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Abstract: Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by 

impairments in both communication and social interaction, besides repetitive or 

stereotyped behavior. Although the etiology is unknown, environmental factors such as 

valproic acid (VPA) increase the risk of ASD onset. Resveratrol (RSV), a 

neuroprotective molecule, has been shown to counteract the effects of intrauterine 

exposure to VPA. We aimed to evaluate histological parameters related to 

hippocampal morphology and to the distribution of parvalbumin- (PV), calbindin- (CB), 

and somatostatin-positive (SOM) interneurons sub-populations, in addition to evaluate 

the total/phosphorylation levels of PTEN, AKT, GSK3β and total CK2 in the animal 

model of autism induced by VPA, as well as addressing the potential protective effect 

of RSV. On postnatal day 120, histological analysis showed a loss in total neurons in 

the dentate gyrus (DG) and decreased CB+ neurons in DG and CA1 in VPA animals, 

both prevented by RSV. In addition, PV+ neurons were diminished in CA1, CA2, and 

CA3, and SOM+ were interestingly increased in DG (prevented by RSV) and 

decreased in CA1 and CA2. A hippocampal lesion similar to sclerosis was also 

observed in the samples from the VPA group. Besides that, VPA reduced AKT and 

PTEN immunocontent, and both VPA and RSV increased CK2 immunocontent. Thus, 

this work demonstrated long-term effects of prenatal exposure to ASD in different sub- 

populations of interneurons, structural damage of hippocampus, and also alteration in 

proteins associated with pivotal cell signaling pathways, highlighting the role of RSV as 

a tool for understanding the pathophysiology of ASD. 
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- Valproic acid impairs protein expression associated with cell signaling pathways; 

- Identification of long-term alterations may optimize the understanding of ASD. 
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ABSTRACT 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by 

impairments in both communication and social interaction, besides repetitive or stereotyped 

behavior. Although the etiology is unknown, environmental factors such as valproic acid 

(VPA) increase the risk of ASD onset. Resveratrol (RSV), a neuroprotective molecule, has 

been shown to counteract the effects of intrauterine exposure to VPA. We aimed to evaluate 

histological parameters related to hippocampal morphology and to the distribution of 

parvalbumin- (PV), calbindin- (CB), and somatostatin-positive (SOM) interneurons sub-

populations, in addition to evaluate the total/phosphorylation levels of PTEN, AKT, GSK3β 

and total CK2 in the animal model of autism induced by VPA, as well as addressing the 

potential protective effect of RSV. On postnatal day 120, histological analysis showed a loss 

in total neurons in the dentate gyrus (DG) and decreased CB+ neurons in DG and CA1 in 

VPA animals, both prevented by RSV. In addition, PV+ neurons were diminished in CA1, 

CA2, and CA3, and SOM+ were interestingly increased in DG (prevented by RSV) and 

decreased in CA1 and CA2. A hippocampal lesion similar to sclerosis was also observed in 

the samples from the VPA group. Besides that, VPA reduced AKT and PTEN 

immunocontent, and both VPA and RSV increased CK2 immunocontent. Thus, this work 

demonstrated long-term effects of prenatal exposure to ASD in different sub-populations of 

interneurons, structural damage of hippocampus, and also alteration in proteins associated 

with pivotal cell signaling pathways, highlighting the role of RSV as a tool for understanding 

the pathophysiology of ASD.  

 

Keywords: Autism Spectrum Disorder, resveratrol, animal model, hippocampus, 

interneuron, long-term alterations. 
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1. INTRODUCTION 

Autism Spectrum Disorder (ASD) is a highly prevalent neurodevelopmental disorder 

- affecting 1:54 children in the USA, the ratio of 4.3 boys to 1 girl (Maenner et al., 2020) - 

characterized by impairments in communication and social interaction, as well as repetitive 

and stereotyped behaviors (American Psychiatric Association, 2013). Despite extensive 

studies, the etiology of ASD remains unclear; however, it is already known that the final 

phenotype depends on the interaction between genetic and environmental risk factors 

(Gottfried et al., 2015). Among the environmental risk factors, the use of the anticonvulsant 

and mood stabilizer valproic acid (VPA) during pregnancy stands out (Dietert et al., 2011). 

