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ABSTRACT  

Perinatal asphyxia (PA) is one of the most frequent risk factors for several 

neurodevelopmental disorders (NDDs) of presumed multifactorial etiology. Dysfunction of 

neuronal connectivity is thought to play a central role in the pathophysiology of NDDs. 

Because underlying causes of some NDDs begin before/during birth, we asked whether this 

clinical condition might affect accurate establishment of neural circuits in the hippocampus 

as a consequence of disturbed brain plasticity. We used a murine model that mimics the 

pathophysiological processes of perinatal asphyxia. Histological analyses of neurons 

(NeuN), dendrites (MAP-2), neurofilaments (NF-M/Hp) and correlative electron 

microscopy studies of dendritic spines were performed in Stratum radiatum of the 

hippocampal CA1 area after postnatal ontogenesis. Protein and mRNA analyses were 

achieved by Western blot and RT-qPCR. Behavioral tests were also carried out. NeuN 

abnormal staining and spine density were increased. RT-qPCR assays revealed a β-actin 

mRNA over-expression, while Western blot analysis showed higher β-actin protein levels 

in synaptosomal fractions in experimental group. M6a expression, protein involved in 

filopodium formation and synaptogenesis, was also increased. Furthermore, we found that 

PI3K/Akt/GSK3 pathway signaling, which is involved in synaptogenesis, was activated. 

Moreover, asphyctic animals showed habituation memory changes in the open field test. 

Our results suggest that abnormal synaptogenesis induced by PA as a consequence of 

excessive brain plasticity during brain development may contribute to the etiology of the 

NDDs. Consequences of this altered synaptic maturation can underlie some of the later 

behavioral deficits observed in NDDs. 

 

Highlights:  

 We study how excessive plasticity induced by PAaffects hippocampus 

development. 

 Dendritic spines density and synaptogenesis are altered by excessive plasticity.   

 Habituation memory changes were observed in asphyctic animals. 

 

Keywords: Neurodevelopmental disorders; M6a; PI3K/Akt/GSK3 pathway; habituation 

memory; β-actin; synaptogenesis.  
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Abbreviations:  NDDs: neurodevelopmental disorders; PA: perinatal asphyxia; GFAP: 

glial fibrillary acidic protein; MAP-2: Microtubule associate protein-2; NF H/Mp: 

phosphorylated high and medium molecular weight neurofilaments; NeuN: neuron-specific 

nuclear protein; OF: Open field test; LC: number of lines crossed; CE: center entries; PI3K: 

Phosphatidylinositol-4,5-bisphosphate 3-kinase; GSK3: glycogen synthase kinase 3. 

 

INTRODUCTION 

Age-dependent symptom onset is a key characteristic of several 

neurodevelopmental disorders (NDDs). Different stressors (“factors”) during perinatal life 

could induce abnormalities in brain development which may produce long-lasting 

deleterious consequences in adult brain functioning (Basovich, 2010).  A substantial body 

of evidences has already shown that the developing brain is susceptible to hypoxia-

ischemia in spite of its enhanced capacity for brain plasticity (Johnston, 2004). Perinatal 

asphyxia (PA) has been largely associated with NDDs of presumed multifactorial etiology, 

in which certain aspects of neurodevelopment are selectively impaired during a period of 

apparent normal development (van Handel et al., 2007).  

During neuronal development, thin and highly motile dendritic filopodia could 

transform into more stable dendritic spines (Yoshihara et al., 2009), playing a crucial role 

in building neural circuits (Matus, 2000).  In the last few years was shown that M6a over-

expression induces neurites formation and a higher filopodium/spine density in rat 

hippocampal primary cultures (Alfonso et al., 2005) and participates in synaptogenesis 

(Brocco et al., 2003), processes in which PI3K/Akt/GSK3 pathway activation plays a key 

role (Cuesto et al., 2011). Modifications in actin cytoskeleton regulation of hippocampal 

dendritic spines were described in different memory disorders (Newey et al., 2005). Several 

studies have proposed that this brain region could be involved in the pathophysiology of 

NDDs (Harrison, 2004; Rojas et al., 2004).  

Previous studies have shown that aberrant neurogenesis leads to abnormal neural 

network formation (Colon-Ramos, 2009). Although numerous researches have mainly 

analyzed the mechanisms of cell death or survival (Morales et al., 2008), there is not 

enough data that explain how PA could be involved in the physio-pathogenesis of NDDs. 

