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AMPA: α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AT: Acquisition trial 

A1: Adenosine receptor 1 

A2: Adenosine receptor 2 
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CA3: Cornus Amonis 3 

CNS: Central neurvous system 
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GDPs: Giant depolarizing potentials 

GFAP: Glial fibrillary acidic protein  

KCC2: Potassium chloride co-transporter 2 

MAP2: Microtubule-associated protein 2  

MBR: Mitochondria benzodiazepine receptor 

nAch: Nicotinic acetylcholine receptor 

NBM: Nucleus basalis magnocellularis 

NH: No handled 

NKCC1: Sodium potassium chloride co-transporter 1 

NMDA: N-Methyl-D-aspartic acid  

NS/Ns: Neurosteroid/s 

PREG: Pregnenolone 

PREGS: Pregnenolone sulphate 

PXR: Pregnane xenobiotic receptor 

P450scc: P450 side-chain-cleavage  

RT: Retention trial 

StAR: Steroidogenic acute-regulatory protein 

THDOC: Tetrahydrodeoxycorticosterone  

TSPO: Translocator protein 

3α,5α-THPROG: 3α-5α-tetrahydroprogesterone 

3βHSD: 3β hydroxysteroid  

5-HT3: 5-hydroxytryptamine receptor 3 
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Introduction 

1. General overview 
Allopregnanolone or 3α-5α-tetrahydroprogesterone is a α-reduced progesterone metabolite 

that belongs to the family of neurosteroids (Ns) (Paul and Purdy, 1992; Robel and Baulieu, 1994). 

The term neurosteroid (NS) refers to steroids that can be synthesized de novo by the nervous 

tissue independently of peripheral sources such as ovaries or adrenal glands and are capable to 

modulate neural excitability (Baulieu et al. 1981; Baulieu, 1998). Baulieu and colleagues observed 

levels of steroids such as dehydroepiandrosterone (DHEA) and pregnenolone (PREG) in the 

nervous system, after gonad or adrenalectomy (the main steroidogenic glands) (Baulieu et al., 

1981). Later on, other studies demonstrated the presence in the brain of enzymes that are also 

involved in classic steroidogenesis and confirmed the fact that steroids are capable to be 

synthesized in situ by the nervous tissue (reviewed in Mensah-Nyagan et al., 1999; Compagnone 

and Mellon, 2000). In the last three decades many studies have emerged stressing the relevance 

of Ns multiple roles on pathologic behaviour, aging processes or degenerative diseases, and 

regeneration of damaged tissue (Rupprecht et al., 2001; Dubrovsky, 2005; Mellon, 2007; Kussius 

et al., 2009). Controlled local synthesis of Ns has been described to fluctuate during life due to 

physiological conditions such as menstrual cycle and pregnancy (Gidler et al., 2001; Maguire et al., 

2005; reviewed in Frye et al., 2011 and Brunton et al., 2014), aging (Bernardi et al., 1998), and to 

participate in neural development, cognitive processes and mood control (Kussius et al., 2009; 

Mellon, 2007). Nowadays it is well accepted that Ns are an important target concerning pathologic 

behaviour (Barbaccia et al., 1998; Rupprecht et al. 2001; Dubrovsky, 2005; Marx et al., 2006; 

Mellon, 2007; Kussius et al. 2009; Frye, 2009; Marx et al., 2009, 2011). 

 

1.1 Ns biosynthesis 
Biosynthesis of Ns begins with the enzymatic conversion of cholesterol to pregnenolone. 

Cholesterol is delivered into the inner mitochondrial membrane through the steroidogenic acute 

regulatory protein (StAR) (Sierra, 2004). The rate-limiting step on the Ns synthesis is the 

movement into the inner mitochondrial membrane mediated by the translocator protein (TSPO) as 

known as mitochondrial benzodiazepine receptor (MBR) (Papadopoulos et al., 2006; Rone et al., 

2009). Once into the mitochondria, cholesterol is catalysed to pregnenolone through several 

enzymatic reactions mediated both by the P450 side-chain-cleavage (P450scc) and non-P450scc 

enzymes (reviewed in Mellon and Griffin, 2002), see Fig 1. Then, progesterone is formed from 

pregnenolone by the 3β hydroxysteroid (3βHSD) enzymes. Thus, the NS Allopregnanolone is 

synthesized from progesterone via two enzymatic steps: first one, the 5α-reductase reduced 

progesterone yielding dihydroprogesterone and the second one, is the 3α reduction of the C3 

ketone, mediated by 3αHSD and yielding Allopregnanolone (Mellon et al., 2001; Mellon and Griffin, 
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2002; Belelli and Lambert, 2005; Mellon, 2007, see Fig 1). The presence of enzymes responsible 

of Allopregnanolone synthesis has been described in the nervous tissue (Mensah-Nyagan et al., 

1999; Compagnone and Mellon, 2000; Mellon and Griffin, 2002; Agis-Balboa et al., 2006). For 

instance co-localization of 3αHSD and 5α reductase have been demonstrated in pyramidal 

neurons of the cortex and the glutamatergic granular cells of the dentate gyrus, glutamatergic 

(dorsomedial) and GABAergic (reticular) cells of the thalamus, GABAergic cells of the striatum, 

glutamatergic neurons of the amygdala, and GABAergic Purkinje neurons of the cerebellum (Agis-

Balboa et al., 2006). Indeed, recent findings indicate that glutamatergic neurons could be the main 

source for Ns synthesis acting as paracrine or autocrine regulators of somatodendritic activity 

(Chisari et al., 2010; Chisari et al., 2011; Chisiari et al., 2012) and as a paracrine regulator of 

membrane receptors located on dendrites and cell bodies of glutamatergic neurons (Akk et al., 

2005). However, previous observations also pointed out that glial cell: Schwann cells in the PNS 

and oligodendrocytes and astrocytes in the CNS, could also participate in Ns synthesis (Baulieu, 

1998). 
  

 
 
 
 
 

 

 
Fig 1: Structure and synthesis of Ns: Biosynthesis of pregnenolone derived Ns. The pathway for
the synthesis of Allopregnanolone (3α,5α-THPROG) from cholesterol is shown. Steroidogenic 
acute-regulatory protein (StAR) interacts with the mitochondrial benzodiazepine receptor (MBR) to 
facilitate the transport of cholesterol across the mitochondrial membrane (Figure extracted from 
Belelli and Lambert, 2005). 
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1.2 Ns mechanisms of action
1.2.1 Genomic effects 

Steroid hormones exert their classical actions by passing through the cell membrane and 

binding to their respective cytoplasmic intracellular receptors. The receptor bound steroid hormone 

and then translocate to the nucleus were they can modulate gene expression. Allopregnanolone 

and ring A reduced pregnanes derived from progesterone have also been reported to regulate 

gene expression (reviewed in Rupprecht and Holsboer, 1999; Rupprecht, 2003; Frye et al., 2012), 

see Fig 2 (right). It has been suggested that differentially from progesterone, Allopregnanolone is 

inactive at progesterone receptor and that its effect on gene expression could be mediated by its 

modulation of the pregnane xenobiotic receptor (PXR) (Lamba, et al., 2004; Langmade, 2006; 

reviewed in Frye et al., 2012). 

 

 
 

Fig 2 Ns mechanisms of non-genomic vs. genomic actions: Ns are capable to modulate neural 
excitability by binding directly to specific membrane receptors located in the plasmatic membrane of 
neurons (left). Whereas “classical view” of steroid hormones actions, involved their binding to intracellular 
receptors promoting the gene expression changes (right). Figure extracted from Rupprech and Holsboer, 
1999.  
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1.2.1 Modulation of ionotropic receptors  

Besides their classical steroids actions, an important mechanism of action of Ns is their 

ability to modulate neural excitability by acting through membrane receptors. The fact that Ns could 

interact with membrane receptors, was firstly described in 1986 by Majewska and co-workers 

(Majewska et al., 1986), when they observed that the NS Allopregnanolone exerted its actions, 

mainly through the modulation of the GABAA receptor (GABAAR) (Majewska et al., 1986). This 

“rapid” effect of NS involved that, while the classical steroids actions require longer time period to 

exert their effect and are limited by the rate of protein biosynthesis, this “new view” implied that Ns 

effects occurred rapidly from milliseconds to seconds (Majewska et al., 1986), see Fig 2 (left). In 

this sense, 5α-reduced pregnanes such as Allopregnanolone have been described to modulate 

several ionotropic receptors such as GABAAR, NMDA, nAch or 5-HT3 (Majewska et al., 1986; 

Rupprecht and Holsboer 1999; Belelli and Lambert, 2005; Lambet et al., 2009; Zhung  2009), see 

Table I.  

Although Allopregnanolone can act on several ionotropic receptors its main effect is 

mediated through the allosteric positive modulation of the GABAARs, by increasing the aperture 

time and frequency opening of the Cl- channel (Majewska et al., 1986). Allopregnanolone effects 

on GABAARs have been described to act via two discrete binding sites, one located between the 

transmembrane domains M1 and M4 of the α subunits of the receptor, and the other, in the 

interface between α and β subunits (Hosie et al. 2006), see Fig 3a. The GABAAR is a pentameric 

structure typically composed by 2α 2β and 1γ or δ subunits (reviewed in Jacob et al., 2008 and 

Olsen and Sieghart, 2009), see Fig 3b. The aperture of the GABAAR channel induces an increase 

in the membrane permeability to Cl-, leading to a postsynaptic hyperpolarizing response (Staley 

and Proctor, 1999). There are 19 different GABAARs isoforms indicating a high level of structural 

heterogeneity and function (Olsen and Sieghart, 2009). Those can be classified between receptors 

that are present at synapses and participate in phasic inhibition, such as GABAARs containing α1, 

α2, α3, γ1, γ2 or γ3 subunits (Essrich et al., 1998; Farrant and Nusser, 2005), and GABAARs 

related to the modulation of tonic inhibition, which preferably contain α4, α5, α6 or δ subunits and 

that are extrasynaptically and perisynaptically located in somatic, dendritic or axonal regions of the 

neuron membrane (Belelli et al., 2009; Glykys and Mody, 2007), see Fig 3c. Phasic inhibition is 

characterized by a short inhibitory postsynaptic response during the presence of GABA (Farrant 

and Nusser, 2005), while persistent or tonic inhibition rather than mediate a rapid inhibitory 

postsynaptic response, has been proposed to act as a paracrine regulation of the neuron tone (for 

review see Semyanov, et al., 2004; Kullmann et al., 2005; Farrant and Nusser, 2005; Glykys and 

Mody, 2007; Beleli et al., 2009). Although Allopregnanolone is able to interact with all GABAARs 

subtypes, GABAARs containing the δ subunit are preferred substrates for Allopregnanolone 

(Mihalek et al., 1999; Belelli et al., 2002; Stell et al., 2003; Spigelman et al., 2003; reviewed in 
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Smith et al., 2007; Herd et al., 2007; Shen and Smith, 2009). Moreover, it has been shown that 

knocked out mice lacking δ subunit have reduced sensitivity to hippocampal Allopregnanolone 

effects (Mihalek et al., 1999; Spigelman et al., 2003). Concretely, the combination of the α4β2δ 

GABAAR has been demonstrated to be especially sensitive to the Allopregnanolone fluctuation 

levels (Smith et al., 1998; Gulinello et al., 2001; Follesa et al., 2002; Gulinello et al., 2002; Shen et 

al., 2005; Biggio et al., 2006; Gangisetty and Reddy, 2010).  