In addition to the main characteristics of this disorder, electrophysiological changes 

are also commonly described, including an imbalance in the delicate excitatory-inhibitory 

ratio (E/I) in different brain structures (Nelson and Valakh, 2015; Dickinson et al., 2016; Sohal 

and Rubenstein, 2019; Bruining et al., 2020). The dysfunctional predominance of 

glutamatergic action over GABAergic is one of the most frequent hypotheses to explain the 

E/I alterations (Marín and Rubenstein, 2003; Yizhar et al., 2011; Selten et al., 2018) in the 

central nervous system (CNS). 

Interneurons promote the organization of circuits associated with cortical minicolumns 

and integrate stimuli among different cortical and subcortical regions. Within the 

subpopulations of these cells, parvalbumin (PV+) and somatostatin (SOM+) positive cells 

stand out as the most predominant (constituting about 70% of interneurons), in addition to 

other smaller subpopulations such as calbindin positive (CB+) (Kelsom and Lu, 2013). 

In ASD patients, there are descriptions of reduction in PV+ neurons in the prefrontal 

cortex (Hashemi et al., 2017), while CB+ neurons have increased density in the dentate gyrus 

(DG) (Lawrence et al., 2010), but there are no findings describing SOM+ alterations. Deficits 

in PV+ interneurons have already been observed in the cortex of mice with Mecp2 gene 

deletion, in the parietal cortex of animals from the VPA model (Gogolla et al., 2009), and in 

the prefrontal cortex of animals from the maternal immune activation model (Meyer et al., 

2008). Regarding SOM+ interneurons, there are only descriptions of disorders associated 

with ASD.  

The hippocampus (HC), a brain structure closely associated with memory, also 

contributes to several other behavior components, including sociability, flexible cognition 

(Rubin et al., 2014), and attention (Goldfarb et al., 2016). Interestingly, interneurons are 

fundamental to perform these functions: SOM+ interneurons are instrumental in keeping 

hippocampal synchrony, promoting electrophysiological balance and connectivity 

(Flossmann et al., 2019)/, while PV+ interneurons of ventral HC displayed important function 
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in social memory and social novelty recognition (Deng et al., 2019). Deficits in signaling 

mechanisms can also contribute to HC dysfunction, for example, the loss of PTEN in neurons 

of the DG induced increased excitability and connectivity (Santos et al., 2017; Skelton et al., 

2019) and the hyperactivity of AKT-mTOR in the HC was associated with ASD-like behaviors 

(Xing et al., 2019). 

Besides that, biological pathways associated with neural plasticity (CHU et al., 2013; 

WEI; HAN; ZHAO, 2020), such as AKT/GSK3β and CK2/PTEN, likewise can modulate 

interneurons. Loss of AKT signaling in cortical interneurons was already associated with 

reduced cell number (Carriere et al., 2020) whereas inhibition of AKT reduced the number 

of PV+ cells in the HC (Chang et al., 2016). Studies suggest that GSK3β activity can be 

modulated by prenatal exposure to VPA (Caracci et al., 2016; Go et al., 2012; Wu et al., 

2017) and, interestingly, the inhibition of AKT/GSK3β induced apoptosis of immature 

interneurons, leading to cell loss (Wei et al., 2020). The phosphatase and tensin homolog 

(PTEN) conditional knockout (KO) mice present ASD-like behavior and morphological 

neuronal changes (Cupolillo et al., 2016; Lugo et al., 2014; Shin et al., 2021), besides 

changes in the composition of interneuronal subpopulations, increasing PV+ in detriment of 

SOM+ (Vogt et al., 2015). Moreover, the specific KO of PTEN in both PV+ and SOM+ induced 

ASD-like behavior (Shin et al., 2021). The casein kinase 2 (CK2) is a serine-threonine kinase 

protein that inactivates PTEN by phosphorylation (Borgo and Ruzzene, 2019). No evidence 

of a direct CK2 role in interneurons was already described; however, this protein already 

demonstrated important roles in the HC GABAergic signaling (Kim et al., 2020; Qin et al., 

2021).  

