depression can have a negative impact on the mother-infant attach-
ment due to the emotional and sometimes even physical unavailability of the mother.

Internationally, health systems aware of the need for change in practices and 
policies are trying in disparate enough ways and speed to proceed to the necessary 
reforms. The growing nuber of studies published outlining the risks of a chronic de-
pression allowed women to break their silence that they had previously chosen either 
by the fear of stigma or by ignorance. Self-blame, lack of knowledge of the family 
environment and/or the practicioner have been for a long time preventing screening 
and treatment. Even if predictive signs during pregnancy are known (anxiety, unease, 
tiredness, sleep disorders, consultations at emergency rooms, poor psychosocial con-
ditions, etc.), pregnant women don’t easily confess any feelings of unease or previ-
ous episodes potentially stigmatising. Either by fear of being judged or by ignorance 
that these symptoms deserve to be treated, they don’t confide in. More rarely, the 
pregnancy goes well and the depression occurs in the first few weeks or months after 
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returning home. In this case, the woman may have risk factors in her past, not previ-
ously identified, even if their negative impact on her well-being is obvious.

The risk of paternal depression, estimated at 10 % is even more unknown in 
spite of its impact on family relations. It is expressed by somatic or behavioural 
manifestations: tiredness, sleep disorders, alcohol consumption, avoiding behaviour 
or hyperactivity. Likewise for women, these disorders can easily be interpreted by 
the family as unwillingness or indifference making worse the misunderstnding and 
the emotional mess.

Goodman (2008) described the effects of maternal depression on the child from 
intrauterine life to adulthood. These correlations alert psychiatrists treating adults 
about the importance of perinatal care to prevent later psychopathology. Several 
mechanisms are at stake:

• Increase of maternal cortisol in severe states of depression
• Impact of maternal cortisol on the activity of the foetus’ HPA axis
• Consequences on the psychomotor and cognitive development

Concerning to the impact on the mother–child relationship, considerable literature 
shows the long-term effects of chronic maternal PPD. The emotional availability of 
the mother and her resposiveness to the child’s needs are reduced or impoverished 
as well as the mother-infant interaction itself. Attachment disorders are well docu-
mented. Unfortunately, the quality of the environmental context is rarely taken into 
account in studies, thus, it is an important variable. Family can sometimes compen-
sate the maternal unavailability. Besides, the depressive state does not systemati-
cally affect the holding quality; according to the studies, only a limited number of 
children will suffer from its negative effects.

19.3  Innovative Prevention Strategies

19.3.1  2004 French Report

In France, the Health Ministry has requested a report on perinatal practices in order 
to prevent the emotional complications of gestational period and their effects on 
child development. The emphasis was put in particular on the methods of collabora-
tion between the domains of medical health care and mental health care. A study 
group gathered representatives of all the disciplines concerned: obstetricians, pae-
diatricians, midwifes, nurses, general practicioners, social workers, psychologists, 
cchild and adult psychiatrists during a year. Many professionals were interviewed 
to analyse the difficulties in the field.

The basic principles derived from:

1. The data from literature on the early needs of children for an optimal development
2. The experience acquired in certain areas through the successful cooperation of 

pregnancy and early childhood practicioners on the one hand, and social workers 
on the other.
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3. Prospective clinical studies on the impact of professional attitudes on parents–
infant bonding (Molenat 2001)

4. The European collaborations established by Association for the Education and 
the Research on the Child and its Environment since 1990 which have helped 
examining the reproducibility of interdisciplinary training and clinical research 
in various countries

5. A close collaboration with Sainte-Justine Hospital in Montreal (Canada) through 
studies about infant development and strategies of prevention

The main theories were based on the following assessment:

• A child’s basic emotional security is organised through the global security of 
their mother’s security which depends on the quality not only of the family but 
also of the professionals involved from the start of the pregnancy till early child-
hood.

• The notion of security implies a minimum of continuity and consistency for the 
child but also for the pregnant woman.

• Professionals ensuring perinatal health care also need to be secured themselves 
to face family situations that make the communication difficult and generate 
strong emotions.

To reach these objectives, it was necessary to have a good knowledge of the spe-
cific needs of pregnant woman (and future father). However, childbirth is not only 
restricted to biological mechanisms: emotional and scial elements that cannot be 
easily expressed during a traditional medical consutation interfere too.

The organisation of health care in France, like in other countries, did not promote 
the feeling of continuity and consistency. Childbearing women often deal with dif-
ferent even contrary opinions. They sometimes meet different professionals even in 
the traditional follow-up of a pregnancy without complications (obstetricians, fam-
ily doctors, midwifes). patient’s file helps to pass on the medical data but the quality 
of the meetings is not ensured and the course of the women’s emotions could break. 
If there are some risk factors, they will have to be submitted to numerous interven-
tions involving professionals who are isolated from each other and belong to dif-
ferent disciplines. A cross-cultural combination of the somatic and the psychosocial 
approach was—and still is—insufficient.

An official report entitled “2005–2007 Perinatalogy Plan”1 set the framework 
for a policy aiming at modernizing the pregnancy and childbirth environment. It 
proposed a series of measures aiming at improving health-care security and quality 
while developing a more human and individualised context. It also aimed at im-
proving the mutual knowledge of health actors and to make their organisation more 
clearer. One of the main issues consisted of improving the psychological and social 
environment of parents and children. Three essential measures were implemented:

1 Plan « Perinatology ». Humanity, proximity, security, quality, 2005–2007. Official Report no 
2006-4. http://www.sante.gouv.fr/htm/actu/perinatalite04/Circular DHOS/DGS/O2/6 C n° 2005–
300 of 4th July 2005 relative to the promotion of the medical and psychological collaboration in 
perinatal mental health: http://www.sante.gouv.fr/adm/dagpb/bo/2005/05-08/a0080026.htm

http://www.sante.gouv.fr/htm/actu/perinatalite04/Circular DHOS/DGS/O2/6
http://www.sante.gouv.fr/adm/dagpb/bo/2005/05-08/a0080026.htm
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• A thorough personal interview, called early prenatal interview conducted by a 
mid-wife or a doctor around the 4th month of gestation;

• The improvement of the psychological environment through the creation of psy-
chologist positions in maternity units

• The development of interdisciplinary methods of training

This plan reminds us of the importance of the emotional aspect in the birth process, 
which will determine the good development of the physiologic evolution as well 
as the harmonious construction of family ties. A birth is indeed a bio-psychosocial 
event. A strictly technical approach proves to be deleterious just as an accumulation 
of uncoordinated interventions. Early and quality support to parenthood from the 
pre- and the early post-partum, are considered as preventive factors against child 
violence and abuse as well as psychopathology. In these terms, such a support con-
sists a matter of public health.

Based on some revolutionary and individual good practices, the articulation of 
psychiatry and perinatal medicine were prioritized. Every time, the forces of both 
disciplines were united, this did helped to respond to difficult situations such as ma-
ternal psychopathology, addiction troubles, medical complications and risks (foetal 
pathology, severe prematurity, etc.). All these situations can be the trigger for major 
affective disorders for both parents and they should be taken into account in the 
follow-up. One of the specific objectives of the plan was to adress the issue of this 
vital interdisciplinary collaboration in particular for families facing multiple risks 
and vulnerability factors.

The primary objective was to identify as early as possible the needs of the preg-
nant woman, her family and the professionals concerned. In order to do so, the 
global aim of continuity and coherence was set in the centre of efforts demanding 
collaborations between the different health actor concerned in a coordinated team 
work (who often had never talked before to each other). Parents’ security, which is 
necessary to the child, is particularly related to the security of the professionals who 
surround them. Interdisciplinary training methods will be an essential means for all 
health-care actors to develop a mutual trust in order to achieve better collaboration 
and consistency.

In the plan, both concepts of continuity and consistency are considered as the 
milestones for perinatal medical–psychological care. This principle leads to con-
sider the health-care system in terms of integration, articulation and take-over. It 
is about offering customized care whatever the specific needs of each childbearing 
woman and family are. This implies a reduction in the separation and isolation be-
tween the different domains of practice concerned: medical, social, psychological, 
public or private.

Three new essential tools have been proposed and tested:

The early prenatal interview (around the 4th month of gestation and usually con-
ducted by a midwife) It is a question of establishing a reassuring alliance between 
the pregnant woman, her partner and a first professional. offers the opportunity for 
the future mother to express her fears, desires and any difficulties at home or at 
work. Simultaneously, her local network and her social support capital (family and 
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friends) are explored. The differentiating point comparing to the traditional prac-
tices is the anticipation of the stages later on, any risk factors that could potentially 
weaken the parents. Some key points of the stages to anticipate are: the pregnancy 
follow-up, reactions to the echography, once at the labour room, returning home, 
community care and support if necessary. Experience showed that a vulnerable 
woman talks more easily with a midwife rather than a doctor, due to the fear to 
disturb, short consultation time, lack in interprofessional communication. 

If the eraly prenatal interview helps to identify any particular riks concerning the 
woman or the couple, the coordination function appears as a way to reduce these 
risks accordingly to the recent literature. The orientation towards a mental health 
professional or a social institution should be handled with caution as self-image is 
directly concerned and can lead to a fear of being abandoned by the first profes-
sional or judged. 

The early prenatal interview is therefore based on respect and trust, the two in-
dispensable components so that parents would open up and express any negative 
feelings and situations. The quality of this first consultation influences what will 
follow in a profound way. The professional himself/herself must feel secure in his/
her practices and have a good knowledge of the health care actors and system in 
order to be able to suggest any appropriate referrals and liaisons in response to the 
issues arisen. 