Following the hypothesis that excessive plasticity in the developing brain could lead to 
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disability through reorganization of new maladaptive neuronal circuits (Johnston, 2011), we 

worked in a murine model that mimics the pathophysiological processes of PA at the time 

of delivery to a closer extent (Pokorny and Yamamoto, 1981) to provide biochemical, 

morphological and behavioral analyses of how PA affects synaptogenesis and dendritic 

spine density after postnatal ontogenesis of CA1 hippocampal. 

 

MATERIALS AND METHODS 

Animals and perinatal asphyxia model  

All animal´s procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Buenos Aires (CICUAL#4091/04) and conducted according 

to the principles of the Guide for the Care and Use of Laboratory Animals (Animal Welfare 

Assurance, A-3033-01/protocol#S01084). Eighteen full-terms pregnant Sprague Dawley 

rats on gestational day 22 were individually observed and when no more than two pups 

were delivered, the dam was immediately euthanized by decapitation and the uterus horns 

were rapidly isolated through an abdominal incision. The uterus horns were placed in a 

water bath at 37°C for 19 min (moderate to severe PA) (Galeano et al., 2011). Following 

PA, uterus horns were opened, pups were removed and stimulated to breathe by performing 

tactile intermittent stimulation with pieces of medical wipes until regular breathing was 

established. Umbilical cord was tied and the animals were left to recover for 1h under a 

heating lamp. When their physiological conditions improved, they were given to surrogate 

mothers (n=12) that had delivered normally within the last 24h. The different groups of 

pups were marked and mixed with the surrogate mothers' normal litters (control animals 

that were left undisturbed, 10 pups in total). Cesarean controls were not used due to 

previous study showed no significant alterations compared with undisturbed animals 

(Galeano et al., 2011). All experiments were performed in male animals. 

Tissue fixation, immunohistochemistry and immunofluorescence  

Intracardiac perfusion and coronal hippocampal sections were performed as 

described previously (Capani et al., 2001; Galeano et al., 2011; Saraceno et al., 2010). Free-

floating sections were incubated overnight at 4°C with anti-neuron-specific nuclear protein 

(NeuN; 1:1000, mouse-IgG; Millipore), anti-microtubule-associated protein 2 (MAP-2; 

1:250, mouse-IgG; Sigma-Aldrich), anti-phosphorylated high and medium molecular 
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weight neurofilaments (NF H/Mp; 1:500, rabbit-IgG; Millipore) or anti-phosphorylated Akt 

(p-Akt1/2/3 (Ser 473)-R, rabbit polyclonal; Santa Cruz). Then sections were incubated for 

2h at room temperature (RT) with secondary antibodies (Biotinylated anti-mouse-IgG, 

1:300, Vector; Biotinylated anti-rabbit-IgG, 1:300, Vector). Amplification was done using 

avidin-biotinylated horseradish peroxidase complex (ABC; Vector) in PBS for 1h, followed 

by washing in PBS before chromogen development (DAB; Vector). Immunofluorescence 

was performed on free-floating sections as described previously by Saraceno et al. (2010). 

Sections were incubated overnight at 4°C with a rat polyclonal anti-M6a antibody (1:100; 

Medical and Biological Laboratories), anti-Glial fibrillary acidic protein (GFAP; rabbit-

IgG, 1:2000, Dako) or phalloidin-Alexa568 (Molecular Probes). Then sections were 

incubated for 2h at RT with Alexa546 goat anti-rat-IgG (1:200, Molecular Probes), 

counterstained with DAPI and mounted with Vectashield mounting medium (Vector). Light 

images were obtained using an E600 microscope equipped (Nikon) and confocal images 

using a SP5X Confocal Microscope (Leica). 

Photooxidation 

Electron microscopic distribution of filamentous actin (F-actin) in the rat 

hippocampus (n=3 per group) using phalloidin conjugated with eosin was performed as was 

described in previous paper (Capani et al., 2001). In few words, vibratome sections were 

washed with 50mM glycine-PBS containing 0.5% cold water fish gelatin to block 

nonspecific binding. Following 30 min of washing, the sections were incubated on a 

shaker, in a solution of 0.05% of eosin phalloidin-0.5% cold-water fish gelatin/50mM 

glycine-PBS for 2 h at 4ºC. For light microscopic studies, phalloidin conjugated to 

