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Abstract

:

Traumatic stress exposure during critical periods of development may have essential and long-lasting effects on the physical and mental health of individuals. Two thirds of youth are exposed to potentially traumatic experiences by the age of 17, and approximately 5% of adolescents meet lifetime criteria for posttraumatic stress disorder (PTSD). The role of the stress system is the maintenance of homeostasis in the presence of real/perceived and acute/chronic stressors. Early-life stress (ELS) has an impact on neuronal brain networks involved in stress reactions, and could exert a programming effect on glucocorticoid signaling. Studies on pediatric PTSD reveal diverse neuroendocrine responses to adverse events and related long-term neuroendocrine and epigenetic alterations. Neuroendocrine, neuroimaging, and genetic studies in children with PTSD and ELS experiences are crucial in understanding risk and resilience factors, and also the natural history of PTSD.






Keywords:


children; adolescents; early life stress; posttraumatic stress disorder; cortisol; catecholamines; stress; HPA axis; autonomic nervous system












1. Introduction


The term early-life stress (ELS) has been used to describe a broad spectrum of adverse and stressful events, including childhood trauma occurring during neonatal life, early and late childhood, and adolescence. These adverse experiences include maltreatment, neglect, separation, parental loss, starvation, extreme poverty, bullying, domestic/community/school violence etc. ELS also includes adverse exposures during fetal life including maternal undernutrition, day-to-day hassles, pregnancy-specific stressors, moderate increases in maternal anxiety, and exposure of the mother to extreme adverse experiences such as physical/sexual abuse, acts of terrorism, war or natural disasters [1]. On the other hand, the term childhood trauma (CT) has been used to describe a more specific form of ELS. According to the fifth edition of the Diagnostic and Statistical Manual (DSM) of Mental Disorders (American Psychiatric Association (APA), 2013), regarding children and adolescents, trauma is defined as “exposure to actual or threatened death, serious injury, or sexual violence in one or more of the following ways: (i) Directly experiencing the traumatic event(s); (ii) witnessing, in person, the event(s) as it occurred to others; (iii) learning that the traumatic event(s) occurred to a close family member or close friend (for adolescents and children older than 6 years), or learning that the traumatic event(s) occurred to a parent or caregiving figure (for children 6 years and younger). Therefore, the term ELS describes a broader spectrum of adverse and stressful events compared to the term “trauma”, which can occur from fetal life through adolescence and which are not necessarily traumatic in the sense of the definition provided in the DSM-5.



The neuropsychobiological impact of ELS constitutes a major developmental risk factor for increased physical and mental morbidity in later life [2,3]. There is abundant evidence from both retrospective and prospective studies indicating the negative impact of ELS on adult mental [4,5,6,7,8,9,10] and physical health [3,11,12,13,14]. Concerning the mental health consequences of ELS, a higher risk of depression [6,7,8], posttraumatic stress disorder (PTSD) [4,9], schizophrenia [10], suicide attempts [5], and risky behavior patterns (e.g., tobacco and alcohol consumption) [14] in later life have been closely associated with ELS experiences. However, it has been suggested that the factors that increase the risk of trauma exposure later in life may be different than those which sensitize individuals to the adverse effects of later stressors [4].



Exposure to traumatic events is rather common in childhood and adolescence, and PTSD will occur in a significant portion of those exposed to adverse events [15]. Estimates of the incidence of PTSD in children vary by sample, different assessment methodologies, and different types of traumatic event [16]. Roughly two thirds (61.8%) of youth are exposed to trauma by 17 years of age, and approximately 5% of children and adolescents below 18 years of age meet lifetime criteria for PTSD [17,18]. PTSD prevalence below the age of 10 years has not been well studied [19].



Research and clinical practice are facilitated by a common definition of posttraumatic stress disorder (PTSD), which is very common in the general population and can occur at any age. In general terms, PTSD describes a cluster of symptoms that develop after direct or indirect exposure to traumatic life events involving actual or threatened death, serious injury, or sexual violence. PTSD was classified as an anxiety disorder in the fourth edition of the DSM (APA, 1994). More recently, it was reconceptualized in order to include a broader spectrum of negative responses to traumatic experiences. The DSM-5 relocated the disorder to a new chapter of trauma- and stressor-related disorders. A subtype was also created for children 6 years and younger, lowering the diagnostic thresholds for children. The PTSD symptoms are organized into four categories for adults, adolescents, and children older than 6 years, with one or more symptoms required from each group: (i) intrusion, (ii) avoidance, (iii) negative alterations in cognitions and mood, and (iv) alterations in arousal and reactivity. By definition, symptoms must persist for at least 1 month and cause clinically significant distress or impairment in several areas of functioning. Until recently, the diagnostic criteria of PTSD were not developmentally appropriate for diagnosing PTSD in very young children. However, the DSM-5 provides an extensive description of developmental differences in symptom expression and developmentally modified criteria for children aged 6 years old and younger. This set of developmentally sensitive criteria includes three symptom groups: (i) intrusion, (ii) persistent avoidance/negative alterations in cognition and mood, and (iii) alterations in arousal and reactivity.



The effects of adverse and stressful events early in life may be severe and long-lasting. They are also associated with several clinical conditions including attention deficit hyperactivity disorder (ADHD), PTSD, bipolar disorder, panic disorder, substance abuse, generalized anxiety disorder (GAD), and major depressive disorder (MDD), as well as psychotic symptoms [20,21]. Depression appears to be the most common comorbid diagnosis of PTSD, with a range of 13% to 75%, whereas GAD was the comorbid diagnosis in 27.6% of the PTSD population in one study conducted in adolescents [22].




2. Stress System Components


The role of the stress system is the maintenance of homeostasis in the presence of real or perceived and acute or chronic stressors. In general, activation of the stress system leads to adequate behavioral and physical adaptive changes that improve the organism’s ability to survive. The human stress system involves central and peripheral components which drive adaptive responses via a plethora of neurotransmitters, steroid hormones, and neuropeptides. The central CNS effectors of the stress system include: (a) the corticotropin-releasing hormone (CRH) secreted by the CRH neurons. The highest concentration of CRH neurons is present in the paraventricular nucleus (PVN) of the hypothalamus. CRH is also present in limbic structures and other brain regions related to the stress response such as the bed nucleus of the stria terminalis, the central nucleus of the amygdala, the locus coeruleus, the cerebral cortex, the cerebellum, and the dorsal root neurons of the spinal cord. Moreover, CRH has been found in chromaffin cells of the adrenal medulla and sympathetic ganglia of the autonomic nervous system (ANS), and finally in peripheral organs such as immune cells, skin, and gastrointestinal tract [23]; (b) arginine–vasopressin (AVP), produced by neurons of the hypothalamic PVN; (c) the proopiomelanocortin-derived peptides α-melanocyte-stimulating hormone (MSH) and β-endorphin produced in the hypothalamic arcuate nucleus; and (d) norepinephrine produced in the A1/A2 centers of the brainstem’s LC and in the noradrenergic (NE) cell groups residing in portions of the medulla oblongata (LC/NE system). The principal peripheral effectors of the stress system are (a) the hypothalamic–pituitary–adrenal axis (HPA)-regulated glucocorticoids, and (b) the catecholamines norepinephrine and epinephrine, which are regulated by the ANS, comprising (i) the sympathetic nervous system (SNS) and the sympathoadrenomedullary (SAM) system, and (ii) the parasympathetic system (PNS). In addition, a variety of molecules, e.g., neurotransmitters, steroid hormones, and neuropeptides interact with the classic neuroendocrine hormones to maintain homeostasis [2,24].



The ANS and the hypothalamic–pituitary–adrenal (HPA) axis are regarded as the key systems involved in the stress response. The immediate response to a stressor is mediated by the instantaneous activation of the ANS and the increase of catecholamines in the periphery [25]. In response to stress, CRH is released into the hypothalamo-pituitary portal vessels and induces the synthesis and release of adrenocorticotropin hormone (ACTH) into the systemic circulation from the anterior pituitary. It has also been demonstrated that CRH itself elicits behaviors that are reminiscent of a typical stress response, and that it directly modulates the rapid response of the ANS [26]. The principal target for ACTH is the adrenal cortex, where it stimulates the release of glucocorticoids (GCs), particularly cortisol in humans [27,28]. GCs participate in a multiplicity of functions which are essential for the maintenance, duration, and downregulation of the stress response mainly through GC binding to glucocorticoid receptors (GRs) in the hippocampus [26].