Rigorous referrals aim at preserving confidentiality and the pregnant woman’s 
feeling of control over her follow-up. The points to transmit must be defined with 
the woman and the couple especially when they concern negative emotions or be-
haviors- such as addiction troubles, and they are susceptible to affect the self-image. 
Some guidelines for this first interview have defined and need to become even 
clearer as the interview’s practice expands:

• To have the necessary training in order to have a thorough knowledge of the 
health care system and its actors

• To be able to organise and coordinate a variety of interventions
• To benefit not only from basic psychological training but also from the appropri-

ate supervision for complex cases

In this way, the parent can experience how is it confiding in without being judged 
or stigmatised, having his remarks taken into account in order to adjust the follow-
up, being supported by a professional to handle any bargain, being surrounded by a 
team of health care actors that work together and respect each other.

Starting from this first interview, the midwife will assess the specific needs and 
will adjust her role according to the family and interprofessional context.

Experience shows that a good coordination between the different actors involved 
is really reassuring parents who don’t usually expect such a collective and well-coor-
dinated attention to their needs. The most vulnerable parents talk about a new experi-
ence that they had never before: being the center of a caring, securing group of pro-
fessionals whose roles are well-defined and complementary, while adjusting to their 
owns needs expresses. ( here, we note the corrective experience of the attachment 
theory). This experience is the first and necessary occasion for parenting education. 
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Any professional advice at a later stage when the parents would have experience the 
childbirth without any professional support, would be most likely ignored.

Why a midwife has been chosen for this interview (sometimes a medical doc-
tor)? In fact, the pregnancy-related medical follow-up is understandable, not stig-
matizing, and protective, while broadening the attention to the whole of the needs 
does not sort out of the global health field. It is known that the most vulnerable 
women are afraid of being judged, meeting new professionals, confiding in and/or 
being abandoned. Once the trust is established, restored, the medical health care is 
a source of reward and also security. It will help to take into account the negative 
elements, that the fisrt caregiver listened to/aknowledged in a positive way.

The creation of perinatal psychologists’ positions Some psychologists and psy-
chiatrists had to develop and change their culture in order to take part in the birth 
follow-up. The support of first-line actors is a very important mission: in case of 
complicated situations, without this support and supervision, professionals can have 
difficulties in establishing an intersubjective relationship with the patient and even 
more in making any difficults, though necessary, referrals to specialized profession-
als. This function of the perinatal psychologist called “indirect “ or “second line” 
must be recognized from an administrative and scientific point of view.

Psychologists and psychiatrists’ training should allow them to look in under-
stand the psychological impact of caregivers and to better guide direct interven-
tions. “Psychological support” is before all a human support, the specialist having 
thus the mental health professional should act in a direct way only for complex 
cases that need his/her expertise.

In France, plenty public resources were given for psychiatric system, even if 
nowadays it is saturated running out of capacity. It is clear that the isolation of the 
professionals has not facilitated the treatment of new forms of developmental or 
mental pathologies, which fall within interdisciplinarity. The current effort to coor-
dinate actions should help to improve their efficiency and to avoid superimposition 
overlays.

The discovery by psyche experts of the “caregiver’s relational skills” in practice 
conditions allowing them to blossom has become the driving force of interdisciplin-
ary training but has not yet entered academic teaching.

An Innovative Methodology for Interdisciplinary Training  training sessions gather 
professionals from all disciplines (medical, social, psychological), focusing on con-
crete situations analyze real situations covering the whole perinatal period (from 
the start of the pregnancy till the early childhood). They help to apprehend the 
role of the different actors, their specificities, their complementarity, in the spirit of 
consistency and continuity. The presentation of a case is done by those who have 
intervened in chronological order, and in a prospective manner. Some breaks are 
proposed at “key moments” and the pluri-disciplinary audience is invited to share 
their theories and suggestions as if they were acting in the place of the speaker 
(obstetrician, midwife, family doctor). The group learns to analyse the situation 
collectively and to establish a health-care plan by anticipating the potential risks 
for family structuring on one hand, and on the other hand professionals’ needs to 
guarantee overall security. The participants listen to each other and discover the gap 
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between each person’s own representations of a single situation according to their 
working habits, their usual role, their training. These discussions always act as a 
revelation and are described as very rewarding. Especially given that a woman or a 
couple with numerous insecurity factors do not usually share the same things with 
every professional, rather than confide them in partially. A longitudinal report helps 
to put together the pieces of a puzzle whose entirety is often missing in everyday, 
conventional practice.

Such a prospective and longitudinal approach from pregnancy to early child-
hood helps to compare the professional responses to the family’s evolution from a 
medical and affective point of view. The so called semiology of the interdisciplin-
ary work gets more precise. Anticipation, referrals and orientations have become 
the new tools of an active prevention putting forces together while maintaining the 
difference between the respective roles. A special vigilance is needed to assure that 
parents remain at the centre of the decision making processes.

The use of this methodology allowed to confirm the surprising effects of a col-
lective consistency which does not exclude the privileged role of a coordinating 
midwife for example. Ante- and postnatal continuity is an essential objective either 
the child is transferred to neonatal paediatric care or going home directly. The pre-
natal paeditrician visit has been proven useful in all situations of addiction, sub-
stance abuse, previous history of complicated births or loss of the previous baby. 
The established trust can later be transferred to the local network after the baby and 
his mother return home. Some parents give a testimony for educational purposes: 
they explain how much this “holding” by a human group of multiple professionals 
has allowed them to be restructured.

However, this type of training’s requirements are sometimes difficult to meet: 
to choose a case with hindsight, gather the concerned professionals, use an experi-
enced team coordinator with a good knowledge of each discipline and capable of 
controlling the group. So it is neither about a synthesis nor an assessment or a Balint 
group but it is an opportunity of screening the working methods and the consistency 
of all the professionals around a high-risk family, over time and beyond the discon-
tinuities caused by professionals’ changes.

19.3.2   2012−2013 Qualitative Assessment

The efficiency of these three measures is currently being assessed. The implementa-
tion of the 4th month interview is slow in spite of its funding. There are multiple 
obstacles. First of all, the inherent change in professional roles and practices puts 
doctors through a difficult test: resign from their solitary practice and share the 
responsibility with a midwife. In addition, the culture of multidisciplinary collabo-
rations with every concerned professional of and throughout the perinatal period 
hasn’t sufficiently developed. Network training meets this need and it has started 
spreading. It covers in France today more than 50 cities or regions. The admin-
istrative organisation of the “Regional perinatal networks” promotes interconnec-
tions between community professionals and hospitals. The paradigm has spread 
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to several European countries that are implementing the 4th month interview and 
interdisciplinary training.

What can a new transversal and bio-psychosocial discipline, is emerging, trying 
to accompany individuals’ and families’ needs in a global, integrative way. The 
culture change is slow and difficult, but it gradually happening.

On the other hand, some new tools are being developed. The role of the coor-
dinating midwifes is establishing itself and new positions are being created to deal 
with difficult situations. Body-centred childbirth preparation methods are starting 
to be recognized for their impact on both women and babies according to Field’s 
studies (2006).

International literature through well-conducted has started taking into account 
the new functions of professionals who have been out of the public sight for a 
long time. Alderdice et al. (2012) publishes the meta-analysis of 32 systematic jour-
nals regarding interventions aiming at improving the maternal well-being. A total 
of 2497 abstracts have been sidentified as relevant to the area of maternal mental 
health and well-being from the antenatal to the postnatal period. Methodologies 
have been carefully examined and a small number of studies was selected. The only 
validated approach which needs further research has been the close presence of a 
midwife at home once the mother returns. This requires that the risks have been 
identified before (hence the importance of the early prenatal interview). The au-
thors highlight the fact that the role of the midwife is not taken into account in most 
studies whereas she has regularly a close role and relationship with the pregnant 
woman. In fact, the midwife takes up the major role of tailoring or coordination in 
order to guide the pregnant woman through the maze of the health system.

A year later, was published in the Cochrane Collaboration (Sandall 2013) a review 
of midwifery-based models of care compared to other models during pregnancy and 
birth. The results are significant: midwife-led continuity of care was associated with 
several benefits for mothers and babies, and had no identified adverse effects com-
pared with the models of medical-led care and shared care. The main benefits were 
a reduction in the use of epidurals, with fewer episiotomies or instrumental births. 
These women were less likely to experience preterm birth, or lose their baby before 
24 weeks “gestation”, although there were no differences after 24 weeks.

These analyses confirm the theories, which organise the current changes in peri-
natal practices.

19.4  Conclusion

From the existing knowledge and literature on early development, we have based 
our reflection on the mother’s well-being, the first condition for a good organisation 
of the baby’s regulation systems. Promoting the parental role is an essential compo-
nent in the future of the child if the parents receive rigorous help starting from the 
pregnancy, and for the necessary period, each time they express the particular need 
to strengthen their parenthood.
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We need to point out that all these measures come from common sense. The en-
ergy involved in them does not prove to be “profitable” in terms of publications and 
listed acts. The efficiency depends on a collective action and not on isolated efforts.

We could be discouraged, but the collective conscience has made some progress. 
The somatic world is now convinced for the major role of emotions in general, so-
matic and mental health. The medical preoccupation is getting wider by integrating 
the psycho-emotional aspect of the mother as well as of the baby. The role of doc-
tors, midwifes and nurses is essential as it provides security and protection to the 
future family. Psychology professionals have a lot to gain from using the support of 
the highly skilled teams which join forces to provide a quality environment to the 
mother and child. The task is not always easy when dealing with men and women 
who have suffered in their lives and are afraid of the health-care system. This daily 
work needs to be highlighted and the recent publications are doing so. The scientific 
stakes of an interdisciplinary understanding of development are fantastic and should 
change the landscape of later sufferings which affect a certain number of children 
and adolescents.
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Abstract Over the past 10 years, there has been outstanding scientific progress 
related to perinatal programming and its epigenetic effects in health, and we can 
anticipate this trend will continue in the near future. We need to make use and 
apply these achievements to human neurodevelopment via prevention interven-
tions. Based on the concept of the interaction between genome and ambiome, this 
chapter proposes low-cost easy-implementation preventive strategies for maternal 
and infant health institutions.