Alexa488 was also used because of its superior fluorescent quantum yield compared to 

eosin. As a negative control, eosin-phalloidin was omitted. Tissue sections stained with 

eosin-phalloidin were mounted on glass-welled tissue culture dishes (Mat Tek Corp) 

pretreated with polyethylenimine. The slices were fixed again for 2–5min with 2% 

glutaraldehyde in 0.1M cacodylate buffer, rinsed in buffer for several minutes, and placed 

in 50mM glycine and potassium cyanide in cacodylate buffer for an additional 5 min to 

reduce nonspecific staining. Photooxidation was performed on the Zeiss Axiovert described 

above, equipped with a 75-W xenon arc light source. The samples were immersed in a 

solution of 2.8mMdiaminobenzidine in 0.1M sodium cacodylate at 4ºC bubbled with pure 
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O2, final pH 7.4, and then irradiated under conventional epifluorescence using a xenon 

lamp. After 6–8 min, a brownish reaction product began to appear in place of the 

fluorescence. The process was stopped by halting the excitation. We analyzed 603 control 

spines and 621 spines from tissue subjected to PA.  

Morphometric analysis the point-counting method  

Morphometric analysis was performed according to the methodology described in 

previous paper (Saraceno et al., 2010). Volume fraction of immunoreactive material for 

MAP-2, NF H/Mp and phalloidin-Alexa
568

 were estimated using the point-counting method 

and a grid delimiting 5000 μm
2
 in the Striatum radiatum of CA1. A total area of 75,000 

μm
2 

was evaluated in each animal. Percentage of reactive area was estimated using Image J 

Program (Image J 1.41o, NIH). The number of GFAP immunoreactive astrocytes was 

estimated in the Stratum radiatum of CA1 hippocampal area. A total of 80 counting frames 

were assessed per animal. Section thickness was measured using a digital length gauge 

device (Heidenhain-Metro MT 12/ND221; Traunreut, Germany) attached to the stage of a 

Leitz microscope. Cell nuclei from GFAP immunoreactive cells that came into focus while 

focusing down through the dissector height were counted. All counts were performed on 

coded sections. The volume of the striatum radiatum of CA1 was estimated using the point 

counting method of Weibel (1979). 

Immunoblotting 

Subcellular fractionation was performed as previously described (DiGiovanni et al., 

2012). Dounce homogenates of the pellets in ice cold TEVP buffer (10mMTris- HCl, pH 

7.4, 5mMNaF, 1mM Na3VO4, 1mM EDTA, and 1mM EGTA, 1.25 μg/mL pepstatin A, 10 

μg/mL leupeptin, 2.5 μg/mL aproptionin, 0.5mM PMSF) containing 320mM sucrose were 

centrifuged at 1000 × g to remove nuclei and large debris. The supernatant was centrifuged 

at 10.000 × g for 10min to obtain a crude synaptosomal fraction and subsequently was 

lysed hypoosmotically and centrifuged at 45.000 × g for 90min to obtain a pellet of the 

synaptosomal membrane fraction. After each centrifugation, the resulting pellet was rinsed 

briefly with ice cold TEVP buffer before subsequent fractioning to avoid possible crossover 

contamination. Protein concentration was estimated by Bradford technique. 

Synaptosomal membrane fraction (n=5 per group) were incubated overnight at 4°C 

with anti-β-actin (1:3000, mouse-IgG, Sigma-Aldrich). Membranes containing cytoplasmic 
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fractions (n=5 per group) were then incubated overnight at 4°C with anti-Akt (1:1000, 

mouse-IgG, Cell Signaling), anti-GSK3-beta antibody (1:500, mouse-IgG, Abcam), anti-

phospho-Akt-Thr308 (p-Akt, 1:1000,rabbit-IgG, Cell signaling), anti-GSK3 beta-phospho 

S9 (GSK3β-p-Ser, 1:500,rabbit-IgG, Abcam), anti-Glial fibrillary acidic protein (GFAP; 

rabbit-IgG, 1:2000, Dako). We use anti glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH, 1:1000, rabbit-IgG, Sigma-Aldrich) as loading control. Blots were rinsed three 

times in PBS with 0.5% Tween-20 buffer (PBST), and then incubated with the 

corresponding horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000, Bio-

Rad) for 2h at RT. Immunoreactive bands were detected using an ECL
TM

 Western Blotting 

Analysis System (Amersham
TM

, GE/Healthcare). Films were scanned and the optical 

density of protein bands was quantified using Gel Pro Analyzer software 3.1.00.00 (Media 

Cybernetics). 