The HPA axis and the ANS are complementary and closely interconnected components of an internal neural regulation system (central autonomic network, CAN) [2]. The dysregulation of the CAN may affect autonomic core centers, comprised of a set of neural structures including the prefrontal cortex (PFC), the amygdala, the hypothalamus and the brain stem, thereby altering peripheral ANS activity and overall stress responsiveness. Moreover, it has been shown that the HPA axis regulation depends in part on the ANS, especially on vagal influences [29].



Excessive and prolonged activation of the stress system might lead to increased and prolonged production of CRH, cortisol, and catecholamines, which could explain many of the long-term psychopathological and physical complications of chronic stress, such as depression, obsessive-compulsive disorder, panic anxiety, anorexia nervosa, and chronic active alcoholism, amongst others [28,30]. However, hypo-activation of the HPA axis has been reported in several repeated or chronic stress situations including PTSD, chronic fatigue syndrome, fibromyalgia, the postpartum period, and nicotine withdrawal syndrome [28]. The direction of HPA axis adaptation to chronic stress may depend on the individual’s genetic background, their previous stress history, and the nature, chronicity, severity, and predictability of the stressor. Additionally, age and developmental stage have been suggested as key determinants not only of the clinical manifestations of chronic stress, but also of the biological patterns of disease [19].




3. The Effects of ELS across the Lifespan


The effects of ELS depend on three main factors: (i) the developmental time window affected [31], (ii) the sex of the individual [32], and (iii) the developmental stage at which effects are assessed [33]. Early-life stress during fetal life, childhood, and adolescence has been recognized as a key mediator of developmental programming [1]. The programming effects of ELS on the developing brain mainly concern brain networks involved in stress reactions, such as the prefrontal cortex, the hippocampus, and the amygdala, and may lead to sustained hyper- or hypo-activation of the stress system to ensuing stressors [34]. Animal studies have shown that chronic stress may affect brain development through mechanisms of accelerated loss of neurons, delays in myelination, or abnormalities in neural synaptic pruning [35].



3.1. The HPA Axis


The HPA and ANS axes have, understandably, received the most scrutiny relative to other endocrine systems that might potentially be affected by ELS [2]. Early-life stress effects on HPA axis functioning may derail normal development during critical periods and potentially persist into adulthood. However, studies have produced mixed results. Numerous studies have shown that ELS is positively associated with HPA axis hyperactivity in both healthy adults and individuals with depression and PTSD, as indicated by increased peripheral cortisol and dehydroepiandrosterone (DHEA) levels, enhanced cortisol awakening response (CAR), or increased ACTH and cortisol responses to environmental stressors or endocrine challenges [36,37,38,39,40,41]. On the other hand, several studies in similar populations and study designs have reported lower peripheral cortisol levels and diminished cortisol responses to psychosocial stressors, which are indicative of HPA axis hypo-activity [42,43,44]. Other studies found no differences as a consequence of ELS exposure in cortisol circadian rhythms [45] or in the CAR [46], and no correlation between ELS and HPA axis reactivity to either a psychological or physiological acute stressor [47]. In a recent study, a tendency towards lower levels of hair cortisol concentration was shown in individuals who reported physical neglect during their childhood [48]. Finally, the results of a recent meta-analysis regarding the relation between ELS and cortisol were enlightening. Specifically, no significant relationships were found between ELS and the CAR, the baseline cortisol, the non-stressed cortisol over time, and the cortisol reactivity [49]. However, in those who had experienced ELS that involved sexual, physical, or emotional abuse, the CAR was heightened, and also, if blood samples were collected, ELS was associated with a blunting effect of cortisol [49]. Therefore, several factors may yield different biological findings, such as (1) distinct definitions of ELS (e.g., objective versus subjective indicators); (2) the nature of ELS (sexual versus physical versus emotional abuse versus neglect), number of episodes, cumulative period of the adverse events, age at first incidence of abuse/neglect, and chronicity; (3) the presence of psychosocial support; (4) the presence of later traumatic events; (5) genetic and epigenetic factors; (6) the sex of the individual; and (7) the outcomes assessed (e.g., phasic, such as diurnal salivary cortisol and cortisol reactivity to challenge vs. tonic cortisol values such as hair cortisol) [45,50,51,52].



However, the exact timing of ELS is probably the most important factor modulating HPA axis activity later in life [2]. More specifically, infancy and early childhood (0–5 years of age) are one the most vulnerable periods of brain development [53]. The HPA axis, after an initial hyper-responsive period, may later transition into a stress hypo-responsive period, indicated by decreased basal and stress-induced cortisol levels [51,54]. Several longitudinal studies have shown that throughout early childhood, stress responsivity may decrease with age [53,55,56]. The aforementioned shift from a hyper- to a hypo-responsive HPA axis during the first 5 years of life represents a crucial period regarding the HPA axis programming. Precisely, ELS exposure within the first 2 years in life has been associated with prolonged cortisol reactivity to an acute social stressor among adolescents [57,58]. Thus, ELS exposure together with elevated glucocorticoids levels during the hypo-responsive period could lead to glucocorticoid receptor insensitivity over time, thus affecting the development of a hypo-responsive HPA axis [53]. Moreover, a later particularly sensitive developmental period is adolescence. During this developmental stage, the HPA axis transitions from a period of decreased activity into a hyper-responsivity phase characterized by progressive higher basal and reactive cortisol levels [55,59,60,61]. The effect of ELS on HPA axis basal activity and reactivity during adolescence has been suggested to be opposite than in infancy, as indicated by lower baseline cortisol and blunted cortisol responses to psychosocial stressors [58,62]. It is supposed that these age-related differences in the impact of ELS on HPA axis activity and reactivity play a role in the risk of developing a specific mental disorder later in life. For example, trauma exposure in early childhood is associated with equal risk of developing major depressive disorder or PTSD later in adulthood, whereas if traumatization occurs during adolescence, the risk of developing PTSD has been shown to be greater than that of developing depression [7].




3.2. Locus Ceruleus/Autonomic Nervous System (LC/ANS)


The activity of the LC/ANS and the HPA axis is normally complementary. The regulation of the HPA axis depends partly on vagal influences from the LC/ANS [34]. The majority of studies assessing autonomic activity in adults after early life traumatic experiences, including individuals with PTSD, repeatedly suggest an increased sympathetic and/or decreased vagal activity after a traumatic experience [34]. For example, higher catecholamine responses to psychological stress in police recruits [63], higher rates of syncope frequency in adults exposed to ELS [64], and blunted cardiac output reactivity and increased vascular resistance in response to stress in adolescents with ELS experience [65] have been reported. Moreover, regarding pediatric populations, significantly higher diurnal urinary concentrations of catecholamines in sexually abused girls [66] and continuously higher catecholamine levels 6 months after trauma exposure (motor vehicle accident) have been reported [67]. Elevated catecholamine secretion has been implicated in excessive consolidation of traumatic memories, which is substantial for the development and maintenance of re-experiencing symptoms of PTSD such as intrusive memories, flashbacks, and repetitive nightmares [68,69]. Importantly, the administration of pharmacological agents such as β-blockers immediately after trauma exposure, might be helpful as secondary preventive agents for the development of specific PTSD symptoms [69,70].




3.3. Imaging Findings


There is a large body of studies assessing structural and functional brain correlations to ELS. Early-life stress has been associated with reduced volume of corpus callosum, insula, dorsolateral prefrontal cortex (PFC), orbitofrontal cortex (OFC), anterior cingulate gyrus, and caudate, as well as decreased cortical thickness of medial and lateral prefrontal and temporal lobe regions and reduced overall brain volume in humans [71,72]. There have also been numerous studies reporting an association between ELS or childhood trauma and reduced hippocampal volume in adulthood [73]. A recent meta-analysis of structural MRI studies reported reduced grey matter in the right dorsolateral prefrontal cortex and right hippocampus amongst adults with a history of childhood trauma [74]. Nevertheless, the volume of the hippocampus seems to be unaffected in children with childhood-maltreatment-related PTSD [75]. The unaffected hippocampal volume in children but not in adults with maltreatment-related PTSD suggests an initially volumetrically normal hippocampus with subsequent abnormal disrupted development [75]. Regarding the amygdala, functional MRI studies have shown that ELS and childhood trauma are associated with amygdala hyper-responsiveness, particularly to negative-emotion-related stimuli [73,76,77]. It has also been suggested that amygdala hyperactivity as a result of ELS or childhood trauma may mediate the risk for depression later in adult life [78,79]. However, regarding the effect of ELS or childhood trauma on amygdala volume, some studies have reported reduced volume [73] and others greater amygdala volume (in macaque) [80], and some have found effects that depend on the specific type of ELS [81].