 
 

 

 

 

 

 

 

On the other hand, sulphated Ns such as pregnenolone sulphate (PREGS) has been 

described to negatively modulate the GABAARs (Majewska and Schwartz, 1987; Akk et al., 2001). 

Although they do not show the same selectivity for GABAARs such as other Ns, a specific binding 

sites in the M1 and between M2-M3 transmembrane domains of the α1 and β2 subunits of the 

GABAARs have been described to be necessary for the negative modulatory effect of PREGS 

(Wardell et al., 2006; Wang et al., 2007). A relevant mechanism of action of PREGS effect is acting 

as a positive modulator of the NMDA receptors (Bowly et al., 1993; Horak et al., 2004; Wang et al., 

2007; Schumacher et a., 2008; Kussius et al. 2009). The extracellular M3-M4 loop of the NR2 

a 

b

c 

 
Fig 3: GABAAR composition and localization: a) GABAAR subunits consist of four hydrophobic 
transmembrane domains (TM1-4). b) Five subunits from seven subunit subfamilies (α, β, γ, δ, ε, θ and π) 
assemble to form a heteropentameric Cl- permeable channel. c) GABAAR compose of α (1,2,3) subunits 
together with a β and a γ are thought to be preferably synaptically located, whereas receptors containing 
α5βγ or α4βσ are mainly localized at extrasynaptic sites. Figure extracted from Jacob et al., 2008.  
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subunit has been shown to be a key determinant for the PREGS actions on the NMDA receptors. 

This hydrophobic pocket at the NR1/NR2B interface has been named “Steroid Modulatory Domain 

1 (Horak et al., 2006; Schumacher et al., 2008). Within the NMDA receptors family, the negative 

modulation of AMPA and Kainate receptors by PREGS has also been reported (Mameli et al., 

2005; Shirakana et al., 2005; Mellon et al., 2007). Furthermore, the sigma type 1 receptor is 

another relevant target of PREGS modulation (Monnet and Maurice, 2006; Schumacher et al., 

2008). While other Ns such as DHEAS have been shown to be agonist of σ1 receptor, PREGS 

acts as an inverse agonist (Monnet and Maurice, 2006), see Table 1. 

 

Table I: Ns mechanisms of action: Modulation of ionotropic receptors (Table adapted from Dubrovsky, 2005). 

Neurosteroid Receptor Modulation 

Progesterone

nAChR Negative (Valera et al., 1992) 

Sigma 1 Negative (Monnet and Maurice, 2006) 

5-HT3 Negative (Wetzel et al., 1998) 

Allopregnanolone 

GABAA Positive (Majewska et al., 1986) 

nAChR Negative (Dazzi et al., 1996) 

5-HT3 Negative (Wetzel et al., 1998) 

PREGS 

NMDA Positive (Wu et al., 1991) 

GABAA Negative (Akk et al., 2001) 

AMPA/Kainate Negative (Wu et al., 1991;Yaghoubi et 

al., 1998) 

nAChR Positive (Dubrovsky, 2005) 

Sigma 1 Negative (Monnet and Maurice, 2006) 
5-HT3 No effects (Wetzel et al., 1998) 

 

1.3 Ns behavioural profile 
Similar to other GABAAR positive modulators such as benzodiazepines or barbiturates, Ns 

that act as positive modulators of GABAARs have been demonstrated to exert an anxiolytic (Bitran 

et al., 1993; 1995; 2000), hypnotic (Damianisch et al., 2001) and anticonvulsive effect (Landgren et 

al., 1997). In fact, the role that Allopregnanolone plays on behaviour when is systemically injected, 

has been well established. However, the implication of the brain structures that have a role in the 

behavioural effects of Ns still needs to be clarified. In this sense, the amygdala has been 

postulated as a relevant area. It has been hypothesised that this nucleus can modulate the 
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anxiolytic effects of Ns, as microinjections of Allopregnanolone into the central nucleus of the 

amygdala showed anxiolytic effects in the elevated plus maze (EPM) and conflict test (Akwa et al., 

1999). Another area postulated to be relevant regarding Ns effect on behaviour, is the 

hippocampus. Previous studies demonstrated that systemic administration of finasteride (a 5α 

reductase inhibitor) decreases hippocampal levels of Allopregnanolone and increases depressive 

behaviour in pregnant rats (Frye and Walf, 2002; Frye and Walf, 2004b). In this line, increased 

hippocampal Allopregnanolone levels have also been demonstrated to increases exploratory and 

decreases anxiety-like behaviour (Frye and Rhodes, 2007). Furthermore, other studies also 

showed that microinjection of pregnenolone into the dorsal hippocampus induced a decrease in 

anxiety scores on the EPM (Bitran et al. 1999). However, other authors showed no effects of 

hippocampal Allopregnanolone administration in the EPM or shock-probe burying test  (Engin and 

Treit, 2007), see Table II. Concerning learning and memory, Allopregnanolone administration has 

been reported to exert a detrimental profile, similarly to other GABAAR positive modulators (Mayo 

et al., 1993; Ladurelle et al., 2000; Matthews et al., 2002). Previous studies showed that 

Allopregnanolone deteriorates spatial learning in the Morris test (Johansson et al., 2002; Matthews 

et al., 2002; Turkmen et al., 2006), and also non-associative learning tasks in the "Y" maze 

(Ladurelle et al., 2000), when administered systemic or intraventriculary. Furthermore, it has been 

postulated that the increase in Allopregnanolone levels induced by ethanol administration, could be 

participating in the detrimental effects of alcohol on learning (Silvers et al., 2003). 

 

The promnesic effect of other Ns such as PREGS or DHEA has been well-documented 

(Vallée et al., 1997; Darnaudéry et al., 2000; Johanson et al., 2002). For instance, improvement in 

memory retention when PREGS was systemically administered (Isaacson et al., 1995) has been 

demonstrated, but also a reversal of the memory impairment induced by alcohol administration 

(Melchior and Ritzmann, 1996) or scopolamine (Meziane et al., 1996; Mathis et al., 1996; Vallée et 

al., 2001) and in old cognitively impaired rats (Vallée et al., 1997). Moreover, PREGS promnesic 

effects have also been described when injected into the amygdala (Flood et al., 1995), into the 

hippocampus (Darnaudéry et al., 2000), intraventriculary (Flood et al., 1992) or into the nucleus 

basalis magnocellularis (NBM) (Pallarès et al., 1998) in several learning tests. However, PREGS 

effects on passive avoidance in a previous study carried out in our laboratory showed a detrimental 

effect of PREGS in the passive avoidance when administered intrahippocampally but after the 

application of environmental stress (Martin-Garcia and Pallarès, 2008). The promnesic effect of 

PREGS has been postulated to take place through the potentiation of NMDA receptors located in 

the pyramidal neurons of the hippocampus (Bowly, 1993). However, it has also been suggested 

that PREGS enhancing profile could be done through the potentiation of the cholinergic neurons 

(Pallarès et al., 1998; Darnaudéry et al., 2000). Table II show anxiety effects of Ns administration 
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in several brain structures further experiments are detailed in the Annex 1. 

 

Table II: Effects of Allopregnanolone, progesterone and pregnenolone administration on 
anxiety-like behaviour  

 

 

 
  

Neurosteroid Administration Test Effect Ref. 

Allopregnanolone 

Amygdala EPM Anxiolytic Akwa et al., 
1999 

Amygdala Conflict test Anxiolytic Akwa et al., 
1999 

Hippocampus EPM No response Engin & Treit, 
2007 

Hippocampus 
 
 

Ventricular 

Shock-probe 
burying test 

 
Y maze 

No response 
 
 

Detrimental 

Engin & Treit, 
2007 
 
Ladurelle et al., 
2000 

Progesterone 
Amygdala EPM Anxiolytic Frye and Walf, 

2004a 
Amygdala Open Field Anxiolytic Frye and Walf, 

2004a 

Pregnenolone Hippocampus EPM Anxiolytic Bitran et al., 
1999 



Ns and postnatal development

 21 

 

Introduction 

2. Ns and postnatal development 
 

Ns synthesis has been demonstrated in early stages of foetal development of the rat brain 

(Pomata et al., 2000). During the last pregnancy period Allopregnanolone levels highly increase 

and decline prior to parturition in the forebrain of embryonic rats (Grobin and Morrow, 2001), see 

Fig 4a. This increase in Allopregnanolone levels during pregnancy has been proposed to be part of 

a protective mechanism against gestational stress. In this sense, it has been described that 

Allopregnanolone induces central opioid inhibition of neuroendocrine stress responses during 

pregnancy (Brunton et al., 2009; Hirst et al., 2009). Furthermore, Allopregnanolone has also been 

described to be particularly relevant during developmental stages. Although Allopregnanolone is 

present in foetal brain in similar levels to adults (Kellogs et al., 2006), its synthesis has been 

described to fluctuate during the postnatal developmental period (Grobin and Morrow, 2001; 

Grobin et al., 2003; Griffin et al., 2004). From the day of birth and in the two first weeks of life, 

cortical Allopregnanolone levels show important fluctuations, as showed by an initial elevation in 

the day of birth and a progressive decrease in the first week followed by a secondary elevation 

during the second week, reaching maximum values between postnatal days 10-14 in rats (P10-

P14) (Grobin and Morrow, 2001; Grobin et al., 2003). The finding of the secondary peak in 

Allopregnanolone present during at time of a remarkable change in GABAAR signalling (from 

excitatory to inhibitory) suggests that GABAergic Ns modulation may participate in the normal 

developmental of GABAergic neurotransmission (Grobin and Morrow, 2001), see Fig 4b.  