Real time quantitative PCR (RT-qPCR)  

Hippocampi (n=12 per group) were homogenized in TRIzol® reagent (Invitrogen) using a 

tissue homogenizer. Total RNA was isolated from TRIzol® homogenates following 

manufacturer's protocol. Poly(A)+ RNA was purified from total RNA using the PolyATract 

mRNA Isolation System (Promega) as previously described (Brocco et al., 2003). mRNA 

was transcribed using Superscript II enzyme (Invitrogen) following the manufacturer’s 

instructions. RT-qPCR reactions were carried out in an Applied Biosystems 7500 Real-

Time PCR System (Applied Biosystems). Primer sequences were designed using Primer 

Express software (Applied Biosystems). Amplicons were 60-100 bp long. Oligonucleotide 

forward primers sequences used were: 

5’AAATAATGATGTAGCCTGACAAGAAATTT3’, 

5´CAACTTGATGTATGAAGGCTTTTGGT3´and5’AAGCATACAGGTCCTGGCATCT

3’, and reverse primers 5’AATGCACTTACACTGAAGGAGGAAT3’, 

5´ACTTTTATTGGTCTCAAGTCAGTGTACAG3´and5’CATTCAGTCTTGGCAGTGC

AG3’, for gpm6a, β-actin and cyclophilin, respectively. Reactions were carried out with the 

SYBR®GREEN PCR Master Mix (Invitrogen) as described previously (Brocco et al., 

2003). All the samples were tested against cyclophilin as reference gene for data 

normalization (Cattano et al., 2010). Each RT-qPCR quantitation experiment was done in 

triplicates for three independently generated cDNA templates. 
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Behavioral tests. 

All experimental experiments were carried out in an isolated behavioral room, 

between 11 AM to 4 PM.   

Open Field test 

Experiments were carried out as described by Caceres et al. (2010). The total 

number of lines crossed, latency to and number of entries to the center and frequency and 

duration of grooming were recorded using a digital video camera. Grooming behavior was 

separated in its sequential components, similarly as it has been carried out elsewhere. Phase 

I includes rapid elliptical forepaw strokes around the nose and vibrissae while phase II 

includes small unilateral and/or large bilateral strokes over face and head by one or both 

paws, body licking of the ventrolateral torso and genitals. All these parameters were 

expressed as a percentage of total grooming duration. Comparisons between behaviors 

displayed by the groups during the first session (when novelty is maximal) and during the 

second session (when animals normally exhibit acclimatization to the environment) to 

evaluate habituation memory were performed. Activity was recorded using a camcorder 

(JVC Everio GZ-HD620 or Sony DCR-SR47 Handycam with Carl Zeiss optics). To 

minimize olfactory cues, the apparatus was cleaned with a 70% ethanol solution between 

sessions. 

Inhibitory avoidance test 

Inhibitory avoidance (IA) task measures the memory of an aversive experience 

through the simple avoidance of a location in which the unpleasant experience occurred. 

This task depends heavily on the dorsal hippocampus (Lorenzini et al., 1996). We used an 

IA apparatus as described by Roozendaal et al. (2002). Experiments were conducted as 

described by Caceres et al. (2010).  

Statistical analysis  

Data was analyzed for each experimental group and for each parameter studied. The 

results were expressed as the means ± SEM. Student’s t-test were conducted. For 

behavioral analyzes, one-way analysis of variances (ANOVAs) followed by post-hoc 

multiple comparisons (Fisher´s test) were carried out. A probability was considered 

significant at 5% or less. Two-tailed probabilities were always reported. Statistical analyses 
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were performed using the GraphPad Prism 5.03 statistical package for Windows (GraphPad 

software).  

 

RESULTS 

 

Vulnerability of pyramidal hippocampal neurons 

We classified NeuN+ neurons in two categories: a) normal neurons, characterized 

by an intense NeuN+ nucleus and b) abnormal neurons, with NeuN fragmentation of the 

nucleus, or cytoplasmic staining without nuclear staining (Robertson et al., 2006). We 

observed a significant increase in the number of abnormal neurons in the hippocampal CA1 

layer of asphyctic animals (Fig. 1a and b). Electron microscopy analyses showed clear 

degeneration of CA1 hippocampal pyramidal neurons. In addition, when we evaluated the 

morphological changes of GFAP positive astrocytes and the expression of this protein, we 

did not observe any difference between groups (Fig. 1 and Fig. 4, respectively). Altogether, 

these results indicate that major PA effects occurred on CA1 neurons. 