Taken together, the aforementioned findings give prominence to the programming effects of ELS on neural networks and endocrine systems involved in stress, especially during vulnerable periods of development. The neuropsychobiological changes following ELS exposure are suggested to mediate risk for adult maladjustment and psychopathology, including PTSD. Understanding the pathways susceptible to alterations as sequelae of ELS could provide new insights into the pathophysiologic trajectories and the longitudinal course of PTSD, with possible implications for therapeutic interventions for stress-related disorders.





4. HPA Axis and ANS Alterations in Pediatric PTSD


Chronic stressors such as child maltreatment (i.e., physical and/or sexual abuse or neglect) and acute stressors, such as accidents and earthquakes, are qualitative different and potentially produce qualitatively and quantitatively distinct clinical symptoms and neuroendocrine alterations [82]. Child maltreatment often co-exists with parental psychopathology, which may represent an additional innate biological risk factor, and several psychosocial risk factors, such as low socioeconomic status, unemployment, parental stress, and drug or alcohol abuse [83]. Moreover, it has been suggested that greater dissociation may be related to repeated rather than single trauma [84]. Interestingly, relatively weak independent associations have been shown between a single childhood trauma type (e.g., emotional abuse, physical abuse, sexual abuse, emotional neglect, physical neglect) and health-related quality of life, depression, and PTSD in adulthood [83]. However, there is a cumulative adverse effect of different types of childhood trauma on adult PTSD and depression symptoms with increasing levels of exposure [83].



Numerous studies have investigated the neuroendocrine alterations in adults with PTSD. The majority of them have demonstrated increased basal levels of corticotropin-releasing hormone (CRH) in cerebrospinal fluid (CSF) [85,86], decreased cortisol levels at several points during the circadian cycle [87], and reduced salivary/urinary cortisol concentrations [88,89,90]. Nevertheless, several studies have demonstrated divergent findings including increased urinary cortisol excretion [91] or plasma/urinary cortisol concentrations comparable to the non-PTSD individuals [90]. Regarding the SNS, urinary, plasma and CSF catecholamine levels have been consistently found to be increased in adult patients with PTSD [92].



Children and adolescents may exhibit different physiological responses to acute or chronic stressors compared to adults [84]. More specifically, sexually abused girls showed elevated 24 hour catecholamines and their metabolites’ concentrations in urine compared to matched controls [93]. They also exhibited lower evening basal and ovine CRH-stimulated plasma adrenocorticotropic hormone (ACTH) levels, whereas the response of plasma cortisol to CRH injection was comparable to non-abused controls [66]. Moreover, children with a history of maltreatment who attended a day camp research program exhibited significant variation in average morning/afternoon cortisol concentrations depending on the specific type of trauma. In details, morning salivary cortisol concentrations were significantly elevated in children who had undergone physical and sexual abuse and children who had been neglected or emotionally abused [94]. On the other hand, children who had experienced only physical abuse exhibited lower morning cortisol and a smaller decrease in cortisol abundance from morning to afternoon [94]. The aforementioned findings provide support to the notion that neuroendocrine patterns depend on the type of maltreatment [95]. Regarding autonomic dysregulation in maltreated adolescents, an asymmetry between salivary alpha amylase (sAA) concentrations, which are indicative of the SNS activity, and cortisol responses to a social stressor has been demonstrated [96]. The authors concluded that maltreatment status may cause asymmetry between the SNS and the HPA axis by interrupting the synchrony between the two stress system components or by causing attenuation in the one of them but not the other [96]. Moreover, a study in maltreated girls aged between 12 and 16 years old showed that in response to the Trier Social Stress Test (TSST), the maltreated group exhibited an attenuated response of the HPA axis, whereas the control group exhibited an increase in cortisol levels following the TSST and a gradual flattening over time [97]. However, the blunted reactivity of the maltreated youth was not associated with major depressive disorder or PTSD symptoms [97]. Furthermore, a long-term longitudinal study which assessed non-stress cortisol at six time-points, from age 6 to age 30, in girls with confirmed familial maltreatment, demonstrated that the linear trend for abused females was significantly less steep [98]. These findings provided support for the notion that cortisol hyposecretion may follow a period of heightened cortisol secretion (attenuation hypothesis) in victims of abuse [98].



There is limited evidence regarding the pathophysiology of childhood PTSD after an acute stressor. In a sample of adolescents who lived at different distances from the epicenter of 1988 earthquake in Armenia, it was demonstrated that the more symptomatic adolescents living in the city closer to the epicenter had lower mean baseline morning cortisol levels, greater Day 2 cortisol suppression following dexamethasone, and a more rapid decline in 3-methoxy-4-hydroxyphenylglycol (MHPG) levels over the course of Day 1 [99]. Interestingly, in terms of PTSD symptoms, only severity of intrusion symptoms was correlated with basal morning cortisol levels and percent suppression by dexamethasone, which is indicative of the fact that in chronic PTSD, repeated distress episodes due to persistent intrusion may over time alter HPA axis function [99]. The opposite may also be true, since there is evidence that acute administration of stress-level doses of glucocorticoids can impair declarative memory retrieval processes [69,100]. On the other hand, it has been shown that acute glucocorticoid administration may reduce recall of trauma-related memory in adult PTSD, even in patients who have chronically elevated glucocorticoid levels [68,101].



In a study conducted by our research group, children and adolescents aged 7–18 who had been involved in motor vehicle accidents (MVAs) were assessed immediately after hospitalization, and 1 and 6 months later [67]. Those who developed PTSD had higher plasma noradrenaline concentrations at Months 1 and 6, and higher evening salivary cortisol concentrations at Month 1 compared to the non-PTSD and the control groups [67]. The subjects with a PTSD diagnosis at both Months 1 and 6 also had significantly elevated plasma noradrenaline levels at Month 6 compared to those of Month 1, whereas the initially elevated salivary cortisol concentrations normalized at Month 6 [67]. Moreover, in a study of children (5–17 years of age) who had sustained sexual abuse there was no significant difference between individuals with or without PTSD regarding ACTH and serum cortisol levels [102,103]. However, cortisol levels decreased with increasing time after trauma in the PTSD group, supposedly in the context of an adaptive process preventing adverse effects of prolonged glucocorticoids exposure [102,103]. Finally, a study in female adolescents with single-sexual-trauma-related PTSD found lower dehydroepiandrosterone sulphate (DHEA-S) levels and higher cortisol/DHEA-S ratios in the patient group compared to healthy controls [104]. No significant differences regarding cortisol levels were reported, and there was no correlation between PTSD symptoms and cortisol/ DHEA-S, DHEA-S, or cortisol levels [104].



These findings are evidence for HPA axis alterations and SNS dysregulation in pediatric PTSD. These alterations, which are suggested to play a prominent role in the pathophysiology of pediatric PTSD, may represent a neurobiological risk factor leading to further psychopathology in adult life [84]. The implications of these findings regarding the neurobiological natural history of pediatric PTSD are discussed in the following section.




5. The Longitudinal Course of Pediatric PTSD after Accidents


A study of children exposed to a variety of traumatic injuries demonstrated that elevated levels of urinary catecholamines and cortisol immediately following trauma exposure were positively related to acute and 6 week post-trauma PTSD symptoms [105]. Contrarily, in a study of adult motor vehicle accident victims, the initial urinary cortisol and norepinephrine levels were found to be lower in those who later developed PTSD [106]. These differential hormonal alterations in children compared to adults following trauma exposure were replicated in a study of children after a variety of traumatic events (i.e., motor vehicle accidents, falls, sports related injuries, burns) [107]. In this study, elevated urinary cortisol levels during hospitalization, immediately after trauma, were significantly related to subsequent 6 week PTSD symptoms in children, although at 7 months post-trauma, this relationship remained significant only in boys [107]. Similarly, in a sample of children (8–18 years of age) who had undergone traumatic injuries, including motor vehicle/bicycle accidents, significant correlations between urinary cortisol levels at hospital admission, emotional numbing, and re-experiencing were demonstrated 6 weeks post-trauma, but not 6 months later [108].