Breastfeeding and human milk administration are the first preventive measures, 
as has been reviewed in the policy statement of the American Academy of Pediat-
rics. Another strategy is the Safe and Family-Centered Maternity Hospitals initia-
tive that promotes and empowers the inclusion of the families and the respect for 
their rights, especially during pregnancy and birth. (This change of paradigm was 
approved and is recommended by both United Nations Children’s Fund, UNICEF, 
and Pan American Health Organization, PAHO.) Then, there is also an important 
emphasis given to the sacred hour—which highlights the impact of bonding, attach-
ment, and breastfeeding during the first hour of life—the pain prevention and treat-
ment in newborns, the control of the “new morbidity” represented by late preterm 
infants, and finally, the importance of avoiding intrauterine and extrauterine growth 
restriction. (However, there are not yet clear recommendations about nutritional 
interventions in order to diminish the potential metabolic syndrome consequence 
in the adult.)
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Abbreviations

AAP American Academy of Pediatric
ABM Academy of Breastfeeding Medicine
AHA American Heart Association
EUGR Extrauterine growth restriction
GE Gestational age
IVH Intraventricular hemorrhage
NICU Neonatal intensive care unit
NRP Neonatal Resuscitation Program
PAHO Pan American Health Organization
PN Preterm newborn
PVL Periventricular leukomalacia
SFCF Safe and Family Centered Maternity Hospital
SSC Skin-to-skin contact
WHO World Health Organization

20.1 Introduction

20.1.1 The Genome–Ambiome Dialogue

Ambiome is defined as the numerous environmental factors that may affect or mod-
ify the diverse epigenomic events that will set the final phenotype. Although this in-
teraction can occur in almost all cells in any moment of life, the genome–ambiome 
interaction has a dramatic importance in the preterm, post-term, and educational 
life of children.

It is true that this division or dichotomy has been useful to study the develop-
ment of cells and the entire organism. However, the border between what is internal 
and external has become more and more uncertain and the interactions between the 
internal and external factors of the organism make it impossible to identify parts 
of this dichotomy. The information required for cell-type definition is generated 
during the same differentiation process with an active role of the cells, in the purest 
epigeneticist style, and the interactions between the internal and external factors of 
the cell.

For a better understanding of this process and many other processes of devel-
opment, it is necessary to resign the extreme genocentric position about develop-
ment and the deeply rooted intrinsic–extrinsic, innate–acquired, constant–variable, 
or genetic–environmental dichotomies. These divisions portray the way we see the 
world; it seems that for some reason, if we organize it into categories or divisions 
it is easier for us to understand. However, these categories do not necessarily ex-
ist. During development, cell-type determination is not set by intra-cells or extra 
cells factors but by a complex combination of both. Likewise, living beings possess 
almost no completely genetic, environmental, innate, or acquired characteristics.
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Living beings are much more than a gene catalogue and it becomes clearer when we notice 
that knowing the genetic content of an organism is not enough to understand how it works. 
Now we know that when cells divide they transmit their DNA sequence (genome) to their 
offspring along with a series of superimposed molecular markers (epigenome) that will 
determine which genes are active and which are not. Genetics has proved that the genome 
remains almost identical in all the cells of the organism for all its life. Epigenetics gives a 
step forward and states that the epigenome is dynamic and that it changes from a cell type 
to another and from a moment of life to another in many cases responding to environmental 
signals. The gene–environment interaction defines a large part of what we are. (Benitez 
Keinrad 2011; Roldan Arjona 2011)
The identity of an individual and many characteristics of an organism are not static, they 
change all the time and they arise from a combination of processes and mechanisms at differ-
ent scales: genetics, cellular, ecological, geological, cultural and social. (Benitez Keinrad 2011)

The hypothalamo–hypophyseal–adrenal axis remains highly active and labile in the 
early infancy and begins to organize itself between 2 and 6 months of age through 
the interactions between the child and his carers. (Huang 2011)

The quality of attention that the child receives during the early development of 
his life predicts the emergency of his skills for future self-regulation. The primary 
continent and sensitive care is associated with an improved self-regulation capac-
ity and with an optimal functioning of the child’s hypothalamic–pituitary–adrenal 
(HPA) system.

20.2 Perinatal Interventions

Even though there are many different interventions more or less related to perina-
tal programming, the following interventions are the ones we chose as preventive 
measures.

20.2.1 Maternal Breastfeeding and Programming

Human breast milk represents the gold standard in the newborn feeding. In a wider 
point of view, it could be said that breastfeeding is the way humans adapt to extra-
uterine life. To that purpose, mentioning the following qualities breastfeeding pos-
sesses will be hardly surprising.

From a nutritional point of view, it has the highest biological value proteins 
(lactalbumin and lactoglobulin). It does not only offer to the newborn the essen-
tial fatty acids (linoleic and linolenic acids) but also those which are vital for him 
(arachidonic and docosahexanoic acids). Human milk is privileged by its unique 
carbohydrate, the lactose disaccharide. Micronutrients are all present in accurate 
quantities with absorption and bioavailability synergistic mechanisms. For survival 
purposes, human milk provides immunologically active cells (real transplant with 
no rejection) as well as anti-infection, anti-inflammatory, and immunomodula-
tors, for example, the secretory immunoglobulin A (IgA) with a broad spectrum 
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of antibodies, muramidase (lysozyme), iron-blocking agents, antioxidants, and 
pro- and anti-inflammatory cytokines. It also includes growth factors and trophic 
hormones. Likewise, human milk decreases the incidence of sepsis/meningitis in 
the infant, necrotizing enterocolitis in the preterm newborn and the incidence of 
enteropathogens-caused gastroenteritis especially under adverse sanitary condi-
tions. High quantities of oligosaccharides act as prebiotics and promote the growth 
of bifido bacterias.

In order to reinforce this summary, we cite a number of breastfeeding definitions 
from the American Academy of Pediatrics Policy Statement (Eidelman and Schandler 
2012; Breastfeeding and the use of human milk. Pediatrics 2012, 129, e 827).

Exclusive breastfeeding for six months and weaning after one year is the most effective 
intervention with the potential of preventing more than one million infant deaths per year, 
equal to preventing 13 % of the world’s childhood mortality. (Jones et al. 2003)

Besides the above mentioned immediate benefits of breastfeeding, there are also 
long-term effects. “There is a reduction of 52 % in the risk of developing celi-
ac disease in infants who were breastfed at the the time of the gluten exposure” 
(Akomberg et al. 2006). “Breastfeeding is associated with a 31 % reduction in the 
risk of childhood inflammatory bowel disease” (Barclay et al. 2009). The protective 
effect is hypothesized to result from the interaction of the immunomodulating effect 
of human milk and the underlying genetic susceptibility of the infant. Different pat-
terns of intestinal colonization in breast-fed versus commercial-infant-formula-fed 
infants (microbiota) may add to the preventing effect of human milk.

There is a 15–30 % reduction in adolescent and adult obesity rates if any breastfeeding 
occurred in infancy compared with no breastfeeding. The duration of breastfeeding also is 
inversely related to the risk overweigh. (Parikh et al. 2009)

Up to 30 % reduction in the incidence of type 1 diabetes mellitus is reported. It has 
been postulated that the putative mechanism is the infant exposure to cow milk β 
lactoglobulin, which stimulates an immune immediate process cross-reacting with 
pancreatic β cells (Ip et al. 2009). Breastfeeding also reduces the risk of acute lym-
phocytic leukemia and acute myeloid leukemia in infants.

Actually, significant positive effects of human milk feeding on long term neu-
rodevelopment are observed in preterm infants. These data remain significant after 
adjustment for confounding factors, such as maternal age, education, marital status, 
race, and infant morbidities. Long-term studies of preterm infants also suggest that 
human milk feeding is associated with lower rates of metabolic syndrome, and in 
adolescents it is associated with lower blood pressures and low-density protein con-
centrations and improved leptin and insulin metabolism.

Moreover, there are also adverse effects caused by the lack of breastfeeding. 
“Prospective cohorts studies have noted and increased in post partum depression in 
mothers who do not breastfeed or wean early” (Henderson et al. 2003).

Furthermore, long-term breastfeeding significantly reduces the incidence of hy-
pertension, hyperlipidemia, cardiovascular diseases, and diabetes in mothers who 
breast-feed (Schwarz et al. 2009). In addition to these benefits, breastfeeding moth-
ers have a lower incidence of breast and ovarian cancer.
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Considering the vast list of benefits, it is possible to state that breastfeeding is 
not only a lifestyle but also a health strategy of utmost importance. Therefore, we 
must emphasize the importance of the Mother-Baby Friendly Hospital initiative 
to promote and protect breastfeeding launched by United Nations Children’s Fund 
(UNICEF)/World Health Organization (WHO) and step 9 of the Safe and Family 
Centered Maternity Program (Larguia et al. 2012).

20.2.2  Safe and Family-Centered Maternity/Family Inclusion 
and Personal Rights

Safe and Family-Centered Maternity (SFCM) promotes an organizational culture that 
concedes parents and families the leading role in their perinatal care. It poses a para-
digm shift by praising and ensuring infants and women rights during pregnancy and 
puerperium. Under the concept of interculturality, SFCM fosters the active role of the 
family group and the community. It implements safe practices of proven effectiveness 
and reinforces other current initiatives such as the Mother-Baby Friendly Hospital 
(UNICEF/WHO), family planning, and social inclusion programs. It consists of ten 
steps which comprise reproductive health care to the imitation of the model in other 
health-care centers (Larguia et al. 2012). SFCM has been recognized as an example of 
good practices by an international health organization (PAHO 2008).