Since PA affected neuronal population, we also studied cytoskeleton organization of 

neural processes. Changes in dendrite morphology were analyzed through a dendrite-

specific marker MAP-2 immunostaining. We did not find any significant alterations in 

dendrite morphology or in the percentage of reactive area between groups (Supplemental 

material Fig. 1a). We also analyzed by immunostaining the presence of phosphorylated 

medium and heavy neurofilaments (NF H/Mp) as a measure of axonal dysfunction and 

degeneration (Saraceno et al., 2010). No significant differences between experimental 

groups were observed (Supplemental material Fig. 1b).  

 

Effects of perinatal asphyxia on post-synapses 

Mature dendritic spines, structures susceptible to hypoxic insults (Saraceno et al., 

2012), contain a β-actin-rich cytoskeleton. Thus, we analyzed β-actin content within 

dendritic spines to examine the magnitude of PA-induced damage. While mRNA encoding 

actin is located in the neuronal cell body, β-actin protein is concentrated in dendritic spines 

(Kaech et al., 1997). Thence, we quantified β-actin mRNA by RT-qPCR and protein levels 

by Western blot of hippocampal tissue samples and hippocampal synaptosomal fractions 
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respectively. PA significantly increased β-actin mRNA expression in hippocampal tissue 

(Fig. 2a). Moreover, Western blot analysis showed a significant increase in β-actin levels in 

synaptosomal fractions of asphyctic animals (Fig. 2b).  

We analyzed actin filament content (F-actin) in hippocampus slices to estimate 

spine density using the actin-binding toxin phalloidin (Capani et al., 2001). Dot intensity 

was detected at the confocal (Alexa
568

-conjugates) and electron microscopic 

(photooxidation) levels and was used as a measure of dendritic spine density. In the 

asphyctic group, quantitative analysis of confocal microscopy observations showed that 

phalloidin-Alexa
568 

stained reactive area significantly increased in the Stratum radiatum of 

hippocampal CA1 layer (Fig. 2c). We estimated the number of dendritic spines by studies 

of F-actin distribution using correlative photooxidation (Capani et al., 2001). Statistical 

analysis of photooxidated samples showed a significant increase in the number of 

phalloidin-positive dendritic spines in experimental group.  

In a detailed analysis by photooxidation technique, we observed an increase in 

filopodial structures density in asphyctic animals (Fig. 3a). Since M6a overexpression in rat 

primary hippocampal neurons in culture induces the formation of filopodium-like 

protrusions that could act as spine precursors (Brocco et al., 2010), we studied M6a 

modifications in PA animals. RT-qPCR measurements of the gpm6a mRNA expression in 

the hippocampus showed a significant increase in asphyctic rats (Fig. 3b). In hippocampal 

slices, M6a immunoreactivity quantification showed a significant increase in asphyctic 

group (Fig. 3c). Taken together these data suggest that PA may affect spine density. 

 

Perinatal asphyxia increased PI3K/Akt/GSK3 signaling pathway activity 

Functional synaptogenesis and spine density increment induced by PI3K/Akt/GSK3 

pathway activation have been described in hippocampal neurons (Cuesto et al., 2011; Kwon 

et al., 2006). Therefore, we investigated by Western blot this pathway activation in 

hippocampal cytoplasmic fractions. Considering that Akt is the major target of PI3K 

activation, we studied the presence of Akt activated form (p-Akt) and of glycogen synthase 

kinase 3 (GSK3), one of the downstream pathway components. While the total amount of 

either Akt or GSK3 protein was not altered, we found a significant increase of p-Akt levels 

in asphyctic animals (Fig. 4). In addition, a small increase of GSK3-p-Ser9 was observed in 
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asphyctic animals (Fig. 4), indicating a down-regulation of its activity. In addition, we 

performed an immunohistochemistry to determinate the p-Akt location. We could deduce 

that the boost of Akt activity is more concentrated in neurons, according with previous 

studies (Cuesto et al., 2011) (Fig. 4, inset). 