The longitudinal course and interactions between the HPA axis and the arousal/sympathetic system were described in a study of children and adolescents involved in motor vehicle accidents [67,109]. In this study, 30% of the participants had developed PTSD 1 month after the accident, whereas, 15% of the initial population maintained their PTSD diagnoses 6 months later. The group that developed PTSD 1 month after the accident and maintained their PTSD diagnoses 6 months later (the longitudinal PTSD group) was compared with a group that did not develop PTSD after being exposed to an accident (non-PTSD). A group of non-traumatized children served as the control group. Daily salivary cortisol profiles (at five time-points), morning serum cortisol, interkeukin-6 (IL-6), and plasma catecholamines (norepinephrine (NE), epinephrine (E) and dopamine (D)) were measured at three time-points: immediately after the accident, and 1 and 6 months later. Evening (9pm) salivary cortisol and morning (8:00 am) interleukin-6 (IL-6) levels were both predictive of PTSD development at Month 6 [109]. Plasma NE concentrations did not differ among groups after the accident, and they were not predictive of later PTSD development [109]. The PTSD group exhibited higher NE concentrations compared to the non-PTSD and the control groups at Months 1 and 6 [67]. More importantly, NE levels became gradually higher (from Month 1 to Month 6) within the PTSD group [67]. Similarly, within the non-PTSD group, NE was increased from Month 1 to Month 6, at a lower setting, showing that sub-threshold symptoms of PTSD may also be related to milder NE elevations [67]. In the longitudinal PTSD group, as circadian rhythm and evening cortisol normalized 1 month after the accident, NE elevations became greater, which could have been the effect of lifting a cortisol-mediated noradrenergic system restraint [67]. This study suggested that in young individuals exposed to trauma, an initial increase in cortisol concentrations may be followed by a state of low cortisol, as time passes from the traumatic event. At the same time, interacting with the HPA axis, NE concentrations become progressively elevated. This longitudinal interaction between the HPA and the SNS axes seems to characterize those who develop and maintain PTSD diagnosis over time.



Clinical symptoms of PTSD may thus be attributed to cortisol decrease that fails to shut down the catecholarminergic response in limbic structures. It has been suggested that an exaggerated catecholamine secretion is related to excessive consolidation of traumatic memories, which in turn may lead to the development and maintenance of PTSD symptoms, such as intrusive thoughts, flashbacks, and repetitive nightmares [67,68,70]. By contrast, glucocorticoids impair or have little effect on memory consolidation in the absence of arousal-induced noradrenergic activation [69,100].



The pattern of heightened baseline catecholamines and enhanced HPA axis feedback, which can sometimes result in lower cortisol levels in adults with PTSD than in non-PTSD individuals, may be the result of a time-dependent stress system dysregulation beginning from childhood [67,109]. Although HPA axis dysregulation has been recognized as a common pattern among adults as well as children diagnosed with PTSD, a definite conclusion regarding the longitudinal course of pediatric PTSD cannot be determined, given the divergence of the findings regarding stress hormone secretion. More specifically, low cortisol concentration is not a persistent finding among adults with PTSD, since several investigations have not demonstrated significant findings or presented circumstantial associations between PTSD and HPA axis dysregulation [110]. Moreover, altered HPA axis functionality observed in PTSD across lifespan may represent a pre-trauma risk factor for the disorder, indicating the presence of a vulnerable predisposition due to genetic and environmental risk factors, such as exposure to ELS during development, occurring prior to a traumatic event [110]. On the other hand, some researchers suggest that the alterations in physiological mechanisms found in PTSD may be the result of the disorder itself, or may even be attributed to trauma exposure rather than PTSD per se [110,111].




6. The Role of Epigenetics


Epigenetic modifications are changes, resulting from environmental factors and to some extent reversible, that can regulate functional gene expression in a potentially inter-generationally transmissible manner [112]. A number of studies have indicated that adverse early experiences may contribute to the installment of epigenetic marks that affect stress responses [113]. Moreover, there is an increasing body of evidence for the role of specific genes’ epigenetic alterations in the pathophysiology of PTSD [50,114]. Recently, it as shown that gene expression profiles of PTSD patients with matched adult trauma experience but different childhood adverse events are 98% non-overlapping [115]. Furthermore, these gene expression changes were mediated by DNA methylation changes to a much greater degree in the childhood abuse group [115]. These results suggest that epigenetic mechanisms, which exert greater impact during early development, may mediate differences in the pathophysiology of adult PTSD, depending on preceding exposure to childhood maltreatment [115]. In particular, some glucocorticoid-related genes such as the NR3C1 and the glucocorticoid receptor gene promoter 1F, are subject to stress-related epigenetic regulation throughout life [116,117]. The effects of in utero stress on the infant neurobiology, the association of maternal PTSD with the increased risk of PTSD development in the offspring, and the relevance of ELS to the development of PTSD may also be compatible with epigenetic explanations [118]. More precisely, it has been shown that stress in utero may contribute to PTSD vulnerability mainly through elevations of glucocorticoid levels, influences on fetal brain development, and programming of the HPA axis [34]. One study of mothers exposed to the World Trade Center (11 September 2001) attacks during pregnancy and their 1 year old babies demonstrated an association between maternal PTSD and both awakening and bedtime cortisol levels in their babies’ saliva [119]. Furthermore, babies born to mothers with PTSD had lower cortisol values compared to the non-PTSD group [119].



In conclusion, epigenetic alterations provoked by ELS exposure may play a central role in the long-term and transgenerational biological trajectories of pediatric PTSD, mainly through the disruption of developmental programming of stress-related structural and molecular neurobiological pathways. Figure 1 depicts the parameters contributing to diverse neuroendocrine findings in pediatric PTSD following ELS, as well as the main neurobiological mediators connecting ELS with pediatric PTSD.




7. Conclusions


A large body of evidence underscores the crucial role of the stress system and its mediators in the pathophysiology of PTSD in children and adults. These chronic neurobiological alterations (e.g., chronic hypo-cortisolism and high catecholamines) are associated with metabolic, behavioral, and cardiovascular implications that may be related to increased morbidity and mortality in individuals with PTSD. Finally, ELS exposure during vulnerable periods of neurodevelopment is one of the most important factors modulating stress system activity and plays a crucial role in the risk of developing a mental disorder later in adult life. Thus, early interventions are essential for the promotion of mental and physical health of individuals suffering from conditions and disorders related to chronic stress.







Author Contributions


Conceptualization, P.P.; Writing—original draft preparation, G.M. and P.P.; Writing—review and editing, P.P., G.M., G.C., and A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Reynolds, R.M.; Labad, J.; Buss, C.; Ghaemmaghami, P.; Ra, K. Transmitting biological effects of stress in utero: Implications for mother and offspring. Psychoneuroendocrinology 2013, 38, 1843–1849. [Google Scholar] [CrossRef]

	



Agorastos, A.; Pervanidou, P.; Chrousos, G.P.; Kolaitis, G. Early life stress and trauma: Developmental neuroendocrine aspects of prolonged stress system dysregulation. Hormones 2018, 17, 507–520. [Google Scholar] [CrossRef] [PubMed]

	



Scott, K.; Von Korff, M.; Angermeyer, M.; Benjet, C.; Bruffaerts, R.; de Girolamo, G.; Haro, J.; Lépine, J.; Ormel, J.; Posada-Villa, J.; et al. The association of childhood adversities and early onset mental disorders with adult onset chronic physical conditions. Arch. Gen. Psychiatry 2011, 68, 838–844. [Google Scholar] [CrossRef] [PubMed]

	



Koenen, K.C.; Moffitt, T.E.; Poulton, R. Early childhood factors associated with the development of post-traumatic stress disorder: Results from a longitudinal birth cohort. Psychol. Med 2008, 37, 181–192. [Google Scholar] [CrossRef] [PubMed]

	



Zatti, C.; Rosa, V.; Barros, A.; Valdivia, L.; Calegaro, V.C.; Freitas, H.; Maria, K.; Ceresér, M.; Rocha, N.; Bastos, A.G.; et al. Childhood trauma and suicide attempt: A meta-analysis of longitudinal studies from the last decade. Psychiatry Res. 2017, 256, 353–358. [Google Scholar] [CrossRef] [PubMed]

	



Nanni, V.; Uher, R.; Danese, A. Childhood maltreatment predicts unfavorable course of illness and treatment outcome in depression: A meta-analysis. Am. J. Psychiatry 2012, 169, 141–151. [Google Scholar] [CrossRef]

	



Maercker, A.; Michael, T.; Fehm, L.; Becker, E.N.I.S.; Margr, R. Age of traumatisation as a predictor of post-traumatic stress disorder or major depression in young women. Br. J. Psychiatry 2004, 184, 482–487. [Google Scholar] [CrossRef]

	



Wang, Z.; Inslicht, S.S.; Metzler, T.J.; Henn-Haase, C.; McCaslin, S.E.; Tong, H.; Neylan, T.C.; Marmar, C.R. A prospective study of predictors of depression symptoms in police. Psychiatry Res. 2014, 175, 211–216. [Google Scholar] [CrossRef]

	



Berntsen, D.; Johannessen, K.B.; Thomsen, Y.D.; Bertelsen, M.; Hoyle, R.H.; Rubin, D.C. Peace and war: Trajectories of posttraumatic stress disorder symptoms before, during, and after military deployment in Afghanistan. Psychol. Sci. 2014, 23, 1557–1565. [Google Scholar] [CrossRef]