Recently, neuroimmune aspects have been largely associated with various disorders, 

including ASD (Gottfried et al., 2015). In this context, arises the resveratrol (RSV), a 

polyphenol widely studied in different diseases such as cancer, cardiovascular disorders, 

and diabetes due to its antioxidant and anti-inflammatory effect (Berman et al., 2017). 

Besides, RSV prevented behavioral and molecular changes in the VPA model, which has 

marked pro-oxidant and pro-inflammatory characteristics (Bambini-Junior et al., 2014; 

Fontes-Dutra et al., 2018; Hirsch et al., 2018). Thus, RSV emerges as an important method 

for assessing neuroimmune changes through its potential neuroprotective effect. 

Here, we aimed to evaluate histological parameters related to hippocampal 

morphology and to the distribution of PV+, SOM+, and CB+ interneurons sub-populations, in 

addition to evaluate the total/phosphorylation levels of PTEN, AKT, GSK3β, and CK2 in the 

animal model of autism induced by VPA, as well as assessing the potential protective effect 

of RSV.  
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2. RESULTS 

 

2.1. Intrauterine administration of RSV prevented hippocampal long-term structural 

alterations in the VPA animals. 

Prenatal exposure to VPA induced substantial structural alterations in the HC of adult 

animals (Figure 1B), leading to a discontinuity of the granule cell layer in the DG (Figure 1C) 

and a loss of neuronal compaction in the CA1 (Figure 1D). RSV entirely prevented the impact 

of VPA on these parameters.  

 

2.2. Intrauterine administration of RSV prevented the long-term neuronal loss in the 

dentate gyrus of the VPA group. 

RSV treatment prevented the decrease in the number of total neurons in the DG 

present in animals prenatally exposed to VPA (F(1, 11) = 11.59,  p interaction = 0.0059, 

Figure 2A). No significant differences were observed in the CA1 (Figure 2B), CA2 (Figure 

2C), and CA3 (Figure 2D) subregions. All neuron counts were normalized by area. 

Supplementary Table 1 comprises all means, standard deviation, and detailed statistics. 

 

2.3. Intrauterine administration of RSV prevented long-term CB+ and SOM+ interneuron 

alterations in the dentate gyrus induced by prenatal exposure to VPA. 

Regarding specific interneuron subpopulations, RSV treatment prevented the 

decrease in the number of CB+ Neurons/Area induced by prenatal exposure to VPA (F(1,10) 

= 12.43; p interaction = 0.0055, Figure 3A1). No differences were seen in CB+ Ratio/Total 

Neurons (Figure 3A2). In addition, no significant differences were observed in either PV+ 

Neurons/Area (Figure 3B1) or PV+ Ratio/Total Neurons (Figure 3B2). 

Interestingly, significant differences were observed in both factors separately (F(1,11) 

= 11.03, p RSV <0.0001; F(1,11) = 45,52, p VPA <0.0001) in SOM+ Neurons/Area (Figure 

3C1). RSV prevented the increase in SOM+ Ratio/Total Neurons induced by prenatal 

exposure to VPA (F(1,11) = 8.821; p interaction= 0.0127, Figure 3C2). 

The illustrative Figure 3 shows CB+ neurons (Figure 3A), PV+ neurons (Figure 3B), 

and SOM+ neurons (Figure 3C) in the DG. All neuron counts were normalized by area. 

Supplementary Tables 2, 3, and 4 comprise all means, standard deviation, and detailed 

statistics for CB+, PV+, and SOM+ interneurons, respectively. 
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2.4. Intrauterine exposure to VPA induced long-term alterations in CB+, PV+, and SOM+ 

interneurons parameters in the CA1 subregion, whilst RSV prevented CB+ and PV+ 

parameters, as well as demonstrated a per se effect in SOM+. 

