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3α-diol: 3α-androstanediol 

3α-HSD: 3α-hydroxysteroid 

dehydrogenase 

3β-HSD: 3β-hydroxysteroid 

dehydrogenase/Δ5-Δ4-isomerase  

5-HIAA: 5-hydroxyindoleacetic acid  

5-HT: Serotonin 

5-HT2A: Serotonin type 2A 

5-HT3: Serotonin type 3 

5α-DHDOC: 5α-

dihydrodeoxycorticosterone  

5α-DHP: 5α-dihydroprogesterone 

5α-DHT: 5α-dihydrotestosterone  

ACTH: Adrenocorticotropic hormone 

AlloP: Allopregnanolone  

BDNF: Brain-derived neurotrophic 

factor 

Cl-: Chloride ions 

CNS: Central nervous system 

CORT: Corticosterone 

CRF: Corticotropin-releasing factor 

Cytochrome P450scc: Cytochrome 

P450 cholesterol side chain cleavage  

DA: Dopamine 

DAergic: Dopaminergic 

DHEA: Dehydroepiandrosterone 

DHEAS: Dehydroepiandrosterone 

sulphate 

DOPAC: 3,4-dihydroxyphenylacetic acid  

DRD2: Dopamine D2 receptor 

EMS: Early maternal separation 

EPM: Elevated plus-maze  

Finas: Finasteride 

GABA: γ-aminobutyric acid 

GABAAR: γ-aminobutyric acid type A 

receptor 

GR: Glucocorticosteroid receptor 

HPA: Hypothalamic-pituitary-adrenal 

HPLC: High-performance liquid 

chromatography 

HVA: Homovanillic acid  

IMM: Inner mitochondrial membrane 

KCC2: Potassium chloride co-

transporter 2 

NA: Noradrenalin 

NAcc: Nucleus accumbens 

nAch: Nicotinic acetylcholine 

NCAM: Neural cell adhesion molecule 

NH: Non-handled 
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NKCC1: Sodium potassium chloride co-

transporter 1 

NMDA: N-methyl-D-aspartate 

NOT: Novel object test 

NS: Neurosteroid 

NTS: Nucleus tractus solitarii  

OCD: Obsessive compulsive disorder 

OF: Open field 

OMM: Outer mitochondrial membrane  

PCP: Phosphate carrier protein 

PND: Postnatal day 

PNS: Peripheral nervous system 

PPI: Prepulse inhibition of the acoustic 

startle response 

PR: Progesterone receptor 

PREGS: Pregnenolone sulphate 

PTSD: Post-traumatic stress disorder 

PVN: Paraventricular nucleus  

PXR: pregnane xenobiotic receptor 

SHRP: Stress hypo-responsive period 

StAR: Steroidogenic acute regulatory 

protein  

THDOC: 3α,5α-

tetrahydrodeoxycorticosterone 

TOM22: subunit 22 of the translocase of 

the outer mitochondrial membrane 

TSPO: Translocator protein 

TTX: Tetrodotoxin 

VDAC: Voltage-dependent anion 

channel 
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The interaction between genetic factors and environmental input during sensitive 

developmental periods determines the maturation of brain structure and function, and 

thus behaviour and later vulnerability or resilience to disorders.  

Perinatal period appear a particularly critical time window during which the brain is 

highly sensitive to remodelling by environmental factors (both positive and negative). 

Several epidemiological and clinical studies have shown a link between adverse early life 

experiences and later neurodevelopmental disorders. Such is the case of schizophrenia, 

to which in utero exposure to infections (Brown, 2006; Buka et al., 2001a, 2001b), 

hypoxia (Cannon et al., 2000, 2002; Zornberg et al., 2000), starvations (Hoek et al., 1998; 

Susser et al., 2008), maternal stress (Khashan et al., 2008) and other adverse life events 

may represent vulnerability factors. Famine during the second and third trimester has 

also been related to major depression disorder (Brown et al., 1995, 2000), as well as child 

abuse and/or neglect (Bradley et al., 2008; Felitti et al., 1998), which have also been 

related to a higher vulnerability to post-traumatic stress disorder (PTSD) (Binder et al., 

2008) and to drug addiction (see Enoch, 2011 for review). Animal models with controlled 

conditions have allowed to better study the cause-effect link between early-life adverse 

experiences (mostly pre and postnatal stress) and diverse neurobiological and 

behavioural alterations (see Maccari et al., 2014 for review). 

Epigenetic mechanisms (e.g. DNA methylation, histone modifications, noncoding 

RNAs) seem to be the basis for the long-lasting consequences of environment on brain 

structure and function (see Roth and Sweatt, 2011 for review). But the fully 

comprehension of all the elements that intervene in brain development and all their 

possible disruptions that may represent a cause for later affectations, is far from be 

completely understood. Thereby, is highly significant to study the factors implicated in 

brain development, how they may be altered by environmental conditions, and how this 

alteration leads to disruptions in brain maturation, later behaviour and vulnerability to 

diseases. 
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1. Neurosteroids implications on development 

 

In the last decades, the importance of steroids in multiple brain processes has 

become manifest. In 1981, after their observations on the steroid 

dehydroepiandrosterone sulphate (DHEAS), Baulieu and colleagues conclude that the 

brain was a steroidogenic organ (Corpéchot et al., 1981). This led to the term 

“neurosteroid” (NS), which is used to describe the subclass of steroids that share the 

particularity of being synthesized in the central nervous system (CNS) (Baulieu et al., 

1981). Few years later, in 1986, Majewska and cools. found out that the NS 

allopregnanolone (3α-hydroxy-5α-pregnan-20-one or 3α-5α-tetrahydroprogesterone; 

AlloP) acted as a positive allosteric modulator of γ-aminobutyric acid (GABA) type A 

receptor (GABAAR). This last discovery led to the term of “neuroactive steroid”, which is 

used to describe all those steroids that, irrespective of their synthesis’ place (CNS or 

peripheral steroidogenic organs), are capable of modify neuronal activity via the 

modulation of membrane receptors (Dubrovsky, 2005; Paul and Purdy, 1992). The 

discovery of steroids acting not only as endocrine messengers but also in a paracrine or 

autocrine manner, and their capacity to rapidly modulate neural excitability, granted 

remarkably importance to steroids given the huge array of brain activities in which they 

may be involved. Thus, in the last years NS have been reported to participate in several 

brain processes and alterations of their levels have been related to a variety of 

neurological/psychiatric disorders and pathologic behaviours, being proved their 

administration beneficial in a number of experimental models of certain diseases (see 

Dubrovsky, 2005; Melcangi and Panzica, 2014; Porcu et al., 2016 for reviews).  

NS levels in the brain are not static but dynamically altered across life-time in 

response to physiological conditions. The concentration of AlloP oscillates during 

development (Grobin and Morrow, 2001), menstrual cycle (Monteleone et al., 2000), 

pregnancy and post-partum (Concas et al., 1998), as well as in response to stress (Purdy 

et al., 1991; Serra et al., 2000) or alcohol systemic administration (Barbaccia et al., 1999; 

Cook et al., 2014a, 2014b). Surprisingly, although the actions of NS on adult brain have 

been largely studied, their role on developing brain is still poorly understood. In the rat 

brain, enzymes responsible for steroidogenesis are present since early foetal stages 

(Compagnone et al., 1995; Lauber and Lichtensteiger, 1996; Lephart et al., 1990) and the 

ability of foetal CNS to synthesize NS has been proved (Pomata et al., 2000). 

n
eu

ro
stero

id
s im

p
lica

tio
n

s o
n

 d
ev

elo
p

m
en

t 



                       Introduction 

 19 

Furthermore, AlloP pre and postnatal fluctuations in rats’ frontal cortex (Grobin and 

Morrow, 2001) are time-related to significant changes on brain development (see below), 

which may indicate an important role of AlloP in neural maturation. Thus, the study of 

the involvement of NS such as AlloP on brain development is of great interest. 

  

1.1. Biosynthesis and brain distribution 

 

Steroidogenesis begins in the inner mitochondrial membrane (IMM), with the 

conversion of cholesterol to pregnenolone, the first steroid formed, by the enzyme 

cytochrome P450 cholesterol side chain cleavage (cytochrome P450scc). Cholesterol can 

be de novo synthesized in the endoplasmic reticulum or imported from circulating 

lipoproteins, and its further translocation from the outer mitochondrial membrane 

(OMM) to the IMM is considered the rate-limiting step of steroidogenesis. The 

steroidogenic acute regulatory protein (StAR) initiates the intracellular cholesterol 

trafficking by transferring the free cholesterol from intracellular stores to the OMM. 

There, StAR interacts with other proteins that transfer the cholesterol into the IMM, 

where cytochrome P450scc is located (see Papadopoulos and Miller, 2012 and Rone et al., 

2009 for review). For years the translocator protein (TSPO; formerly called 

mitochondrial-type benzodiazepine receptor or peripheral-type benzodiazepine receptor) 

has been considered the main responsible of this last movement, but new findings 

showing the viability of TSPO knockout mice without loss of steroid synthesis, have 

questioned its absolute requirement for steroidogenesis (Tu et al., 2014; discussed in Gut 

et al., 2015, in Selvaraj and Tu, 2016 and in Stocco et al., 2017). Thus, StAR and other 

OMM proteins such as the voltage-dependent anion channel (VDAC), the subunit 22 of 

the translocase of the OMM (TOM22) and the phosphate carrier protein (PCP), seem to 

be the essential proteins for the cholesterol transfer into the IMM and thus for 

steroidogenesis (Stocco et al., 2017).  

Once synthesised, pregnenolone will act as itself or it will be converted to one or 

other steroid depending on which steroidogenic enzymes express the cell. AlloP synthesis 

begins with the conversion of pregnenolone to progesterone via the enzyme 3β-

hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase (3β-HSD). Then progesterone is reduced 

by 5α-reductase into 5α-dihydroprogesterone (5α-DHP), which will be further reduced 

into AlloP via 3α-hydroxysteroid dehydrogenase (3α-HSD) (also termed 3α-

hydroxysteroid oxidoreductase, 3α-HSOR). 5α-reductase catalyses not only the reduction 
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of progesterone into 5α-DHP, but also the reduction of 11-deoxycorticosterone into 5α-

dihydrodeoxycorticosterone (5α-DHDOC), and the reduction of testosterone into 5α-

dihydrotestosterone (5α-DHT). Furthermore, some of the steroidogenic enzymes are 

involved in catalyse both the reduction and the oxidation of NS. Such is the case of 3α-

HSD which catalyses the reversible conversion of 5α-DHP into AlloP, 5α-DHDOC into 

3α,5α-tetrahydrodeoxycorticosterone (THDOC) and 5α-DHT into 3α-androstanediol (3α-

diol). 

The diverse steroidogenic enzymes have been found both in neurons, mainly 

GABAergic and glutamatergic, and in glial cells (i.e. astrocytes and oligodendrocytes) of 

numerous brain areas (see Do Rego et al., 2009 for review). For instance, initial studies 

in rats reported highly concentrations of 5α-reductase in glial cells of the hypothalamus, 

the thalamus, the hippocampus, the cerebral cortex and the circumventricular organs 

(Pelletier et al., 1994), and of 3α-HSD mainly in brain tissue of the olfactory bulb, with 

moderate levels also found in cerebral cortex, hypothalamus, cerebellum and pituitary 

(Khanna et al., 1995). More recent works with rats also reported 5α-reductase in glial 

cells of the olfactory bulb (Kiyokage et al., 2005). On the other hand, in mice, 5α-

reductase and 3α-HSD are co-localized in several neuronal populations, such as cortical, 

hippocampal, and olfactory bulb glutamatergic principal neurons, in some output 

neurons of the amygdala and thalamus, and in principal GABAergic output neurons 

(striatal, medium spiny, reticular thalamic nucleus and cerebellar Purkinje neurons) 

(Agis-Balboa et al., 2006). The expression and activity of both enzymes has also been 

proved in the human brain, where diverse post-mortem studies have identified 5α-

reductase mRNA in temporal cortex, subcortical white matter, hippocampus, cerebellum 

and pons; and 3α-HSD (type 2 and 3) mRNA in frontotemporal lobes, putamen, 

cerebellum, subcortical white matter, medulla and spinal cord (see Do Rego et al., 2009 

and Stoffel-Wagner, 2003 for review). 

