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Preface

Early life adversities shape the

brain for life







There is growing evidence that adversities at critical periods during early life, both pre-
and postnatal, play an important role in determining the adult health status. On the base
of these findings, the Developmental Origin of Adult Health and Disease (DOHaD)
hypothesis was proposed, postulating that unfavorable environmental -early-life
conditions can result in “developmental programming” of later-life cardiovascular and
metabolic diseases [1, 2]. In recent years, however, it became increasingly apparent that
early-life adversity can also significantly affect brain development and may cause
abnormal cognitive functioning and increase the vulnerability to neuropsychiatric
disorders in adult life [3-7], with epigenetic mechanisms playing a crucial role [8-10].
Hence, the early life period and the maternal-fetal environment in particular arise as

critical factors in determining later life consequences.

The perinatal maternal-fetal environmental factors that contribute to abnormal
neurodevelopment may be divided into two main groups: Maternal factors including
stress, maternal care, , alterations in circadian rhythms and environmental factors, to
cite a few [6, 11-18]. Fetal factors, including neonatal hypoxia/anoxia/asphyxia,
placental insufficiency, prematurity, low birth weight, and intrauterine growth restriction

[5]

Maternal circadian rhythms are important for fetal development and survival [19, 20].
The maternal pineal gland, and its secretory product melatonin, play a pivotal role in
providing photoperiodic information to the fetus, thus influencing the regulation and
timing of the offspring’s internal rhythms, and coordinating metabolic programming for
the future environmental demands [21, 22]. Remarkably, environmental conditions that
disrupt maternal circadian rhythms and/or reduce maternal melatonin (such as
illumination at night, night, shift work) have been associated with an increased risk of
miscarriage, preterm delivery and low birth weight, in addition to higher incidences of

sleep, diabetes, metabolic and cardiovascular disturbances [23-26].

Neuropsychiatric diseases generally have polygenic determinants but are often
precipitated by environmental pressures, including adverse perinatal events. The
disruption of circadian rhythms is a common hallmark of several neuropsychiatric

disorders and also often accompanied by symptoms of metabolic dysfunction [27].

12



There is thus likely a strong interplay between disturbances in neurodevelopment,
induced by maternal circadian disruption and the predisposition to develop
psychopathology [9]. In addition, maternal circadian disruption increases the risk of low
birth weight and preterm birth, the most frequently reported outcomes associated with
neonatal hypoxia. The latter is a clinically relevant condition that occurs in 12-60% of low
birth-weight preterm children, and one of the significant causes of perinatal mortality
that continues to rise worldwide [41]. The survivors exhibit permanent and complex
neurological and sensorial impairments that are related to the severity of the

anoxic/hypoxic insult, as well as to the developmental stage of the brain[42].

The offspring of melatonin-deficient mothers has been shown to display cardiovascular
dysfunction, impaired systemic glucose tolerance, insulin resistance, and severe
impairments in the glucose-induced insulin secretion by isolated pancreatic islets [28-
31]. Depleted melatoninergic signaling has further been associated with
neuropsychiatric dysfunction and impairments in cognition, memory, neurogenesis and

neurorestorative processes, as well as metabolic disturbances and diabetes [32-37].

The receptors for melatonin, i.e. melatonin receptor 1 and 2 (MT1 and MT2), are
expressed in the fetal hypothalamus and dentate gyrus, CA3, and CA1 regions of the
hippocampus [38]; all critical regions for learning and memory and energy balance [39,
40]. Given their sensitivity, they may represent an essential aspect of the intrauterine
environment, and have important implications for the perinatal and postnatal
programming of later brain and behavior. As such, maternal melatonin deprivation or
disturbances would be a candidate for later-life health risk by affecting the epigenetic
landscape and predisposing to adverse later-life adverse outcomes. Nevertheless, the
effects of maternal melatonin during the early perinatal life on the programming of the

brain and behavior are still unknown.

The developing brain, particularly the hippocampus and the hypothalamus, is very
vulnerable to a low supply of oxygen, oxidative stress, and inflammation [43]. In
rodents, the first two postnatal weeks represents a critical period of brain development,
since significant hippocampal, cerebellar and hypothalamic neural circuits form

postnatally, i.e. during the lactation phase [44, 45]. The condition of neonatal anoxia
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represents an extreme environmental stress that may increase the likelihood of
psychiatric disorders. Also epidemiological studies have indicated that oxygen
deprivation (OD) during the early neonatal period plays a role in the pathogenesis of
schizophrenia, attention deficit hyperactivity disorder (ADHD), and autism spectrum

disorders (ASD)[46].