RSV prenatal treatment prevented both the decrease in CB+ Neurons/Area (F(1,10) 

= 27.50, p interaction = 0.0004, Figure 4A1) and CB+ Ratio/Total Neurons induced by 

prenatal exposure to VPA (F(1,10) = 11.52; p interaction = 0.0068, Figure 4A2). 

Again, the prenatal exposure to VPA modified interneuron subpopulations in this 

subregion, decreasing the PV+ Neurons/Area (F(1,12) = 8.261; p interaction = 0.0140, Figure 

4B1). Besides, a decrease in PV+ Ratio/Total Neurons was observed in both groups exposed 

to VPA with no RSV preventive effects (F (1, 12) = 7.634, p VPA = 0.0172, Figure 4B2). 

No differences were seen in SOM+ Neurons/Area (Figure 4C1). Considering SOM+ 

Ratio/Total Neurons, significant differences were seen in the factors separately (F(1,11) = 

12.79, p RSV = 0.0043; F(1,11) = 7.953, p VPA = 0.0167): both prenatal exposure to VPA 

and treatment with RSV (including per se effect) decreased SOM+ Ratio/Total Neurons 

(Figure 4C2). 

The illustrative Figure 4 shows CB+ neurons (Figure 4A), PV+ neurons (Figure 4B), 

and SOM+ neurons (Figure 4C) in the CA1. All neuron counts were normalized by area. 

Supplementary Tables 2, 3, and 4 comprise all means, standard deviation, and detailed 

statistics for CB+, PV+, and SOM+ interneurons, respectively. 

  

2.5. Intrauterine exposure to VPA induced long-term alterations in SOM+ and PV+ 

interneurons parameters in the CA2 subregion, without preventive effect of RSV. 

No significant differences were found in either CB+ Neurons/Area (Figure 5A1) or CB+ 

Ratio/Total Neurons (Figure 5A2) among groups, as well as PV+ Neurons/Area (Figure 5B1). 

However, the VPA administration during pregnancy decreased PV+ Ratio/Total Neurons 

(F(1,12) = 7.043; p VPA = 0.0210) without RSV prevention (Figure 5B2). 

Regarding SOM+, there was a significant difference only in the effect of VPA (F(1,11) 

=  7.172, p VPA = 0.0215), decreasing SOM+ Neurons/Area in comparison to groups not 

exposed to VPA (Figure 5C1). Besides that, RSV treatment prevented the decrease in SOM+ 

Ratio/Total Neurons induced by prenatal exposure to VPA (F(1,11) = 18.54; p interaction = 

0.0012, Figure 5C2). 

The illustrative Figure 5 shows CB+ neurons (Figure 5A), PV+ neurons (Figure 5B), 

and SOM+ neurons (Figure 5C) in the CA2. All neuron counts were normalized by area. 

Supplementary Tables 2, 3, and 4 comprise all means, standard deviation, and detailed 

statistics for CB+, PV+, and SOM+ interneurons, respectively. 
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2.6. Intrauterine exposure to VPA induced long-term alteration in PV+ interneurons 

parameters in the CA3 subregion, without preventive effect of RSV. 

No significant differences were found in either CB+ Neurons/Area (Figure 6A1) or CB+ 

Ratio/Total Neurons (Figure 6A2) among groups. 

Regarding PV+, prenatal exposure to VPA decreased both PV+ Neurons/Area (F(1,12) 

= 8.859, p interaction = 0.0116, Figure 6B1) and PV+ Ratio (F(1,12) = 11.56, p interaction = 

0.0012, Figure 6B2). 

Lastly, no significant differences were found in either SOM+ Neurons/Area (Figure 

6C1) or SOM+ Ratio/Total Neurons (Figure 6C2) among groups. 

The illustrative Figure 6 shows CB+ neurons (Figure 6A), PV+ neurons (Figure 6B), 

and SOM+ neurons (Figure 6C) in the CA3. All neuron counts were normalized by area. 