In order to provide examples of what SFCM aims and because of the importance of 
maternal stress effects in early human development (Fumagalli 2007), we could high-
light step 5. It establishes 24-h free and unrestricted access of parents to the neonatol-
ogy service. It proposes continuous permanence and active participation of parents in 
the care of their infants, such as providing them training on basic techniques like ga-
vage feeding. It also recognizes the right of parents to skin-to-skin contact (SSC) with 
their infants (see corresponding text). Likewise, in cooperation with the mental health 
service, it facilitates the inclusion of the rest of the family under the Grandparents and 
Siblings Access Program. Health education teams also receive specific training on 
reproductive health and how to prevent acute lower respiratory infection. With a view 
to favoring the continuous permanence of parents, SFCM offers (step 6) a Home for 
Mothers of preterm and sick newborns. The Home for Mothers (step 7) is under the 
responsibility of the voluntary workers of the community. Breastfeeding promotion 
(step 9) boosts the discharge of very low birth-weight infants with a high percentage 
of breastfeeding, which represents a significant aspect for the follow-up monitoring 
after discharge (step 8). In conclusion, SFCM refers to this set of connected interven-
tions as “the virtuous circle” (Larguia et al. 2006).

20.2.3 The Late Preterm Problem

As a result of obstetric interventions, in many cases arguable interventions, in the 
past years a new neonatal morbidity has arisen, the late preterm. It comprises those 
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cases in which gestation is interrupted between 34 and 36 weeks. These newborns 
have a greater incidence of respiratory distress syndrome, hyperbilirubinemia, feed-
ing difficulties, and longer hospitalization.

Preterm birth is a major public health problem, principally because of the high 
risk for adverse medical and developmental outcomes in survivors. In addition, 
there is a growing literature reporting increased rates of psychiatric disorders in pre-
term children, specifically anxiety, depression, attention-deficit/hyperactivity dis-
order (ADHD), particularly the inattentive type, and autism (Johnson et al. 2010). 
The majority of research, however, has focused on children born before 30 weeks 
of gestation. Yet, late preterm births, typically between 34 and 36 weeks gestation, 
are the largest cohort of premature children comprising 70 % of preterm births in 
2009. Recent evidence supports an increased rate of psychiatric symptoms in late 
preterm children as well, particularly ADHD, “emotional,” and anxiety symptoms 
(Westrupp et al. 2012).

Late preterm children (34–36 weeks of gestation) were at increased risk for anxiety disor-
ders at preschool age. A history of maternal depression mediated this association. Findings 
confirm the extension of the risk of psychiatric disorders associated with prematurity to the 
late preterm group, and suggest that maternal depression may play a key role in this risk tra-
jectory. (Rogers et al. 2013; J. Am. Acad. Child Adolesc. Psychiatry; 2013; 52(3):309–318)

Another important factor is the potential impact of maternal history of depression 
on the risk for psychiatric disorders among late preterm and early term children. 
Postpartum depressive symptoms are more among mothers of preterm infants. Ma-
ternal depression is strongly related to increased risk for psychiatric symptoms and 
disorders in child offspring. This risk is conferred not only by independent but also 
interactive genetic and environmental mechanisms (Goodman 2007).

Thus, preterm infants of mothers with a history of depression may be at increased 
risk for childhood psychopathology because of the interaction of their genetic and 
biologic risk (poor self-regulation of secondary to altered neurodevelopment), with 
their exposure to maladaptive parenting behaviors associated with depression. Sim-
ilarly, mothers of preterm infants have elevated anxiety (Brandon et al. 2011) also 
known to increase the risk of psychopathology in child offspring. Thus, maternal 
depression or anxiety may play an important role in the risk for mental disorders 
in preterm infants, a mechanism not previously well investigated (Schreier et al. 
2008).

Depressed mothers may perceive their preterm children as more vulnerable, re-
sulting in “vulnerable child syndrome” and associated increased overprotective par-
enting. This pattern has been shown to increase anxiety and internalized symptoms 
in the child.

The results point to the importance of screening and treating mothers of pre-
term children, even late preterm children, for perinatal depression. Identifying these 
mothers could both potentially lessen the impact of having a mother with depres-
sion and determine which preterm children are at greater risk for psychiatric disor-
ders, to best target prevention efforts.
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20.2.4 The Sacred Hour

Uninterrupted SSC in the First Hour after Birth
Developing a care strategy based on reinforcing the bonding and attachment be-

tween the mother and her newborn is so important for a better future that it should 
be considered as standard care.

Concerning this concept, the WHO, the American Academy of Pediatrics (AAP), 
the Academy of Breastfeeding Medicine (ABM), the American Heart Association 
(AHA), and the Neonatal Resuscitation Program (NRP) expressed their support.

An interrupted skin-to-skin hour after birth, for the stable baby and mother, is 
safer for both and has multiple short and long benefits. This “sacred hour” must be 
honored and protected.

In the new born, brain development in areas of amygdala are in a critical pe-
riod of maturation in the first 2 months of life. SSC activates the amygdala via 
the prefrontal–orbital pathway. (Schore 2001). Early sensory experiences like these 
are disproportionately processed and stored in the infant’s right hemisphere. At-
tachment experiences facilitate its maturation and facilitates maturation of the right 
brain. Attachment relationships promote the development of the new born brain’s 
self-regulatory mechanism. Infants who spent 1–2 h in SSC had better self-regula-
tion 1 year later (Bystrova et al. 2009).

The benefits of early postpartum SSC: improves physiologic stability for mother 
and baby, increases maternal attachment behaviors, protects baby from negative ef-
fects of separation, supports optimal infant brain development, and increases breast-
feeding rates and duration.

Attachment is biologically primed. Maternal caregiving is increased by SSC 
(endogenous opioid peptides, estrogen and progesterone, prolactin, vasopressin, 
dopamine, and oxytocin). More specifically, oxytocin has the following actions: 
contracts uterus, releases mother’s milk—colostrum—and increases maternal care-
giving behaviors, facial recognition, and attraction. In summary, it increases mater-
nal bonding.

“If the attachment relationship is indeed a major organizer in brain develop-
ment…then the determinants of attachment relationships are important beyond the 
provision of a fundamental sense of safety or security” (Fonagy 2005). There is a 
quality improvement project for changing the practice of SSC after the first hour 
after birth, from Loma Linda University Medical Center, by Raylene M. Phillips, 
MD, Assistant Professor of Pediatrics (Philips 2012).

The importance of mother–infant early SSC was demonstrated by a recent ran-
domized trial in which 176 mother–infant pairs were studied. They were divided 
into two groups; one was the group of mothers who practiced early SSC with the 
infant in the delivery room and the other was the group of mothers who were sepa-
rated from their infants. The mother–infant interaction was videotaped according 
to the Parent–Child Early Relational Assessment (PCERA) 1 year after birth. The 
practice of SSC, early suckling, or both during the first 2 h after birth when com-
pared with separation between the mothers and their infants positively affected 
the PCERA variables on maternal sensitivity infant’s self-regulation, and dyadic 



432 A. M. Larguía et al.

mutuality and reciprocity at 1 year after birth. The negative effect of a 2-h sepa-
ration after birth was not compensated for by the practice of rooming in. These 
findings support the presence of a period after birth (the early “sensitive period”) 
during which close contact between mother and infant may induce long-term posi-
tive effect on mother–infant interaction (Bystrova et al. 2009).

20.2.5 Consequences of Pain in Preterm Newborns

Every year, more than 12 million preterm newborns (PN) are born in the world. 
Along with an increase in the survival rate of this population, there is also a high 
prevalence of cognitive impairment, learning difficulties, and abnormal behavior 
in early infancy and primary school (McCormick et al. 1990). Follow-up studies 
of ex-preterm infants revealed neurodevelopmental disorders with special assis-
tance needs (McCormick et al. 1992) and a growth in the health and society burden 
(Slonim et al. 2000).

Preterm newborns experience pain. They must undergo the abrupt change from 
the safe intrauterine environment to the neonate intensive care unit (NICU). Their 
survival depends upon highly sophisticated care related to a great number of pain-
ful proceedings and stressful situations such as being separated from their mothers 
during hospitalization. In 3 months, a PN in NICU is likely to undergo about 300 
painful proceedings (Grunau et al. 2007).

For human brain development, the moments before and after birth are crucial 
mainly because there is a growth peak, exuberant synaptogenesis (Rakic 1998), and 
specific reception group expression (Anand 2008). Preterm newborns are particu-
larly vulnerable to pain and stress effects because of the immaturity of their nervous 
system (Beggs and Fitzgerald 2007).

While the biological and anatomical mechanisms to transmit pain are already 
functional in the fetus and then newborn, the physiological systems of protection 
are not yet mature. This preponderant unbalance between pain transmission and sys-
tems of protections make the newborn hyperalgesic, with a low perception thresh-
old and an intense and diffuse spatial nociception (Dinerstein and Brundi 1998).

In a PN, acute pain produces short-term adverse changes whereas repeated or 
chronic pain produces long-term changes related to the processing of pain, the stress 
response system, and the neurodevelopment.

Prolonged or repeated pain produces changes in pain processing systems (Slater 
et al. 2010). These changes remain until adolescence and they consist of a greater 
and prolonged response to future pain stimuli (hyperalgesia), to those stimuli not 
commonly perceived as painful (allodynia), and there is also greater nociception in 
the tissues that surround the stimulus (Grunau and Tu 2007).