It is further important to highlight that many of these adult neuropsychiatric disorders
already emerge during adolescence[47]. This represents a sensitive neurodevelopmental
period marked by major hormonal changes and significant levels of neuronal plasticity,
when sex differences in the brain and body and in disease incidence and specific
features emerge. For example, compared to males, females are more prone, around
70%, to develop depression and experience an anxiety disorder, which may persist in
their lifetime [48, 49]. While the literature for brain vulnerability to OD is robust for the
adult period, females have been insufficiently studied and more studies are needed on
adolescent outcomes and sex differences. Despite the high rates of disability associated
with neonatal oxygen deprivation, there are few preventive or protective treatments

available for infants suspected to have suffered from OD.

In order to better understand the predisposition to develop psychopathology, more
knowledge is needed of the role early disruptions in neurodevelopment play in adult
brain functions and disease vulnerability. Identifying the basic brain mechanisms
underlying pathophysiology, along with the critical periods of intervention, is important
if we want to develop potential therapies to prevent psychopathology and to propose
ways to prevent and treat the consequences of anoxia-hypoxic-ischemic events such

that infants can have improved outcomes with limited disabilities.
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Outline of this thesis

The main objective of this thesis to gain more insight into the biological process at play
during the programming of the brain by early-life adversities. We aim to understand
how perinatal maternal-fetal environmental factors (i.e. the absence of maternal
melatonin and of neonatal hypoxia) affect brain development and can confer enduring
neural and behavioral effects. Specifically, we studied the programming of hippocampal
structure and function by in utero and post-natal early life adversities effects, and

consider sex-specific vulnerabilities.

In Chapter 1, we assessed the effects of the absence of maternal melatonin during
gestation and lactation (MMD) on the somatic and physical growth, neurodevelopment
of the offspring, and its effects on cognitive function. For this, we used a model of
gestational hypo-melatoninemia during pregnancy and lactation resulting from a
surgical pinealectomy that coincides with in utero and postnatal hippocampus
development. Specifically, we aimed to investigate the short-term effects of maternal
pineal melatonin absence and therapeutic replacement on; (1) somatic, physical growth
and neurobehavioral development of the offspring; (2) hippocampal-dependent spatial

learning and memory of male offspring; (3) adult hippocampal neurogenesis (P60).

In Chapter 2, we investigated the long-term consequences of maternal melatonin
during gestation and lactation on later metabolism and cognitive functions. We
questioned if the behavioral deficits and hippocampal plasticity were associated with
neuroinflammation and metabolic alterations. As males seem to be more susceptible to
MMD than females (Chapter1), we investigated the long-tem effects of maternal pineal
melatonin absence and therapeutic replacement on (1) metabolic health, (2) recognition
memory and anxiety-like behavior, (3) adult hippocampal neurogenesis survival (PND90)

and (4) neuroinflammation.

In Chapter 3, the effects of early-life adversity on postnatal hippocampal development
were assessed. For this, we used a model of neonatal hypoxia [50], based on the
exposure of 30 hours old pups (6-8g) to 100% nitrogen, representing a global and non-

invasive stimulus, simulating the conditions of the human pre-term baby (around six

15



months old). We characterized the time-course of cellular and subcellular changes and
hippocampal cell death induced by anoxia and the lasting consequences in cognitive

function in adult life.

In Chapter 4, we assess the short-term effects of neonatal anoxia/hypoxia on physical
parameters of development, sensorimotor alterations, early neurological reflexes as well
as on the density of cells in motor and sensorimotor cerebral cortex of rats submitted to
neonatal anoxia, with a specific focus on the possible differences between male and

female rats.

In Chapter 5, we assess effects of neonatal anoxia/hypoxia on long-term brain injury,
which may also be linked to neurobehavioral deficits in adolescents. We investigated

anxiety and spatial memory together with a structural analysis of the hippocampus.

In Chapter 6, we investigate whether the long-term behavioral deficits correlate with
alterations in hippocampal volume and hippocampal plasticity with a specific focus on
the neurogenesis rate in the adults. In this experiment, we specifically study male, since
anoxic male rats exhibited significant cell losses in the hippocampus when compared to

females.

Lastly, in Chapter 7, the main outcomes of this thesis are discussed in a broader
perspective. We focus on the programming of hippocampal structure and function by in
utero and post-natal early life adversities, considering sex-specific vulnerabilities, and

formulate implications for further studies.

16



20.
21.
22.

23.
24,

25.
26.
27.

28.

17

REFERENCES

Desai, M., J.K. Jellyman, and M.G. Ross, Epigenomics, gestational programming and risk of metabolic
syndrome. Int J Obes (Lond), 2015. 39(4): p. 633-41.