Regarding synthesised NS, immunohistochemical assays of the cellular distribution 

of 3α-hydroxy, 5α-reduced pregnane steroids (i.e. AlloP and THDOC) from the forebrain 

to the brainstem of the adult rat, revealed their localization in the cell bodies and thick 

dendrites of neurons (mostly glutamatergic but also projecting GABAergic) of numerous 

brain structures, being the olfactory bulb, the striatum and the cerebral cortex the areas 

with highest density immunolabelling (Saalmann et al., 2007). In humans, a study that 

compared AlloP concentration in 17 regions of women’s brains showed the highest levels 

in substantia nigra and basal hypothalamus (Bixo et al., 1997). While other work that 
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determined NS levels on 6 cerebral regions of old men also found the highest 

concentration of AlloP in the hypothalamus, followed (in decreasing order) by striatum, 

frontal cortex, cerebellum, hippocampus and amygdala (Weill-Engerer et al., 2002). 

 

1.2. Mechanism of action: how neurosteroids may be implicated in CNS 

development 

 

NS act both on intracellular receptors regulating gene expression, which are slow 

actions (minutes to days) limited by the rate of protein biosynthesis (Gronemeyer, 1992), 

and on membrane receptors modulating neural excitability and thus producing rapid 

changes (milliseconds to seconds) (Majewska et al., 1986). Therefore, the effects of NS on 

the developing CNS may be mediated either through the classical intracellular receptors 

or through membrane receptors. In this sense, it has been reported that progesterone 

and 5α-DHP stimulate myelination in the peripheral nervous system (PNS) by acting on 

the intracellular progesterone receptor (PR), while AlloP also stimulates myelination in 

the PNS but by acting on GABAAR (see Magnaghi et al., 2001 for review). Same results 

have been found in organotypic slice cultures of 7-day-old rat and mouse cerebellum: 

progesterone stimulates myelination by acting on PR but also by the action of its 

metabolite AlloP on GABAAR (positive modulation) (Ghoumari et al., 2003). Given that 

in rats the second postnatal week corresponds to a period of both intense myelination 

(Notterpek et al., 1993) and elevated levels of progesterone (Ukena et al., 1999), these 

results suggest that progesterone may play an important role in myelination during 

brain development (Ghoumari et al., 2003). Moreover, progesterone has been shown to 

promote both dendritic outgrowth and synaptogenesis in Purkinje cells through PR 

mediated mechanisms during cerebellar development (Sakamoto et al., 2001). 

Importantly, AlloP does not directly bind to PR, but it can act on it via its oxidation into 

5α-DHP (Rupprech, 2003). Furthermore, AlloP directly activates the pregnane xenobiotic 

receptor (PXR) (Frye et al., 2012; Lamba et al., 2004; Langmade et al., 2006). PXR is a 

nuclear receptor that influences the transcription of several major families of genes, 

among them the cytochrome P450scc enzymes (Frye et al., 2012). Thus, PXR is involved 

in cholesterol homeostasis and its activation by AlloP, or other endogenous compounds, 

may serve to modulate NS biosynthesis (Frye et al., 2012; Lamba et al., 2004).  

Regarding membrane receptors, although AlloP main effects are mediated though the 

positive modulation of GABAAR, it also modulates other ionotropic receptors such as 
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neural nicotinic acetylcholine (nACh) receptor (negative modulation) (Bullock et al., 

1997), and the serotonin type 3 (5-HT3) receptor (negative modulation) (Rupprecht, 

2003; Wetzel et al., 1998). In the same way, THDOC and 3α-diol are also positive 

modulators of GABAAR (Lambert et al., 2009); and progesterone also acts as a negative 

modulator of nACh (Valera et al., 1992) and 5-HT3 (Wetzel et al., 1998) receptors, as 

well as of σ1 receptor (Monnet and Maurice, 2006). By contrast, dehydroepiandrosterone 

(DHEA), its sulphate form DHEAS and pregnenolone sulphate (PREGS) act as negative 

modulators of GABAAR and positive modulators of glutamate N-methyl-D-aspartate 

(NMDA) receptor (Akk et al., 2001; Majewska and Schwartz, 1987; Smith et al., 2014). 

Actions of AlloP on GABAAR are especially relevant given the important role that 

GABA signalling plays on development (Owens and Kriegstein, 2002). GABAAR is an 

ionotropic receptor that allows the flux of chloride ions (Cl-). In mature brain, Cl- 

concentration is usually higher in the extracellular space; therefore the activation of 

GABAAR causes Cl- influx and subsequent hyperpolarization of the membrane. GABAAR 

is a heteropentameric receptor, there are 19 variants of subunits (α1-6, β1-3, γ1-3, δ, ε, θ, 

π and ρ1-3) and the most common arrangement consist on two α, two β and usually one γ 

or one δ subunit (Olsen and Sieghart, 2009; Sieghart and Sperk, 2002). Those with γ 

subunit are usually in synaptic space mediating phasic inhibition (i.e. short and rapid 

inhibitory postsynaptic response), while those with δ subunit are extrasynaptic and thus 

mediate tonic inhibition (i.e. paracrine regulation of the neuron tone) (see Farrant and 

Nusser, 2005 for review). AlloP is able to modulate both, synaptic and extrasynaptic 

GABAAR (see Belelli and Lambert, 2005 and Carver and Reddy, 2013 for review), but it 

has preference for those that contain δ subunit, and especially for the combination α4β2δ 

(reviewed in Shen and Smith, 2009). The action of AlloP on GABAAR depends on its 

concentration: at nanomolar concentrations AlloP works as an allosteric modulator and 

thus potentiates the actions of GABA; while at micromolar concentrations AlloP directly 

activates the GABAAR opening the Cl- channel, permitting Cl- influx and thus causing 

hyperpolarization of the cell membrane (GABA-mimetic effect) (Callachan et al., 1987; 

Shu et al., 2004). 

In contrast to mature neurons, developing neurons have high intracellular Cl- 

content, mainly due to an increased expression of the sodium potassium chloride co-

transporter 1 (NKCC1; accumulate chloride) and a low expression of the potassium 

chloride co-transporter 2 (KCC2; chloride extruder) (Ben-Ari et al., 2007). In 

consequence, the activation of GABAAR causes an efflux of Cl-, and thus the 

n
eu

ro
stero

id
s im

p
lica

tio
n

s o
n

 d
ev

elo
p

m
en

t 



                       Introduction 

 23 

depolarization of the membrane, instead of the Cl- influx and subsequent 

hyperpolarization observed in mature neurons. This depolarization caused by GABAAR 

activation is enough to open voltage dependent L-type calcium channels as well as to 

relieve the magnesium block of glutamate NMDA receptors, and thus provoke a calcium 

influx that might activate downstream signalling pathways (e.g. increase expression of 

brain-derived neurotrophic factor (BDNF)) and regulate many processes of brain 

development. Thus, the activation of GABAAR early in development has been related to 

neuronal proliferation, migration and differentiation (see Owens and Kriegstein, 2002 

for review), and so its modulation by NS such as AlloP may affect neural development. In 

this sense, several in vitro studies have shown that, besides myelination (see above), 

AlloP promotes neurogenesis in primary cultures of rat neural progenitors (Keller et al., 

2004; Wang et al., 2005), effect that has also been related with the activation of 

GABAAR.  

As mentioned above, AlloP levels fluctuate during development. Grobin and Morrow 

(2001) characterized AlloP pre and postnatal fluctuations in the frontal cortex of rats 

and found out that during the last gestational days foetuses present elevated AlloP 

levels, fact that has been related to a protective role of AlloP against gestational stress 

(see Brunton et al., 2014 for review). These high levels decrease progressively during the 

first week of life, when rats present low levels that are similar to those found in adult 

brain. Then, during the second week of life a new elevation on AlloP levels occurs, 

reaching maximum values between postnatal day (PND) 10 and PND14, decreasing 

again to similar adult levels on PND15, and remaining low until puberty. This second 

peak in AlloP is time-related to the functional GABA shift from depolarization to 

hyperpolarization both in neocortex and hippocampus (reviewed in Dehorter et al., 

2012). The primary signals of the polarity shift are the progressive up-regulation of 

KCC2 and down-regulation of NKCC1 (Ben-Ari et al., 2012). In a previous work, we 

showed that the alteration of physiological AlloP levels by means of the sub-chronic 

administration (from PND5 to PND9) of AlloP or finasteride (Finas), which in adult rats 

acts as an inhibitor of the enzyme 5α-reductase (Azzolina et al., 1997; Mukai et al., 

2008), alters the developmental expression of KCC2 in the hippocampus (Mòdol et al., 

2014b), which could be indicating the participation of AlloP in the GABA hyperpolarizing 

shift. Moreover, during the second week of life there are important changes in GABAAR 

subunit expression patterns (Laurie et al., 1992; Liu et al., 1997). In this sense, in vitro 

works show that the exposition of developing neurons to AlloP alters GABAAR function 

(Yu and Ticku, 1995) and α4 subunit gene expression (Grobin and Morrow, 2000) in a 
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concentration-dependent manner. Furthermore, in vivo studies have shown that the 

exogenous administration of Finas (50 mg/kg from PND5 to PND9) causes a neonatal 

overexpression of α4 and δ GABAAR subunits in the rat hippocampus that is still present 

in adulthood (Mòdol et al., 2014a). GABAergic alterations have also been found in other 

brain structures besides hippocampus. For instance, a single AlloP administration (10 

mg/kg) on PND1 or PND5 alters the localization of parvalbumin-positive GABAergic 

interneurons in adult prefrontal cortex (Grobin et al., 2003). Therefore, all these results 

show that alterations in neonatal AlloP levels may directly affect the development of 

GABAergic neurotransmission. In addition, other studies have showed that neonatal 

AlloP administration produces a decrease of the total neuron number in adult medial 

dorsal thalamus, probably indicating a decrease in thalamocortical connectivity 

(Gizerian et al., 2004), and alters striatal dopaminergic (DAergic) activity in adulthood 

(Muneoka et al., 2009). This last result has also been found with the neonatal 

administration of progesterone (Muneoka et al., 2010), suggesting that neonatal 

progesterone may alter adult striatal DAergic activity via the action of its metabolite 

AlloP on GABAAR. 

 

1.3. Neonatal neurosteroids and postnatal development: effects on 

adolescent and adult behaviour 

 

Several studies have shown that manipulations of the neonatal physiological NS 

levels in rats result in altered adolescent and adult behaviour. For instance, the neonatal 

administration of AlloP or Finas has been related to diverse changes in emotional 

behaviours. In this sense, an acute neonatal injection of AlloP (10 mg/kg) at PND5 

increases novelty-directed locomotion measured in the open field (OF) in adulthood 

(Darbra and Pallarès, 2009). This effect has also been observed pre- and post-puberty 

with the administration of 10 µg/g of pregnenolone between PND3 and PND7 (Muneoka 

et al., 2002), and may indicate a reduction in the stress responses to novel environmental 

experiences. Furthermore, a single administration of 10 mg/kg of AlloP on PND2 or 

PND5 increases the locomotor response to amphetamine in adulthood, suggesting an 

altered DAergic mesocorticolimbic system (Gizerian et al., 2006). Alterations on anxiety-

like behaviour have also been reported. Thus, sub-chronic neonatal administration of 

AlloP (5 mg/kg between PND2 and PND6) induces an anxiolytic-like profile in the 

elevated plus-maze (EPM) test in adulthood (Zimmerberg and Kajunski, 2004), effect 

that has also been found following the administration of a higher dose of AlloP (20 mg/kg 
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from PND5 to PND9) (Darbra and Pallarès, 2012). Moreover, an acute administration of 

AlloP (10 mg/kg) at PND5 alters the action of the benzodiazepine lorazepam, decreasing 

its anxiolytic effects (Darbra and Pallarès, 2009). On the other hand, the sub-chronic 

neonatal administration of Finas (50 mg/kg between PND5 and PND9) decreases the 

locomotor activity in the Boissier exploration test in adolescence (Darbra and Pallarès, 

2010), as well as deteriorates passive avoidance and induces an anxiogenic-like profile in 

the EPM test in adulthood (Martin-García et al., 2008). Moreover, neonatal Finas 

administration (50 mg/kg from PND5 to PND9) has also been related to an anxiety-like 

profile in the EPM test in response to systemic progesterone administration in adulthood 

(Mòdol et al., 2014a). It has to be noted that both novelty-directed locomotion and 

anxiety responses are behavioural traits that can indicate an impulsive and risking 

behaviour and thus they could be related to an increased vulnerability to initiate drug 

abuse (Belin and Deroche-Gamonet, 2012). 