	



Pirkola, S.; Isometsä, E.; Aro, H.; Kestilä, L.; Hämäläinen, J.; Veijola, J.; Kiviruusu, O.; Lönnqvist, J. Childhood adversities as risk factors for adult mental disorders: Results from the Health 2000 study. Soc. Psychiatry Psyciatr. Epidemiol. 2005, 40, 769–777. [Google Scholar] [CrossRef]

	



Paras, M.L.; Chen, L.P.; Goranson, E.N.; Sattler, A.L.; Colbenson, K.M.; Seime, R.J.; Prokop, L.J.; Zirakzadeh, A. Sexual abuse and lifetime diagnosis of somatic disorders. JAMA 2016, 302, 550–561. [Google Scholar] [CrossRef] [PubMed]

	



Korkeila, J.; Vahtera, J.; Korkeila, K.; Kivimaki, M.; Sumanen, M.; Koskenvuo, K.; Koskenvuo, M. Childhood adversities as predictors of incident coronary heart disease and cerebrovascular disease. Heart 2010, 96, 298–303. [Google Scholar] [CrossRef] [PubMed]

	



Wegman, H.L.; Stetler, C. A meta-analytic review of the effects of childhood abuse on medical outcomes in adulthood. Psychosom. Med. 2009, 71, 805–812. [Google Scholar] [CrossRef] [PubMed]

	



Khoury, L.; Tang, Y.L.; Bradley, B.; Cubells, J.F.; Ressler, K.J. Substance use, childhood traumatic experience, and posttraumatic stress disorder in an urban civilian population. Depress. Anxiety 2010, 27, 1077–1086. [Google Scholar] [CrossRef] [PubMed]

	



Copeland, W.E.; Keeler, G.; Angold, A.; Costello, E.J. Traumatic Events and Posttraumatic Stress in Childhood. Arch. Gen. Psychiatry 2007, 64, 577–584. [Google Scholar] [CrossRef] [PubMed]

	



Weems, C.F.; Russell, J.D.; Neill, E.L.; Mccurdy, B.H. Annual research review: Pediatric posttraumatic stress disorder from a neurodevelopmental network perspective. J. Child Psychol. Psychiatry 2018, 60, 395–408. [Google Scholar] [CrossRef] [PubMed]

	



McLaughlin, K.A.; Karestan, K.C.; Hill, E.D.; Petukhova, M.; Sampson, N.A.; Zaslavsky, A.M.; Kessler, R.C. Trauma Exposure and Posttraumatic Stress Disorder in a National Sample of Adolescents. J. Am. Acad. Child Adolesc. Psychiatry 2013, 52, 815–830. [Google Scholar] [CrossRef]

	



Merikangas, K.R. Lifetime Prevalence of Mental Disorders in US Adolescents: Results from the National Comorbidity Study-Adolescent Supplement (NCS-A). J. Am. Acad. Child Adolesc. Psychiatry 2010, 49, 980–989. [Google Scholar] [CrossRef]

	



Pervanidou, P. Biology of post-traumatic stress disorder in childhood and adolescence. J. Neuroendocr. 2008, 20, 632–638. [Google Scholar] [CrossRef]

	



Sugaya, L.; Hasin, D.S.; Olfson, M.; Lin, K.; Grant, B.F.; Blanco, C. Child Physical Abuse and Adult Mental Health: A National Study. J. Trauma. Stress 2012, 25, 384–392. [Google Scholar] [CrossRef]

	



Arseneault, L.; Cannon, M.; Fisher, H.L.; Polanczyk, G.; Moffitt, T.E.; Caspi, A. Childhood Trauma and Children’s Emerging Psychotic Symptoms: A Genetically Sensitive Longitudinal Cohort Study. Am. J. Psychiatry 2011, 168, 65–72. [Google Scholar] [CrossRef] [PubMed]

	



Kar, N.; Bastia, B.K. Post-traumatic stress disorder, depression and generalised anxiety disorder in adolescents after a natural disaster: A study of comorbidity. Clin. Pr. Epidemiol. Ment. Health 2006, 17, 1–7. [Google Scholar]

	



Aguilera, G.; Liu, Y. The molecular physiology of CRH neurons. Front. Neuroendocr. 2012, 33, 67–84. [Google Scholar] [CrossRef] [PubMed]

	



Chrousos, G.P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 2009, 5, 374–381. [Google Scholar] [CrossRef] [PubMed]

	



Chrousos, G.P.; Pervanidou, P. Stress and Endocrine Physiology; Elsevier Inc.: Amsterdam, The Netherlands, 2014; ISBN 9780128012383. [Google Scholar]

	



Smith, S.M.; Vale, W.W. The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine responses to stress. Dialogues Clin. Neurosci. 2006, 8, 383–395. [Google Scholar]

	



Chrousos, G.; Gold, P. The Concepts of Stress and Stress System Disorders. JAMA 1992, 267, 1244–1252. [Google Scholar] [CrossRef]

	



Charmandari, E.; Tsigos, C.; Chrousos, G. Endocrinology of the stress response. Annu. Rev. Physiol. 2005, 67, 259–284. [Google Scholar] [CrossRef]

	



Thayer, J.F.; Sternberg, E. Beyond Heart Rate Variability. Ann. N. Y. Acad. Sci. 2006, 1088, 361–372. [Google Scholar] [CrossRef]

	



Gold, P.W.; Gabry, K.E.; Yasuda, M.R.; Chrousos, G.P. Divergent endocrine abnormalities in melancholic and atypical depression: Clinical and pathophysiologic implications. Endocrinol. Metab. Clin. North Am. 2002, 31, 37–62. [Google Scholar] [CrossRef]

	



Bock, J.; Gruss, M.; Becker, S.; Braun, K. Experience-induced Changes of Dendritic Spine Densities in the Prefrontal and Sensory Cortex: Correlation with Developmental Time Windows. Cereb. Cortex 2005, 15, 802–808. [Google Scholar] [CrossRef]

	



Oomen, C.A.; Soeters, H.; Audureau, N.; Vermunt, L.; van Hasselt, F.N.; Manders, E.M.M.; Joëls, M.; Krugers, H.; Lucassen, P.J. Early maternal deprivation affects dentate gyrus structure and emotional learning in adult female rats. Psychopharmacology 2011, 214, 249–260. [Google Scholar] [CrossRef] [PubMed]

	



Brunson, K.L.; Kramar, E.; Lin, B.; Chen, Y.; Colgin, L.L.; Yanagihara, T.K.; Lynch, G.; Baram, T.Z. Mechanisms of Late-Onset Cognitive Decline after Early-Life Stress. J. Neurosci. 2005, 25, 9328–9338. [Google Scholar] [CrossRef] [PubMed]

	



Agorastos, A.; Pervanidou, P.; Chrousos, G.P.; Baker, D.G. Developmental Trajectories of Early Life Stress and Trauma: A Narrative Review on Neurobiological Aspects Beyond Stress System Dysregulation. Front. Psychiatry 2019, 10, 1–25. [Google Scholar] [CrossRef] [PubMed]

	



Pervanidou, P.; Agorastos, A.; Kolaitis, G.; Chrousos, G.P. Neuroendocrine responses to early life stress and trauma and susceptibility to disease. Eur. J. Psychotraumatology 2017, 8, 1351218. [Google Scholar] [CrossRef]

	



Lu, S.; Gao, W.; Huang, M.; Li, L.; Xu, Y. In search of the HPA axis activity in unipolar depression patients with childhood trauma: Combined cortisol awakening response and dexamethasone suppression test. J. Psychiatr. Res. 2016, 78, 24–30. [Google Scholar] [CrossRef]

	



Pesonen, A.-K.; Raikkonen, K.; Feldt, K.; Heinonen, K.; Osmond, C.; Phillips, D.I.W.; Barker, D.J.P.; Eriksson, J.G.; Kajantie, E. Childhood separation experience predicts HPA axis hormonal responses in late adulthood: A natural experiment of World War II. Psychoneuroendocrinology 2010, 35, 758–767. [Google Scholar] [CrossRef]

	



Muhtz, C.; Wester, M.; Yassouridis, A.; Wiedemann, K.; Kellner, M. A combined dexamethasone/corticotropin-releasing hormone test in patients with chronic PTSD—First preliminary results. J. Psychiatr. Res. 2008, 42, 689–693. [Google Scholar] [CrossRef]

	