 

 
 

 

 

 

Foetal development Postnatal development 
a b 

Fig 4. Allopregnanolone levels during postnatal development. a) Allopregnanolone levels in the 
forebrain of embryonic rats fall prior to partiturion (P21). b) Fluctuations of cortical Alloprenganolone 
levels after birth (P0) and during postnatal development. Figure from Grobin and Morrow, 2001. 
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2.1 Neonatal Ns levels and CNS maturation:  Effects on hippocampal development
It has been documented that the alteration of the physiological levels of Ns in early neonatal 

phases alters the maturation of certain cerebral structures such as the meso-cortical and meso-

striatal dopaminergic pathways (Muneoka et al., 2002; Muneoka and Takigawa, 2002), the 

adenosinergic systems throughout A1 (Muneoka et al., 2002) or A2A receptors (Shirayama et al., 

2001) or the GABAergic thalamic-cortical system (Grobin et al., 2003; Gizerian et al., 2004). 

Moreover, exogenous administration of Ns has also been described to alter hippocampal 

maturation (Shirayama et al., 2005). Other studies also indicated that the NS 

tetrahydrodeoxycorticosterone (THDOC) (that shares profile of action with Allopregnanolone as 

GABAAR allosteric positive modulator) has important modulatory effects in hippocampal 

GABAergic synapsis during development at concentrations that occur naturally in the brain 

(Cooper et al., 1999). Neonatal administrations of pregnenolone (from postnatal days 3-7), the 

main Allopregnanolone precursor by its conversion to progesterone, or the NS DHEA, increased 

the expression of microtubule-associated protein 2 (MAP2) in the granule cell layer of dentate 

gyrus and in the pyramidal cell layer of CA3 region at post-puberty (7 weeks of age) (Iwata et al., 

2005). MAP2 protein is a cytoskeleton member detected mainly in dendrites that affects the shape, 

polarity and plasticity of neurons by controlling microtubule assembly. Thus, it has been proposed 

that exogenous NS during the neonatal period can bind to MAP2 and directly affect its expression 

and dendritic arborisation, and that this MAP2 increased expression might be an interesting 

phenotype involving stress and motivation because CA3 region of the hippocampus is vulnerable 

to stressful conditions, including elevated levels of glucocorticoids (Iwata et al., 2005). Other 

studies have also shown post-pubertal alterations in the hippocampal expression of the synaptic 

vesicle membrane-associated protein synapsin I, and also an increase in the number of 

neuropeptide Y-positive cells, in animals that were administered neonatally with pregnenolone or 

DHEA (Shirayama et al., 2005). Other changes such as an increase in the number and size of glial 

fibrillary acidic protein (GFAP) immunoreactive astrocytes or an increase in the extension of 

arborisation was seen in the overall hippocampus at both pre-puberty and post-puberty ages in 

animals that were neonatally injected with pregnenolone or DHEA from P3 to P7 (Shirayama et al., 

2005). It is important to remark that some of the reported changes induced by gestational and 

perinatal Ns administration such as glial cell abnormalities (Cotter et al., 2001; García-Segura and 

Melcangi, 2006), changes in neuropeptide Y function (Redrobe et al., 2002) and alterations of 

synaptic proteins in the hippocampus have been related to psychiatric diseases such as emotional 

disorders, depression and schizophrenia (Vawter et al., 2002).  

Regarding the effects of Allopregnanolone administration during early development stages, 

in vitro studies have shown that this NS induces cytoarchitectural regression in cultured fetal 

hippocampal neurons (Brinton, 1994). Other studies demonstrated that its administration in granule 
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cells of the dentate gyrus during postnatal period increases GABAergic conductance in 

hippocampal slices of rat pups (Mtchedlishvili et al., 2003). Studies carried out during late gestation 

of foetal sheep also reported that Allopregnanolone influences the rates of cellular apoptosis and 

proliferation in the hippocampus. In this way, finasteride treatment increased apoptosis in CA1 and 

CA3 hippocampal regions as well as astrocytes proliferation (Yawno et al., 2009). As these effects 

can be prevented by the co-administration of the Allopregnanolone analogous alfaxalone, it has 

been proposed that Allopregnanolone (and homologs) provide protection to the foetal brain against 

hypoxia and excitatory stress in late gestation and also have an important role in the modelling of 

the brain throughout de last stages of gestation (Yawno et al., 2009). Besides the impact of 

Allopregnanolone manipulation levels in the hippocampal maturation, other studies demonstrated 

that maintenance of this NS levels is also relevant for the maturation of other brain areas. Indeed, 

Grobin et al., (2003) showed an altered localization of cortical parvalbumin-positive interneurons of 

adult rats that were neontally administered with Allopregnanolone (10mg/kg) (Grobin et al., 2003) 

and a decrease in the number of total neurons in the medial dorsal thalamus (Gizerian et al., 

2004), further indicating that neonatal Ns have a relevant role during developmental stages and 

participate in the foetal and postnatal development of the hippocampus and other brain structures.  

 

2.2 Neonatal Ns and behaviour  
Manipulation of neonatal Ns levels throughout early development has been implicated in the 

alteration of adolescent and adult behaviours (Martín-García et al., 2008; Darbra and Pallarès, 

2009; 2010; 2011; 2012). In this sense, previous results of our laboratory demonstrated that 

Allopregnanolone administration (10 mg/kg) at P5 increases novelty-directed locomotion in the 

open field and decreases the anxiolytic-like profile of the benzodiazepine lorazepam in the EPM in 

adult male rats (Darbra and Pallarès, 2009). This dose of Allopregnanolone was chosen as a 

similar dose (8 mg/kg) in adult animals raises cortical Allopregnanolone levels to the range 

observed with swim stress (Vallée et al., 2000). Moreover, the habituation of activity in the open 

field test in adulthood was slowed down by the neonatal Allopregnanolone administration (at the 

same dose) (Darbra and Pallarès, 2009). In this way, it has been shown that neonatal stress also 

increased the locomotor activity and slowed down its intra-session habituation in the open field test 

in adult male rats (Duvovicky et al., 1999), suggesting a possible relation between neonatal stress 

and endogenous Allopregnanolone levels. Also, other authors have documented an increase in the 

adult locomotor response to amphetamine as a consequence of neonatal administration of 

Allopregnanolone (Gizerian et al., 2006). It has been reported that neonatal pregnenolone 

administration (10 µg/g from P3 to P7), induced hyper-locomotion in rats in the open field at pre 

and post-puberty, an increase that was more persistent in females than in males (Muneoka et al., 
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2002). The reported increase in novelty-directed locomotion seems indicate a possible reduction in 

the environmental stress related to the novelty exposition.  

On the other hand, neonatal finasteride administration (50 mg/kg, from P5 to P9) increases 

emotional reactivity in situations of stress or conflict in the adolescent age, as reflected by the 

reduction in exploration of a novelty situation (decreasing novelty-directed activity and holes 

exploration in the Boissier test) (Darbra and Pallarès, 2010). Also, it has been documented an 

anxiogenic-like profile of neonatal finasteride administration when the EPM was tested in adult 

animals that were intrahippocampally infused with Allopregnanolone, PREGS or vehicle (Martín-

García et al., 2008). This anxiogenic profile could be related to a decrease of adult endogenous 

Allopregnanolone levels induced by neonatal finasteride administration during neonatal stages, as 

it has been reported by other authors (Paris et al., 2011). In agreement, termination of pseudo-

pregnancy state (characterized by an abrupt decrease in progesterone and Allopregnanolone 

levels) induced an anxiogenic-like profile in the EPM (Bitran and Smith, 2005). Taken together, this 

data point out that fluctuations of NS levels during this developmental period modify adult 

behaviour resulting in a changes in anxiety-like behaviours.  
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3. GABAAR and development  
 

GABA is the major inhibitory neurotransmitter in the adult brain, but early in development 

GABAAR actions are excitatory (reviewed in Ben-Ari et al., 2007). During brain development there 

is a progressive shift in the pattern of network activity toward an adult form (from excitatory to 

inhibitory) that is sustained by a sequence of gradual changes in voltage and transmitter gated 

currents. Depolarizing GABA during development and the subsequent shift to inhibitory 

transmission are widely accepted as key events in the proper development of neuronal networks 

and brain structures (reviewed in Ben-Ari et al., 2007). Indeed, the progressive reduction of 

intracellular chloride in neurons and the associated switch in GABA polarity has been confirmed in 

several structures widespread along the CNS and in a wide range of animal species (from worms 

to higher mammals) in vitro and in vivo studies (Obata et al., 1978; Ben-Ari et al., 1989, 1994; 

Owens et al., 1996; Ben-Ari, 2002; Owens and Kriegstein, 2002; Tyzio et al., 2008; and reviewed 

in Ben-Ari et al., 2007 and Blaesse et al., 2009). Furthermore, this change has been demonstrated 

to participate in postnatal neurogenesis, neuronal migration, synaptogenesis and prunning (Groc et 

al., 2002; Groc et al., 2003; Manet et al., 2005; Manet et al., 2006; Akermand and Cline, 2007),

and necessary to accomplish the formation of neuronal circuitry.  