 

Asphyctic animals showed habituation memory changes  

Since PA affects spine density, we investigated the consequences on learning and 

memory processes through different behavioral tests. Although both groups showed a 

significantly locomotor habituation response in the open field test (OF), asphyctic animals 

showed a more pronounced number of lines crossed (LC) decrement in the second test 

exposure compared with controls animals(Fig. 5a). Considering anxiety-related behaviors, 

no differences were observed between groups (supplemental material Fig. 2).  

When we analyzed the duration and frequency of grooming in order to evaluate the 

involvement of this behavior in the habituation process, PA group showed a significant 

increase in both parameters during the second exposure to the OF (Fig. 5b and 5c). In 

addition, we divided the grooming pattern of the second exposure in two phases for a better 

analysis (see Materials and Methods section).We observed that phase I was significantly 

shorter while phase II was significantly longer in asphyctic animals indicating they are de-

aroused from novelty and disengaged from exploratory and vigilance activities (Fig. 5d). 

To determine whether locomotor activity and grooming behavior were mutually involved in 

OF habituation, a regression analysis was performed. We found a correlation between total 

grooming duration and locomotor activity (measured as the number of LC, Fig. 5e), and 

phase II duration and locomotor activity in asphyctic animals (Fig. 5f). In contrast, no 

association between crossing and grooming was observed in control group. These results 

suggest grooming behavior as a factor that would be taking part in the open field 

habituation process of asphyctic animals. We also analyzed associative memory using 

inhibitory avoidance test and found no significant differences (T2/T1 ratio, supplemental 

material, Fig. 3).  

 

DISCUSSION  
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We present novel evidence about how the interruption of normal brain development 

by perinatal asphyxia promotes hippocampal synaptogenesis inducing an increase of 

dendritic spine density in the hippocampal CA1 Stratum radiatumduring development. This 

is well correlated with behavioral changes such as a greater response to the habituation 

behavior to an open field test and precedes neurodegenerative modifications observed after 

2 and 4 months of the asphyctic insult (Saraceno et al., 2010, 2012; Muñiz et al 2014). 

Several efforts have been made the last years to design novel therapeutical tools to reduce 

the rate and severity of neurodevelopmental disabilities resulting from PA. These findings 

could help to determine a time window of high brain susceptibility to therapies/treatments 

(Meredith et al., 2012) during brain development and underlying NDDs. 

Astrocytic role in NDDs has gained significance in the last years (McGann et al., 

2012). Although enhanced GFAP staining and gliosis could persist in association with 

neuronal loss (Ordy et al.,1993), no significant differences neither in the number of GFAP 

astrocytes/mm3 or in GFAP expression  were observed between groups one month after the 

injury in this work. Previous work showed evident reactive gliosis in the CA1 hippocampal 

area of four month-old asphyctic animals (Saraceno et al., 2010), positing that changes in 

glial population may be progressive and sustained after long-time of PA. In addition, 

clinical imaging studies have confirmed the presence of reactive gliosis in different brain 

areas from seven months-old patients that suffered PA (Huang et al., 2008). 

Most of the spines are thought to arise from dendritic filopodial during early 

postnatal life (Ziv and Smith, 1996; Yoshihara et al., 2009). In vitro studies have shown 

that filopodia are active along dendritic lengths during postnatal synaptogenesis in CA1 

hippocampal area (Fiala et al., 1998). This spread in filopodium/dendritic spine density is 

closely associated among others with increased expression of the glycoprotein M6a, which 

is involved in filopodium and synapse formation (Alfonso et al., 2005; Brocco et al., 2010). 

A substantial body of evidence have shown that prenatal stress also induced an increase in 

M6a mRNA expression (Martinez-Tellez et al., 2009; Mychasiuk et al., 2012; Monteleone 

et al., 2013), suggesting that stressful situations during early stages of life induced similar 

changes in gpm6a mRNA levels.  

Previous in vivo and in vitro studies have supported a direct role of PI3K/Akt/GSK3 

signaling pathway in synaptogenesis regulation (Cuesto et al., 2011) and dendritic 
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development (Cosker and Eickholt, 2007). In addition, alterations in the Akt pathway have 

been also related to several neurodegenerative diseases (Griffin et al., 2005). While GSK3 

overexpression reduces the synapse number, GSK3 down-regulation increases axonal 

growth and synaptic terminals number (Pokorny and Yamamoto, 1981). Accordingly, our 

results suggest an Akt up-regulation, mainly in CA1 pyramidal cells, and a down-regulation 

of GSK3 activity in asphyctic animals, probably as a consequence of Ser9 phosphorylation 

induced by Akt. Since we observed in vivo supernumerary spines in hippocampal neurons 

and increased glycoprotein M6a expression, our data suggests that PI3K/Akt/GSK3 

pathway could be one of the signaling pathways involved in spine density regulation in 

asphyctic animals (Cuesto et al., 2011).  