Even more consequences of continuous adaptation on repeated pain are noticed: 
permanent neuroanatomic alterations, emotional and behavior disorders, learning 
difficulties, and functioning disorder of HPA axis in the processing of stress which 
causes an impact on these infants’ health and neurodevelopment (Sullivan et al 2008).
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Summary of short and long term consequences of pain: 
• Increased heart and respiratory rate
• Increased blood pressure
• Decreased arterial oxygen saturation: hypoxic and hyperoxia episodes
• Cerebrovascular blood flow alterations
• Decreased vagal tone
• Decreased peripheral blood flow
• Intraventricular hemorrhage and periventricular leukomalacia
• Behavioral and physiological disorganization
• Palmar sweating
• Low energy storage used for growth

Long-Term Consequences 
• Decreased volume of cortical and subcortical regions caused by excitotoxicity 

and apoptosis
• Degenerative changes with impact on vulnerable cortical neurons survival
• Permanent alterations in pain processing at spinal and peripheral levels
• Higher hypothalamic hypophyseal axis response to stress
• Neurodevelopmental alterations
• Cognitive and learning development alteration
• Attention deficit disorder
• Inability to face new situations
• Poor adaptive behavior
• Defensive behavior
• Prolonged hypersensitivity

In order to explain cell death and abnormal synaptogenesis in the PN immature ner-
vous system after pain episodes, that induces or generates long-term consequences, 
it is important to mention two mechanisms, excitotoxicity and apoptosis:

• Neuronal excitotoxicity is mediated by N-methyl-D-aspartate (NMDA) recep-
tors. These receptors trigger Ca2+ overload and the latter excitotoxic cell death.

• Apoptosis is mediated by inflammatory cytokines such as tumor necrosis factors 
(TNF)-α receptors through the activation of a caspase cascade or mitochondrial 
insult. This cell death predominates in the brain stem and cortex, hippocampus, 
thalamus, and other subcortical regions (Spreafico et al. 1995).

Although neonatal intensive care provides aggressive treatment for hypoxia, hy-
poglycemia, or sepsis, it has only recently included treatment for other factors that 
contribute to neuronal damage: repeated pain and mother–infant separation (Anand 
2000).

Recent experimental and clinical observations suggest that pain caused by inva-
sive procedures and mother–infant separation, which leads to a lack of social stimu-
lation (tactile, kinesic and verbal stimulation), may have effects on the immature 
neuron vulnerability development.

To summarize, PN are pain sensitive and therefore vulnerable to its long- and 
short-term effects. While their immature nervous system develops, they are prone 
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to excitotoxicity damage and apoptosis leading to anatomical lesions. As a result, 
the decreased brain volume, at the same time, has an impact on their neurodevelop-
ment and therefore affects their health and entire social group they live in. To that 
end, systematic approach to pain, its prevention, and adequate treatment have vast 
consequences on the life of the PN and on the public health in general.

20.2.6 Developmental Interventions in NICU

Several developmental interventions have been implemented in the NICU with a 
goal of enhancing the neurodevelopmental outcomes of hospitalized preterm in-
fants. The following are the most promising interventions to improve the mental 
developmental index and psychomotor developmental index scores on the Bayleys 
Scale (Hussey-Gardner and Famuyide 2009):

a. Application of human touch
b. Intermittent Skin-to-skin care
c. Nested prone and supine positioning
d. Protection against light by incubator covers
e. Exposure to contingent music

To our judgment, from the above mentioned proposals, the most relevant is the 
intermittent SSC (Moore et al. 2007).

Skin-to-Skin Contact Placing the new born out of the incubator to experience 
SSC with their parents is one of NICU’s main care strategies. This practice is not 
only possible in extremely low birth weight (ELBW) infants (< 1000 g) but also in 
patients that require continuous airway pressure with nasal prongs (CPAP), or inter-
mittent mandatory ventilation weaning of mechanical ventilation.

Mother/father–PN SSC contributes to reduce the stress both parents undergo the 
moment they assume a key role in their infant’s life. SSC improves self-esteem and 
humanizes NICU invasive interventions.

SSC duration depends only on the infant’s clinical status and his/her parents’ de-
sire and confidence; nevertheless, it requires appropriate monitoring (pulse oxygen, 
heart rate, respiratory rate, temperature, etc.).

SCC offers multiple benefits for parents. Mothers experience less postpartum 
depression, they feel more self-confident, and they even embrace, caress, comfort, 
and smile more at their children. In consequence, the emotional basis of the bond 
between mother and child is promoted (Brundi 2006).

Regarding breastfeeding, on the one hand prolactin stimulates breastfeeding 
initiation and continuation since it enhances milk production in lactating mothers. 
On the other hand, since the first attempt of breastfeeding, infants explore, smell, 
search for and finally find the nipple and therefore learn to suck earlier. It is es-
sential to bear in mind that mother’s breast milk is the best option to feed the infant 
because it not only nourishes but also provides protection against infections. It is in 
constant change to adapt itself to the infant’s growth needs.
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Benefits for the newborn: Through SSC on the mother’s (or father’s) chest, the 
PN experiences tactile, auditory, and proprioceptive stimuli. It improves all physi-
ological parameters and contributes to stabilize heart and respiratory rates. A lower 
need of oxygen therapy, more appropriate weight gain, improved body temperature 
control, and significant decrease of apnea episodes are observed. It is demonstrated 
that SSC fosters infant’s development, contributes to lower cortisol (stress-related 
hormone) levels, and therefore stimulates the infant’s ability to calm down by him-
self. The auditory (hearing his mother’s voice), tactile, olfactory, and visual stimuli 
the newborn receives and the fact that keeping direct contact with his mother makes 
the infant feel safe lead to less crying episodes and better rest and sleep.

SSC between mother and son also leads to increasing deep sleep duration, de-
creasing motor and muscular activity and lessening of infant crying or stress and his 
mother’s anguish (Larguia et al. 2008).

20.2.7 Nutritional Interventions

The pandemic of metabolic diseases has severe consequences in terms of mortality, 
morbidity, and life quality. The abrupt population shift towards an obese phenotype 
suggests that it may have an environmental origin (Yajnik and Deshmukh 2012).

In a recent publication, Glukmann suggests that the fetus adapts to the intra-
uterine characteristics (Gluckman et al. 2008). These adaptations are caused by in-
trauterine signals and the changes are evident not only immediately but also later 
in his life since those signals are postnatal environment predictors. Therefore, if 
the prediction is adequate it provides the fetus an encouraging prospect of surviv-
al; otherwise, the fetus life may be at risk. It has been estimated that more than 
60 % of weight variation among newborn infants has its origin in the intrauterine 
environment. One genotype can result in different physiologic or morphologic char-
acteristics in response to different environmental conditions. However, energy and 
protein supply restriction brings about growth restriction in both prenatal and post-
natal life (Thureen 2007). In the long run, this may lead the infant to be prone to 
health problems (Ehrenkranz et al. 2011; Martin et al. 2009; Poindexter et al. 2006).

A general consensus insists on exclusive breastfeeding up to the first 6 months 
of life in full-term new borns because of the above-mentioned benefits. However, 
feeding recommendations become more arduous in PN (less than 37 weeks’ gesta-
tion) and even more in those PN with less than 32 weeks’ gestation or in ELBW 
(< 1000 g) but a growing survival prognosis. [ENERGY AND PROTEIN DEFICITS 
GRAPHICS]

Graphic N°2: reflects decrease in energy and protein-accumulated deficits be-
fore and after the implementation of an early-intensive-enteral-parenteral feeding 
protocol during the first 28 days of life (Dinerstein et al. 2006; Figs. 20.1 and 20.2).

There are numerous difficulties for the optimal supply of nutrients in these 
groups. There is a high incidence of digestive intolerance (higher-to-lower gesta-
tional age, GE) and severe complications such as necrotizing enterocolitis. Even 
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though it is possible to reduce postnatal undernourishment (weight lower than 10th 
percentile at 40 weeks) with aggressive nutrition interventions (early and progres-
sive enteral feeding with breast milk and parenteral feeding with amino acids and 
lipids), they do not totally prevent it.

Poor postnatal growth is associated with (Dinerstein et al. 2005) low cognitive 
scores and developmental compromise (Latal Hajnal et al. 2003). In preterm new-
borns, growth is a complex process. There are severe consequences for long-term 
neurological development and health in general not only because of an extrauterine 
growth restriction (EUGR; neurodevelopmental compromise) but also because nu-
tritional recovery determines a weight gain and abnormal distribution of the adipose 
tissue (metabolic syndrome risk).

Currently, in preterm newborns the recommendation is to imitate the growth 
quality and type of a fetus in the same GE (Uhing and Das 2009). Whether this is 
a desirable or possible-to-achieve goal or not, that is a question that has not been 
answered yet.

Nowadays, newborns are discharged from NICU with different levels of EUGR; 
however, they show a perivisceral fat increase. While which is the most adequate 
growth is still under debate, the growth quality dilemma must also be faced. Should 
all efforts be made to improve neurological development results or to reduce the 

Fig. 20.1  Energy intakes and cumulative deficits in the first 28 postnatal days. Energy intake in 
aggressive group was higher ( p  < 0.001) and deficit was lower ( p  < 0.001) from birth to day 28
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risk of metabolic syndrome in later stages of life? Currently, the correct strategy to 
be adopted is still unclear.

Preterm birth continues to contribute disproportionately to neonatal morbidity 
and subsequent physical and neurodevelopmental disabilities. Epidemiologic stud-
ies have described additional long-term health consequences of preterm birth such 
as an increased risk of hypertension and insulin resistance in adult life. It is not 
known whether the influence of infant and childhood growth rates and early nutri-
tion on long-term outcomes is the same or different among preterm infants and 
neonates with IUGR metabolic outcomes.