 Activation of GABAARs during postnatal development produces membrane depolarization 

sufficient (in some cases) to reach spike threshold and to generate sodium action potentials 

(Dzhala and Staley, 2003; Sipila et al., 2006) or activation of voltage gated calcium (Ca2+) 

channels (Leinekugel et al., 1995, 1997; Bray and Myenlieff, 2009). Furthermore, depolarization 

induced by the activation of GABAARs have been reported to be sufficient to remove the voltage-

dependent magnesium blockade from NMDA channels operating in synergy with NMDA and 

AMPA receptors in the developing circuit (Ben-Ari et al., 1997), see Fig 5. This synergistic action is 

a key factor that enhances neuronal activity and facilitates the generation of synchronized patterns 

that make the neurons to fire together, the so-called Giant depolarizing potentials (GDPs) (Ben-Ari 

et a., 1989; Ben-Ari et al., 1997; Ben-Ari, 2002; Ben-Ari et al., 2007). GDPs are synchronized 

events that engage large numbers of neurons to fire together (and remain together) (Leinekugel et 

al., 1998; Ben-Ari et al., 2007; Dehorter et al., 2012) as a result of depolarizing actions of 

GABAARs that occur only during developmental stages (Ben-Ari et al., 1989). This pattern of 

activity is orchestrated by a subset of GABAergic hippocampo-septal interneurons described as 

“Hub neuronal generators“ (Bonifazi et al., 2009). Although it has been extensively studied in the 

hippocampus, it has also been confirmed in a wide range of other brain structures such as the 

entorhinal cortex, the neocortex or the striatum, as a consequence of depolarizing actions of 

GABAAR (Ben-Ari et al., 1989). Those synchronized events have been reported to occur between 

the end of the first and the second postnatal week when GABAAR switches from excitatory to 
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inhibitory in the hippocampus (reviewed in Ben-Ari et al., 2007). Developmental changes in GABA 

signalling are determined by a reduction of intracellular chloride concentration. Several chloride co-

transporters control neuronal chloride homeostasis. Among them the NKCC1 (accumulate 

chloride) and KCC2 (chloride extruder) play a pivotal role in GABAARs actions (Riviera et al., 1999; 

Ganguly et al., 2001; Stein et al., 2004; Chudotvorova et al., 2005; Ikeda et al., 2005; Ben-Ari et 

al., 2007; Bray and Myenlieff, 2009), see Fig 7. The KCC2 is the principal chloride extruder 

expressed in adult neurons. Immature neurons maintain intracellular Cl− concentration at a high 

level and exhibit a shunting or membrane depolarization upon activation of GABAARs due to the 

increased expression of NKCC1 and the low expression of KCC2. After birth hippocampal KCC2 is 

barely detectable and increases progressively until reaching an adult profile.  At maturity, KCC2 is 

up regulated whereas NKCC1 down-regulates and maintains low intracellular Cl− concentrations 

resulting in GABAergic inhibitory responses (Payne et al., 2003; Ben-Ari et al., 2007), see Fig 6-7. 

Several studies have provided a detailed description of embryonic and postnatal maturation in the 

hippocampus (and other structures) (reviewed in Ben-Ari et al., 2007 and Dehorter et al., 2012). In 

this sense, it has been reported that GABAARs remain excitatory until P6-P8 (Cherubini et al., 

1991; Riviera et al., 1999; Gubellinin et al., 2001), whereas other studies indicated that GABAARs 

switch occur later (P8-P10) (Tyzio et al., 2006; Sipila et al., 2006). However, the intrinsic signalling 

responsible for KCC2 up-regulation remains to be elucidated. Previous studies have reported the 

relevance of increased GABAergic activity (when still is excitatory) as an autocrine way to increase 

KCC2 expression rather than other signals (Khirug et al., 2010). However, the impact in the CNS 

of early expression of the KCC2 is controversial. Some in vitro studies reported that induced 

expression of KCC2 increases the number of functional synapses (Chudotvorova et al., 2005) and 

is involved in the dendritic spine formation (Hong et a., 2007). However, other studies reported that 

early expression of KCC2 stops neuronal migration and cortical connectivity in vitro (Bortone and 

Polleux, 2009) and that KCC2 interacts with cytoskeleton proteins to promote spine development 

(Li et al., 2007). Further experiments also demonstrated that reduction of KCC2 expression during 

embryonic development alters morphological maturation of neonatal cortical neurons in vivo 

(Cancedda et al., 2007). 

 

 

 

 

 

 

 

 

Fig 5. Excitatory actions of 
GABAAR are capable to activate 
other receptors such as NMDA 
or AMPA: In the immature brain, 
GABAA-mediated excitation 
serves to depolarize the 
membrane, resulting in activation 
of the NMDA and AMPA channel 
and depolarization. (Figure 
extracted from Scott and Holmes, 
2012). 
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Fig 6: Changes of intracellular Cl- concentration during development and at 

maturity. a) Schematic representation of GABA excitatory actions postnatal during development. 
b) Schematic representation of GABA switch in mature neurons around second postnatal week of 
the rat life. (Figure extracted from Kahle et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig 7: Changes in NKCC1 and KCC2 expression during development and at maturity. 
(Left) NKCC1 is mostly expressed during developmental stages, while KCC2 is highly expressed at 
maturity (Right). The increase in the neuronal expression of KCC2 turns GABA Rs polarity into 
hyperpolarizing and thus, inhibitory. (Figure extracted from Staley and Smith, 2001). 

 

 

Changes between GABAAR subunits have also been reported during early development and 

throughout life, showing a temporal and regional specific expression (Laurie et al., 1992). In this 

sense, previous studies demonstrated that GABAAR subunits: A) Differ substantially from 

embryonic to neonatal brain; B) Some population persist throughout development and change in 



GABAAR and development
 

 28 

Introduction 

adult brain; C) Other do not change and express as in the adulthood (Laurie et al., 1992). In the 

hippocampus, α2 and α5 subunits increase from embryonic day 17 until adulthood, α1 increases 

progressively being strongly expressed in the adulthood, while the α4 and δ do not increase its 

expression until P12 (Laurie et al., 1992). Changes in the expression of GABAAR subunits could 

result in different effects of Allopregnanolone during development, due to differences in the 

sensitivity of the GABAAR to Allopregnanolone binding. In vitro studies in hippocampal cells 

showed an increase in GABAAR sensitivity to Allopregnanolone modulation from P7 to P14 

(Mtchedlishvili et al., 2003), coincident with the increase in the expression of α4 and δ subunits 

around P12 (Laurie et al., 1992). Other studies demonstrated that tonic inhibition in dentate 

granule cells is larger during second postnatal week (Holter et al., 2010). Recent findings also 

pointed out an increase in cell surface expression of α4ß2δ GABAAR due to Allopregnanolone 

administration in vitro, supporting the hypothesis that this receptor is highly responsive to the 

presence of the NS (Kuver et al., 2012). Concerning Allopregnanolone effects on other GABAAR 

subunits, previous study showed that neonatal Allopregnanolone prevented the increase of α2 

subunit in cortical cultures (Poulter et al., 1997), suggesting that local synthesis of 

Allopregnanolone may alter the time of GABAAR subunits increase during early stages of 

development (Mellon et al., 2007). Thus, modulation of GABAARs functioning during development 

arises in part from changes in the chloride ion reversal potential (mediated by changes in the 

expression of chloride co-transporters) and different expression of GABAARs subtypes. 
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Objectives and hypothesis 
 
The main objective of the present work is to assess the effects of neonatal manipulation of 

NS levels on behavioural response to intrahippocampal Ns administration and the participation of 

hippocampal GABAARs. 

 
Specific objectives 

 
1. To study the role of dorsal hippocampus in the Ns modulation on exploration, 

anxiety-like behaviour and aversive learning. 
 

2. To study the effects of neonatal manipulation of Ns levels in the modulation on 
exploration, anxiety and aversive learning in response to intrahippocampal 
administration of Ns. 

 
3. To study the mechanisms underlying hippocampal and behavioural changes due to 

neonatal manipulation of Ns levels by assessing:  

- Exploration and anxiety-like behaviour in response to elevation of 
Allopregnanolone levels (progesterone administration).. 

 
- Hippocampal GABAAR subunits: Focused on α4 and δ subunits 

expression. 
 

- Hippocampal KCC2 expression. 
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Hypothesis 
 
1rts hypothesis: Hippocampus participates in the effects of Ns on exploratory, anxiety-like 
and aversive learning behaviour. 
 
2nd hypothesis: Modulation of Ns levels during postnatal development affects hippocampal 

maturation and behavioural response to intrahippocampal Ns administration.

 
3rd hypothesis: Manipulation of neonatal Ns levels alters hippocampal GABAARs containing 

α4 and δ subunits. 

 

4rd hypothesis: Neonatal manipulation of Ns can alter the hippocampal expression of 

KCC2. 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 



     

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Research article 

“Neurosteroids infusions into CA1 hippocampal region on  
exploration, anxiety-like behaviour and aversive learning” 

 
Research article 

“Alteration of neonatal Allopregnanolone levels affects 
 exploration, anxiety, aversive learning and adult behavioural 

 response to intrahippocampal neurosteroids”  
 

Poster presentation (Annex 2) 
“Effects of neurosteroids into CA1 hippocampal region on exploration, anxiety-like behaviour 

and aversive learning” Societat Catalana de Biologia (2010) 
 

Poster presentation (Annex 3) 
“Neonatal disturbed Allop levels affect adult performance of the passive avoidance and alter 

the adult CA1 hippocampal response to neurosteroids” Behavioural Brain Research Society (2011) 
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 Experiment 1 

 
In the present experiments we investigated the role of dorsal hippocampus in the modulatory 

effects of Ns on exploratory, anxiety-like and aversive learning responses. For that purpose 

animals were intrahippocampally administered with Allopregnanolone (2ug/0.5ul), PREGS 

(5ng/0.5ul) or vehicle in each hippocampus (80-90 days old) and then tested in the Boissier 

(exploratory behaviour), EPM test (anxiety-like behaviour) and passive avoidance (aversive 

learning) in the adult age. 