Alterations of neonatal AlloP levels have also been related to an altered processing of 

sensory inputs to the brain. Both a single administration of 10 mg/kg of AlloP on PND2 

or PND5 (Gizerian et al., 2006), and a daily administration of 10 mg/kg of AlloP between 

PND5 and PND9 (Darbra and Pallarès, 2010) decrease the prepulse inhibition of the 

acoustic startle response (PPI) in adulthood. A deficient PPI is an operative measure for 

disturbed sensorimotor gating, which is the ability of a weak sensory event to suppress -

“gate”- the spontaneous motor response to an intense sensory stimulus (Swerdlow et al., 

2001). Dysfunctions in this response have been associated to alterations in the 

mesocorticolimbic system (Gizerian et al., 2006; Swerdlow et al., 2001) but also in the 

hippocampus (Darbra et al., 2012; Zhang et al., 2002). In humans, PPI is impaired in 

several major psychiatric disorders, including schizophrenia and obsessive compulsive 

disorder (OCD) (Ahmari et al., 2012; Swerdlow et al., 2006; reviewed in Kohl et al., 

2013). Thus, alterations of neonatal AlloP levels may be related to an increased 

vulnerability to suffer neurodevelopmental disorders such as schizophrenia. In this 

sense, the administration of the antipsychotic drug Clozapine (7.5 mg/kg) previous PPI 

test reversed the PPI deficit of those animals that were administered with AlloP on 

PND2 (Gizerian et al., 2006). 

All these behavioural alterations may be reflecting multiple developmental changes 

in distinct systems and brain structures. For instance, given that the hippocampal 

formation seem to be involved in the mentioned behaviours (spatial exploration, anxiety-

related behaviours) as well as in sensorimotor gating, behavioural alterations caused by 
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neonatal AlloP manipulations may be at least in part related to an altered hippocampal 

function (see Darbra et al., 2014 for review). Accordingly, as explained above, neonatal 

AlloP manipulations have been related with an altered expression of KCC2 (Mòdol et al., 

2014b) and GABAAR subunits (Mòdol et al., 2014a) in hippocampus. Furthermore, 

manipulations of neonatal physiological NS levels alter the behavioural effects of 

intrahippocampal NS administration in adulthood. In this sense, the adult 

intrahippocampal infusion of AlloP decreases the locomotion on the OF test in control 

rats but has no effects in rats with sub-chronic neonatal administration of AlloP (10 

mg/kg from PND5 to PND9) (Darbra and Pallarès, 2011). Moreover, sub-chronic 

neonatal injections of higher AlloP doses (20 mg/kg from PND5 to PND9) inhibit the 

anxiolytic-like effects (Mòdol et al., 2013) as well as the increase of PPI (Darbra et al., 

2013) caused by adult intrahippocampal AlloP administration. The alteration of adult 

intrahippocampal AlloP infusion effects has also been found with the sub-chronic 

administration of Finas (50 mg/kg between PND5 and PND9) (Darbra and Pallarès, 

2011; Darbra et al., 2013; Mòdol et al., 2013). Nevertheless, as previously explained, 

neonatal AlloP administration has also been related to GABAergic alterations in the 

prefrontal cortex (Grobin et al., 2003), to alterations on thalamocortical connectivity 

(Gizerian et al., 2004) and to an altered striatal DAergic activity (Muneoka et al., 2009). 

All these affectations could also underlie the explained effects on spatial exploration, 

anxiety-related behaviours and sensorimotor gating. Moreover, alterations of the 

DAergic activity may be especially relevant as they could suggest that neonatal AlloP 

manipulations could affect adolescent and adult behaviours related to dopamine (DA) 

function, such as drug seeking behaviour (Nutt et al., 2015). 

Therefore, all these results indicate that the maintenance of physiological NS levels 

is critical for the correct development of several brain structures, the subsequent 

adolescent and adult behaviour and the vulnerability to psychopathological diseases. 
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2. Stress affects development: early maternal separation model 

 

Stressful stimuli activate the hypothalamic-pituitary-adrenal (HPA) axis leading to 

the synthesis and release of glucocorticoids (mainly cortisol in humans and non-humans 

primates, and corticosterone (CORT) in rodents) from the adrenal cortex, which will 

promote diverse actions in response to stress (e.g. metabolic adaptations, facilitation of 

cardiovascular responses and modulation of immune and behavioural responses (see 

Sapolsky et al., 2000 for review)). Stress responses are needed to adapt the organism to 

the psychological and physiological challenges, but eventually they can have deleterious 

effects upon brain function. As mentioned above, during perinatal period brain is highly 

sensitive to environmental factors, thereby early exposure to adverse experiences as 

stress has been related to several developmental alterations and adult disorders (see 

Bale et al., 2010; Bock et al., 2014 and Chen and Baram, 2016 for review).  

In neonatal animals, early stress arises mainly from disruptions on the maternal 

care, thus several models of neonatal stress in rodents consist on the manipulation of 

maternal-pup interactions. The two main methods used are the limitation of nesting and 

bedding material, which in turn alters the nurturing behaviours of the dams causing 

stress in the pups; and the deprivation of the mother, i.e. the separation for a certain 

time of the dam from her litter. This last method provokes hypothermia and starvation 

in the pups, thus physical stress, but also alters the nursing and nurturing behaviours of 

the mother when pups are returned to their litter. Thereby, both methods have proven to 

cause stress on the pups and to have consequences on the cognitive and emotional 

networks and functional outcomes (Chen and Baran, 2016). 

Regarding maternal separation, several models have been used, differing on the 

extension of the separation period and its continuity (one or various intermittent 

periods), as well as on the age of the pups, both factors that have a significant impact on 

the outcomes consequences of the stress (for a review see Fumagalli et al., 2007). In this 

sense it is important to distinguish between short (<15 min) and long (>180 min) 

maternal separation models. Since the initial studies by Levine and colleagues (Levine et 

al., 1956; reviewed in Raineki et al., 2014), it has been well established that short 

periods (<15 min) of repeated maternal absence are usually related to positive 

behavioural consequences (Levine, 2005; Plotsky et al., 2005), as they simulate wildlife 

rearing conditions where the dam left the nest regularly (Grota and Ader, 1969 cited in 
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Nylander and Roman, 2012). In contrast, long absences (>180 min) disrupt normal 

maternal-pup interaction and are generally related with detrimental effects (see Faturi 

et al., 2010 for review).  

The timing of the stress presentation is another important factor that determines its 

outcome and long-lasting consequences. Neonatally, rodents show very low basal levels 

of CORT as well as attenuated adrenocorticotropic hormone (ACTH) and CORT 

responses to environmental stressors (Rosenfeld et al., 1992; Sapolsky and Meaney, 

1986). This period is named “stress hypo-responsive period” (SHRP) and extends 

between PND4 and PND14 in rats (Sapolsky and Meaney, 1986). The SHRP is a 

reflection of the still ongoing maturation of the HPA axis and it is thought to represent a 

protective mechanism to prevent the detrimental effects of increased levels of CORT on 

the developing brain (de Kloet et al., 1988; Ellenbroek and Cools, 2002). Even so, there 

are severe stressors that can overcome the SHRP, elicit increases in both ACTH and 

CORT and thus cause multiple neurodevelopmental alterations. Depending on when the 

stress occurs (pre-, during, or post- the SHRP), very different outcomes have been 

reported to the same kind of stressor (Bock et al., 2014; Chen and Baram, 2016). 

Moreover, the outcome of the stress exposition depends on the maturation status of each 

cerebral region, and given that the timing of brain development is not uniform but varies 

upon regions and systems (Giedd et al., 2009), distinct systems will be affected in 

function of the time of stress presentation.  

A single period of 24 h of early maternal separation (EMS) at PND9, represents a 

potent stressor that has been related to multiple alterations. 24 h of EMS on PND9 

overcomes the SHRP and causes an increase in basal CORT levels (Avishai-Eliner et al., 

1995; Suchecki et al., 1995; Viveros et al., 2010), as well as an enhanced responsiveness 

of the HPA axis to further stressors, both neonatally (Avishai-Eliner et al., 1995; 

Suchecki et al., 1993, 1995) and in adulthood (Lehmann et al., 2002; Viveros et al., 2009). 

24 h of EMS at PND9 has been proposed as a possible animal model to study specific 

aspects of schizophrenia (see Ellenbroek and Riva, 2003 for review) since it leads to a 

disruption of the PPI response after puberty (Ellenbroek et al., 1998, 2004), as well as to 

a disruption of adult latent inhibition (Ellenbroek and Cools, 1995), which is a 

phenomenon also found in certain schizophrenic patients (Gray et al., 1995). This EMS 

effect on PPI is reversed by typical and atypical antipsychotic drugs, which could suggest 

that EMS leads to a hyperactivity of the DAergic system (Ellenbroek et al., 1998). In this 

sense, adult DAergic activity after 24 h of EMS at PND9 has been found increased in 
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striatum, prefrontal cortex and amygdala (Rentesi et al., 2013). Moreover, animals 

submitted to 24 h of EMS at PND9 show a behavioural profile of higher impulsivity in 

adolescence and an increased locomotor response to novelty in adolescence (Marco et al., 

2007) and adulthood (Rentesi et al., 2013); as well as an enhanced sensibility to the DA 

agonist apomorphine (Ellenbroek and Cools, 1995, 2000; Rentesi et al., 2013) and to 

amphetamine (Rentesi et al., 2013). Furthermore, in accordance with the 

neurodevelopmental hypothesis of schizophrenia, this EMS model leads to a 

developmental delay (i.e. a long lasting reduction in body weight, a delay in eye opening, 

in walking and in rearing), that includes a pre-weaning reduction of locomotor response 

to amphetamine, suggesting an altered development of the mesolimbic DAergic system 

(Ellenbroek et al., 2005).  

24 hours of EMS on PND9 also relates to increased adult serotonergic function in the 

prefrontal cortex, amygdala (Rentesi et al., 2013) and hypothalamus (Rentesi et al., 

2010), as well as to diverse alterations of the hippocampal endocannabinoid system (see 

Marco et al., 2015 for review). All these neurochemical disruptions may mediate some of 

the other behavioural effects reported, which include a depressive-like phenotype in the 

forced swim test in adolescence (Llorente et al., 2007) and in adulthood (Zamberletti et 

al., 2012), an adult anxiolytic-like profile in the EPM test (Llorente-Berzal et al., 2011), 

and a decrease in the discrimination index in the novel object test (NOT) in adulthood 

(Llorente et al., 2011). Furthermore, hippocampal alterations such as a reduction on the 

expression of neurotrophin BDNF in adolescence (Marco et al., 2013) and adulthood 

(Llorente et al., 2011; Roceri et al., 2002), and a reduction of two glutamate NMDA 

receptor subunits expression (Roceri et al., 2002) and of neuropeptide Y levels (Husum et 

al., 2002) in adulthood, have also been found in animals that have suffered EMS.  

Thus, 24 h of EMS at PND9 represents a potent neonatal stressor that alters the 

development of several systems and the further adolescent and adult behaviours, being 

an interesting model for the study of a variety of disorders. 
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3. Relationship between neurosteroids and stress during neonatal stage 

 

GABAergic inhibitory control plays an important role on the regulation of HPA axis 

activation (see Gunn et al., 2015 for review). In adult rats, numerous studies have shown 

that after acute stress the GABAergic transmission rapidly decreases (Biggio et al., 

1990; Concas et al., 1998) while AlloP brain and plasma levels increase (Barbaccia et al., 

1996; Purdy et al., 1991). Importantly, this increase in AlloP levels correlates with the 

restoration of the GABAergic transmission (Barbaccia et al., 1998). Additionally, several 

studies have shown that in rodents the increase in AlloP levels inhibits the corticotropin-

releasing factor (CRF; also termed corticotropin-releasing hormone) production and 

release, vasopressin expression, ACTH release, and subsequent increase in CORT levels 

(Owens et al., 1992; Patchev et al., 1994, 1996). Thus, endogenous AlloP represents a 

homeostatic mechanism in the context of adaptation to stress by limiting the extent and 

duration of reduction in GABAergic inhibitory transmission and so the activation of the 

HPA axis (Girdler and Klatzkin, 2007). On the other hand, chronic stress induces 

important reductions in cerebrocortical and plasma concentrations of AlloP (Serra et al., 

2000), as well as alterations in NS responses to acute stressors. Thus, it has been 

suggested that a disruption in this homeostatic mechanism may play a pathogenic role 

in some psychiatric disorders related to chronic stress (Girdler and Klatzkin, 2007). In 

this way, the administration of exogenous AlloP either during or following a period of 

chronic stress can prevent or normalize HPA axis dysfunction, precluding the 

establishment of depressive/anxiety-like behaviours in rats (Evans et al., 2012). 