Present evidence suggests that even brief periods of relative undernutrition dur-
ing a sensitive period of development have significant adverse effects on later de-
velopment. Evidences suggest that growth between birth and expected term and 
12–18 months post-term has no significant effect on later blood pressure and meta-
bolic syndrome, whereas reduced growth during hospitalization significantly im-
pacts later neurodevelopment. In contrast, growth during late infancy and childhood 
appears to be a major determinant of later metabolic and cardiovascular well-being, 
which suggests that nutritional interventions during this period are worthy of more 
study (Lapillonne and Griffin 2013).

Fig. 20.2  Protein intake and cumulative deficit in the first 28 postnatal days. Protein intake was 
higher in aggressive group ( p  < 0.001) and deficit was lower ( p  < 0.001)
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New nutritional strategies will have to be developed to prevent IUGR and EUGR 
in order to ensure growth and neurological development without increasing meta-
bolic syndrome risk. Therefore, developing nutritional strategies should be a prior-
ity followed by the inclusion of these patients in long-term follow-up programs 
to foster early detection of metabolic syndrome indicators. In the context of Safe 
and Family-Centered Maternity programs that would be an alternative until the 
definition of optimal and opportune growth is clear.

20.3 Conclusion

Over the past 10 years, there has been outstanding scientific progress related to 
perinatal programming and its epigenetic effects in health, and we can anticipate 
this trend will continue in the near future. We need to make use and apply these 
achievements to human neurodevelopment via prevention interventions. Based on 
the concept of the interaction between genome and ambiome, this chapter proposes 
low-cost easy-implementation preventive strategies for maternal and infant health 
institutions.

Breastfeeding and human milk administration are the first preventive measures, 
as has been reviewed in the policy statement of the American Academy of Pediat-
rics. Another strategy is the Safe and Family-Centered Maternity Hospitals initia-
tive that promotes and empowers the inclusion of the families and the respect for 
their rights, especially during pregnancy and birth. (This change of paradigm was 
approved and is recommended by both UNICEF and PAHO.) Then, there is also 
an important emphasis given to the sacred hour—which highlights the impact in 
bonding, attachment, and breastfeeding during the first hour of life—the pain pre-
vention and treatment in newborns, the control of the “new morbidity” represented 
by late preterm infants, and finally, the importance of avoiding IUGR and EUGR. 
(However, there are not yet clear recommendations about nutritional interventions 
in order to diminish the potential metabolic syndrome consequence in the adult.)
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Abstract There is ample evidence from observational prospective studies that 
maternal depression or anxiety during pregnancy is a risk factor for adverse psy-
chosocial outcomes in the offspring. However, to date no previous study has dem-
onstrated that treatment of depressive or anxious symptoms in pregnancy actually 
could prevent psychosocial problems in children. Preventing psychosocial prob-
lems in children will eventually bring down the huge public health burden of mental 
disease. The main objective of this study is to assess the effects of cognitive behav-
ioural therapy in pregnant women with symptoms of anxiety or depression on the 
child’s development as well as behavioural and emotional problems. In addition, 
we aim to study its effects on the child’s development, maternal mental health, 

This work is based on a previously published journal article: Meijer JL, Bockting CL, Beijers 
C, Verbeek T, Stant AD, Ormel J, Stolk RP, de Jonge P, van Pampus MG, Burger H. PRegnancy 
Outcomes after a Maternity Intervention for Stressful EmotionS (PROMISES): Study protocol for 
a randomized controlled trial. Trials. 2011 Jun 20;12:157. doi: 10.1186/17457450.1186/174
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and neonatal outcomes, as well as the cost-effectiveness of cognitive behavioural 
therapy relative to usual care.

We will include 300 women with at least moderate levels of anxiety or depression at 
the end of the first trimester of pregnancy. By including 300 women, we will be able 
to demonstrate effect sizes of 0.35 or more on the total problems scale of the Child 
Behaviour Checklist 1.5–5 with alpha 5 % and power (1-beta) 80 %.

Women in the intervention arm are offered 10–14 individual cognitive behavioural 
therapy sessions, 6–10 sessions during pregnancy and 4–8 sessions after delivery 
(once a week). Women in the control group receive care as usual.

Primary outcome is behavioural/emotional problems at 1.5 years of age as assessed 
by the total problems scale of the Child Behaviour Checklist 1.5–5 years.

Secondary outcomes are mental, psychomotor and behavioural development of the 
child at age 18 months according to the Bayley scales; maternal anxiety and depres-
sion during pregnancy and postpartum; and neonatal outcomes such as birth weight, 
gestational age and Apgar score, health-care consumption and general health status 
(economic evaluation).

Trial Registration: NTR2242

Abbreviations
ADHD Attention deficit hyperactivity disorder
ALSPAC Avon Longitudinal Study of Parents and Children
BSID II Bayley Scale of Infant Development
CAU Care as usual
CBCL Child Behaviour Checklist
CBT Cognitive behavioural therapy
C-TRF Caregiver–Teacher Report Form
DALY Daily adjusted life years
DAS Dysfunctional Attitudes Scale
DSM Diagnostic and Statistical Manual of Mental Disorders
ECR Experiences in Close Relationships Scale
EPDS Edinburgh Postnatal Depression Scale
EQ-5D EuroQol
HELLP Hemolytic anemia, elevated liver enzymes and low platelet count
ITT Intention to treat
LDS Language Development Survey
MINI Mini International Neuropsychiatric Interview
NEO-FFI NEO Five Factor Inventory
NEO-PI-R Revised NEO Personality Inventory
NLEQ Negative Life Events Questionnaire
PROMISES  PRegnancy Outcomes after Maternity Intervention for Stressful 

EmotionS
QALY Quality-adjusted life years
RCT Randomised controlled trial
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SCID Structured Clinical Interview for DSM-VI Disorders
SSQ Social Support Questionnaire
STAI State and Trait Anxiety Inventory
TiC-P  Trimbos/iMTA Questionnaire for Costs Associated with Psychiatric 

Illness
UCL Utrechtse Coping Lijst

21.1  Background

The burden of mental disorders is huge and at least comparable to the burden caused 
by many severe physical diseases. In the WHO Global Burden of Disease project it 
was estimated that 50 % of all daily adjusted life years (DALYs) in the 15–44 years 
old are due to nine psychiatry-related conditions (Murray et al. 1996). Depressive 
disorders are projected to rank second on a list of 15 major diseases in terms of bur-
den of disease in 2030 (Mathers and Loncar 2006). In addition, a substantial part of 
the costs are caused by new cases, which accounts for 39.2 % of the costs at popula-
tion level (Smit et al. 2006). Therefore, prevention of mental disorders is essential.

Maternal anxiety or depression during pregnancy is an important and potentially 
modifiable risk factor for cognitive, behavioural and emotional problems among 
the offspring children (O’Connor et al. 2002; Mäki et al. 2003; Van den Bergh 
et al. 2005; Davis et al. 2007; Talge et al. 2007; Glover 2011). Around 10–20 % of 
all women are suffering from depression or anxiety during pregnancy (Evans et al. 
2001; Marcus et al. 2003; Bennett et al. 2004; Gaynes et al. 2005). The magnitude 
of the effects of maternal anxiety or depression on the child’s psychosocial prob-
lems is considerable: It is estimated that up to 22 % of the variance in behavioural 
problems is linked with prenatal anxiety, stress or depression (Van den Bergh et al. 
2005). The adverse effects seem to be lasting. For example, antenatal anxiety of the 
mother was related to behavioural or emotional problems of 4-year-old children, 
independent of the mother’s postnatal depression or anxiety (O’Connor et al. 2002), 
and higher anxiety levels of the mothers early in pregnancy were related to an in-
crease in attention deficit hyperactivity disorder (ADHD) and other externalizing 
problems in their 8–9-year-old children (Van den Bergh and Marcoen 2004).

There are several mechanisms through which depression or anxiety during preg-
nancy could have an adverse effect on the offspring. These mechanisms can be 
divided into direct and indirect. A direct mechanism that has been researched for 
decades is one in which depression or anxiety activates the maternal stress system, 
leading to elevated glucocorticoid levels, which subsequently influence the devel-
opment and long-term physiology of the foetus’ brain by passing the placenta. This 
direct mechanism falls under the rubric of ‘early life programming’ and has been 
a popular hypothesis for the explanation of not only brain disorders but has been 
suggested to play a role in cardiovascular disease as well (Reynolds 2013). Further, 
epigenetic variation has been proposed as a mediating mechanism in linking early 
life exposures to long-term psychological and behavioural outcomes (Monk et al. 
2012).



446 H. Burger et al.

The effect of maternal stress on the developing foetus might also be indirect. 
Women who suffer from antenatal depression have the tendency to take less good 
care of themselves (e.g. neglecting personal hygiene, the occurrence of sleeping 
problems, disturbed drinking and smoking habits, denying prenatal care). These 
consequences might all influence the development of the foetus (Stewart 2006; 
O’Keane and Marsh 2007; Andres and Day 2000; Huizink and Mulder 2006). An-
other indirect way in which depression might influence the mental development of 
the offspring is when the antenatal depression remains after delivery and turns into 
a postnatal depression. In this way, mother–child attachment might be endangered, 
because the mother has a reduced ability to respond to the child. Children from 
depressed mothers have a higher risk of insecure attachment, which in turn is as-
sociated with cognitive, behavioural and emotional problems (Murray et al. 1996; 
Radke-Yarrow et al. 1985; Cummings and Davies 1994; Martins and Gaffan 2000). 
In addition, the association between antenatal depression and adverse outcomes in 
the offspring might be indirect because it could be explained by a shared genetic 
predisposition between mother and child.