In addition, we tested whether manipulation of Ns during development changed exploratory, 

anxiety-like and aversive learning responses to intrahippocampal administration of Ns in the 

adulthood. For that purpose animals were administered with Allopregnanolone (20mg/kg), 

finasteride (50mg/kg) or vehicle from P5 to P9. To control manipulation effects during early stages 

a no handled group (NH) was also added to the experiment.  In adult age, animals were 

intrahippocampally administered with Allopregnanolone (2ug/0.5ul), PREGS (5ng/0.5ul) or vehicle 

in each hippocampus and then tested in the Boissier (exploratory behaviour), EPM test (anxiety-

like behaviour) and passive avoidance (aversive learning) in the adult age. 

An schematic representation of the experimental design can be observed in the following page. 

Specific objectives  
 
-To study the role of dorsal CA1 hippocampus on exploration, anxiety and aversive learning 

in response to Allopregnanolone or PREGS administration. 
 
 
-To study if neonatal Ns manipulation modify behavioural response to intrahippocampal 

administration of Allopregnanolone or PREGS. 
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Fig 8: Experimental design 
 

 
 

     Experiment 1b: Alteration of neonatal Allopregnanolone levels affects 
exploration, anxiety, aversive learning and behavioural response to intrahippocampal 

neurosteroids 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig 9: Experimental design 

Experiment 1a: Neurosteroids infusion into CA1 hippocampal region on 
exploration, anxiety-like behaviour and aversive learning 
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Experiment 1a: 
Hippocampus and Ns modulation of behaviour 
 
 

Research article 
Mòdol L, Darbra S, Pallarès M. Neurosteroids infusion into CA1 hippocampal region on 

exploration, anxiety-like behaviour and aversive learning. Behav Brain Res 2011,   
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Experiment 1b: 
Neonatal Ns & behavioural response to intrahippocampal NS 
 
 

Research article 
Mòdol L, Darbra S, Vallée M, Pallarès M. Alteration of neonatal Allopregnanolone levels 

affects exploration, anxiety, aversive learning and adult behavioural response to intrahippocampal 
neurosteroids. Behav Brain Res 2013.   
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Research article 

“Neonatal finasteride administration alters 
 hippocampal α4 and δ GABAAR subunits expression and behavioural responses to 

progesterone in adult rats”   
 
 

Poster presentation (Annex 4) 
“ Alteration of neonatal Allopregnanolone levels affects α4 and δ GABAAR subunits 

expression and adult behavioural hippocampal response to neurosteroids” 
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Experiment 2 

 
In the present experiment we studied the changes in hippocampal α4 and δ GABAAR 

subunits during early developmental stages (from P6 until P15) and in the adulthood, induced by 

neonatal NS manipulation levels. For that purpose animals were neonatally administered as 

described in the Experiment 1: with finasteride (50mg/kg), vehicle or saline from P5 to P9. A NH 

group was also included.  

In addition, we also tested whether changes in hippocampal α4 and δ GABAAR subunits 

induced by neonatal NS administration were accompanied by an altered behavioural response to 

increased Allopregnanolone levels (progesterone administration). For that purpose adult (80-90 

days) animals were administrated with progesterone (25mg/kg) during 48h in order to increase 

Allopregnanolone fluctuating levels and exploratory (Boissier) and anxiety-like behaviour (EPM) 

was tested 20min after the last progesterone administration. An schematic representation of the 

experimental design can be observed in the following page. 

 

 
Specific objectives  
 
• To study hippocampal α4 and δ GABAAR subunits expression during early development as 

a consequence of neonatal fluctuations of Ns levels. 
  
• To study whether neonatal manipulation of Ns levels modifies adult behavioural response 

to increased Allopregnanolone levels (induced by progesterone administration). 
 
• To study hippocamapal α4 and δ GABAAR subunits expression in the adulthood as a 

consequence of neonatal administration and adult progesterone administration.
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Fig 10: Experimental design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Effects of neonatal manipulation of 
Ns and hippocampal expression of α4 and δ GABAAR subunits and 

behavioural response to progesterone  
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Experiment 2: 
Neonatal finasteride, hippocampal GABAARs & behaviour  
 
 

Research article 
Mòdol L, Casas C, Llidó A, Vallée M, Navarro X, Pallarès M, Darbra S. Neonatal finasteride 

administration alters hippocampal α4 and δ GABAAR subunits expression and behavioural 
responses to progesterone in adult rats. Int J Neuropshychophamacology, 2014,   
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Research article 
“Neonatal allopregnanolone or finasteride administration modifies hippocampal K+ Cl- co-

transporter expression during early development in male rats” 
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In Experiment 3 we investigated the effects of neonatal manipulation of Ns levels on the 

expression KCC2. During development GABAAR exerts depolarizing action instead of its inhibitory 

profile at adult age. Cation-chloride cotransporters that modify intracellular chloride concentration 

through changes in their expression mediate the polarity of GABAAR. Among them, KCC2 has 

been described to change during developmental stages and related to the switch of the GABAAR 

from inhibitory to excitatory. Thus, as results of Experiment 2 we observed that neonatal alteration 

of Allopregnanolone levels modifies the expression of GABAARs, in the present experiment we 

assessed the changes in KCC2. Animals were neonatally administered as described in Experiment 

1: with Allopregnanolone (20mg/kg), finasteride (50mg/kg) or vehicle. An schematic representation 

of the experimental design can be observed in the following page. 

  

 
Specific objectives  
 
• To study the effects of the neonatal Allopregnanolone or finasteride administration in the 

KCC2 expression during early stages of development. 
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Fig 11: Experimental design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Neonatal allopregnanolone or finasteride administration modifies 
hippocampal K+ Cl- co-transporter expression during early 

development in male rats 
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Experiment 3: 
Neonatal Ns & hippocampal KCC2  
 

Research article 
Mòdol L, Casas C, Navarro X,  Llidó A, Pallarès M, Darbra S. Neonatal allopregnanolone or 

finasteride administration modifies hippocampal K+ Cl- co-transporter expression during early 
development in male rats. Under review   
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ABSTRACT 

The maintenance of levels of endogenous neurosteroids (NS) across early postnatal 

development of the brain, particularly to the hippocampus, is crucial for their maturation. 

Allopregnanolone (Allop) is a NS that exerts its effect mainly through the modulation of the GABAA 

receptor (GABAAR). During early development, GABA, acting through GABAAR, that 

predominantly produces depolarization shifts to hyperpolarization in mature neurons, around the 

second postnatal week in rats. Several factors contribute to this change including the progressive 

increase of the neuron-specific K+ /Cl- co-transporter 2 (KCC2) (a chloride exporter) levels. Thus, 

we aimed to analyse whether a different profile of NS levels during development is critical and can 

alter this natural progression of KCC2 stages. We administrated sustained Allop (20mg/kg) or 

Finasteride (5α-reductase inhibitor, 50mg/kg) from the 5th postnatal day (PD5) to PD9 and 

assessed changes in the hippocampal expression of KCC2 at transcript and protein levels as well 

as its active phosphorylated state in male rats. Taken together data indicated that manipulation of 

NS levels during early development influence KCC2 levels and point out the importance of 

neonatal NS levels for the hippocampal development.  

Keywords: neurosteroids, development, hippocampus, intra cellular chloride, GABAA 

receptor, rat 
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Introduction 
 

The maintenance of endogenous 

neurosteroids (NS) levels has been 

postulated to be of importance for the 

maturation of the CNS and particularly for the  

hippocampus (Mellon, 2007). Previous results 

from our laboratory have shown the 

relevance of neonatal NS levels (from 

postnatal days 5 to 9, PD5 to PD9) for adult 

behaviour such as anxiety, exploration and 

sensorimotor gating evaluated by means of 

the prepulse inhibition of the acoustic startle 

response  (Darbra and Pallarès  2010; 2012) 

and for the behavioural response to 

intrahippocampal NS administration (Darbra  

et al, 2013b). Previous results from our 

laboratory showed that alteration of neonatal 

allopregnanolone (Allop) or pregnenolone 

levels was capable to suppress the typical 

anxiolytic effects provoked by 

intrahippocampal Allop administration in the 

adult (Mòdol et al., 2013). Besides, animals 

which suffered subchronic increases in Allop 

levels or pregnenolone and testosterone 

levels during neonatal period, did not show 

the improvement of the prepulse inhibition 

response due to the intrahippocampal Allop 

administration (Darbra et al., 2013a). 

Although the mechanisms underlying these 

alterations are still unexplained, we recently 

reported data showing that neonatal NS 

levels affected both neonatal and adult 

hippocampal expression of the α4 and δ 

gamma-aminobutyric acid A receptor 

(GABAAR) subunits, which was accompanied 

by an altered behavioural response to 

progesterone administration in adulthood 

(Mòdol et al., 2014). 

During development, GABAAR activation 

produces neuronal depolarization instead of 

hyperpolarization which is characteristic of 

the adult period. Depolarizing GABAAR 

endows the system the necessary signalling 

to accomplish postnatal neurogenesis, 

neuronal migration, synaptogenesis and 

prunning (Ben-Ari et al., 2007; Bortone and 

Polleux, 2009). It is known that this 

discrepancy between inmature and mature 

neuronal behaviour is due to opposite sign of 

Cl- intra and extracellular gradients. This 

change in the sign of Cl- gradients occurs 

around PD5–PD7, depending on the up 

regulation of the neuron-specific K+ /Cl- 

cotransporter 2 (KCC2) expression among 

other signals (Ben-Ari et al., 2007). In 

particular, the phosphorylation of the residue 

S940 in the intracellular C-terminal domain of 

KCC2, mediated by protein kinase C, 

stabilizes KCC2 on the neuronal cell surface 

and increases its co-transporter activity (Lee 

et al., 2007; Lee et al., 2010). Thus, early 

expression of KCC2 contribute to the shift of 

GABA actions and impacts neuronal 

maturation as well as the formation of 

GABAergic synapses (Dehorter et al., 2012) 

(for review see Fiumelli and Woodin, 2007). 

Of note, Indeed, chronic GABAAR blockade 

delayed both the GABA switch and the 

developmental increase in the expression of 

KCC2 (Ganguly et al., 2001; Leitch et al., 

2005).  