Changes in AlloP levels due to stress have also been observed during neonatal stages 

(Frye et al., 2006; Kehoe et al., 2000), but while several works have studied the 

relationship between AlloP and stress in adulthood, much less have studied how both 

factors interact in neonatal stages and how alterations of physiological AlloP levels may 

alter neonatal stress outcomes and vice versa. Given that adequate inhibitory GABAergic 

control is necessary for stress regulation, changes in physiological AlloP levels may 

imply changes in stress responses and thus distinct outcomes of neonatal stress. In this 

sense, previous works studying the effects of AlloP administration on neonatal stress 

showed that the administration of AlloP prior a brief maternal separation at PND7 

decreases the ultrasonic vocalizations of rats (Zimmerberg et al., 1994; Zimmerberg and 

Kajunski, 2004). Ultrasonic vocalizations are emitted by neonatal rat pups in the range 
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of 20 to 50 kHz and are thought to contribute to the formation of the maternal-infant 

bond as infant mammals vocalize when separated from their dams to elicit protection, 

nourishment and warmth (Zimmerberg and Kajunski, 2004). Thus, the analysis of 

ultrasonic vocalizations is used as a measure of the pup’s affective state (Zimmerberg et 

al., 2003). Other authors have showed that when applied concomitantly with the 

stressful challenge, the GABA-positive THDOC can attenuate the adult behavioural and 

neuroendocrine consequences of repeated maternal separation during early life (i.e. 

increased anxiety, enhanced HPA axis responses to stress and impaired glucocorticoid 

feedback) (Patchev et al., 1997). In the same way a single administration of 2 mg/kg of 

AlloP injected just prior 12 h of maternal separation on PND5 counteract the increased 

HPA axis response to subsequent stressors both in infants and adult rats (Mitev et al., 

2003). Thus, the administration of NS such as AlloP that act as positive modulators of 

GABAAR may prevent or reverse some of the negative neuroendocrine and behavioural 

effects of neonatal stress. In fact, it has been suggested that a transient increase of NS 

biosynthesis may contribute to the SHRP (Mitev et al., 2003). 

Besides the possible protective role of AlloP upon neonatal stress, it has to be 

considered that since alterations of neonatal AlloP levels have been related to several 

developmental disruptions (see above), some of the detrimental effects of neonatal stress 

may be in part elicited by an alteration of neonatal NS levels. In this sense, Zimmerberg 

and Kajunski (2004) showed that both pups submitted to 6 h per day of social isolation 

between PND2 and PND6 and pups not social isolated that were daily administered with 

AlloP (5 mg/kg, PND2-PND6) emitted fewer ultrasonic vocalizations than control rats 

during maternal separation on PND7. Authors proposed that social isolation effects on 

ultrasonic vocalizations may be mediated by an endogenous increase of AlloP, and 

therefore its exogenous administration provokes the same effect (Zimmerberg and 

Kajunski, 2004). Interestingly, when rats submitted to social isolation received a 

previous injection of AlloP, the rate of ultrasonic vocalizations on PND7 was unaffected, 

may be indicating that AlloP effects could be dose-dependent (Zimmerberg and Kajunski, 

2004).  

No previous work has study the possible relationship between the manipulation of 

neonatal AlloP levels between PND5 and PND9 and 24 h of EMS on PND9, but 

independent works have shown that both interventions affect similar systems, brain 

regions and adolescent and adult behaviours. For instance, as previously explained, both 

(neonatal AlloP levels alterations and 24 h of EMS on PND9) have being related to 
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hippocampal alterations (Darbra et al., 2014; Husum et al., 2002; Llorente et al., 2011; 

Marco et al., 2013; Mòdol et al., 2013, 2014a, 2014b; Roceri et al., 2002) and to 

alterations in adolescent and adult emotional behaviours, such as anxiety-like behaviour 

(Darbra and Pallarès, 2012; Llorente-Berzal et al., 2011; Martin-García et al., 2008) and 

novelty-directed locomotion (Darbra and Pallarès, 2009, 2010; Marco et al., 2007; Rentesi 

et al., 2013). Furthermore, both interventions alter PPI (Darbra and Pallarès, 2010; 

Ellenbroek and Riva, 2003) and seem to alter adult striatal and cortical DAergic function 

(Gizerian et al., 2006; Muneoka et al., 2009; Rentesi et al., 2013). Thus, all these similar 

results may indicate that the effects of EMS on systems’ development and adult 

behaviour are, at least in part, mediated by the alteration of neonatal NS levels. 

Therefore, it is of great interest to study the effects of both interventions (manipulation 

of neonatal AlloP levels between PND5 and PND9 and 24 h of EMS on PND9) in these 

behaviours in order to establish their possible interactions and mutual influence.   

It has to be taken into account that neonatal stress may alter not only neonatal NS 

levels but also NS biosynthesis and/or metabolism in adulthood. In this sense, adult 

male rats submitted to early stimulation (30 min of maternal separation on PND9 

followed by 6 h of maternal separation on PND10) showed lower hippocampal AlloP 

levels than control rats (Frye et al, 2006) and adolescent rats exposed to prenatal stress 

presented decreased progesterone turnover into 5α-DHP and AlloP in the medial 

prefrontal cortex (Paris and Frye, 2011). Moreover, adult male rats that suffered 

prenatal stress presented decreased plasma 3α-diol levels and decreased hippocampal 

5α-DHT levels (Walf and Frye, 2012), as well as greater plasma testosterone 

concentration and reduced 5α-reductase mRNA levels in the nucleus tractus solitarii 

(NTS) and in the paraventricular nucleus (PVN) (Brunton et al., 2015). Furthermore, 

neonatal stress also alters GABAAR subunits expression in adulthood (Caldji et al., 2000, 

2003; Hsu et al., 2003), which may suppose an alteration in the ability of NS to exert 

their actions (Brunton, 2015). In the same way, changes on neonatal NS levels may not 

only imply altered GABAergic systems (Grobin and Morrow, 2000; Mòdol et al., 2014a; 

Yu and Ticku, 1995) but also an altered NS milieu in adulthood. For instance, a single 

administration of β-estradiol 3-benzoate to female rats on the day of birth resulted in 

marked decreases of adult AlloP concentrations in the cerebral cortex and plasma (Calza 

et al., 2010), in the hypothalamus (Berretti et al., 2014) and in the hippocampus (Locci et 

al., 2017), as well as in an increased adult expression and function of GABAAR 

containing α4/δ in adulthood (Locci et al., 2017). Furthermore, the prenatal 

administration of Finas reduced hippocampal AlloP levels at PND30 in male and female 
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rats (Paris et al., 2011). It has to be taken in mind that in various animal models as well 

as in humans, reduced levels of AlloP in adulthood have been related to several 

pathophysiological conditions that may imply altered GABAergic tone such as major 

depression and anxiety disorders (Schüle et al., 2014), premenstrual dysphoric disorder 

(Backstrom et al., 2014), PTSD (Pibiri et al., 2008; Pinna et al., 2010; Rasmusson et al., 

2006) and schizophrenia (Marx et al., 2006). Thus, alterations in adult NS milieu may 

underlie neonatal stress associated pathologies. 

Besides alterations in emotional behaviours and pathologies such as schizophrenia, 

alterations of NS levels in adulthood have been related to the abuse and addiction of 

diverse drugs, being AlloP implication on ethanol effects one of the most studied 

relations. Both acting on GABAAR, AlloP and ethanol share some of their effects 

(Morrow et al., 2001) and several works have shown that AlloP levels fluctuate in 

response to ethanol administration or intake. In adult male rats, an AlloP increase in 

response to ethanol administration has been found in a dose- and time-dependent 

manner in plasma (Barbaccia et al., 1999), as well as in several brain areas (i.e. cerebral 

cortex, hippocampus, bed nucleus of the stria terminalis and paraventricular nucleus) 

(Cook et al., 2014a). Ethanol-induced increase of AlloP is in part mediated by the 

activation of the HPA axis (Boyd et al., 2010; Khisti et al., 2003; O’Dell et al., 2004; 

Porcu et al., 2004), but ethanol is also able to locally increase brain synthesis of AlloP 

independently of adrenal secretion (Cook et al., 2014b). The AlloP rise is enough to 

enhance GABAergic transmission contributing then to several of the ethanol behavioural 

effects (Morrow et al., 2006). In this sense, it has been proved that in rats AlloP 

participates in the modulation of ethanol’s anticonvulsant effects (VanDoren et al., 

2000), sedation (Khisti et al., 2003), impairment of spatial memory (Matthews et al., 

2002; Morrow et al., 2001) and anxiolytic-like actions (Hirani et al., 2005). On the other 

hand, ethanol consumption does not increase AlloP levels in dependent rats (Janis et al., 

1998), fact that has been related to the loss of alcohol pharmacological effects (i.e. 

tolerance) after chronic ethanol use (Morrow et al., 2001). Moreover, in humans with 

alcohol withdrawal the levels of AlloP are decreased (Romeo et al., 1996), while AlloP 

administration in the hippocampus consistently reduces the withdrawal symptoms in 

rats (Martín-García and Pallarès, 2005). Furthermore, the administration of AlloP has 

proven to increase the consumption of alcohol in adult non-dependent rats (Janak et al., 

1998) but decrease it in adult dependent rats (Morrow et al., 2001). This last effect is 

also found when AlloP is administered directly in the hippocampus (Martín-García et al., 

2007), suggesting that this structure could play a role in the maintenance of ethanol 
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consumption. AlloP modulation of ethanol intake is dose-dependent: in rodents the 

administration of low AlloP doses increases ethanol intake but high AlloP doses supress 

ethanol intake (Ford et al., 2005; Janak et al., 1998; Sinnott et al., 2002). Thus, the fact 

that both alterations of neonatal NS levels and neonatal stress may produce changes in 

GABAergic systems and may alter brain’s capacity for NS biosynthesis and/or 

metabolism, could directly affect the susceptibility to ethanol abuse. Furthermore, both 

neonatal stress and neonatal AlloP manipulations affect adult behavioural traits that 

have been related to vulnerability to initiate drug abuse, i.e. novelty-directed locomotion 

and anxiety responses (Belin and Deroche-Gamonet, 2012), and both interventions seem 

to alter adult striatal and cortical DAergic function (Gizerian et al., 2006; Muneoka et 

al., 2009; Rentesi et al., 2013), which can be related to drug reinforcing properties.  

Taking into account all the previous results, it is of high relevance the study of the 

possible interactions between neonatal stress and neonatal physiological AlloP levels 

manipulations and their implications in brain’s development and adolescent and adult 

behaviour. 
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OBJECTIVES  
 

The main objective of the present work is to assess the effects of neonatal AlloP 

manipulations and neonatal stress induced by EMS on adolescent and adult behaviour, 

in order to study their possible interactions and thus the possible relationship between 

both factors.  

 

Experiment 1: 

● Study the effects of neonatal AlloP administration and neonatal stress on: 

► Novelty-directed exploration in adolescent age. 

► Anxiety-like behaviour in adult age. 

► Processing of sensory inputs to the brain in adulthood. 

 

Experiment 2: 

● Study the effects of neonatal physiological AlloP levels manipulation and neonatal 

stress on the vulnerability to alcohol abuse by assessing: 

► Voluntary ethanol consumption in adulthood. 

► The activity of the mesolimbic DAergic pathways. 

 
 

 

HYPOTHESIS  
 

We hypothesize that the effects of neonatal stress induced by EMS on adolescent and 

adult behaviour can be related, at least in part, to changes on neonatal NS levels, 

including AlloP. Thus, the neonatal administration of a neuroactive steroid could 

interfere with the behavioural alterations caused by neonatal stress. In the same way, 

the effects of neonatal neuroactive steroid administration could be altered by subsequent 

EMS.  
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The aim of the first experiment was to study the effects of neonatal AlloP 

administration, neonatal stress and their interactions on adolescent novelty-directed 

exploration and on adult anxiety-like behaviour and sensory brain inputs processing. For 

this purpose, we administered 10 mg/kg of AlloP between PND5 and PND9 to male 

Wistar rats. Two control groups were used: one administered with the vehicle (Veh) and 

the other one non-handled (NH). At PND9, half of the animals of each neonatal 

treatment group were submitted to 24 h of EMS. Novelty-directed exploration was 

analysed at PND40 (middle adolescence) and at PND60 (late adolescence) by means of 

the Boissier exploration test. The distance travelled throughout the area was recorded as 

a measure of novelty-induced motor activity, and the total number of holes explored by 

the animal was recorded as a measure of exploration directed to a stimulus. At adult age 

(PND85), anxiety-like behaviour was tested by means of the EPM test, and sensory brain 

inputs processing was evaluated by means of PPI test. In the EPM test the percentage of 

the open arm entries and the time spent on them were interpreted as measures of 

anxiety-like behaviour, the number of entries in closed arms was used as a measure of 

activity and the time spent in the central area was used as an independent measure of 

decision making. On the other hand, in the PPI test basal startle amplitude and the 

percentage of the degree of prepulse inhibition of the startle response were recorded and 

analysed.   
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Neonatal manipulations: 

 

 

 

 

 

 

 

 

 

Behavioural evaluation:  

 

 

 

 

 

 

 

 

 

 

 

Final experimental groups 

NH NH + EMS Veh Veh + EMS AlloP AlloP + EMS 

N=10 N=16 N=11 N=10 N=9 N=12 

24 h of early 

maternal 

separation 

 

 

· Daily neonatal administration (s.c.): 

- AlloP (10 mg/kg) 
- Veh (20% β-cyclodextrin) 

 

· NH group 

Birth PND6 PND7 PND9 PND5 PND8 PND10 PND21 

weaning 

Boissier exploration test: 5 min 

 

EPM test: 5 min 

 

PPI test: 17 min 

 

Figure 1. Experimental design of experiment 1. 
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The second set of experiments was designed to study the effects of neonatal 

physiological AlloP levels manipulation and neonatal stress on the vulnerability to 

alcohol abuse. For this, we evaluated the effects of both neonatal interventions on adult 

voluntary ethanol consumption and ventrostriatal monoamine levels (experiment 2A). 