The effectiveness of psychological therapy in the treatment of both depression 
and anxiety has been shown during the past 50 years, especially for cognitive be-
havioural therapy (CBT) (Cuijpers et al. 2009; Wampold et al. 2002; Dobson 1989; 
Gloaguen et al. 1998; Beck 2005). Although guidelines state that medication is an 
alternative effective treatment, the safety of antidepressants during pregnancy re-
mains insecure (Ross et al. 2013).

Still, it is too early to implement CBT for depressed or anxious women to pre-
vent psychosocial problems in the offspring. This is because in the development of 
such a preventive strategy, demonstration of the causality and size of the effect of 
the reduction of symptoms of depression and anxiety on child outcomes is a crucial 
step, a step that has not been taken to date. This knowledge gap will be filled by the 
results of the present experimental study.

Whatever the actual mechanisms involved are, there is presently convincing 
evidence that children whose mothers suffered from anxiety or depression during 
pregnancy constitute a high-risk group for behavioural and emotional problems. On 
population level, substantial total mental health gains may be accomplished when 
depressed or anxious women are adequately treated during their pregnancy, even if 
the effect size of the treatment is relatively small.

We are currently performing a RCT among pregnant women with symptoms of 
depression or anxiety to study the effect of CBT as compared to CAU on the off-
spring’s behavioural and emotional problems.

In the CBT arm, we expect more beneficial neonatal outcomes, in particular 
higher birth weight and less prematurity, which are risk factors for adverse cogni-
tive and behavioural outcomes themselves (Talge et al. 2007). We also anticipate 
reduced smoking and less drinking, with many physical and mental health benefits 
for the child as a result (Huizink and Mulder 2006). Since prenatal depression has 
shown to be related to postnatal depression, we hypothesize that our intervention 
will also counter postnatal depression, which in turn will benefit the mother—child 
attachment (Dennis 2005).
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Finally, but not unimportantly, the reduction of symptoms of anxiety or depres-
sion during pregnancy and the early postnatal period is valuable in itself. CBT may 
further provide for a safer approach to reducing symptoms in pregnancy than anti-
depressant medication (Ross et al. 2013). To date, no such study has been performed 
as far as we are aware of.

21.2  Methods/Design

21.2.1  Objective

The aim of the present study is to examine the effect of CBT in women with at least 
moderate symptoms of anxiety and/or depression at the end of the first trimester of 
pregnancy, on the extent of total behavioural and emotional problems in their chil-
dren at 1.5 years of age, as compared with CAU.

21.2.2  Setting and Design

The source population consists of all pregnant women in the Netherlands in the first 
trimester of their pregnancy. Women are recruited in primary, secondary and tertiary 
obstetric care.

Women are screened for anxiety and depression symptoms at the end of the first 
trimester of pregnancy. Women with at least moderate symptoms of anxiety and/or 
depression are either randomised to the intervention group in which they receive 
10–14 sessions of CBT, or to the control group in which they receive CAU.

Figure 21.1 shows the detailed design of the study.

21.2.3  Study Outcome Measures

The primary outcome in this project is the total emotional and behavioural problems 
score of the child according to the Child Behaviour Checklist 1.5–5 (CBCL 1.5–5) 
at 18 months of age.

Secondary outcomes are the child’s mental and psychomotor development at 
18 months of age; the change in depressive and anxious symptoms in the mother; 
obstetric variables such as birth weight, gestational age and Apgar score; the socio-
demographic and lifestyle factors, such as alcohol use, smoking and education; and 
cost-effectiveness of the therapy.
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21.2.4  Sample Size

Studies on the prevention of mental disorders tend to suffer from problems of in-
sufficient statistical power (Cuijpers 2003). In the current study, we aimed to get 

Fig. 21.1  Detailed design of the study examining the effect of cognitive behavioral therapy (CBT) 
in women. T0 screening, T1 baseline assessments, T2 follow-up assessments at 24 weeks of ges-
tation, T3 follow-up assessments at 36 weeks of gestation, T4 follow-up assessments at 6 weeks 
postnatal, T5 follow-up assessments at 6 months postnatal, T6 follow-up assessments at 12 months 
postnatal, T7 follow-up assessments at 18 months postnatal, CBT cognitive behavioural therapy, 
CAU care as usual, STAI 6-item State Trait Anxiety Inventory, EPDS Edinburgh Postnatal Depres-
sion Scale, P5D pregnancy, anxiety and depression study
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around this problem by using a continuous primary outcome measure and by in-
cluding a high-risk group, i.e. selective prevention.

We decided that effect sizes of 0.35 (midpoint of small–medium effect size) or 
more on the total problems scale of CBCL 1.5–5 are to be detected. With alpha 5 % 
and power (1-beta) 80 %, we have to include 260 participants in our analyses. To 
account for some dropout, we aim at 300 women entering the trial. If 50 % eventu-
ally meets all criteria and gives informed consent, 600 screen-positives must be 
identified. The 50 % rate is based on studies with psychological interventions dur-
ing pregnancy aimed at reducing the occurrence of postnatal depression (Dennis 
2005). Given the figures in the literature (Bennett et al. 2004; Marteau and Bekker 
1992), we can expect amply 10 % screen-positives on either the anxiety or depres-
sion screener. With an estimated 50 % comorbidity between anxiety and depression, 
this means that approximately 15 % are eligible for the randomisation. Therefore, 
4000 women needed to be screened. Assuming a response rate of 75 % (Bowen and 
Muhajarine 2006), this implicates that 5333 women must be offered screening. To 
be on the safe side, we aimed at screening 6000 women. During the trial, it appeared 
that only 25 % rather than 50 % of all screen-positive women meets all criteria and 
gives informed consent. Therefore, we adjusted the number needed to screen for 
including 300 women to approximately 12,000.

21.2.5  Inclusion

Women in obstetric care in the Netherlands with a significant level of anxiety (6 
item STAI ≥ 42) or at least moderate depressive symptoms (EPDS ≥ 12) in their first 
trimester are invited to participate in the trial.

21.2.6  Exclusion

Women fulfilling one or more of the following criteria are excluded from participa-
tion:

1. Multiple pregnancy. We decided to exclude women with multiple pregnancy as 
they have a markedly increased obstetric risk; their inclusion would threaten 
the homogeneity of the study population and thereby decrease the sensitivity to 
detect effects.

2. High suicidal risk according to the suicidality subscale score on the Mini Inter-
national Neuropsychiatric Interview (MINI, defined as a positive response on the 
question on concrete suicide plans).

3. Presently receiving psychotherapy.
4. Substantial physical disease or illegal substance abuse.
5. No mastery of the Dutch language.
6. Having a psychiatric history on bipolar disorder, psychoses and manic disorder.
7. History of in vitro fertilization.
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21.2.7  Assessments

Participating women are asked to fill out questionnaires until their child is 1.5 years. 
This is done at eight time points: The screener at baseline (T0), the additional base-
line information (T1), and follow-up questionnaires at 24 and 36 weeks of gestation 
(T2 and T3), at 6 weeks postpartum (T4), 6 months postpartum (T5), 12 months 
postpartum (T6) and 18 months postpartum (T7).

At each time point, the levels of anxiety and depression are monitored by the 
State Trait Anxiety Inventory (STAI) and the Edinburgh Postnatal Depression Scale 
(EPDS). As depicted in Table 21.1, all other questionnaires are filled out once or at 
several time points.

For anxiety, we use the Dutch version of the 6-item STAI. This self-report ques-
tionnaire is as valid as the full 20-item version and has frequently been used to mea-
sure antenatal anxiety (Marteau and Bekker 1992). For the screening on depression, 
we use the EPDS, which has 10 items (Pop et al. 1992). This is the most frequently 
used self-report depression screener in the postnatal period, as well as during preg-
nancy and has been found particularly valid during pregnancy, because this scale 
omits somatic symptoms (Bowen and Muhajarine 2006).

The following information is obtained from participants. The exact time of ad-
ministration of the corresponding instrument can be found in Fig. 21.1.

1. Life events before pregnancy are assessed at baseline, using the Negative Life 
Events Questionnaire (NLEQ, Garnefski et al. 2001).

2. Perceived social support is measured according to the 9-item Social Support 
Questionnaire (SSQ)-short form (Sarason et al. 1983).

3. General health, socio-economic position, ethnicity, smoking behaviour, alcohol 
use and psychiatric history (whether the participant has had depression and/or 
anxiety symptoms before, whether she was treated for this and whether she is 
presently in treatment for these symptoms) is assessed. Socio-economic position 
is measured using five indicators: family income, educational level (father and 
mother) and occupational level (father and mother). This questionnaire is based 
on a questionnaire used in the Utrecht Health Project (Dutch acronym LRGP: 
Leidsche Rijn Gezondheids Project, www.lrgp.nl). General health status will 
also be taken into account according to the EQ-5D (EuroQol Group 1990).

4. Personality is assessed using the NEO Five Factor Inventory (NEO-FFI). The 
NEO-FFI is a shortened version of the NEO-PR-I Costa and McCrae (1992) and 
covers the Big Five of personality (neuroticism, extraversion, openness, altruism 
and conscientiousness). These aspects each contain six subscales. The NEO-FFI 
contains 60 questions, 2 on each subscale. The present study will add four full 
subscales to the short version; two subscales of neuroticism, one of extraversion 
and one of conscientiousness. This is because we expect them to have the stron-
gest association with persistence of depression and/or anxiety. The NEO-FFI is 
translated and validated in Dutch (Hoekstra et al. 1996).
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 5. Information on previous pregnancies, family size and composition, pregnancy-
related life events and on reactions on becoming a parent is gathered using 
questionnaires from the ALSPAC study (www.bristol.ac.uk/alspac).