Supplementary Tables 2, 3, and 4 comprise all means, standard deviation, and detailed 

statistics for CB+, PV+, and SOM+ interneurons, respectively. 

  

2.7. VPA induced long-term alterations in the hippocampal immunocontents of AKT, 

PTEN, and CK2 without preventive effect of RSV. 

The animals prenatally exposed to VPA (VPA and VPA+RSV) presented decreased 

levels of PTEN when compared to the other groups (Control and RSV) (F(1,20) = 21.22; p 

VPA = 0.0002) (Supplementary Table 5, Figure 7A).  

There were significant differences in RSV factor (F(1,19) = 4.406; p RSV = 0.0494) 

and VPA factor (F(1,19) = 10.64, p VPA = 0.0041) in the AKT immunocontent, indicating a 

decrease in the total AKT levels induced by VPA when compared to the Control group with 

no preventive effect of RSV treatment (Supplementary Table 5, Figure 7B). 

In addition, prenatal exposure to VPA increased the total CK2 immunocontent 

(F(1,20) = 6.628, p = 0.0181) without RSV preventive effect (Supplementary Table 5, Figure 

7C). 

Finally, no changes were observed in the GSK3β immunocontent (Supplementary 

Table 4, Figure 7D) and in the phosphorylation levels of the proteins among groups 

(Supplementary Table 5). Supplementary Figures 1, 2, and 3 represent the nitrocellulose 

membranes stained with ponceau, as well as images of immunoblottings of the specific 

primary antibodies, and of the endogenous marker β-actin, respectively. 

 

3. DISCUSSION 
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Considering that most studies investigate behavioral and morphological alterations in 

young animals, we set out to evaluate possible changes in the adults of the ASD model 

induced by prenatal exposure to VPA. Several studies have been focused on the HC due to 

its plasticity and sensitivity to stressors, in addition to being an area where neurogenesis 

occurs in adulthood, both in rodents and in humans (Gonçalves et al., 2016). Our research 

group previously demonstrated age-dependent alterations in the HC of the VPA animal 

model regarding glutamate metabolism at P15 and P120 (Bristot Silvestrin et al., 2013). At 

P15, the VPA animals had decreased levels of glutamate transporter GLT1 and increased 

levels of glutamine synthetase (GS). At P120, the VPA animals had increased glutamate 

uptake activity, increased levels of GLT1, increased levels of glutathione (GSH), and 

decreased activity of GS. These data demonstrate important glutamatergic alterations in HC, 

probably associated with a glutamatergic excitotoxicity pattern already demonstrated in ASD.  

In the present study, we demonstrated a significant morphological alteration in 

hippocampal regions induced by VPA in adult animals at P120. The altered cellular 

composition in the model of ASD is most prominent in DG, particularly in the granular layer. 

Moreover, neurons appeared dispersed in CA1. Interestingly, RSV prevented these 

alterations, indicating some of the preventive behavioral effects observed in previous works 

(Bambini-Junior et al., 2014; Fontes-Dutra et al., 2018; Hirsch et al., 2018) might be related 

to direct effects in the HC.  

Studies demonstrated the benefits of RSV in restoring hippocampal structure and 

connectivity in patients with mild cognitive impairments (Köbe et al., 2017) and status 

epilepticus (Castro et al., 2017), although no significant effects were observed in behavioral 

tasks of memory performance. These findings might suggest possible similar mechanisms 

since our previous data revealed no significant effects of RSV in empathy-like prosocial 

behavior in RSV+VPA rats of similar age (Fontes-Dutra et al., 2019).  