Several neurological disorders affecting memory involve defects in the actin 

cytoskeleton regulation of dendritic spines (Newey et al., 2005). Corbett et al., (2006) 

suggested a correlation between dendritic spine density and an increased Open Field 

habituation. Continuous exposure to the same environment induces a reduction in 

exploratory behavior (Barros et al., 2006). Our results have shown that the PA group 

exhibited a greater response to the habituation behavior to an OF. In the same line, a recent 

study described that asphyctic rats showed impaired recognition and spatial reference 

memory at the same age (Blanco et al., 2015). On the other hand, no significant 

modifications in the anxiety-related behaviors were observed, consistent with other studies 

in which no modifications in anxiety-related behaviors were seen at 3 months of age in 

asphyctic animals (Galeano et al., 2011). Furthermore, asphyctic animals showed no 

alterations in the short-term memory measured in the inhibitory avoidance task, indicating 

that PA has not affected associative memory. 

Similarly to our previous observations of a significant decrease in the number of 

normal NeuN+ nuclei at four-month-old animals, here we showed a significant increment 

in the number of abnormal NeuN stained hippocampal neurons 30 days after PA (Saraceno 

et al., 2012). However, this alteration was not accompanied by neuronal loss, as we 

previously showed in several works from our lab using the same PA model (Saraceno et al., 

2010, 2012; Blanco et al., 2015). Since Abnormal NeuN+ cells was associated with Tunnel 

reactivity  (Hoffman et al., 2001) and with cresyl violet modification observed in acute 

brain ischemia (Vereckzy et al., 2006), we think that many of these cells starts in this point 
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a process of cell death that is evident at 120 after PA (Saraceno et al., 2012)  PA. In 

addition, an increment in apoptosis in the CA1 hippocampal region was demonstrated 

together with a rise of BAD, BCL-2 and ERK2 protein levels in whole hippocampus 7 and 

30 days after 20 min of PA (Morales et al., 2008). While the increment in BAD supports 

the idea that delayed cell death could occur after PA, BCL-2 and ERK2 modifications 

suggest the activation of neuroprotective and repair pathways. Our data contributes to the 

proposed idea that apoptosis is the mechanism that induces adjustment of neuronal 

population number and/or the elimination of aberrant connections in the pathology of PA-

associated disorders (Rami et al., 2003).  

 

Conclusions 

Our study reveals a novel impact of the interruption of brain development by 

perinatal asphyxia, whereby excessive plasticity affects dendritic spine density and 

synaptogenesis, both involved in neural circuit establishment of rat hippocampus during 

developing. Taking together these results suggest that abnormal synaptogenesis induced by 

excessive plasticity during brain development induced by PA may contribute to the etiology 

of the NDDs. 
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FIGURE LEGENDS 

Figure 1.Neuronal alterations induced by PA. a) Micrographs of Stratum radiatum of 

CA1 hippocampal area from one-month-old control rats and rats subjected to 19min of PA. 
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Sections of 50 μm were analyzed by NeuN immunostaining (left) and electron microscopy 

(EM) (right). Abnormal NeuN+ nuclei (arrow) were increased in asphyctic group respect to 

control one (inset). Electron micrograph showed that most of the condensed cells 

correspond to neurons in degeneration (arrows). Confocal microscope images of GFAP 

immunostaining showed no morphological alterations between groups (inset). Scale bars: 

30 μm and 0.5 μm for EM. Nu: nucleus. b) Statistical assessment of different parameters 

analyzed. At least three independent experiments were analyzed. Significant differences 

were determined by Student t-test. *p<0.05. 

 

Figure 2. β-actin expression and dendritic spine density were affected by PA. a) β-

actin mRNA levels were determined by real time RT-PCR and normalized to the reference 

gene cyclophilin. *p<0.05. Bars and error bars represent mean ± SEM. Statistical analyses 

were determined by Student t-test. b) Immunoblots of hippocampal synaptosomal fraction 

of one-month-old control and asphyctic rats. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) content was used as loading control. *p<0.05. c) Confocal microscopy images of 

Phalloidin-Alexa
568

 staining from Stratum radiatum of CA1 hippocampal tissue from 

control and PA groups. An increase in the punctate staining was observed after 19 minutes 

of PA (arrows) (**p<0.01). Scale bar: 10 μm. Electron micrographs of photooxidated 

Stratum radiatum from CA1 hippocampal area of 30-day-old rats. Arrows point out the 

dendritic spines stained. (**p<0.01). Scale bar: 1 μm. 