 6. Suicide risk is measured using six screening questions from the MINI (Sheehan 
et al. 1998).

 7. Maternal attachment style is measured according to the ECR (Brennan et al. 
1998), which has been translated and validated for the Netherlands by Conradi 
et al. (2006).

 8. Health-care consumption is assessed based on the TIC-P (Hakkaart-van Roijen 
2002). This instrument allows reliable recall over the past 6 months (Van den 
Brink et al. 2005).

 9. Coping style is assessed using the Utrechtse Coping Lijst, the UCL (Schreurs 
and Van de Willige 1988).

10. A Dutch version of the Dysfunctional Attitude Scale (DAS) is used to measure 
cognitions and attitudes (Douma et al. 1991).

11. Obstetric variables such as gestational age, birth weight and Apgar score; com-
plications such as (pre)eclampsia or HELLP, which is obtained from midwives. 
Women are asked to give consent for this.

12. Finally, we use the SCID-I to screen for a possible clinical depressive or anxi-
ety disorder (First et al. 2002). The SCID-I is the only questionnaire used that 
has to be taken in a personal interview.

Besides questionnaires for the mother during her pregnancy and the first 1.5 years 
postpartum, there are assessments of the child at 1.5 years of age.

One of the assessments concerns the Bayley Scale of Infant Development (BSID-
II) (Bayley 1993). This is a formal neuropsychological tool to assess the develop-
mental level of a child between 1 and 42 months. It is individually administered 
by one of the researchers and consists of three subscales: Cognitive development 
(mental development index), gross and fine motor development and the behavioural 
rating scale. This tool is widely used in both research and clinical settings and is 
considered the best and most applied method for the assessment of the child’s devel-
opment to date (Skovgaard et al. 2004). Importantly, the instrument has shown to be 
sensitive. In the context of our proposal, maternal anxiety in pregnancy explained 
as much as 11 % of the variance in the Bayley scores in a study among 2-year-old 
toddlers by LaPlante et al. (2004).

The second assessment is the CBCL 1.5–5 including the Caregiver–Teacher 
Report Form (C-TRF) and the Language Development Survey (LDS) (Rescorla 
2005). This well-established, reliable and valid scale designed for parents and care-
givers comprises seven syndrome scales: Emotionally reactive, anxious depressed, 
somatic complaints, withdrawn, sleep problems, attention problems and aggressive 
problems. In addition, it contains scales for internalizing, externalizing and total 
problems. Symptom scores may further be related to formal DSM-diagnostic cri-
teria. The LDS provides a screen for delays in vocabulary and word combinations.

For the assessment of psychopathology in preschool children, it is essential 
to obtain information from different sources (Carmen-Wiggins and Carter 2001). 
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Therefore, we decided to include the C-TRF for the caregivers of the children other 
than their parents. Parents are asked to hand these lists to the actual caregivers of 
their children, e.g. grandparents, babysitters, kindergarten-coaches, etc. Relevant in 
this respect, a review by Skovgaard et al. (2004) underlined the significance of both 
the developmental aspects (e.g. as measured with the BSID II) and the infant−care-
giver relation in the assessment of children 0–3 years of age.

The CBCL has been used successfully in several studies, among others on exter-
nalizing problems (LaPlante et al. 2004). It has been translated and standardized for 
use in around 60 countries, including the Netherlands. The CBCL 1.5–5 is consid-
ered a sensitive instrument also deployed in current intervention studies (Robinson 
et al. 2010; Boers et al. 2007).

Also, mother−child interactions are measured by taping them for 15 min on vid-
eo and scoring them afterwards on interaction points.

21.2.8  Additional Baseline Data

Women agreeing to participate are asked to provide additional baseline data at T1, 
as shown in Fig. 21.1.

About half of these questionnaires are sent to the participants in print, the other 
half can be answered online. All follow-up questionnaires are available online.

After providing baseline data, both in print and online, women are telephoned 
for the Structured Clinical Interview for DSM-II Disorders (SCID-VI). The SCID-II 
will allow us to study treatment effects additionally according to diagnostic catego-
ries rather than symptom levels.

21.2.9  Randomisation

Right after the SCID-II interview, women are randomised 1:1 to either CBT or 
CAU.

We will create randomisation lists, stratified for parity and socio-economic posi-
tion, with randomly permuted blocks of random size.

Women randomised to the CAU arm are informed about being at risk of depres-
sion or anxiety disorder by the researchers and are advised to contact their general 
practitioner (GP). A close record is kept of all care provided in the CAU arm.

21.2.10  CBT Intervention

The intervention consists of 10–14 individual sessions: 6–10 sessions during preg-
nancy and 4–8 sessions after delivery (once a week). The CBT is conducted by 
registered psychologists, specialized in conducting CBT.
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CBT posits that an individual’s biased information processing leads to maladap-
tive feelings and behaviours which can culminate in psychological distress and 
eventually in psychiatric disorders. The main focus of the proposed intervention is 
targeted on identifying and changing dysfunctional cognitions and schemata (atti-
tudes) specifically for pregnant, depressed and anxious patients. In CBT, the Socrat-
ic dialogue is used aiming to change these dysfunctional cognitions and attitudes 
permanently. CBT may therefore result in long-term protection against psychoso-
cial problems. It is therefore not surprising that cognitive therapy during the acute 
phase of depression also appears to be effective in reducing subsequent recurrence 
rates (Beck 2005).

The first session will focus on the rationale CBT, i.e. the influence of (irrational 
or dysfunctional) cognitions and attitudes on feelings and behaviours. Additionally, 
goal setting is initiated. These therapy goals are unique for each patient. The sub-
sequent sessions are targeted at identifying and amending irrational cognitions and 
attitudes related to pregnancy, delivery, concerns about the (unborn) child and the 
future family situation. Each session will address specific pregnancy-related cogni-
tions. Additionally, patients are taught how dysfunctional cognitions and attitudes 
affect adversely feelings and behaviours.

These dysfunctional cognitions and attitudes are challenged and replaced by 
functional cognitions and attitudes. After each session, the patients are given home 
work. For example, the patients are asked to register negative experiences, and ac-
companying cognitions, feelings and behaviours. Finally, in the last two to four 
sessions, the newly learned cognitions and attitudes are consolidated.

21.2.11  Data Analysis

If necessary, skewed continuous variables will be transformed to normality prior 
to the analyses. The primary outcome, i.e. the CBCL scores at month 18, will be 
compared between the treatment arms using the unpaired t test. This test will also 
be used for detecting differences in the Bayley scores by month 18 and the obstetric 
variables measured at birth. The latter group of variables will be tested using the 
Chi-square test if categorical. Differences in attachment style at month 12 will be 
analysed using analysis of covariance with the baseline variable as a covariate. Con-
tinuous outcomes that were measured more than twice (e.g. EPDS and STAI) will 
be analysed as dependent variables using linear mixed models for fixed and ran-
dom effects. These models are superior for the analysis of longitudinally correlated 
data and can optimally deal with missing values (Gibbons et al. 1993). A mixed 
model ascribes a unique intercept and slope estimate to each individual, while mak-
ing use of information across individuals for predicting these quantities. In these 
analyses, a treatment*time variable indicating the effect of the intervention will be 
included as an independent variable. If despite randomisation important baseline 
differences exist in prognostically important variables such as the extent of social 
support or history of life events, they will be adjusted for. Additional analyses will 
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be conducted to demonstrate mediation of the effect of CBT on the child’s outcomes 
by maternal symptom level, alcohol or nicotine consumption in pregnancy, medica-
tion use or neonatal outcomes.

The analyses will primarily be carried out according to the intention-to-treat 
(ITT) principle, i.e. the participants will be analysed according to their randomised 
allocation, regardless of the actual CBT undergone, or time in study after baseline. 
Aside from the optimal validity of ITT analyses, they quantify the effects on the 
outcome measures that would be obtained in practice. The magnitude of the effect 
measured in an ITT analysis incorporates the effects caused by non-adherence to 
CBT, behavioural changes, etc. Secondary analyses will be of the ‘per protocol’ 
type meaning that they will be restricted to those women that had all of the CBT 
sessions.

Considering specific target populations, there is evidence that the socio-econom-
ically deprived may have more benefit from treatment of depression during preg-
nancy (O’Keane and Marsh 2007). Therefore, subgroup analyses will be undertaken 
according to socio-economic position. Subgroup analyses will also be undertaken 
according to parity.

Differences in effect of CBT between subgroups will be statistically evaluated 
by testing the treatment by subgroup interaction terms. Effect parameters will be 
supplied with a 95 % confidence interval.

21.2.12  Economic Evaluation

An economic evaluation will be conducted alongside the trial to assess the cost-
effectiveness of CBT compared to CAU in the current study population. Informa-
tion on costs and health outcomes will be prospectively collected during 24 months 
(starting at baseline until 18 months after birth) for both mother and child. Two 
complementary economic analyses will be conducted. The primary outcome mea-
sure of the planned cost-effectiveness analysis is the total emotional and behav-
ioural problems score of the child according to the CBCL at 18 months of age.

In the additionally planned cost-utility analysis, QALYs (quality adjusted life 
years) will be used as the primary outcome measure. The study will be performed 
from a societal perspective. Medical costs that will be assessed include costs related 
to CBT, contacts with health-care professionals and medication use. Outside the 
health-care sector, costs of informal care and productivity losses will be taken into 
account. Unit prices will largely be based on Dutch standard prices in order to facili-
tate comparisons with other economic evaluations. Cost-effectiveness acceptability 
curves will be used to inform decision-makers on the probability that the studied 
intervention is cost-effective.

This study protocol was approved by the medical ethical committee of the Uni-
versity Medical Centre Groningen.
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