The mechanisms of RSV protection are not well established, but some hypotheses 

grow towards the action of RSV in activating SIRT proteins, especially in view of the HDAC 

inhibitor action associated with VPA. The hippocampal activity of SIRT1 is fundamental for 

cognition, memory and synaptic plasticity (Castrol et al., 2017); a study demonstrated that 

miR-134 mediates these functions through CREB (Gao et al., 2010) and, interestingly, we 

already demonstrated that RSV normalized the altered levels of mir-134 induced by VPA in 

our model (Hirsch et al., 2018). Finally, SIRT1 stimulation of mitochondrial biogenesis and 

activity (mediated by PGC-1α) protected the HC from seizure-induced cell death and reduced 

oxidative stress (Wang et al., 2015; Chuang et al., 2019), indicating another possible 

pathway by which RSV plays neuroprotective effects.  
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Hippocampal excitotoxicity has been associated with neuropsychiatric disorders 

(Olloquequi et al., 2018), such as ASD (Essa et al., 2013), schizophrenia (Plitman et al., 

2014), epilepsy (Thom, 2014), and many others. In schizophrenia, an altered organization in 

the granular layer from DG is observed in GFAP.HMOX10-12m transgenic model, which 

astrocytes overexpress the human stress protein heme oxygenase-1 (OX1) (Tavitian et al., 

2019), leading to an "immature" DG associated with changes in its molecular profile. In 

epilepsy, age-dependent patterns of DG are observed, such as neuronal loss in granular 

cells and CA1 (Pauli et al., 2006; Thom, 2014). These changes in hippocampal structure and 

shape are relevant to establish the histological hallmarks of hippocampal sclerosis, which 

involves a neuronal loss in hippocampal subregions, gliosis, or both of them in different levels 

(Thom, 2014). The present findings suggest possible mechanisms related to this event, 

opening an interesting issue to be followed up to characterize glial cell alteration in adult VPA 

rats.  

Hippocampal interneurons are a highly diverse population of cells, with functions 

associated with shape, neurochemical patterns, and location (Maccaferri and Lacaille, 2003). 

The evaluation of HC subregions CA1, CA2, CA3, and DG at P120 indicated an expansion 

of the damage induced by prenatal exposure to VPA. In addition to the morphological 

alteration, also decreased total neurons of DG associated with different natures of alteration 

among CB+, PV+ and SOM+ interneuronal subpopulations.  

In DG, VPA reduced the number and the ratio of CB+ interneurons, which was 

prevented by RSV treatment. CB+ interneurons in DG already demonstrated to be influenced 

by the electrophysiological status: hippocampal epilepsy in humans induced morphological 

impairments on CB+ interneurons both hypertrophy of cell bodies and spiny dendrites 

(Maglóczky et al., 2000), and loss of general calbindin expression in this region 

(Bandopadhyay et al., 2014), although, in ASD, a previous study demonstrated increased 

density of CB+ interneurons in DG (Lawrence et al., 2010). Interestingly, in a schizophrenia 

animal model, rats demonstrated an important reduction of CB+ interneurons in DG (Harte 

et al., 2007); complementarily, a recent study demonstrated the critical role of DG CCK+ 

interneurons (which are mostly CB+) (Pelkey et al., 2017) in the inhibitory plasticity processes 

associated with the promotion of enriched early social, sensory and motor experiences (Feng 

et al., 2020). Furthermore, our group demonstrated that RSV improved early sensory 

alterations (Fontes-Dutra et al., 2018) and social and stereotypy impairments (Bambini-

Junior et al., 2014; Hirsch et al., 2018) possibly due to the protection of early loss of important 

experiences, preserving this component (CB+/CCK+) feature of HC inhibitory circuit. 
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SOM+ interneurons demonstrated a distinct pattern in DG, not only due to the total 

neuronal loss (which could increase the SOM+/total neurons by itself) but also due to 

increased absolute neuronal numbers. The SOM+ cells play important roles in DG, promoting 

contralateral HC connectivity (Eyre and Bartos, 2019), organizing granule cell assemblies 

associated with memory formation (Yuan et al., 2017) and regulating long term potentiation 

(Tallent, 2007). Little is known about SOM+ interneurons in the ASD context. Previous work 

already demonstrated that the haploinsufficiency of Aridb1 (risk-associated gene for ASD) in 