Barker, D.J., The developmental origins of chronic adult disease. Acta Paediatr Suppl, 2004. 93(446):
p. 26-33.

Robinson, R., et al., Fetal programming of neuropsychiatric disorders by maternal pregnancy
depression: a systematic mini review. Pediatr Res, 2019. 85(2): p. 134-145.

McEwen, B.S., Prenatal Programming of Neuropsychiatric Disorders: An Epigenetic Perspective
Across the Lifespan. Biol Psychiatry, 2019. 85(2): p. 91-93.

Faa, G, et al., Fetal programming of neuropsychiatric disorders. Birth Defects Res C Embryo Today,
2016. 108(3): p. 207-223.

Welberg, L.A. and J.R. Seckl, Prenatal stress, glucocorticoids and the programming of the brain. J
Neuroendocrinol, 2001. 13(2): p. 113-28.

Lucassen, P.J., et al., Perinatal programming of adult hippocampal structure and function; emerging
roles of stress, nutrition and epigenetics. Trends Neurosci, 2013. 36(11): p. 621-31.

Saffery, R. and B. Novakovic, Epigenetics as the mediator of fetal programming of adult onset
disease: what is the evidence? Acta Obstet Gynecol Scand, 2014. 93(11): p. 1090-8.

Bale, T.L., Epigenetic and transgenerational reprogramming of brain development. Nat Rev
Neurosci, 2015. 16(6): p. 332-44.

Vaiserman, A.M. and AK. Koliada, Early-life adversity and long-term neurobehavioral outcomes:
epigenome as a bridge? Hum Genomics, 2017. 11(1): p. 34.

Nemoda, Z. and M. Szyf, Epigenetic Alterations and Prenatal Maternal Depression. Birth Defects Res,
2017.109(12): p. 888-897.

Edlow, A.G., Maternal obesity and neurodevelopmental and psychiatric disorders in offspring.
Prenat Diagn, 2017.37(1): p. 95-110.

Lunn, R.M,, et al., Health consequences of electric lighting practices in the modern world: A report
on the National Toxicology Program's workshop on shift work at night, artificial light at night, and
circadian disruption. Sci Total Environ, 2017. 607-608: p. 1073-1084.

Ross, E.J., et al., Developmental consequences of fetal exposure to drugs: what we know and what
we still must learn. Neuropsychopharmacology, 2015. 40(1): p. 61-87.

Yam, K.Y, et al,, Early-life adversity programs emotional functions and the neuroendocrine
stress system: the contribution of nutrition, metabolic hormones and epigenetic mechanisms.
Stress, 2015. 18(3): p. 328-42.

Bilbo, S.D. and J.M. Schwarz, Early-life programming of later-life brain and behavior: a critical role for
the immune system. Front Behav Neurosci, 2009. 3: p. 14.

Raineki, C., et al.,, Effects of early-life adversity on immune function are mediated by prenatal
environment: Role of prenatal alcohol exposure. Brain Behav Immun, 2017. 66: p. 210-220.

Amaral, F.G,, et al.,, Environmental control of biological rhythms: effects on development, fertility
and metabolism. J Neuroendocrinol, 2014. 26(9): p. 603-12.

Reiter, RJ., et al, Melatonin and stable circadian rhythms optimize maternal, placental and fetal
physiology. Hum Reprod Update, 2014. 20(2): p. 293-307.

Varcoe, T.J,, KL. Gatford, and D.J. Kennaway, Maternal circadian rhythms and the programming of
adult health and disease. Am J Physiol Regul Integr Comp Physiol, 2018. 314(2): p. R231-R241.
Amaral, F.GD. and J. Cipolla-Neto, A brief review about melatonin, a pineal hormone. Arch
Endocrinol Metab, 2018. 62(4): p. 472-479.

Cipolla-Neto, J. and F.G.D. Amaral, Melatonin as a Hormone: New Physiological and Clinical Insights.
Endocr Rev, 2018. 39(6): p. 990-1028.

Knutsson, A., Health disorders of shift workers. Occup Med (Lond), 2003. 53(2): p. 103-8.

Navara, KJ. and R.J. Nelson, The dark side of light at night: physiological, epidemiological, and
ecological consequences. J Pineal Res, 2007. 43(3): p. 215-24.

Reiter, R.J., et al., Obesity and metabolic syndrome: association with chronodisruption, sleep
deprivation, and melatonin suppression. Ann Med, 2012. 44(6): p. 564-77.