The neonatal NS levels were manipulated in male Wistar rats via the sub-chronic 

administration of AlloP (10 mg/kg) or of the 5α-reductase inhibitor, Finas (50 mg/ kg), 

between PND5 and PND9. There were also two control groups: one administered with 

Veh and the other one NH. At PND9 half of the subjects of each group were separated 

from the mother for 24 h. Voluntary ethanol consumption was measured in adulthood 

(PND70) using a two-bottle free-choice procedure for 15 consecutive days. Possible 

alterations on ventrostriatal monoamine levels were determined after the voluntary 

alcohol consumption procedure. 

Given the results obtained in this experiment, we designed a second one in order to 

further evaluate the possible alterations on the activity of the rewarding DAergic 

pathways caused by neonatal NS levels manipulation (experiment 2B). Male Wistar rats 

received sub-chronic administration of AlloP (10 mg/kg), Finas (50 mg/kg) or Veh 

between PND5 and PND9. In adulthood, voluntary ethanol consumption was measured 

using a two-bottle free-choice procedure for 12 consecutive days. Last day of 

consumption, the DA and 3,4-dihydroxyphenylacetic acid (DOPAC) release in the 

nucleus accumbens (NAcc) in response to ethanol intake was evaluated by means of in 

vivo microdialysis. 
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Neonatal manipulations: 
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Figure 2. Experimental design of experiment 2A. 
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Neonatal manipulations: 
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Figure 3. Experimental design of experiment 2B. 
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Results of the present experiments reveal that both manipulation of neonatal NS 

levels and neonatal stress affect adolescent and adult behaviour. Some of the effects 

seem to go in the same direction, but importantly there were several interactions 

between both factors. 

In experiment 1 we studied the effects of neonatal NS manipulation and EMS on 

novelty-directed exploration in adolescent age, and on anxiety-like behaviour and 

sensorimotor gating in adult age. Main results show that neonatal AlloP administration 

(10 mg/kg between PND5 and PND9) did not affect the behaviour in the Boissier 

exploration test at PND40 and PND60 nor in the EPM test at PND85, but it decreased 

the startle response and impaired the PPI of this response in adulthood. On the other 

hand, 24 h of EMS at PND9 increased novelty-induced motor activity and decreased 

head-dipping behaviour in the Boissier exploration test at 40 days old. In adulthood, 

EMS rats showed an anxiolytic-like profile in the EPM test, as well as an increase of the 

startle response and a disruption of the PPI. Remarkably, the neonatal administration of 

AlloP prevented EMS effects on novelty-directed exploration at PND40 but did not affect 

the EMS effects on adulthood.  

On the other hand, in order to evaluate the effects of neonatal NS manipulation and 

neonatal stress on the vulnerability to alcohol abuse, in experiment 2A we analysed the 

voluntary ethanol consumption using a two-bottle free choice procedure during 15 

consecutive days (starting at PND70). Results show that neonatal Finas administration 

(50 mg/kg between PND5 and PND9) related to an increase of alcohol consumption in 

adulthood during the second week of the procedure in comparison with the rest of 

neonatal groups (controls: Veh and NH groups; and AlloP group), but only in those 

animals that did not suffer EMS. When animals suffered EMS, there were no effects of 

previous neonatal treatment and all the animals progressively increased ethanol 

consumption in the same way. Neonatal Finas administration not only increased the 

ethanol intake but also the consumption of reinforcing solutions (glucose) during the 

second week of the procedure. Interestingly, the effect of neonatal Finas administration 

upon glucose intake was independent of the EMS condition, i.e. all the animals that 

received neonatal Finas consumed higher doses of glucose in adulthood. On the other 

hand, rats that received neonatal Veh administration presented a decreased ethanol 

intake in the last two days of the procedure. This effect was not observed in those 

animals administered with neonatal AlloP (10 mg/kg between PND5 and PND9) either 
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in those that suffered posterior EMS. Furthermore, EMS increased both the mean of the 

ethanol doses consumed during the whole procedure and the glucose consumption during 

the first week of procedure. Both EMS effects were independent of previous neonatal 

treatment. After the two weeks of the intake procedure, in experiment 2A we measured 

the ventrostriatal monoamine levels. Results show that both neonatal Finas and AlloP 

administration decreased ventrostriatal DA and serotonin (5-HT) levels, without 

affecting their corresponding metabolites and thus increasing DA and 5-HT turnover 

ratios. This effect was only present in the animals that were not exposed to EMS, and all 

the animals that suffered EMS presented unaltered ventrostriatal monoamine levels (i.e. 

similar levels to that of the control groups). Given these results, we performed 

experiment 2B in order to further evaluate possible alterations on the activity of the 

mesolimbic DAergic pathways related to neonatal NS manipulations. Results show that 

animals with neonatal Finas administration had a decreased DA release in the NAcc in 

response to both ethanol and food, thus suggesting that the higher ethanol consumption 

of these animals may be related to a blunted DA release in response to solutions 

presentation. 

A detailed discussion of these results as well as a general discussion of the 

experiments is included in the next section. 
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1. Experiment 1 

 

1.1. Effects of neonatal allopregnanolone administration and neonatal stress 

in novelty-directed exploration in adolescence 

 

At PND40 control animals (i.e. Veh and NH groups) that have suffered EMS showed 

an increased novelty-induced motor activity and a decreased head-dipping behaviour. 

The increase of locomotion in a new environment is consistent with other works that 

have also reported it as a consequence of EMS both in adolescent (Marco et al., 2007) and 

in adult (Rentesi et al., 2013) rats. This increase in novelty-induced motor activity could 

be interpreted as a reduced stress response to novel environmental experiences, and may 

be related to an impulsive profile of EMS rats in adolescence (Marco et al., 2007). 

However, our results also show that EMS is causing a decrease of head-dipping 

behaviour. The number of explored holes in Boissier test is considered a measure of 

exploration directed to a stimulus that reflects the attention given to new situations and 

the motivation to seek out new experiences (File and Wardill, 1975). Thus, a decreased 

head-dipping behaviour is usually interpreted both as a decrease in the motivation to 

seek out new experiences and as an elevated level of anxiety in a new environment 

(Takeda et al., 1998). Given these apparently contradictory results (i.e. high locomotor 

activity but low head-dipping behaviour), we analysed the travelled distance in the 

virtual 29 cm × 29 cm centre zone of the apparatus, which is considered an anxiety 

relevant score (Prut and Belzung, 2003; Voikar et al., 2001), and found out that in the 

centre zone EMS rats travelled less distance than no EMS animals [F(1,62)=8.94, 

P<0.01]. Therefore, the reported increase in total travelled distance observed in EMS 

group relates to an increase of activity in the outermost portion of the apparatus (close to 

the walls), which may be reflecting the anxiety of the animal that tries to escape from 

the situation (Weiss et al., 1998). Taken together, our results could suggest that EMS 

causes an anxiogenic-like profile in adolescence. In this sense, previous works reported 

an increase of anxiety measured in the EPM test in adolescent mice after suffering 24 h 

of EMS at PND12, effect that authors interpreted as a reduced ability to cope with 

stressful situations and related with low BDNF protein levels in the hippocampus and 

amygdala (Martini and Valverde, 2011). Moreover, a more recent study has shown that 

adolescent rats that suffered 24 h of EMS on PND9 present a decrease in ambulation 
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and time expended in the centre portion of the OF, which is interpreted as an increased 

anxiety-like behaviour (Girard  et al., 2014). 

Although neonatal AlloP administration had no effects on Boissier exploration test in 

adolescence, which replicates previous results (Darbra and Pallarès, 2010), it presented 

a protective role over the EMS effects. That is, EMS animals that had been administered 

with AlloP travelled the same distance and explored the same number of holes than 

those animals that did not suffer EMS. As explained in the Introduction section, some 

preceding works already reported a protective role of previous AlloP administration on 

neonatal stress effects (Mitev et al., 2003; Zimmerberg and Kajunski, 2004). In the 

present work, it could be hypothesized that the previous increase in AlloP levels 

produced by its exogenous administration could be altering the expression of GABAAR or 

of its subunits, which in turn may interfere with the physiological response to the stress 

produced by EMS. 

At PND60 neither EMS nor neonatal AlloP administration affected the travelled 

distance and the number of explored holes in Boissier exploration test. It has to be taken 

into account that during adolescence, maturation and rearrangement of major 

neurotransmitter pathways, such as mesocorticolimbic circuitry, are still taking place 

(see Spear, 2000 for review) and thus the effects of neonatal interventions may vary 

across the time. For instance, it has been reported that neonatal AlloP administration 

increased the locomotor response to amphetamine at PND20 (10 mg/kg of AlloP at 

PND2) and PND80 (10 mg/kg of AlloP at PND2 or at PND5) but not at PND40 or PND60 

(Gizerian et al., 2006). On the other hand, given that at PND60 animals were exposed to 

the hole-board apparatus at the same conditions than at PND40, the lack of effects may 

be related to habituation (File, 2001). Previous works showed that the neophobic 

response experienced by subjects during the first exposure to a hole-board apparatus 

apparently declines with further exposures (Brown and Nemes, 2008). Thus, since 

results can be altered by emotional states of fear and anxiety elicited by the new 

environment (Weiss et al., 1998), the fact that the apparatus no longer produced the 

same neophobia levels could also explain why any effect was observed at 60 days old. 

Furthermore, it has to be taken into account that at PND40 animals exhibit behaviours 

that involve novelty seeking and risk taking, elevated basal levels of locomotor and 

explorative activity and higher levels of impulsivity than those shown in adulthood 

(Laviola et al., 2003). In this sense, it has been described that adolescent male rats 

(PND33–35) under some previous circumstances can be more anxious in the EPM test 
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than adults (PND70–75) (Doremus et al., 2004). In accordance, results of experiment 1 

revealed that all animals (i.e. regardless of neonatal treatment) travelled less distance 

and explored fewer holes at 60 days than at 40 days old, replicating previous results 

(Darbra et al., 2003; Darbra and Pallarès, 2010).  

 

1.2.  Behavioural and cognitive effects of neonatal allopregnanolone 

administration and neonatal stress in adulthood 

 

1.2.1. Anxiety-like behaviour 

 

In contrast to adolescent results, in adulthood EMS related to an anxiolytic-like 

profile in the EPM test, i.e. all the animals that suffered EMS spent more time and 

realized more entries in the open arms than rats that did not suffer EMS. Moreover, 

these EMS effects were not affected by AlloP administration. This discrepancy between 

adolescent and adult effects shows again how neonatal interventions may cause different 

behavioural profiles depending on the animal’s age and may be related both to the 

specific behavioural characteristics of adolescence as well as to the maturation and 

rearrangement of major neurotransmitter pathways (see above). In this sense, it has 

been described that some behavioural alterations caused by 24 h of EMS at PND9 do not 

develop until adulthood (Ellenbroek and Cools, 2002). Nevertheless, it is also possible 

that such behavioural differences between adolescent and adult effects relate to the 

distinct characteristics of the tests used, i.e. Boissier exploration test and EMP test. In 

any case, an anxiolytic-like profile in the EPM test in adulthood caused by 24 h of EMS 

on PND9 has also been reported by other authors in rats (Burke et al., 2013; Llorente-

Berzal et al., 2011) and mice (Fabricius et al., 2008), as well as in female Wistar rats as a 

consequence of 3 daily hours of separation during the first 2 weeks of life (Eklund and 

Arborelius, 2006). However, discrepant results such as an anxiogenic-like profile 

(Rentesi et al., 2010) or no effects (Lehmann et al., 1999; Slotten et al., 2006) have also 

been reported. These variable results may be related to the use of a different rats’ strain, 

since the EMS effects strongly depend on which strain is employed (Ellenbroek and 

Cools, 2000), as well as to the different EMS procedures and the specific conditions 

under which they are performed (Ellenbroek and Cools, 2002). Also, the use of different 

tests, the characteristics of the EPM apparatus or the testing conditions are factors that 

can dramatically affect the results (García et al., 2005; Jones and King, 2001; Violle et 

al., 2009). Nevertheless, it has to be taken into account that an increase in the 

ex
p

er
im

en
t 

1
 



Discussion 

 96 

percentage of time spend in the open arms and of open arms entries in the EPM test 

could be not only interpreted as an anxiolytic-like profile but also as an enhanced risk-

taking behaviour (Davies et al., 2009; Löfgren et al., 2006).  