Results 
Neonatal Ns & hippocampal KCC2 expression 

 

 96 

Experiment 3 

Taking into account the importance of NS for 

the maturation of hippocampus , particularly 

its GABAAR system, it is reasonable to think 

that neonatal NS levels contribute to 

developmental expression of KCC2. So, the 

aim of the present study is to test whether the 

neonatal Allop level alteration modifies KCC2 

expression in the hippocampus. We 

hypothesize that alteration of Allop levels is 

capable to modify KCC2 expression pattern 

due to its positive allosteric GABAAR 

modulator profile.  For that purpose, we have 

altered neonatal Allop levels and we have 

analysed KCC2 gene and protein expression 

as well as the status of its active 

phosphorylated form during postnatal period. 

 

Methods 
 

Animals and neonatal Allop levels alteration 

One hundred and twenty-five male Wistar rats 

were used and housed in a temperature-

controlled animal room (22–24 °C) on a 12-h 

light/dark cycle. (Laboratori de Psicobiologia, 

Universitat Autònoma de Barcelona). The male 

breeders were separated from the females after 

48h, pregnant females were closely watched 

and on the day of birth (designed PD0) litters 

were culled to 10 pups. Pups were 

subcutaneously (s.c.) injected with: Allop (3α-

hydroxy-5α-pregnan-20-one; 20 mg/kg, n=33), 

finasteride (a 5α-reductase inhibitor that 

impedes the conversion from progesterone to 

dihydroprogesterone; 50 mg/kg, n=28),  vehicle 

(10%-cyclodextrine as control, n=27) and saline 

(n=24) once per day from PD5 to PD9). A non-

handled group (NH; n=30) was included. Drugs 

were dissolved in 10% cyclodextrin ((2-

Hydroxypropyl)-β-cyclodextrin) in 0.9% NaCl. 

The injection volume was 0.1 ml/10 g body 

weight. All animals were obtained, housed, and 

sacrificed in accordance with the protocol 

approved by the Committee of the Universitat 

Autònoma de Barcelona for Care and Use of 

Experimental Animals and the Department of 

Environment from Generalitat de Catalunya. 

This protocol follows the guidelines approved by 

the European Council Directive (2010/63/EU). 

 

KCC2 expression during early development

KCC2 transcript and protein abundance was 

determined using Real-time PCR and western 

blot respectively  Male rats were sacrificed by 

decapitation at PD6 (n=27), PD9 (n=25), PD10 

(n=22), PD12 (n=23), and PD15 (n=28). At 

PD6 and PD9, animals were sacrificed 1 hour 

after the injection. Their hippocampus was 

dissected out, immediately frozen in dry ice, 

and half of it was homogenized in 10 mM 

HEPES (pH 7.4), 2% Triton X-100, 0.3 M KCL, 

300 mM NaCl, 1 mM EDTA, protease inhibitor 

cocktail (10 μl/ml, Sigma St. Louis, MO, USA) 

and sodium orthovanadate (1 mM, Roche, 

Basel, Switzerland) for protein extraction as 

described in Mòdol et al 2014. Protein 

concentration was measured by BCA protein 

assay (Pierce, Rockford, IL) and equal 

amounts (30 μg) were used for western 

blotting. Membranes were blocked for 1 h in 

TBST (100mM Tris, 0.9%. NaCl, 0.05% 

Tween-20, pH 7.6) with 5 % BSA and primary 

antibodies against KCC2 (rabbit anti-KCC2, 
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Millipore, 1/1000), phosphorylated KCC2 

(rabbit anti-phospho-Ser940 KCC2, 

Phosphosolutions, 1/1000) or glyceraldehyde-

3-phophate dehydrogenase (GAPDH, Sigma, 

1:5000) were used for overnight incubation 

(4°C). Horseradish peroxidase coupled 

antibodies (Pierce) were used for secondary 

incubation and blots were developed with the 

ECL Plus detection kit (Millipore). Images were 

analysed by band densitometry (Gene Tools 

software, Gene Genome apparatus, Syngene, 

Cambridge, UK). The same control animal was 

used in each membrane performed to relativize 

the results and GAPDH band was used as a 

loading control. The other half of the 

hippocampus was immerse in RLTβ buffer and 

total RNA was obtained using the EasyRNA 

extraction kit (Qiagen, Hilden, Germany) 

following manufacturer instructions. Two 

micrograms of RNA was reverse-transcribed 

as described in Mòdol et al 2013b. Real-Time 

PCR (iQ5, BioRad Foster City, CA, USA) using 

Brilliant III Ultra-Fast SYBR® Green qPCR 

master mix (Agilent Technologies, Santa Clara, 

CA, USA) and the following primers: KCC2 

(F,5’-CTTCACCCGAAACAATGTCACAGAG-

3’;R,5’-

CAGGGTGAAGTAGGAGGTCATATCAC-3’) 

and Gapdh (F, 5’-

AGTTCAACGGCACAGTCAAG-3‘; R, 5’-

TACTCAGCACCAGCATCACC-3’). Three-four 

samples were used per condition and each 

sample was run in duplicate. The thermal 

cycling conditions were: 50 ºC for 2 min, 95 ºC 

for 10 min and 40 cycles of 95 ºC for 15 s, 60 

ºC for 1 min. Fold change in gene expression 

was estimated using the CT comparative 

method (2 –DDCT) normalizing to Gapdh CT 

values and relative to control samples at each 

time point. Data was analyzed using two-way 

analysis of variance (ANOVA) with neonatal 

treatment (NEO, 5 levels: 

NH/Saline/Veh/Finasteride/Allop) and postnatal 

day (DAY, 5 levels) using STATISTICA 

package (StatSoft, Tulsa, USA).  In order to 

control the possible β-cyclodextrine 

administration effect on KCC2 expression, a 

preliminary two way ANOVA was performed 

with neonatal treatment (two levels: 

Saline/VEH) and postnatal day (five levels: 

PD6/PD9/PD10/PD12/PD15) as factors. Post 

hoc polynomial contrasts were used when 

necessary.  
 

Results  
 

In order to analyse the effects of the β-

cyclodextrine administration, an additional 

ANOVA with NEO (2 levels, Saline and VEH) 

and DAY  was also performed. No differences 

in KCC2 and pKCC2 protein and KCC2 

mRNA between the neonatal vehicle (β-

cyclodextrin and saline) administered groups 

were observed [F(1,42)=0.72; N.S; F(1,33)=0.01; 

N.S; and F(1,35)=3. 35; N.S, respectively]. A 

significant main effect of DAY [F(4,42)=11.72, 

P< 0.001; F(4,33)=14.17, P< 0.001; and 

F(4,35)=2.76, P<0.05 respectively] was also 

found reflecting the expected progressive 

increase in KCC3 expression. Because of 

NEOX DAY interaction effect was not 

observed, the normal KCC2 increase across 
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the values was not affected by the 

cyclodextrine. Thus, the neonatal NS 

manipulation on hippocampal KCC2 

expression could be unlikely attributable to 

the use of cyclodextrine as vehicle. 
The analysis of the KCC2 mRNA levels 

across early postnatal development showed a 

significant NEO effect [F(4,107)=4.39;p<0.01] 

and a significant DAY effect 

[F(4,107)=3.98;p<0.01]  while no significant 

interaction effect NEO X DAY [F(16,107)=1.25; 

NS] was observed. That is, a natural 

progressive increase in KCC2 transcript 

levels from PD6 onwards was observed in all 

groups. NH animals, however, showed higher 

KCC2 mRNA levels than the rest of the 

groups (N-K; P<0.05 vs all). No significant 

differences among others groups were 

observed  (see fig 1)  

The analysis of the KCC2 protein abundance 

across early postnatal development showed a 

significant NEO effect 

[F(4,118)=5.40;p<0.001], a significant DAY 

effect [F(4,118)=12.99;P<0.0001] and a 

significant interaction effect NEO X DAY 

[F(16,118)=2,47;p<0.01]. In NH, VEH and 

Saline animals, a significant effect of DAY 

was observed [F(4,25)=5.71, p<0.005; 

F(4,22)=1.61, p<0.01 and F(4,20)=6.24, 

p<0.01, respectively]: A lineal increase of 

Figure 1:Real-time PCR relative quantification of KCC2 mRNAs, normalized to the GAPDH levels and to 
average value of control PD15 rats to evaluate developmental changes (rats/condition/age, n=4-6). Globally, 
KCC2 mRNA levels increased in all experimental groups (polynomial contrast; t=--2.41 p<0.01). A neonatal 
administration effect was also observed [F(4, 107)=4.39;p<0.01]. Globally, KCC2 mRNA levels in NH animals 
were higher than the rest  (N-K p<0.05 vs all) . Lines represent the average ± SEM fold changes of gene 
expression in the hippocampus of no handled (NH) (gray circle and gray line), vehicle (gray square and 
dashed gray line), saline (gray triangle and dashed gray line), Allop (black circle and black line) and 
finasteride treated (black squared and dashed black line) animals at the chosen neonatal age (from PD6 to 
PD15).Data are shown as mean ± SEM 
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protein levels along postnatal days P6 to P15 

was observed in control groups (t=4.54, 

p<0.001; t=4.82, p<0.001 and t=4.95, 

p<0.001, respectively), indicating a 

developmental increase in hippocampal 

KCC2 levels (see Fig 2). In Allop treated 

animals a DAY effect was also observed in 

the hippocampal KCC2 expression 

[F(4,28)=6.56, p<0.001], however, a 

significant cubic trend was found by 

polynomial post hoc contrast (t=-3.22, 

p<0.01), indicating two inflection points, 

which is characteristic of a cubic trend. That 

is, an inverted U-shaped profile from PD6 to 

PD10 and a progressive decrease from PD10 

to PD15.  Note that there is a significant cubic 

trend, but not a significant linear or quadratic 

trend. In contrast, results of neonatal 

finasteride administered animals showed no 

significant changes of the KCC2 protein 

abundance during early postnatal 

development [F(4,23)=1.52; N.S]. Thus, non-

lineal increase of protein levels along 

postnatal days was observed in finasteride-

treated animals. 