Tyrka, A.R.; Wier, L.; Price, L.H.; Ross, N.; Anderson, G.M.; Wilkinson, C.W.; Carpenter, L.L. Childhood parental loss and adult hypothalamic-pituitary-adrenal function. Biol. Psychiatry 2008, 63, 1147–1154. [Google Scholar] [CrossRef]

	



Kumari, M.; Head, J.; Bartley, M.; Stansfeld, S.; Kivimaki, M. Maternal separation in childhood and diurnal cortisol patterns in mid-life: Findings from the Whitehall II study. Psychol. Med. 2013, 43, 633–643. [Google Scholar] [CrossRef]

	



Kellner, M.; Muhtz, C.; Peter, F.; Dunker, S.; Wiedemann, K.; Yassouridis, A. Increased DHEA and DHEA-S plasma levels in patients with post-traumatic stress disorder and a history of childhood abuse. J. Psychiatr. Res. 2010, 44, 215–219. [Google Scholar] [CrossRef]

	



Carpenter, L.L.; Tyrka, A.R.; Ross, N.S.; Khoury, L.; Anderson, G.M.; Price, L.H. Effect of childhood emotional abuse and age on cortisol responsivity in adulthood. Biol. Psychiatry 2010, 66, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Hinkelmann, K.; Muhtz, C.; Dettenborn, L.; Agorastos, A.; Wingenfeld, K.; Spitzer, C.; Gao, W.; Kirschbaum, C.; Wiedemann, K.; Otte, C. Association between childhood trauma and low hair cortisol in depressed patients and healthy control subjects. Biol. Psychiatry 2013, 74, e15–e17. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, A.; Poon, L.; Papadopoulos, A.S.; Kumari, V.; Cleare, A.J. Long term effects of childhood trauma on cortisol stress reactivity in adulthood and relationship to the occurrence of depression. Psychoneuroendocrinology 2014, 50, 289–299. [Google Scholar] [CrossRef] [PubMed]

	



Schalinski, I.; Elbert, T.; Steudte-Schmiedgen, S.; Kirschbaum, C. The Cortisol Paradox of Trauma-Related Disorders: Lower Phasic Responses but Higher Tonic Levels of Cortisol Are Associated with Sexual Abuse in Childhood. PLoS ONE 2015, 10, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Peng, H.; Long, Y.; Li, J.; Guo, Y.; Wu, H.; Yang, Y.; Ding, Y.; He, J.; Ning, Y. Hypothalamic-pituitary-adrenal axis functioning and dysfunctional attitude in depressed patients with and without childhood neglect. BMC Psychiatry 2014, 14, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Phassouliotis, C.; Garner, B.A.; Phillips, L.J.; Bendall, S.; Yun, Y.; Markulev, C.; Kerr, M.; McGorry, P.D. Enhanced cortisol suppression following administration of low-dose dexamethasone in first-episode psychosis patients. Aust. N. Z. J. Psychiatry 2012, 47, 363–370. [Google Scholar] [CrossRef]

	



Fischer, S.; Duncko, R.; Hatch, S.L.; Papadopoulos, A.; Goodwin, L.; Frissa, S.; Hotopf, M.; Cleare, A.J. Sociodemographic, lifestyle, and psychosocial determinants of hair cortisol in a South London community sample. Psychoneuroendocrinology 2017, 76, 144–153. [Google Scholar] [CrossRef]

	



Fogelman, N.; Canli, T. Early life stress and cortisol: A meta-analysis. Horm. Behav. 2018, 98, 63–76. [Google Scholar] [CrossRef]

	



Yehuda, R.; Flory, J.D.; Pratchett, L.C.; Buxbaum, J.; Ising, M.; Holsboer, F. Putative biological mechanisms for the association between early life adversity and the subsequent development of PTSD. Psychopharmacology 2010, 212, 405–417. [Google Scholar] [CrossRef]

	



Kuhlman, K.R.; Geiss, E.G.; Vargas, I.; Lopez-Duran, N.L. Differential associations between childhood trauma subtypes and adolescent HPA-axis functioning. Psychoneuroendocrinology 2015, 54, 103–114. [Google Scholar] [CrossRef]

	



Nemeroff, C.B. Paradise Lost: The Neurobiological and Clinical Consequences of Child Abuse and Neglect. Neuron 2016, 89, 892–909. [Google Scholar] [CrossRef] [PubMed]

	



Kuhlman, K.R.; Chiang, J.J.; Horn, S.; Bower, J.E. Developmental psychoneuroendocrine and psychoneuroimmune pathways from childhood adversity to disease. Neurosci. Biobehav. Rev. 2017, 80, 166–184. [Google Scholar] [CrossRef] [PubMed]

	



Yehuda, R.; Seckl, J. Minireview: Stress-related psychiatric disorders with low cortisol levels: A metabolic hypothesis. Endocrinology 2015, 152, 4496–4503. [Google Scholar] [CrossRef] [PubMed]

	



Gunnar, M.R.; Wewerka, S.; Frenn, K.; Long, J.D.; Griggs, C. Developmental changes in hypothalamus–pituitary–adrenal activity over the transition to adolescence: Normative changes and associations with puberty. Dev. Psychopathol. 2009, 21, 69–85. [Google Scholar] [CrossRef]

	



Davis, E.P.; Granger, D.A. Developmental differences in infant salivary alpha-amylase and cortisol responses to stress. Psychoneuroendocrinology 2009, 34, 795–804. [Google Scholar] [CrossRef]

	



Gunnar, M.; Quevedo, K. The Neurobiology of stress and development. Annu. Rev. Physiol. 2007, 58, 145–173. [Google Scholar] [CrossRef]

	



Vaillancourt, T.; Duku, E.; Decatanzaro, D.; Macmillan, H.; Muir, C.; Schmidt, L.A. Variation in hypothalamic-pituitary-adrenal axis activity among bullied and non-bullied children. Aggress. Behav. 2008, 34, 294–305. [Google Scholar] [CrossRef]

	



Stroud, L.R.; Foster, E.; Papandonatos, G.D.; Handwerger, K.; Granger, D.A.; Kivlighan, K.T.; Niaura, R. Stress response and the adolescent transition: Performance versus peer rejection stressors. Dev. Psychopathol. 2009, 21, 47–68. [Google Scholar] [CrossRef]

	



Hostinar, C.E.; Johnson, A.E.; Gunnar, M.R. Early social deprivation and the social buffering of cortisol stress responses in late childhood: An experimental study. Dev. Psychol. 2015, 51, 1597–1608. [Google Scholar] [CrossRef]

	



Van den Bos, E.; de Rooij, M.; Miers, A.C.; Bokhorst, C.L.; Westenberg, P.M. Adolescents’ increasing stress response to social evaluation: Pubertal effects on cortisol and alpha-amylase during public speaking. Child Dev. 2014, 85, 220–236. [Google Scholar] [CrossRef]

	



Trickett, P.K.; Gordis, E.; Peckins, M.K.; Susman, E.J. Stress reactivity in maltreated and comparison male and female young adolescents. Child Maltreatment 2014, 19, 27–37. [Google Scholar] [CrossRef] [PubMed]

	



Otte, C.; Neylan, T.C.; Pole, N.; Metzler, T.; Best, S.; Henn-Haase, C.; Yehuda, R.; Marmar, C.R. Association between childhood trauma and catecholamine response to psychological stress in police academy recruits. Biol. Psychiatry 2005, 57, 27–32. [Google Scholar] [CrossRef] [PubMed]

	



O’Hare, C.; McCrory, C.; O’Leary, N.; O’Brien, H.; Kenny, R.A. Childhood trauma and lifetime syncope burden among older adults. J. Psychosom. Res. 2017, 97, 63–69. [Google Scholar] [CrossRef] [PubMed]

	



Heleniak, C.; McLaughlin, K.A.; Ormel, J.; Riese, H. Cardiovascular reactivity as a mechanism linking child trauma to adolescent psychopathology. Biol. Psychol. 2016, 120, 108–119. [Google Scholar] [CrossRef]

	



De Bellis, M.D.; Chrousos, G.P.; Dorn, L.D.; Burke, L.; Helmers, K.; Kling, M.A.; Trickett, P.K.; Putnam, F.W. Hypothalamic-pituitary-adrenal axis dysregulation in sexually abused girls. J. Clin. Endocrinol. Metab. 1994, 78, 249–255. [Google Scholar]

	



Pervanidou, P.; Kolaitis, G.; Charitaki, S.; Lazaropoulou, C.; Papassotiriou, I.; Hindmarsh, P.; Bakoula, C.; Tsiantis, J.; Chrousos, G.P. The Natural History of Neuroendocrine Changes in Pediatric Posttraumatic Stress Disorder (PTSD) after motor vehicle accidents: Progressive divergence of noradrenaline and cortisol concentrations over time. Biol. Psychiatry 2007, 62, 1095–1102. [Google Scholar] [CrossRef]