Neonatal AlloP administration had no effects in the EPM test, which is in accordance 

with previous studies from our lab showing that neither the dose used in the present 

work (10 mg/kg from PND5 to PND9) (Darbra and Pallarès, 2012), nor a single 

administration of 10 mg/kg on PND5 (Darbra and Pallarès, 2009), affected per se the 

measured variables in the EPM test. However, both higher AlloP doses (20 mg/kg from 

PND5 to PND9) (Darbra and Pallarès, 2012) and sub-chronic neonatal administration of 

lower AlloP doses (5 mg/kg between PND2 and PND6) (Zimmerberg and Kajunski, 2004) 

produced an anxiolytic-like profile in the EPM test in adulthood. Given that GABAAR 

sensitivity to AlloP binding depends on the subunit composition of the receptor (see 

Introduction section), these dose and day-dependent effects of neonatal AlloP 

administration could be related to the changes in GABAAR subunits expression during 

early development that previous studies have reported (Laurie et al., 1992). 

Taken into account the EMS effects on novelty-directed exploration in adolescence 

and on anxiety-like behaviour in adulthood, it has to be considered that both represent 

emotional behaviours in which regulation participates the hippocampal formation 

(Bitran et al., 1999; Mineur et al., 2013; Mòdol et al., 2011; Xu et al., 1998), and thus the 

reported effects could be related to an altered hippocampal function in EMS animals. 

This area seems to be especially sensitive to EMS since its maturation extends into the 

first 3 weeks of postnatal life and it undergoes an experience-dependent development 

(Roceri et al., 2002). A previous work reported that mice that suffered 24 h of EMS at 

PND9 presented both an adult anxiolytic-like profile and a significant reduction in total 

neurons number in the dentate gyrus of the hippocampus (Fabricious et al., 2008). 

Accordingly to this data, other works have reported neonatal neurodegeneration in the 

hippocampal formation of rats as a consequence of 24 h of EMS at PND9 (Llorente et al., 

2008, 2009; López-Gallardo et al., 2008). This neuronal loss is maintained until 

adolescence (Marco et al., 2013) and adulthood (López-Gallardo et al., 2012) and may be 

related to a decrease in neurogenesis or an increase in neuron apoptosis. Also, as 

explained in the Introduction section, 24 h of EMS on PND9 reduces the hippocampal 

expression of neurotrophin BDNF (Llorente et al., 2011; Marco et al., 2013; Roceri et al., 

2002) and of synaptophysin and neural cell adhesion molecule (NCAM) (Llorente et al., 

2011; Marco et al., 2013) in adolescence and adulthood. Given that the hippocampus 
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present high levels of glucocorticoid receptors (GR) that mediate negative feedback of 

HPA axis activation, developmental hippocampal alterations caused by EMS may be 

directly related to the increase of CORT levels during the critical SHRP (Lehmann et al., 

2002). However, it has to be taken into account that hippocampal GABAAR have an 

increased sensitivity to AlloP during postnatal development (Mtchedlishvili et al., 2003). 

Thus, the possible alterations in neonatal AlloP levels related to EMS may in part 

underlie some of these hippocampal alterations found on EMS animals. In this sense, as 

explained in the Introduction section, neonatal NS manipulation though Finas 

administration has also been related to hippocampal alterations (Mòdol et al., 2014a, 

2014b).   

 

1.2.2. Sensorimotor gating 

 

Both neonatal AlloP administration and EMS disrupted the PPI, without any 

interaction between them. Thus, neither animals that received AlloP nor animals that 

suffered EMS showed the expected progressive reduction of the startle response (and the 

consequent improvement of the PPI percentage) after the gradual increase in prepulse 

intensity (3, 5 and 10 dB above background), which indicates an alteration on the 

sensorimotor gating of these animals. These results were in accordance with previous 

studies showing a PPI disruption in adulthood after neonatal AlloP administration 

(Darbra and Pallarès, 2010; Gizerian et al., 2006), and as a consequence of 24 h of EMS 

at PND9 (Ellenbroek and Cools, 2002; Ellenbroek et al., 1998). 

As explained in the Introduction section, sensorimotor gating is impaired in 

schizophrenia and other psychiatric disorders such as OCD, and PPI test is widely used 

both in humans and animal models as an operative measure of sensorimotor gating 

(Swerdlow et al., 2008). Multiple brain regions are involved in sensorimotor gating and 

thus, diverse neurological aberrations can underlie a deficient PPI. Hippocampal activity 

has proven necessary to maintain normal sensorimotor gating, since the temporary 

inactivation by tetrodotoxin (TTX, sodium-channel blocker) or the inhibition by muscimol 

(GABAAR agonist) of the dorsal or ventral hippocampus impairs PPI (Zhang et al., 2002). 

Authors propose that an altered hippocampal activity may decrease PPI by changing 

neuronal activity in the amygdala, the prefrontal cortex or the NAcc, all areas that have 

been related to sensorimotor gating (Zhang et al., 2002). Thus, hippocampal alterations 

on AlloP and EMS animals may underlie PPI disruption. In addition, previous studies 
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proposed that the deterioration of the PPI caused by neonatal AlloP administration (10 

mg/kg on PND2 or on PND5) could be related to a possible decrease of both GABA-

mediated and DA-mediated inhibition in prefrontal cortex (Gizerian et al., 2006). As 

hippocampal formation, prefrontal cortex laminates and forms its mature pattern of 

connections after birth and this confers it a special vulnerability to neonatal AlloP 

fluctuations and neonatal stress (Gizerian et al., 2006; Micheva and Beaulieu, 1997). In 

this sense, it has been reported that neonatal AlloP administration (10 mg/kg on PND1 

or on PND5) alters GABAergic interneurons localization in adult prefrontal cortex of rats 

(Grobin et al., 2003).  

On the other hand, results of experiment 1 show that neonatal AlloP administration 

and EMS not only caused a deterioration of PPI but also altered the basal startle 

response. Startle reflex is a cross-species, stereotyped response consequent to the 

presentation of a sudden and unexpected sensory stimulus. It consists of a rapid 

sequential muscle contraction with the likely purpose of facilitating the flight reaction 

and/or to protect the body from a sudden attack. Animal and, more recently, human 

investigations have shown that the basal startle response can be increased by 

behavioural manipulations causing fear and anxiety (see Grillon, 2008 for review). In 

agreement with previous results (Darbra and Pallarès, 2010), animals with neonatal 

AlloP administration presented a decrease of the basal startle response. Thus, these 

animals seem to be less reactive to an auditory stimulus of high intensity which may 

indicate that neonatal AlloP administration could lead to a decrease in the animals' fear 

levels (Darbra and Pallarès, 2010). In contrast, animals that suffered EMS exhibited an 

enhanced startle response. Previous studies found no effects of EMS on the basal startle 

response of PND65 Wistar rats (Ellenbroek and Cools, 2002; Ellenbroek et al., 1998). 

Nevertheless, divergences in the results may be related to the specific conditions under 

which the test was performed, as in our experiment animals performed PPI test just 

after the EPM test, while in previous studies animals were left undisturbed in a room 

adjacent to the startle chamber room for at least 30 or 45 min before the PPI test 

(Ellenbroek and Cools, 2002; Ellenbroek et al., 1998).  
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2. Experiment 2 

 

2.1. Effects of neonatal physiological allopregnanolone levels manipulation 

and neonatal stress on adult voluntary ethanol consumption 

 

In experiment 2A, the analysis of the ethanol doses consumed day by day during the 

14 days of the procedure by no-EMS animals, showed that during the first 7 days there 

were not differences between groups in ethanol consumption. However, from day 8 

animals with neonatal Finas administration consumed higher doses of ethanol than 

AlloP and control animals (Veh and NH). Thus, the escalation in alcohol drinking during 

the procedure was much more prominent in Finas rats. The fact that neonatal Finas 

increased ethanol intake during the second week but not during the first days of the 

procedure, could suggest a main effect of neonatal Finas treatment in the period in 

which the pattern of drinking behaviour is being consolidated (Spanagel, 2000; 

Vengeliene et al., 2005). On the other hand, we observed that animals that received 

neonatal AlloP consumed similar ethanol doses than NH animals, while those that were 

administered with Veh presented a lower ethanol intake than the rest of the animals in 

the last two days of consumption. Importantly, when animals suffered EMS, there were 

no effects of previous neonatal treatment and all the animals progressively increase 

ethanol consumption in the same way. Thus, EMS diluted the differences induced by 

previous NS manipulation. 

Neonatal Finas administration not only increased ethanol but also glucose 

consumption during the second week of the procedure. Interestingly, the effects of Finas 

upon glucose intake were independent of the EMS condition, i.e. all the animals that 

received neonatal Finas consumed higher doses of glucose in adulthood. Given that 

neonatal Finas administration increased both ethanol and glucose intake, there were no 

differences on the ethanol preference of these animals. It has to be taken into account 

that as natural rewards, ethanol or other drugs, the ingestion of sweet substances 

activates the mesolimbic reward pathways and elicits DA release in the NAcc (Hajnal et 

al., 2004; Levine et al., 2003; Norgren et al., 2006). Furthermore, its hedonic responses 

involve opioidergic and serotonergic neurotransmitter systems which also participate in 

alcohol addiction (Bachmanov et al., 2011); thus the consumption of sweet solutions and 

ethanol activates similar reward mechanisms. In this sense, several studies have shown 

that a high intake of sweet solutions positively correlates with high ethanol consumption 
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(Gosnell and Krahn, 1992; Koros et al., 1998), as well as diverse lines of selectively bred 

ethanol-preferring rats also present a high sweet preference (Sinclair et al., 1992; Woods 

et al., 2003) and vice versa (Dess et al., 1998), indicating genetic overlapping between the 

preference for “sweet” solutions and high ethanol intake (Bachmanov et al., 2011).  

When animals did not suffer EMS, those that received neonatal AlloP consumed 

similar amounts of ethanol than rats from NH group, i.e. lower doses than Finas treated 

rats, but higher ethanol doses than Veh group on the last two days of the procedure. In 

fact, animals that received neonatal Veh administration and did not suffer EMS did not 

show any increase in ethanol consumption at the end of the procedure, and on the last 

two days consumed lower ethanol doses than the rest of the animals (that is: Finas, NH 

and AlloP groups). It has to be taken into account that ethanol consumption is not stable 

from day to day, and the pattern of consumption may present ups and downs between 

days. Thus, the observed low ethanol intake in the last two days of the procedure in Veh 

group could correspond to a temporal decrease in the consumption but not to an 

established low ethanol intake. Protocols with longer periods of consumption would help 

to determine if this is a circumstantial effect or if it is maintained along the time with a 

stable low consumption. However, a Veh effect could be related to the neonatal 

manipulation that these animals received. In this sense, it has to be taken into account 

that animals were separated from their mother about 10 min per day between PND5 and 

PND9 in order to be injected. Importantly, short periods of maternal absence (< 15 min 

per day) have proven beneficial for the offspring (Nylander and Roman, 2013), and 

animals submitted to them usually present lower ethanol consumption than non-

separated animals (Hilakivi-Clarke et al., 1991; Ploj et al., 2003). This effect is also 

found in ethanol-preferring rats (Roman et al., 2003), showing that short periods of 

maternal separation can even counteract genetic predisposition for high ethanol 

consumption (Nylander and Roman, 2013). Although these models usually imply more 

days of maternal separation (from PND1 to PND21), data seem to indicate that the most 

sensible days to reach this protective effect are from PND5 to PND10 (Hilakivi-Clarke et 

al., 1991; Nylander and Roman, 2013). Thus, it could be that the low ethanol 

consumption observed in the Veh administered group was reflecting the protective effect 

of short maternal separation periods. On the other hand, the differences between Veh 

and AlloP group could relate to the fact that both administrations could differently affect 

pups’ behaviour, thus eliciting differences in dam’s mothering style, which in turn could 

have affected adult behaviour (Weaver et al., 2004). In a previous study we already 

reported Veh effects altered by AlloP administration (Mòdol et al., 2013). 
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Results of experiment 2A showed that when animals suffered EMS there were no 

differences between neonatal treatments on ethanol consumption. Thus, EMS changed 

the effects of the previous NS manipulation. Moreover, there was a main EMS effect on 

the average dose of alcohol consumption in adult age (mean of 14 days), that showed that 

all the animals that suffered EMS consumed a high average ethanol dose than animals 

that did not suffer EMS. However, detailed analysis of the ethanol doses consumed day 

per day revealed that the increase in alcohol intake induced by EMS was statistically 

significant only in the animals that were neonatally injected with Veh. That is, the 

amount of ethanol consumed was statistically the same in the no-EMS and EMS rats 

that were neonatally not-manipulated (NH group) or injected with Finas or AlloP. In this 

sense, longer periods of maternal absence (usually models of 180/360 min per day 

between PND1 and PND21) are considered detrimental and high ethanol consumption 

has been reported as a consequence, even though this increase in ethanol intake is 

usually only found when comparing with animals submitted to shorter periods of 

separation, but not when compared to NH animals (Hilakivi-Clarke et al., 1991; 

Nylander and Roman, 2013; Roman et al., 2003). Thus, our results seem in accordance 

with these observations.  