 

Expression of phosphorylated form of the 

KCC2 (pKCC2) was also analysed. Results 

also showed a significant NEO effect  

[F(4,102)=9.02;p<0.001], DAY 

[F(4,102)=14.00;p<0.001] and a significant 

interaction between NEO X DAY 

[F(16,102)=3.85;p<0.001]. Similar to what we 

observed in the KCC2 results, a 

developmental increase in the active 

(phosphorylated) form of the KCC2 occurred 

from PD6 to PD15 in control groups (NH, 

VEH and Saline), and a significant cubic 

trend was also found in samples from Allop-

treated animals while developmental lineal 

increase in pKCC2 was not observed in 

finasteride group (see fig 2A and 2B for 

detailed post-hoc analysis). 

 

Discussion
 

Results of the present study indicated that 

alterations in the neonatal NS levels by 

exogenous Allop administration or by 

finasteride administration change the 

developmental hippocampal expression and 

protein abundance profile of the KCC2 during 

neonatal period in vivo.   
We have observed that developmental KCC2 

expression and levels can be modulated by 

Allop administration to obtain a markedly 

different profile from that of the natural 

developmental increase observed in control 

animals (NH and control groups) from PD6 

 onwards. Neonatal Allop administration 

promoted an overexpression of KCC2 to 

achieve supranatural protein levels around 

 PD10 which in turn can contribute to 

feedback down-regulate its own gene 

expression later on. However, an excess of 

protein is not followed by a quick 

phosphorylation of KCC2 which seems to be 

different-regulated event that account 

posteriorly, from PD12, but may depend on 

protein availability at that time. Thus, a 

precocious  excess  of  KCC2  protein  levels  
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Figure 2: Hippocampal KCC2 abundance determined by protein semi-quantification during postnatal 
development and neonatal administration A). KCC2 protein abundance in the five experimental groups detected 
from hippocampus for each postnatal day (rats/condition/age, n=4-7). Interaction effect [F(12,105)=2,22;p<0.01]. A 
lineal increase of protein levels along postnatal days PD6 to PD15 was observed in all control groups (polynomial 
contrast;  NH t=4.54, p<0.001; Vehicle t=4.82, p<0.001 and Saline  t=4.95, p<0.001), while in Allop group a 
significant U-shaped profile from PD6 to PD10 and a progressive decrease from PD10 to PD15 (polynomial 
contrast; t=-3.22, p<0.01) was observed. No significant changes of the KCC2 abundance during early postnatal 
development were observed in finasteride group. B) Similar expression patterns were observed in the 
phosphorylated form of the KCC2 (pKCC2; rats/condition/age, n=4-7). Interaction effect [F(12,86)=3.67;p<0.01]. A 
developmental increase in pKCC2 occurred from PD6 to PD15 in all control groups (polynomial contrast; NH 
t=5.88, p<0.001; Vehicle t=4.51, p<0.001 and Saline t=3.93, p<0.001), a significant cubic trend was also found in 
Allop group (polynomial contrast; t=-3.07, p<0.01) while developmental lineal increase in pKCC2 was not 
observed in finasteride animals. Representative Western blots of KCC2 and pKCC2 accompanied the plots. 
KCC2 abundance normalized to GAPDH levels and to the same control subject was included in all blots. Lines 
represent the average ± SEM fold changes of protein abundance in the hippocampus of no handled (NH) (gray 
circle and gray line), vehicle (gray square and dashed gray line), saline (gray triangle and dashed gray line), Allop 
(black circle and black line) and finasteride treated (black squared and dashed black line) animals at the chosen 
neonatal age (from PD6 to PD15). Data are shown as mean ± SEM. 
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may not lead to an advanced disposal of its 

functional form. Taking into account that Allop 

exposure partially overlies the developmental 

window when GABA’s depolarising action 

becomes hyperpolarizing from PD7 to PD14 

(Wang and Kriengstein, 2011), it is 

conceivable that the increase of KCC2 

expression was related to a prompted 

elevation of intracellular chloride associated 

with Allop-induced GABAAR activation. 

Indeed, high concentrations of NS positive 

GABAAR modulators, as those obtained in 

the hippocampus by neonatal Allop treatment 

(Darbra et al., 2013a), can directly gate the 

GABAAR  (Belelli and Lambert, 2005). This 

functional up regulation is particularly notably 

at PD6 at the beginning of Allop 

administration (see fig 2B).  

 

Interestingly, developmental up regulation of 

KCC2 protein and KCC2 mRNA levels fail to 

occur in finasteride-treated animals. Recently 

reported data emphasize the role of 

intracellular chloride concentration in 

regulating the α3-α1 and δ GABAAR subunits 

expression in vitro and therefore the decay 

kinetics of GABAergic postsynaptic currents 

and tonic inhibition (Succol et al., 2012). 

Extra-synaptically localized δ contained 

GABAAR receptors mediated persistent tonic 

inhibition currents (Belelli and Lambert, 

2005).  It has been shown that the effects of 

the neurosteroid Allop can reverse from 

enhancing GABA-gated current to inhibiting 

current at α4βδ GABAAR in a Cl- dependent 

manner. The expression of these receptors 

increased in the CA1 region of the 

hippocampus at the onset of puberty, where 

they generated an outward current (Shen et 

al., 2007). In fact, Allop is capable to reverse 

its classic effect of enhancing GABAAR-gated 

current (hyperpolarizing response) only in 

those GABAAR expressing α4 and δ 

subunits, but not any other GABAAR (Shen et 

al., 2007). An up regulation of the expression 

of α4 and δ subunits is also observed in the 

adult hippocampus when circulating levels of 

Allop decrease (Allop withdrawal) (Shen et 

al., 2007). In that sense, we have previously 

reported that finasteride treatment increased 

hippocampal levels of Allop, testosterone and 

pregnenolone at PD9, i.e. at the end of 

neonatal treatment (Darbra et al., 2013a), 

and upregulated the expression of neonatal 

and adult hippocampal α4 and δ subunits, 

which was accompanied by an altered 

behavioural response to progesterone 

administration, even in adulthood (Mòdol et 

al., 2014). Thus, the KCC2 down –regulation 

observed in finasteride-treated animals could 

be contributing to maintain a high level of 

intracellular chloride concentration which may 

lead to depolarizing actions observed at α4βδ 

GABAAR receptors. 

Accumulated evidence suggests that the 

GABAergic system is associated with 

neurodevelopmental psychiatric disorders 

such as schizophrenia or depression (for 

review see Hines et al., 2012). Disturbed 

GABA neurotransmission in schizophrenia 

might arise in part from alterations on the 

nature of GABA neurotransmission, which 
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can be hyperpolarizing, depolarizing, or 

shunting depending on the flow of chloride 

ions when GABAAR are activated (Bartos et 

al., 2007). Recent studies implicate KCC2 in 

both the genetic and neurodevelopmental 

etiologies of schizophrenia (Hyde et al., 2011) 

and changes in the KCC2 hippocampal and 

cortical expression have been also recently 

described in schizophrenia (Tao et al., 2012;  

Arion and Lewis, 2011).  

Extensive evidences indicate an activity-

dependent regulation of both the normal 

developmental switch in GABAergic polarity 

from excitation to inhibition and the efficacy of 

GABAergic transmission through its action on 

KCC2-mediated chloride homeostasis 

(Fiumelli and Woodin, 2007). In this line, it 

has been speculated that GABAAR subtypes 

composition could be regulated by 

intracellular chloride concentration in a 

synaptic-specific fashion (Succol et al., 2013). 

Thus, changes in the KCC2 hippocampal 

expression during early stages could be 

related with changes in the α4 and δ 

GABAAR subunits expression in both 

neonatal and adult hippocampus observed as 

a consequence of neonatal NS levels 

alterations (Mòdol et al, 2014).  
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Discussion 
 
Role of neonatal Ns fluctuations in the behavioural response to 

intrahippocampal Ns administration  
 In the Experiment 1 we studied the effects of neonatal manipulation of Ns levels on the 

behavioural response to intrahippocampal administration of Ns. For this purpose we first assessed 

the implication of dorsal hippocampus in the Ns behavioural effects on exploration, anxiety and 

aversive learning as the hippocampus has been implicated in the modulation of these behaviours 

(Bitran et al., 1999; Zhang et al., 2002; Howland et al., 2004; Adams and Van den Buuse, 2011; 

Mineur et al., 2013). Accordingly to its previously described GABAAR allosteric positive modulator 

profile (Belelli and Lambert, 2005; Lambert et al., 2003, 2009), intrahippocampal Allopregnanolone 

induced an increase in the exploratory behaviour in the Boissier test and exerted an anxiolytic-like 

profile in the EPM (Experiment 1). Similar results have also been obtained with other Ns such as 

pregnenolone into the dorsal hippocampus (Bitran et al., 1999). Also, we studied the role of the 

hippocampus in the modulation of Ns effects in the passive avoidance learning, an aversive 

learning with an important emotional component. In this paradigm, the animal must inhibit the 

natural tendency to enter into a dark compartment in order to avoid an electric foot-shock. Thus, 

passive avoidance is considered as a negative reinforced learning. Our results showed that 

intrahippocampal PREGS administration increased the aversive learning (Experiment 1) in 

accordance with the previously described promnesic profile of PREGS (Pallarès et al., 1998; 

Vallée et al., 1997; Mayo et al., 2003). It has been suggested that PREGS promnesic profile can 

be mediated by the potentiation of NMDA receptors in pyramidal neurons (Bowly, 1993), but also 

through the potentiation of cholinergic neurons (Pallarès et al., 1998; Darnaudéry et al., 2000). 

Thereby, these findings suggest that together with other postulated brain structures such as the 

amygdala (Akwa et al., 1999; Engin and Treit, 2007) or the lateral septum (Bitran et al., 1999), the 

dorsal hippocampus could be relevant for explaining the effects of Ns on exploratory, anxiety-like 

or aversive learning behaviour.  

It is well established that Ns participate in shaping and organising the CNS during 

development, having influence in brain function and in a variety of behaviours (see Introduction). 