	



Roozendaal, B.; McGaugh, J.L. Memory modulation. Behav. Neurosci. 2011, 125, 797–824. [Google Scholar] [CrossRef]

	



De Quervain, D.; Schwabe, L.; Roozendaal, B. Stress, glucocorticoids and memory: Implications for treating fear-related disorders. Nat. Rev. Neurosci. 2017, 18, 7–19. [Google Scholar] [CrossRef]

	



Kamboj, S.K.; Gong, A.T.; Sim, Z.; Rashid, A.A.; Baba, A.; Iskandar, G.; Das, R.K.; Curran, H.V. Reduction in the occurrence of distressing involuntary memories following propranolol or hydrocortisone in healthy women. Psychol. Med. 2019, 14, 1–8. [Google Scholar] [CrossRef]

	



Teicher, M.H.; Samson, J.A.; Anderson, C.M.; Ohashi, K. The effects of childhood maltreatment on brain structure, function and connectivity. Nat. Rev. Neurosci. 2016, 17, 652–666. [Google Scholar] [CrossRef]

	



Busso, D.S.; Mclaughlin, K.A.; Brueck, S.; Peverill, M.; Gold, A.L.; Sheridan, M.A. Child abuse, neural structure, and adolescent psychopathology: A longitudinal study. J. Am. Acad. Child Adolesc. Psychiatry 2017, 56, 321–328. [Google Scholar] [CrossRef] [PubMed]

	



Dannlowski, U.; Stuhrmann, A.; Beutelmann, V.; Zwanzger, P.; Lenzen, T.; Grotegerd, D.; Domschke, K.; Hohoff, C.; Ohrmann, P.; Bauer, J.; et al. Limbic Scars: Long-term consequences of childhood maltreatment revealed by functional and structural magnetic resonance imaging. Biol. Psychiatry 2011, 71, 286–293. [Google Scholar] [CrossRef] [PubMed]

	



Paquola, C.; Bennett, M.R.; Lagopoulos, J. Understanding heterogeneity in grey matter research of adults with childhood maltreatment—A meta-analysis and review. Neurosci. Biobehav. Rev. 2016, 69, 299–312. [Google Scholar] [CrossRef] [PubMed]

	



Woon, F.L.; Hedges, D.W. Hippocampal and amygdala volumes in children and adults with childhood maltreatment-related posttraumatic stress disorder: A meta-analysis. Hippocampus 2008, 18, 729–736. [Google Scholar] [CrossRef]

	



Hein, T.C.; Monk, C.S. Research Review: Neural response to threat in children, adolescents, and adults after child maltreatment—A quantitative meta-analysis. J. Child Psychol. Psychiatr. 2017, 58, 222–230. [Google Scholar] [CrossRef]

	



Dannlowski, U.; Kugel, H.; Huber, F.; Stuhrmann, A.; Redlich, R.; Grotegerd, D.; Dohm, K.; Sehlmeyer, C.; Konrad, C.; Baune, B.T.; et al. Childhood maltreatment is associated with an automatic negative emotion processing bias in the amygdala. Hum. Brain Mapp. 2013, 34, 2899–28909. [Google Scholar] [CrossRef]

	



Swartz, J.R.; Williamson, D.E.; Hariri, A.R. Developmental change in amygdala reactivity during adolescence: Effects of family history for depression and stressful life events. Am. J. Psychiatry 2015, 172, 276–283. [Google Scholar] [CrossRef]

	



Grant, M.M.; Cannistraci, C.; Hollon, S.D.; Gore, J.; Shelton, R. Childhood trauma history differentiates amygdala response to sad faces within MDD. J. Psychiatr. Res. 2011, 45, 886–895. [Google Scholar] [CrossRef]

	



Coplan, J.D.; Fathy, H.M.; Jackowski, A.P.; Tang, C.Y.; Perera, T.D.; Mathew, S.J.; Martinez, J.; Abdallah, C.G.; Dwork, A.J.; Pantol, G.; et al. Early life stress and macaque amygdala hypertrophy: Preliminary evidence for a role for the serotonin transporter gene. Front. Behav. Neurosci. 2014, 8, 1–10. [Google Scholar] [CrossRef]

	



Aust, S.; Stasch, J.; Jentschke, S.; Alkan Hartwig, E.; Koelsch, S.; Heuser, I.; Bajbouj, M. Differential effects of early life stress on hippocampus and amygdala volume as a function of emotional abilities. Hippocampus 2014, 24, 1094–1101. [Google Scholar] [CrossRef]

	



Kolk, B. Van Der Posttraumatic stress disorder and the nature of trauma. Dialogues Clin. Neurosci. 2000, 2, 7–22. [Google Scholar] [PubMed]

	



Agorastos, A.; Pittman, J.O.E.; Angkaw, A.C.; Nievergelt, C.M.; Hansen, C.J.; Aversa, L.H.; Parisi, S.A.; Barkauskas, D.A.; The Marine Resiliency Study Team, A.; Baker, D.G. The cumulative effect of different childhood trauma types on self-reported symptoms of adult male depression and PTSD, substance abuse and health-related quality of life in a large active-duty military cohort. J. Psychiatr. Res. 2014, 58, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Pervanidou, P.; Chrousos, G.P. Post-traumatic Stress Disorder in Children and Adolescents: From Sigmund Freud’s “Trauma” to Psychopathology and the (Dys) metabolic Syndrome. Horm. Metab. Res. 2007, 39, 413–419. [Google Scholar] [CrossRef] [PubMed]

	



Bremner, J.D.; Licinio, J.; Darnell, A.; Krystal, J.H.; Owens, M.J.; Southwick, S.M.; Nemeroff, C.B.; Charney, D.S. Elevated CSF corticotropin-releasing factor concentrations in posttraumatic stress disorder. Am. J. Psychiatry 2011, 154, 624–629. [Google Scholar]

	



Baker, D.G.; West, S.A.; Nicholson, W.E.; Ekhator, N.N.; Kasckow, J.W.; Hill, K.K.; Bruce, A.B.; Orth, D.N.; Geracioti, T.D. Serial CSF corticotropin-releasing hormone levels and adrenocortical activity in combat veterans with posttraumatic stress disorder. Am. J. Psychiatry 1999, 156, 585–588. [Google Scholar]

	



Yehuda, R.; Teicher, M.H.; Levengood, R.A.; Trestman, R.L.; Siever, L.J. Circadian regulation of basal cortisol levels in posttraumatic stress disorder. Ann. N. Y. Acad. Sci. 1994, 746, 378–380. [Google Scholar] [CrossRef]

	



Wabeh, H.; Oken, B.S. Salivary cortisol lower in posttraumatic stress disorder. J. Trauma. Stress 2013, 26, 241–248. [Google Scholar] [CrossRef]

	



Yehuda, R.; Kahana, B.; Binder-Brynes, K.; Southwick, S.; Mason, J.; Giller, E. Low urinary cortisol excretion in Holocaust survivors with posttraumatic stress disorder. Am. J. Psychiatry 1995, 152, 982–986. [Google Scholar] [CrossRef]

	



Pan, X.; Wang, Z.; Wu, X.; Wen, S.W.; Liu, A. Salivary cortisol in post-traumatic stress disorder: A systematic review and meta- analysis. BMC Psychiatry 2018, 18, 324. [Google Scholar] [CrossRef]

	



Maes, M.; Lin, A.; Bonaccorso, S.; van Hunsel, F.; van Gastel, A.; Delmeire, L.; Biondi, M.; Bosmans, E.; Kenis, G.; Scharpe, S. Increased 24-hour urinary cortisol excretion in patients with post-traumatic stress disorder and patients with major depression, but not in patients with fibromyalgia. Acta Psychiatr. Scand. 1998, 98, 328–335. [Google Scholar] [CrossRef]

	



Pan, X.; Kaminga, A.C.; Wen, S.W.; Liu, A. Catecholamines in post-traumatic stress disorder: A systematic review and meta-analysis. Front. Mol. Neurosci. 2018, 11, 450. [Google Scholar] [CrossRef] [PubMed]

	



De Bellis, M.D.; Lefter, L.; Trickett, P.K.; Putnam, F.W. Urinary catecholamine excretion in sexually abused girls. J. Am. Acad. Child Adolesc. Psychiatry 1994, 33, 320–327. [Google Scholar] [CrossRef] [PubMed]

	



Cicchetti, D.; Rogosch, F.A. Diverse patterns of neuroendocrine activity in maltreated children. Dev. Psychopathol. 2001, 13, 677–693. [Google Scholar] [CrossRef] [PubMed]