In addition to the effects on ethanol consumption, animals that were submitted to 

EMS consumed higher doses of glucose than the animals that did not suffer EMS during 

the first week of consumption, independently of the previous neonatal treatment. In this 

sense, and using diverse models of long periods of maternal separation, other studies 

have reported alterations in a sucrose preference test, specifically an increase in the 

adult consumption of a sucrose solution (Michaels and Holtzman, 2006; Mourlon et al., 

2010) and an increased sucrose preference (Mourlon et al., 2010). Previous works have 

shown that diverse kinds of stressors with subsequent increase in CORT, increase the 

consumption of sweet food (Dallman et al., 2005; Ely et al., 1997; Machado et al., 2013), 

effect that does not relate to hunger states (Hagan et al., 2003; Machado et al., 2013) and 

in some cases neither to an increased anxiety-like behaviour (Silveira et al., 2005). Thus, 

given that rats submitted to 24 h of EMS at PND9 seem to present an enhanced ACTH 

and CORT response to stressful stimulus in adult age (Avishai-Eliner et al., 1995; 

Lehmann et al., 2002; Suchecki et al., 1993), the increase in glucose consumption may be 

related to an increased reactivity in front an environmental stimulus, e.g. food 

restriction or isolation. In this sense, neonatal stress caused by a limitation of nesting 

material from PND2 to PND9 leads to an increase in the consumption of palatable food 
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in adult female Wistar rats, effect that authors also related with a hyper-reactivity of the 

HPA axis in front of acute stress (Machado et al., 2013). 

Finally, neonatal AlloP administration increased the alcohol preference during the 

first week of the consumption period but only in those animals that suffered EMS. Given 

the lack of differences between injection groups on ethanol intake in the subgroup of 

EMS animals, this effect is probably related to the low glucose consumption that AlloP 

animals presented during the first days of the procedure. Nevertheless, as this effect was 

only observed in EMS animals, it seems that there is a summative effect of exogenous 

AlloP administration and EMS. 

 

2.2. Effects of neonatal physiological allopregnanolone levels manipulation 

and neonatal stress on ventrostriatal monoamine levels and on the 

activity of the mesolimbic dopaminergic pathways in adulthood 

 

In experiment 2A we determined the monoamine levels in the ventral striatum after 

the 15 days of consumption. Results show that animals administered with neonatal 

Finas that did not suffer EMS, presented decreased ventrostriatal DA and 5-HT levels in 

comparison to controls (Veh and NH groups) without any alteration on their 

corresponding metabolites, i.e. DOPAC, homovanillic acid (HVA) and 5-

hydroxyindoleacetic acid (5-HIAA). Thus, animals treated with Finas showed an 

increased turnover ratio of DA and 5-HT (DOPAC/DA, HVA/DA and 5-HIAA/5-HT), 

which possibly indicates a decrease in DAergic and serotonergic activity. Previous 

studies have related alterations in both DA and 5-HT activity with an altered ethanol 

consumption. For instance, decreased reward circuitry activation could lead to the 

consumption of higher amounts of ethanol in order to get a higher DA release (Blum et 

al., 1996; Leyton, 2014). Moreover, while an increase of 5-HT has been related to a 

reduced ethanol intake (Lu et al., 1994; Naranjo et al., 1994), deficits of 5-HT in the 

NAcc and other structures seem to lead to a higher alcohol consumption both in animals’ 

models and in humans (Borg et al., 1985; Czachowski, 2005; Lovinger, 1999; Murphy et 

al., 1982; Sachs et al., 2014; see Müller and Homberg, 2015 for review). In the same way, 

ethanol preferring rats have a decreased overall serotonin function relative to ethanol-

nonpreferring rats (McBride and Li, 1998; Müller and Homberg, 2015).  

As observed in Finas animals, rats that received neonatal AlloP and did not suffer 

EMS also presented lower DA and 5-HT levels than control animals (Veh and NH) and 
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increased turnover ratios (DOPAC/DA, HVA/DA and 5-HIAA/5-HT) without affectation 

of DOPAC and HVA, but with lower 5-HIAA levels than NH animals. Moreover, all the 

animals of AlloP group presented low noradrenalin (NA) levels than NH animals. It has 

been suggested that noradrenergic system participates in ethanol-motivated behaviours 

(Verplaeste and Czachowski, 2015). In this sense, chemical lesions on noradrenergic 

system, blockade of NA synthesis and agents that reduce NA activity decrease voluntary 

ethanol intake (Froehlich et al., 2013; Weinsshenler and Schroeder, 2007). Since Finas 

and AlloP animals present a distinct pattern of ethanol intake, it may be surprising to 

find similar alterations on monoamine levels in both groups, but it must be considered 

that reported levels were obtained at the end of the procedure, after the two weeks of 

consumption. Thus, although there were no significant correlations between ethanol 

intake and monoamine levels, we cannot discard any influence of the ethanol consumed 

during 15 days in the recorded monoamine levels. Other studies to determine the basal 

monoamine levels of these animals are needed to clarify this issue and better interpret 

the effects. 

In order to understand why both neonatal Finas and neonatal AlloP administration 

similarly alter DA and 5-HT levels, it also has to be taken into account that neonatal 

Finas administration could be preventing not only the synthesis of AlloP but also of 

THDOC, as well as the conversion of testosterone to 5α-DHT. In this sense, in previous 

works we reported that the same neonatal Finas administration caused an increase of 

hippocampal testosterone at PND9 (Darbra et al., 2013) and it has been reported that 

alterations in neonatal testosterone are related to impulsivity (Bayless et al., 2013), a 

trait which is considered a risk factor for drug abuse (Belin and Deroche-Gamonet, 

2012). Therefore, the effects of neonatal Finas administration may not necessarily be due 

to an inhibition of AlloP synthesis alone, but through affecting other neonatal NS levels. 

Interestingly, all the animals that suffered EMS presented similar ventrostriatal 

monoamines levels to those of the control groups, which are higher than those found in 

Finas or AlloP administered animals not submitted to EMS. Thus, EMS is somehow 

altering the effects of neonatal Finas and AlloP administration on adult monoamine 

levels, may be by causing further alterations on the neonatal NS milieu of these animals. 

Although we did not found altered ventrostriatal monoamine levels in EMS animals 

previously non-handled (NH+EMS group), other works have reported diverse DAergic 

and serotonergic alterations after 24 h of EMS at PND9. For instance, Rentesi and 

colleagues (2013) reported an increased DA turnover as well as increased DA D2 
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receptors (DRD2) expression in adult rat striatum (Rentesi et al., 2013), although other 

authors showed a decreased DRD2 expression in rat NAcc (Zamberletti et al., 2012). 

Regarding 5-HT, previous results showed no effects of EMS on 5-HT levels on the 

striatum, but a decrease of 5-HT type 2A (5-HT2A) receptor expression in adulthood 

(Rentesi et al., 2013). 

In order to better characterize the effects of neonatal NS manipulations on DA 

response to ethanol, we performed experiment 2B, in which we measured DA and 

DOPAC release in NAcc during ethanol drinking in animals that were neonatally 

injected with Finas, AlloP or Veh and did not suffer EMS. In this second experiment, we 

also measured the ethanol and glucose consumption during the 11 days prior to the 

microdialysis procedure. In agreement with the results of experiment 2A, animals with 

neonatal administration of Finas consumed higher doses of ethanol than those 

administered with Veh or AlloP during several days of the consumption period. However, 

in experiment 2B the increase in ethanol intake was found at the beginning and at the 

end of the procedure, instead of during the second week. Moreover, neonatal Finas 

administration did not affect the glucose consumption, and there were not significant 

differences between AlloP and Veh groups on the ethanol intake. These distinct results 

of experiment 2A and 2B may be related to some protocol dissimilarities between both 

experiments. In experiment 2A animals received their daily ration of food during the 

hour of access to the ethanol and glucose solutions, but in experiment 2B food’s rations 

were provided just after the drinking hour in order to distinguish between DA response 

to solutions (ethanol + glucose) access and DA response to food presentation during the 

microdialysis prove. Moreover, it has to be taken into account that in experiment 2B 

animals were submitted to stereotaxic surgery prior the consumption period and were 

daily manipulated in order to check the state of the guide cannula.   

Microdialysis results revealed that DA release in NAcc increased in Veh and AlloP 

groups (increase of DA expressed as percentage of baseline) after solutions presentation, 

but not in those animals that received neonatal Finas. Thus, in Finas group, DA release 

in NAcc was not affected by solutions presentation. In accordance, the global increase of 

DA release respect the baseline in response to solutions (ethanol and glucose) and food 

presentation was lower in subjects that received neonatal Finas than in control animals 

(Veh group). Finas animals also tended to have a reduction of DOPAC levels, although 

differences between groups did not reach statistical significance. A reduction of DOPAC 

levels is in accordance with a reduced DA release. On the other hand, animals that 
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received neonatal AlloP released similar amounts of DA in NAcc in front of solutions 

(ethanol and glucose) and food than those of the animals that received Veh. Thus, 

neonatal AlloP administration did not affect DA release and neither DOPAC levels. 

 These data seem to indicate a hypo-DAergic activity in neonatal Finas treated rats 

that could be related to the increase in alcohol intake reported in these animals. In this 

sense, it has been described that a hypo-DAergic activity, caused either by a decrease in 

DRD2 or by a decreased presynaptic DA release in the striatum, leads to an excessive 

craving and seeking for substances known to cause DA release in the NAcc (Blum et al., 

1996, 2014; Trifilieff and Martinez, 2014). Several studies in rats have shown that lines 

selective breed for high ethanol preference present decreased DRD2 density in NAcc 

(McBride et al., 1993), and lower DAergic innervation (Casu et al., 2002; Zhou et al., 

1995), with lower DA content (McBride et al., 1995; Murphy et al., 1982), in the NAcc. In 

the same way, alcoholism in humans has been related with significant reductions in 

DR2D availability as well as reduced DA release in striatum (see Volkow et al., 2009 for 

review). Thus, our data could indicate that the higher ethanol consumption that 

neonatal Finas treated rats show, relates to a blunted DA response to the presentation of 

the solutions. However, we cannot assume a causal relationship between the hypo-

DAergic activity and the increased ethanol consumption in Finas rats. As previously 

mentioned, other studies determining the basal monoamine levels prior to the alcohol 

consumption phase are needed to test this hypothesis. In accordance with these results, 

we have recently report that rats that received neonatal Finas presented a reduced 

sensibility to the stimulating motor effects of an acute intraperitoneal (i.p.) 

administration of 0.5 g/kg of ethanol (Bartolomé et al., 2017). Locomotor sensitivity to 

ethanol has been related with DAergic activity, and DA inhibition seems to lead to a 

reduced sensitivity to ethanol stimulating effects (see Brabant et al., 2014 for review).  