Thus, it could be expected that if neonatal alteration of Ns affects the development of the 

hippocampus, consequently the behavioural response to intrahippocampal Ns administration could 

be also modified. For that purpose, we studied if neonatal manipulation of Ns levels alters 

exploration, anxiety and aversive learning responses to intrahippocampal Ns administration. Our 

results showed that neonatal Allopregnanolone administration abolished the anxiolytic profile 

induced by hippocampal Allopregnanolone (Experiment 1). Moreover, results of aversive learning 

response showed that the previously described PREGS promnesic profile when administered into 
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the hippocampus is not observed in animals neonatally administered with Allopregnanolone or 

finasteride. Nevertheless, results of exploratory behaviour showed that neonatal manipulation of 

Ns did not affect the behavioural response to intrahippocampal Allopregnanolone administration 

(Experiment 1). These data indicate that neonatal manipulation of Ns modifies the 

intrahippocampal Allopregnanolone anxiolytic and PREGS promnesic profile (Experiment 1). In this 

line, previous studies of our laboratory have also demonstrated that neonatal alteration of Ns levels 

abolish the decrease in locomotor activity induced by intrahippocampal Allopregnanolone 

administration tested in the open field (Darbra and Pallarès, 2011). Thus, present results support 

our hypothesis concerning that alteration of Ns levels during early developmental affects the 

behavioural response to intrahippocampal Ns administration; and point out the role of neonatal Ns 

for the hippocampal development. 

 
Mechanisms underlying hippocampal and behavioural changes due to 

neonatal manipulation of Ns levels: Focused on the hippocampal expression of 

GABAAR containing α4 and δ subunits
 

The α4 and δ subunits combination has been described to be the most sensitive to Ns 

(reviewed in Shen and Smith, 2009). Thus, given the obtained results in the Experiment 1, we 

hypothesised that some of the hippocampal mechanisms underlying the behavioural alterations 

that we observed due to neonatal alteration of Ns levels could be mediated through changes in 

GABAAR containing α4 and δ subunits. Our results indicated that neonatal finasteride 

administration increases hippocampal expression pattern of α4 and δ GABAAR subunits during 

postnatal development (from P6 to P15) mainly at P10 (Experiment 2), thereby corroborating our 

hypothesis concerning that neonatal manipulation of Ns levels modifies hippocampal α4 and δ 

GABAAR subunits. Other authors reported that changes in the expression of α4 and δ GABAAR 

subunits could be induced by the fluctuation of Allopregnanolone or its precursor progesterone 

(Smith et al., 1998; Gulinello et al., 2001; Gulinello et al., 2002; Shen et al., 2005; Gangisetty and 

Reddy, 2010). In this sense, we have also observed fluctuation of Ns levels induced by finasteride 

administration (i.e. testosterone, pregnenolone, Allopregnanolone) (Darbra et al., 2013; 

Experiment 2). Thus, the reported hippocampal changes observed in α4 and δ GABAAR subunits 

expression might be related to the fluctuations on hippocampal Ns levels induced by the 

administration of finasteride. Nevertheless, the functional mechanism by which finasteride 

administration in neonatal pups could induce the observed increase in GABAAR subunits 

expression remains to be elucidated. Indeed, neonatal activation of the GABAARs is an important 

source of activity, necessary for the GABA-glutamate sequential maturation of interneurons and 
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pyramidal neurons in the hippocampus (Ben-Ari, 2002; Ben-Ari et al., 2007). Thereby, alterations 

in physiological levels of GABA-positive NS during these periods can alter the physiological 

maturation of GABAergic systems, also affecting other neurotransmitters and modifying the 

expression of other GABAARs in the hippocampus. 

 Interestingly, neonatal finasteride administration increased the expression of hippocampal 

α4 and δ GABAAR subunits not only during postnatal period but also in the adulthood (Experiment 

2). Furthermore, our results showed that increased hippocampal α4 and δ GABAAR subunits 

expression was also accompanied by an altered anxiety response to progesterone administration 

in the adulthood (Experiment 2). A possible mechanism to explain the increase of anxiety scores 

after progesterone administrations can be attributed to the ability of Allopregnanolone to reverse its 

classic inhibitory effect of enhancing GABAAR-gated currents (hyperpolarizing response) only in 

those GABAARs expressing α4 and δ subunits, but not any other GABAARs as showed by other 

authors (Shen et al., 2007). However, the involvement of other mechanisms or other GABAAR 

subunits cannot be discarded. Thus, our data indicate that changes in hippocampal α4 and δ 

subunits of the GABAAR induced by finasteride administration are related to the altered anxiety-like 

behaviour in response to progesterone administration in the adulthood. It is important to remark 

that an increase in α4 and δ GABAAR subunits mRNA in adulthood has been related to epileptic 

seizures (Brooks- Kayal et al., 1998; Cohen et al., 2003; Maguire et al., 2005), and that NS action 

through δ subunit-containing GABAAR is required for the physiological response to stress and 

stress-induced anxiety-like behaviour (Sarkar et al., 2011). In agreement with the above-presented 

data, other studies demonstrated changes in cortical GABAAR subunits expression in adulthood as 

a consequence of neonatal steroids administration (Calza et al., 2010). Taken together, results of 

Experiment 2 suggest that neonatal Ns fluctuation alter the hippocampal expression of α4 and δ 

subunits of the GABAAR. Concretely, finasteride administration induced changes in hippocampal 

α4 and δ subunits related to the altered adult anxiety-like behaviour in response to progesterone 

administration. Thus, present results indicate that early life NS manipulations are important for the 

maturation of the GABAAR, and can lead to an altered adult system that responds differently to Ns 

in the adulthood (Brooks-Kayal et al., 2001; Calza et al., 2010). 
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Mechanisms underlying hippocampal and behavioural changes due to 
neonatal manipulation of Ns levels: Changes in the hippocampal expression of 
KCC2 

Our results of Experiment 3 indicated that neonatal alteration of Ns by both Allopregnanolone 

or finasteride administration alters the developmental expression of KCC2 in the hippocampus. In 

one hand, neonatal Allopregnanolone administration induced a marked up regulation of 

hippocampal KCC2 at earlier stages in comparison with NH and Control groups, while neonatal 

finasteride administration impaired the normal progressive up regulation of KCC2 from P6 until P15 

(Experiment 3). Thus, the hypothesis that neonatal Ns fluctuation alters the hippocampal 

expression of KCC2 during postnatal stages was verified. 

Taking into account that Allopregnanolone exposure partially overlies the developmental 

window when GABA is depolarising and that it became hyperpolarizing from P7 to P14 (Wang and 

Kriengstein, 2011), it is conceivable that the KCC2 up regulation could be related to an elevation of 

intracellular chloride associated with activation of GABAARs by Allopregnanolone administration. 

As mentioned, NS that act as an allosteric positive modulators of GABAAR, can also directly gate 

the GABAAR when administered at high concentrations (Belelli and Lambert, 2005). Other authors 

showed that early KCC2 up regulation affects morphology of cortical neurons in vivo (Li et al., 

2007) and is sufficient to reduce interneuron migration by rendering GABAARs activation 

hyperpolarizing (Li et al., 2007; Bortone and Polleux, 2009). Moreover, previous studies 

demonstrated that neonatal Allopregnanolone administration to hippocampal cultures decreases 

neurite length (Brinton, 1994). Thus, is possible that changes in the KCC2 expression induced by 

the administration of NS during a relevant developmental window could affect structurally and 

morphologically hippocampal interneurons. In this sense, other studies reported a decrease in 

thalamic and cortical interneurons induced by Allopregnanolone administration at P5 (Gizerian et 

al., 2004; Grobin et al., 2006). Changes in the timing pattern of KCC2 expression has also been 

shown to alter the excitatory driving force of Cl-, shifting from excitatory to inhibitory signalling in 

the hippocampus and other neural structures (Ben-Ari et al., 1989; Ikeda et al., 2005; Payne et al., 

2003; Ben-Ari et al., 2007; Khirug et al., 2010) related to an altered morphology and migration of 

neurons (Li et al., 2007; Bortone and Polleux, 2009). Thereby, it is plausible that behavioural 

alterations observed in the present work could also be related to the reported changes in the timing 

pattern expression of hippocampal KCC2 induced by the alteration of neonatal NS levels. Indeed, 

the relation between KCC2 alteration and adult behavioural disturbances is beginning to generate 

an increasing interest in the study of the aetiology of some psychopathologies, such as 

schizophrenia and affective disorders (Arion and Lewis, 2011; Hyde et al., 2011; Tao et al., 2012). 

In this sense, extensive evidences indicate an activity-dependent regulation of both the normal 

developmental switch in GABAergic polarity from excitation to inhibition and the efficacy of 
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GABAergic transmission through its action on KCC2-mediated chloride homeostasis (Fiumelli and 

Woodin, 2007). In this line, it has been speculated that GABAAR subtypes composition could also 

be regulated by intracellular chloride concentration in a synaptic-specific fashion (Succol et al., 

2013).  

In summary, present results demonstrate that Ns fluctuation during postnatal development 

affect the hippocampal expression of KCC2. These changes could also be related with changes in 

the α4 and δ GABAAR subunits expression in both neonatal and adult hippocampus observed as a 

consequence of neonatal Ns levels alterations. 
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Findings highlights
 
 

Experiment 1 
A) Dorsal hippocampus is a relevant structure related to the Ns effects on exploration, 

anxiety-like behaviour and aversive learning. 

B) Neonatal Allopregnanolone administration alters the anxiolytic profile induced by 

intrahippocampal Allopregnanolone administration  

C) Alteration of neonatal Ns levels modify the promnesic profile induced by 

intrahippocampal PREGS administration  

 

 

Experiment 2 
A) Neonatal finasteride administration increases hippocampal α4 and δ GABAAR subunits 

expression during postnatal development and in the adulthood. 

B) Neonatal finasteride increases anxiety-like behaviour in response to progesterone 

administration accompanied by a decrease in hippocampal δ GABAAR subunit.  

 
Experiment 3 
A) Neonatal administration of Allopregnanolone induces an early up regulation of 

hippocampal KCC2. 
B) Neonatal administration of finasteride prevented the hippocampal increase of KCC2 

during postnatal development.  
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