Varcoe, T.J.,, Timing is everything: maternal circadian rhythms and the developmental origins of
health and disease. J Physiol, 2018. 596(23): p. 5493-5494.

Marco, EM,, et al,, Disrupted Circadian Rhythm as a Common Player in Developmental Models of
Neuropsychiatric Disorders. Curr Top Behav Neurosci, 2016. 29: p. 155-81.

Logan, RW. and C.A. McClung, Rhythms of life: circadian disruption and brain disorders across the
lifespan. Nat Rev Neurosci, 2019. 20(1): p. 49-65.



29.

30.

31.

32

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Owino, S., et al., Nocturnal activation of melatonin receptor type 1 signaling modulates diurnal
insulin sensitivity via regulation of PI3K activity. J Pineal Res, 2018. 64(3).

Bahna, S.G. and L.P. Niles, Epigenetic regulation of melatonin receptors in neuropsychiatric
disorders. Br J Pharmacol, 2017.

Barandas, R., et al, Circadian Clocks as Modulators of Metabolic Comorbidity in Psychiatric
Disorders. Curr Psychiatry Rep, 2015. 17(12): p. 98.

Cipolla-Neto, J., et al., Melatonin, energy metabolism, and obesity: a review. J Pineal Res, 2014. 56(4):
p.371-81.

Hardeland, R, et al., Melatonin and brain inflammaging. Prog Neurobiol, 2015. 127-128: p. 46-63.
Varcoe, T.J,, et al., Chronic phase shifts of the photoperiod throughout pregnancy programs glucose
intolerance and insulin resistance in the rat. PLoS One, 2011. 6(4): p. e18504.

Mendez, N,, et al., Gestational Chronodisruption Impairs Circadian Physiology in Rat Male Offspring,
Increasing the Risk of Chronic Disease. Endocrinology, 2016. 157(12): p. 4654-4668.

Ferreira, D.S., et al., Maternal melatonin programs the daily pattern of energy metabolism in adult
offspring. PLoS One, 2012. 7(6): p. e38795.

Lacoste, B., et al., Anatomical and cellular localization of melatonin MT1 and MT2 receptors in the
adult rat brain. J Pineal Res, 2015. 58(4): p. 397-417.

Squire, L.R., Memory and the hippocampus: a synthesis from findings with rats, monkeys, and
humans. Psychol Rev, 1992. 99(2): p. 195-231.

Dietrich, M.O. and T.L. Horvath, Hypothalamic control of energy balance: insights into the role of
synaptic plasticity. Trends Neurosci, 2013. 36(2): p. 65-73.

Kurinczuk, J.J.,, M. White-Koning, and N. Badawi, Epidemiology of neonatal encephalopathy and
hypoxic-ischaemic encephalopathy. Early Hum Dev, 2010. 86(6): p. 329-38.

Millar, LJ., et al., Neonatal Hypoxia Ischaemia: Mechanisms, Models, and Therapeutic Challenges.
Front Cell Neurosci, 2017. 11: p. 78.

Cullen, H., et al., Polygenic risk for neuropsychiatric disease and vulnerability to abnormal deep grey
matter development. Sci Rep, 2019. 9(1): p. 1976.

Bouret, S.G., SJ. Draper, and R.B. Simerly, Formation of projection pathways from the arcuate
nucleus of the hypothalamus to hypothalamic regions implicated in the neural control of feeding
behavior in mice. J Neurosci, 2004. 24(11): p. 2797-805.

Seress, L., Comparative anatomy of the hippocampal dentate gyrus in adult and developing
rodents, non-human primates and humans. Prog Brain Res, 2007. 163: p. 23-41.

Giannopoulou, |, et al., Perinatal hypoxia as a risk factor for psychopathology later in life: the role of
dopamine and neurotrophins. Hormones (Athens), 2018. 17(1): p. 25-32.

Sakurai, T. and N.J. Gamo, Cognitive functions associated with developing prefrontal cortex during
adolescence and developmental neuropsychiatric disorders. Neurobiol Dis, 2018.

Khesht-Masjedi, M.F., et al., Comparing depressive symptoms in teenage boys and girls. J Family
Med Prim Care, 2017. 6(4): p. 775-779.

Copeland, W.E,, et al., Early Pubertal Timing and Testosterone Associated With Higher Levels of
Adolescent Depression in Girls. ] Am Acad Child Adolesc Psychiatry, 2019.

Takada, S.H., et al., A modified rat model of neonatal anoxia: Development and evaluation by
pulseoximetry, arterial gasometry and Fos immunoreactivity. J Neurosci Methods, 2011. 198(1): p.
62-9.

18