 

Figure 3. Filopodium and M6a expression enhancement induced by PA. a) Electron 

micrograph of filopodia. The magnification of a filopodium allows us to observe its long 

structure and the parenteral dendrites (arrows). Scale bar: 1 μm. b) Gpm6a mRNA level in 

the hippocampus determined by real time RT-qPCR. Gpm6a values were normalized with 

the reference gene cyclophilin. *p<0.05.c) Fluorescence microscope images of M6a 

immunostaining from Stratum radiatum of CA1 hippocampal tissue from one-month-old 

control and PA rats (arrows). An increase in the punctate staining was observed in 

asphyctic animals (inset). **p<0.01. Bars and error bars represent mean ±SEM. Statistical 

analyses were determined by Student t-test. Scale bar: 10 μm. 

 

Figure 4. Up-regulation of PI3K/Akt/GSK3 activity induced by PA. Representative 

Western blot showing p-Akt, Akt, GSK3-p-Ser9 and GSK3 expression. *p<0.05. Inset: 

Cellular localization of pAkt in both groups. We could observe that the expression is 

mainly located in CA1 pyramidal neurons. Scale bars: 30 μm. Bars and error bars represent 

mean ± SEM. Statistical analyses were determined by Student t-test. 

 

Figure 5.Locomotor activity and exploratory behavior in the open field test. 

Experimental groups: Control rats (CTL, n = 8) and rats subjected to perinatal asphyxia 

(PA, n = 8). The first and second bar of each group corresponds to the first and second 

exposure to the OF, respectively. Statistical analyses were carried out by one-way analysis 

of variance (ANOVA) followed by post-hoc multiple comparisons (Fisher´s test). Data are 

expressed as mean+ SEM. a) Both groups showed a significantly reduced total number of 

lines crossed when they were re-exposed to the OF. Note that asphyctic animals showed a 

more pronounced decrement compared with CTL animals. **p<0.01, ***p<0.001.b) 

Asphyctic animals showed a significant increase in the grooming time parameter during the 
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second exposure to the OF. **p<0.01.c) Regarding the duration of grooming episodes, 

there was a significant increase during the second exposure to the OF in the PA group, and 

between the second exposure of PA group respect to the second exposure from CTL group. 

*p< 0.05; **p<0.01.d) Taking into account the percentage of time parameter, PA group 

presented a significant decrease in phase I and a significant increase in the second one 

compared to the CTL group. *p<0.05.e) Statistically significant correlation between 

number of lines crossed and total grooming time in asphyctic animals.R
2
=0.6863. 

**p<0.01.f) Statistically significant correlation between number of lines crossed and total 

grooming time during the second exposure to the OF in asphyctic animals. R
2
=0.4728. *p< 

0.05. 

 

 

SUPPLEMENTAL MATERIAL 

 

Legends 

 

Figure 1. Perinatal asphyxia does not alter process morphology. Optical microscopy 

images of MAP-2 and pH/M NF immunostaining from Stratum radiatum of CA1 

hippocampal area. No obvious differences in MAP-2 (arrows) immunostaining (a)neitherin 

the phosphorylation status of medium and heavy neurofilaments (pH/M NF) (arrows) 

immunostaining (b) were observed between PA and CTL groups. Bars and error bars 

represent mean ± SEM. Statistical analyses were determined by Student t-test. Scale bar: 50 

μm. 

 

Figure 2.a). Time in the center in the OF test. No significant differences were observed 

between groups (p = 0 .7957, n.s.). b). Latency in the center in the OF test. No significant 

differences were observed between groups in the first exposure to the OF. Statistical 

analyses were determined by Student t-test. Data are expressed as mean ± SEM.  

 

Figure3. Associated memory in the inhibitory avoidance test.No differences were 

observed between groups in the ratio T1/T2 (T2/T1) (p = 0.240, n.s.). Statistical analyses 

were determined by Student t-test. Data are expressed as mean ± SEM.  
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Fig. 2 
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Fig. 3 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

24 
 

 
Fig. 4 
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Fig. 5 