Elucidating how neonatal Finas administration can lead to this blunted DA response 

and to the increased consumption of ethanol (experiment 2A and 2B) and reinforcing 

solutions (glucose) (experiment 2A) is complex, since several alterations could be taking 

place. As explained in the Introduction section, we have reported that neonatal 

administration of Finas at the same doses relates to an over-expression of α4 and δ 

GABAAR subunits in the hippocampus, which is still present in adulthood (Mòdol et al., 

2014a). Thus, it is plausible to think that the increase in alcohol consumption found in 

the rats that received neonatal Finas could be related, at least in part, to an altered α4 

and δ expression. The extrasynaptic isoform α4βδ of GABAAR has proven to be sensitive 
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to low-moderate ethanol doses in diverse in vitro studies (Sundstrom-Poromaa et al., 

2002; Wei et al., 2004). Besides, in vivo studies have shown that the reduced expression 

of α4 subunit in the NAcc shell of rats decreased their free consumption and preference 

for alcohol (Rewal et al., 2009), as well as their instrumental responding for oral ethanol 

(Rewal et al., 2012). In the same way, knockdown of the δ subunit in the medial shell 

region of the NAcc reduces alcohol intake (Nie et al., 2011) and δ knockout mice have a 

reduced ethanol preference and consumption (Mihalek et al., 2001). Furthermore, it has 

to be taken into account that the DAergic neurons of the ventral tegmental area (VTA) 

that project to NAcc are under GABAergic regulation by means of local interneurons 

(Johnson and North, 1992) and GABAergic projections arising from the NAcc and 

ventral pallidum (Kalivas et al., 1993). GABAAR in the VTA are present presynaptically 

in GABAergic axons terminals (Laviolette and van der Kooy, 2001; Xiao et al., 2007) and 

postsynaptically on the DAergic neurons (Okada et al. 2004; Westerink et al., 1996). In 

this sense it has been suggested that α4βδ GABAAR are present in these GABAergic 

terminals participating in the regulation of the excitability of DAergic neurons that 

project to the NAcc (Xiao et al., 2007). Thus, alterations in the expression of GABAAR 

subunits on the VTA could lead to an altered GABAergic control that could explain the 

blunted DA activity. On the other hand, as explained in the Introduction section, given 

the important role of GABA during the development, neonatal alterations in GABAergic 

transmission due to changes in GABAAR endogenous modulators, could affect the 

postnatal maturation of the mesocorticolimbic DAergic system (Antonopoulos et al., 

2002; Gizerian et al., 2006; Park et al., 2000).  

In addition to the GABAergic control on DAergic activity, it has to be taken into 

account that serotonergic neurons from the dorsal raphe nucleus also modulate the DA 

release in the NAcc by acting on the DAergic and GABAergic neurons of the VTA and 

directly on the NAcc (see Sari et al., 2011 for review). In experiment 2A the analysis of 

the ventral striatum samples revealed that rats neonatally administered with Finas had 

a low concentration of 5-HT and an increased turnover ratio 5-HIAA/5-HT without 

alterations in 5-HIAA levels, therefore, an altered serotonergic function may also be 

contributing to the decreased DAergic activity observed in animals that received 

neonatal Finas. In this sense, 5-HT3 receptors may play an important role regulating the 

activity of VTA DAergic neurons and their projections to NAcc. Several studies have 

shown that ethanol increases 5-HT3 receptor-mediated ion currents in vitro (Lovinger 

and White, 1991; Lovinger et al., 2000; Machu and Harris, 1994; Zhou et al., 1998) and 

its activation in the posterior VTA seems to be involved on alcohol-induced DA increase 
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in ventral pallidum and medial prefrontal cortex (Ding et al., 2011). Furthermore, the 

administration of 5-HT3 receptor agonists increase extracellular DA in VTA and NAcc 

(Campbell et al., 1996; Campbell and McBride, 1995, Liu et al., 2006), while 

administration of 5-HT3 antagonists reduce the ethanol-induced extracellular DA 

increase in VTA and NAcc (Campbell et al., 1996; Campbell and McBride, 1995; Wozniak 

et al., 1990) and the voluntary alcohol intake in alcohol preferring rats (Fadda et al., 

1991; McKinzie et al., 1998; Rodd-Henricks et al., 2000). Given this results, we are 

currently performing a study in order to elucidate if the administration of a 5-HT3 

receptor antagonist alters ethanol consumption of neonatal Finas administered rats and 

to evaluate if this group present an altered ventrostriatal 5-HT3 expression. 
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3. General discussion 

 

The objective of the present studies was to assess the consequences of neonatal NS 

alterations and of neonatal stress induced by EMS, in adolescent and adult behaviour in 

order to characterise their possible interactions and relationship. In adulthood, AlloP 

levels increase after an acute stress, which has been proposed to serve as a mechanism 

that helps to restore physiological homeostasis. However, the implications of AlloP on 

neonatal stress are much less clear. Thus, taken into account the importance of 

physiological neonatal AlloP levels in brain development and posterior adolescent and 

adult behaviour, we hypothesized that the behavioural effects of neonatal stress could be 

in part related to changes on neonatal AlloP levels. Thus, we expected to find that the 

manipulation of neonatal physiological NS, by means of the administration of AlloP or 

Finas, would interfere with the behavioural alterations caused by neonatal stress. In the 

same way, we presumed that the behavioural effects of AlloP or Finas administration 

could be altered by the pups’ submission to posterior EMS. 

Results seem to confirm this hypothesis since in experiment 1 we found that the 

neonatal administration of AlloP prevented the EMS effects on novelty-directed 

exploration in the middle adolescence. On the other hand, in experiment 2 EMS diluted 

the Finas effects on ethanol intake and change the effects of both AlloP and Finas 

administration on ventrostriatal monoamines levels. Even so, both interventions caused 

other effects in which no interaction was found. Thereby, EMS caused an anxiolytic-like 

profile in the EPM test, while AlloP did not alter this EMS effect, and at the tested doses 

neither affected the behaviour in the EMP per se. Remarkably, both interventions 

decreased the PPI response in adulthood. Although this might seem an expected effect 

since previous works already reported similar effects studying both factors 

independently, this was the first time that their possible interaction on the PPI test was 

studied. Thus, the administration of neonatal AlloP seems to be non-protective upon 

EMS effects on sensorimotor gating, also having in fact a negative outcome. Although 

similar effects do not imply equivalent mechanisms, it is tempting to speculate that in 

addition to the deleterious effects of increased glucocorticoids during the SHRP 

(Lehmann et al., 2002), the alteration of AlloP levels caused by EMS could be a putative 

mechanism that underlies its long-lasting effects, at least those related to sensorimotor 

gating. In this sense, it would be interesting to characterise which NS are altered as a 
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consequence of EMS, in which way and in which brain areas during the neonatal stage, 

as well as how the previous AlloP administration affects the HPA axis response to EMS 

in our protocol.  

It is noteworthy that no previous work studied the possible effects of altered neonatal 

NS levels on the vulnerability to ethanol consumption in adulthood. Thus, present 

studies reveal important new data especially regarding the effects of neonatal Finas 

administration, which could be related to changes on neonatal AlloP levels but also to 

affectations on other NS synthesis pathways, such as the reduction of testosterone into 

5α-DHT and of 11-deoxycorticosterone into 5α-DHDOC, which can consequently affect 

THDOC. Thus, given the observed effects of neonatal Finas administration on ethanol 

consumption (increase) and DAergic function in the NAcc in response to solutions and 

food presentation (decrease), it would be of high interest to better characterize its effects 

on other aspects of ethanol consumption, such as longer periods of consumption, 

abstinence, relapse, or its response to some agents used to treat alcoholism (e.g. 

naltrexone, topiramate, baclofen). The study of the neuroanatomical and neurochemical 

disruptions that may underlie these effects and the mechanism by which neonatal Finas 

administration alters neurodevelopment would also be of interest.  

We decided to study the possible implications of altered neonatal NS levels and EMS 

on the vulnerability to drug abuse given previous results showing that neonatal AlloP 

administration reduced anxiety levels (Darbra and Pallarès, 2012; Zimmerberg and 

Kajunski, 2004) and increased exploration in novel environments (Dabra and Pallarès, 

2009). As behavioural patterns of sensation seeking, impulsivity and novelty preference 

are related to increased vulnerability to drug abuse both in animals (Molander et al., 

2011) and in humans (Bjork et al., 2004; Fernie et al., 2013; Kelly et al., 2006; Peterson 

and Smith, 2017), it could be hypothesized that neonatal AlloP-treated rats could 

present higher susceptibility to drug abuse. However, our results show that neonatal 

AlloP administration increased ethanol intake only respect Veh rats and only in the last 

two days of the procedure. These results are in agreement with the behavioural profile 

that rats showed in experiment 1, where the neonatal administration of AlloP at the 

present doses (10 mg/kg, PND5-PND9) did not alter the novelty-directed exploration 

behaviour on adolescent age and neither the anxiety-like behaviour on adult age. Thus, 

it would be interesting to study the effects of higher neonatal AlloP doses, known to alter 

behaviours that could relate to drug abuse vulnerability (Dabra and Pallarès, 2009, 

2012), on ethanol consumption. Moreover, since in the present work AlloP effects not 
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appear until the last two days of the procedure, it could be considered the use of other 

ethanol consumption procedures, i.e. longer consumption period or non-limited access to 

the solutions. On the other hand, regarding EMS effects, results of experiment 1 are also 

in agreement with results of experiment 2, given that in adulthood EMS animals showed 

an anxiolytic-like profile in the EPM test, which could also be interpreted as an 

impulsive behaviour (Davies et al., 2009; Löfgren et al., 2006), and presented an 

increased ethanol intake.  

Among all the possible affectations that may underlie the reported behavioural 

effects, it has to be taken into consideration the possible alterations in the GABAergic 

system. As already explained, both neonatal stress and neonatal NS manipulations 

resulted in alterations on the expression of GABAAR subunits, which may in turn affect 

GABAAR sensitivity to NS modulation. Moreover, previous studies also showed that both 

neonatal interventions affect NS milieu in adulthood. Thus, the better characterisation 

of these aspects would be of great interest given that alterations of both GABAergic 

function and adult NS biosynthesis and/or metabolism have been related to several of 

the studied behaviours (e.g. anxiety-like behaviour, sensorimotor gating and voluntary 

ethanol consumption), as well as to an altered DAergic activity. 

Taken together, our results remark on the importance of both neonatal NS levels and 

neonatal stress events on critical neurodevelopmental periods, showing that the 

neonatal administration of AlloP may prevent some of the behavioural EMS effects on 

adolescence but also cause deleterious effects similar to those of EMS in adulthood (i.e. 

impaired sensorimotor gating). Moreover, it is shown for first time a possible implication 

of neonatal AlloP alterations in adult alcohol use disorders. Given that neonatal NS are 

highly sensitive to modulation by external factors such as stress, and this can 

dramatically affect neurodevelopment, study the effects of neonatal NS by means of its 

exogenous administration may represent a useful tool to understand their role on brain 

development and their implication on the effects of environmental circumstances that 

can alter them, such as neonatal stress.  
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EXPERIMENT 1 

 

► EMS altered novelty-directed exploration, as reflected by an increase in locomotor 

activity and a decrease in head-dipping behaviour in the Boissier exploration test, but 

only in middle adolescence. 

► The neonatal administration of AlloP prevented the EMS effects on novelty-directed 

exploration in middle adolescence. 

► Animals that suffered EMS showed an anxiolytic-like profile in EPM test in 

adulthood, as reflected by the increase of time and entries in the open arms. 

► Both interventions, neonatal AlloP administration and EMS, reduced PPI in 

adulthood, providing evidence of deficient sensorimotor gating. 

 

EXPERIMENT 2 

 

► The consumption of ethanol and reinforcing solutions (glucose) was increased by the 

neonatal administration of Finas. 

► Neonatal AlloP administration increased ethanol consumption in the last two days of 

the procedure compared with the Veh group.  

► EMS increased ethanol and glucose intake.  

► The effects of neonatal administrations on alcohol intake were not present in the 

animals that suffered EMS.  

► Neonatal Finas and AlloP administration decreased ventrostriatal DA and 5-HT 

levels, increasing their corresponding turnover ratios. 

► The decrease of ventrostriatal DA and 5-HT levels observed in Finas and AlloP 

groups, was not found in those animals that suffered EMS. 

► Neonatal Finas administration decreased DA release in the NAcc in response to both 

ethanol and food, suggesting a blunted DA release in response to solutions presentation.
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Mental Health (Barcelona, 2014) ◄ 
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► Poster presentation at joint meeting of the European Brain and 

Behaviour Society and the European Behavioural Pharmacology Society 

(Verona, 2015) ◄
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► Poster presentation at the X Symposium of Neurobiology of the 

Societat Catalana de Biologia (Barcelona, 2016) ◄ 
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