	



Pervanidou, P.; Chrousos, G.P. Posttraumatic Stress Disorder in Children and Adolescents: Neuroendocrine Perspectives. In Proceedings of the European Society for Paediatric Endocrinology (ESPE) New Inroads to Child Health (NICHe) Conference on Stress Response and Child Health, Heraklion, Crete, Greece, 16–17 May 2012; Volume 5, pp. 1–7. [Google Scholar]

	



Gordis, E.B.; Granger, D.A.; Susman, E.J.; Trickett, P.K. Salivary Alpha Amylase-Cortisol Asymmetry in Maltreated Youth. Horm. Behav. 2009, 53, 96–103. [Google Scholar] [CrossRef] [PubMed]

	



Macmillan, H.L.; Georgiades, K.; Duku, E.K.; Shea, A.; Steiner, M.; Niec, A.; Tanaka, M.; Gensey, S.; Spree, S.; Vella, E.; et al. Cortisol Response to Stress in Female Youths Exposed to Childhood Maltreatment: Results of the Youth Mood Project. Biol. Psychiatry 2009, 66, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Trickett, P.K.; Noll, J.G.; Susman, E.J.; Shenk, C.E.; Putnam, F.W. Attenuation of cortisol across development for victims of sexual abuse. Dev. Psychopathol. 2010, 22, 165–175. [Google Scholar] [CrossRef]

	



Goenjian, A.K.; Yehuda, R.; Pynoos, R.S.; Steinberg, A.M.; Tashjian, M.; Yang, R.K.; Najarian, L.M.; Fairbanks, L.A. Basal Cortisol, dexamethasone suppression of cortisol, and MHPG in adolescents after the 1988 earthquake in Armenia. Am. J. Psychiatry 1996, 153, 929–934. [Google Scholar]

	



de Quervain, D.J.F.; Henke, K.; Aerni, A.; Treyer, V.; Mcgaugh, J.L.; Berthold, T.; Nitsch, R.M.; Buck, A.; Roozendaal, B.; Hock, C. Glucocorticoid-induced impairment of declarative memory retrieval is associated with reduced blood flow in the medial temporal lobe. Eur. J. Neurosci. 2003, 17, 1296–1302. [Google Scholar] [CrossRef]

	



Segal, S.K.; Simon, R.; McFarlin, S.; Alkire, M.; Desai, A.; Cahill, L. Glucocorticoids interact with noradrenergic activation at encoding to enhance long-term memory for emotional material in women. Neuroscience 2014, 277, 267–272. [Google Scholar] [CrossRef]

	



Simsek, S.; Uysal, C.; Kaplan, I.; Yuksel, T.; Aktas, H. BDNF and cortisol levels in children with or without post-traumatic stress disorder after sustaining sexual abuse. Psychoneuroendocrinology 2015, 56, 45–51. [Google Scholar] [CrossRef]

	



Simsek, S.; Yüksel, T.; Kaplan, I.; Uysal, C.; Aktas, H. The levels of cortisol and oxidative stress and DNA damage in child and adolescent victims of sexual abuse with or without Post-Traumatic Stress Disorder. Psychiatry Investig. 2016, 13, 616–621. [Google Scholar] [CrossRef] [PubMed]

	



Usta, M.B.; Tuncel, O.K.; Akbas, S.; Aydin, B.; Say, G.N. Decreased dehydroepiandrosterone sulphate levels in adolescents with post-traumatic stress disorder after single sexual trauma. Nord. J. Psychiatry 2015, 70, 116–120. [Google Scholar] [CrossRef]

	



Delahanty, D.L.; Nugent, N.R.; Christopher, N.C.; Walsh, M. Initial urinary epinephrine and cortisol levels predict acute PTSD symptoms in child trauma victims. Psychoneuroendocrinology 2005, 30, 121–128. [Google Scholar] [CrossRef] [PubMed]

	



Delahanty, D.L.; Raimonde, A.J.; Spoonster, E. Initial posttraumatic urinary cortisol levels predict subsequent PTSD symptoms in motor vehicle accident victims. Biol. Psychiatry 2000, 48, 940–947. [Google Scholar] [CrossRef]

	



Ostrowski, S.A.; Christopher, N.C.; Van Dulmen, M.H.M.; Delahanty, D.L. Acute child and mother psychophysiological responses and subsequent PTSD symptoms following a child’s traumatic event. J. Trauma. Stress 2007, 20, 677–687. [Google Scholar] [CrossRef] [PubMed]

	



Nugent, N.R.; Christopher, N.C.; Delahanty, D.L. Initial physiological responses and perceived hyperarousal predict subsequent emotional numbing in pediatric injury patients. J. Trauma. Stress 2006, 19, 349–359. [Google Scholar] [CrossRef]

	



Pervanidou, P.; Kolaitis, G.; Charitaki, S.; Margeli, A.; Ferentinos, S.; Bakoula, C.; Lazaropoulou, C.; Papassotiriou, I.; Tsiantis, J.; Chrousos, G.P. Elevated morning serum interleukin (IL)-6 or evening salivary cortisol concentrations predict posttraumatic stress disorder in children and adolescents six months after a motor vehicle accident. Psychoneuroendocrinology 2007, 32, 991–999. [Google Scholar] [CrossRef]

	



Speer, K.E.; Semple, S.; Naumovski, N.; D’Cunha, N.M.; Mckune, A.J. HPA axis function and diurnal cortisol in post-traumatic stress disorder: A systematic review. Neurobiol. Stress 2019, 11, 100180. [Google Scholar] [CrossRef]

	



Daskalakis, N.P.; Lehrner, A.; Yehuda, R. Endocrine aspects of post-traumatic stress disorder and implications for diagnosis and treatment. Endocrinol. Metab. Clin. North Am. 2013, 42, 503–513. [Google Scholar] [CrossRef]

	



Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and environmental signals. Nat. Genet. 2003, 33, 245–254. [Google Scholar] [CrossRef]

	



Trollope, A.F.; Gutièrrez-Mecinas, M.; Mifsud, K.R.; Collins, A.; Saunderson, E.A.; Reul, J.M.H.M. Stress, epigenetic control of gene expression and memory formation. Exp. Neurol. 2012, 233, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Zannas, A.S.; Provençal, N.; Binder, E.B. Epigenetics of posttraumatic stress disorder: Current evidence, challenges, and future directions. Biol. Psychiatry 2015, 78, 327–335. [Google Scholar] [CrossRef] [PubMed]

	



Mehta, D.; Klengel, T.; Conneely, K.N.; Smith, A.K.; Altmann, A.; Pace, T.W.; Rex-Haffnera, M.; Loeschnera, A.; Gonika, M.; Mercere, K.B.; et al. Childhood maltreatment is associated with distinct genomic and epigenetic pro fi les in posttraumatic stress disorder. Proc. Natl. Acad. Sci. USA 2013, 110, 8302–8307. [Google Scholar] [CrossRef] [PubMed]

	



Yehuda, R.; Daskalakis, N.P.; Desarnaud, F.; Makotkine, I.; Lehrner, A.L.; Koch, E.; Flory, J.D.; Buxbaum, J.D.; Meaney, M.J.; Bierer, L.M. Epigenetic biomarkers as predictors and correlates of symptom improvement following psychotherapy in combat veterans with PTSD. Front. Psychiatry 2013, 4, 118. [Google Scholar] [CrossRef]

	



Yehuda, R.; Flory, J.D.; Bierer, L.M.; Henn-haase, C.; Lehrner, A.; Desarnaud, F.; Makotkine, I.; Daskalakis, N.P.; Marmar, C.R.; Meaney, M.J. Lower methylation of glucocorticoid receptor gene promoter 1F in peripheral blood of veterans with posttraumatic stress disorder. Biol. Psychiatry 2015, 77, 356–364. [Google Scholar] [CrossRef]

	



Yehuda, R.; Bierer, L.M. The Relevance of Epigenetics to PTSD: Implications for the DSM-V. J. Trauma. Stress 2009, 22, 427–434. [Google Scholar] [CrossRef]

	



Yehuda, R.; Engel, S.M.; Brand, S.R.; Seckl, J.; Marcus, S.M.; Berkowitz, G.S. Transgenerational effects of posttraumatic stress disorder in babies of mothers exposed to the World Trade Center attacks during pregnancy. J. Clin. Endocrinol. Metab. 2015, 90, 4115–4118. [Google Scholar] [CrossRef]








[image: Brainsci 10 00169 g001 550] 





Figure 1. Parameters affecting the neurobiological trajectories from early-life stress to pediatric PTSD. 
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