SOM+ cells induces stereotypies and learning/memory issues (Smith et al., 2020). In Dravet 

syndrome (which is significantly related to ASD behavioral features), SOM+ cells presented 

reduced excitability (Chao Tai et al., 2014). Although SOM+ and CB+ cells have different 

embryonic origins (MGE and CGE, respectively) (Kelsom and Lu, 2013), one factor is pivotal 

to the final interneuron positioning in a specific region: the microenvironment during the 

moment of arrival. For SOM+ cells, the present complementary changes in CA1 and CA2 

subregions (both in number and ratio, with prevention by RSV only in the CA2 ratio and an 

including an apparent per se effect of RSV towards reduction of SOM ratio in CA1) indicate 

that VPA may interfere on migration routes, retaining SOM+ neurons in DG. Impairments in 

CXCL12 signaling, for example, can misplace the interneurons distribution in HC. Indeed, 

VPA can interfere with CXCR4 (CXCL12 receptor) (Gul et al., 2009) and induce neuronal 

accumulation in DG, which replicates the SOM+ neurons pattern (Danzer, 2019). Thus, 

considering that CA1 and CA2 remain altered at some level in the VPA+RSV group, these 

changes are probably not related to the core symptoms of ASD.  

Differently, RSV may be inducing important effects during pregnancy that prevent DG 

interneuron alterations, highlighting this subregion as a possible critical component in ASD. 

However, the per se effect of RSV in CA1 highlights the necessity to expand the 

understanding of the cellular pathways associated with the placement of interneurons in this 

particular subregion. Moreover, the preventive effect of RSV against VPA-induced total 

neurons decrease may possibly be related to glutamatergic signaling modulation, such as 

the AMPA signaling (Manent et al., 2006) and other pathways of signaling (Luhmann et al., 

2015), providing important clues to support the correct interneuronal positioning in the 

RSV+VPA group.  

In CA1, we observed important alterations among interneurons subpopulations 

induced by VPA, including a reduction in PV+ number and SOM+ cells. The prenatal 

administration of RSV was able to prevent CB+ interneurons-decrease in number and ratio. 

PV+ interneurons have been studied in neurodevelopmental context, description of 

impairments in several animal models includes the presence of ASD-like features in mice 
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KO for PV (PV-/-) (Wöhr et al., 2015), downregulation of PV expression in Angelman 

Syndrome model (Godavarthi et al., 2014) and altered neuronal layer positioning (increased 

ratio in superficial layers II-III and reduction in deeper layers IV/V) in somatosensory cortex 

(Fontes-Dutra et al., 2018). Interestingly, PV+ cells in CA1 presents important roles in 

memory consolidation (Ognjanovski et al., 2017), particularly social memory (Deng et al., 

2019) and spatial working memory (Murray et al., 2011), indicating that impairments in this 

hippocampal subregion may contribute to the empathy-like behavioral alteration that we 

observed in ASD model. Interestingly, in CA2 and CA3, we also observed a similar pattern 

for PV+ cells, which usually are associated with a complex synaptic organization and the 

generation of fast-ripples waves (Kohus et al., 2016; Sik et al., 1993), fundamental for 

memory, planning, and interactions with other regions like the prefrontal cortex (Buzsáki, 

2015; Sullivan et al., 2011).  

Related to the evaluated signaling pathways, we demonstrated that RSV could not 

prevent the hippocampal changes of total PTEN, CK2, and AKT. However, considering that 

no changes were observed in phosphorylation levels and consequently the activity of PTEN, 

AKT, and GSK3β among groups, it suggests that, at least in HC from P120 animals, these 

proteins might not play an important role in ASD-like features. PTEN KO mice in PV+ and 

SOM+ cells displayed social deficits, repetitive behaviors, and impaired motor 

coordination/learning similar to ASD. Besides, these animals presented interneuron-

dependent behavior alterations: PTEN KO mice in SOM+ displayed anxiety-like behaviors, 

while PTEN KO mice in PV+ presented hyperlocomotion (Shin et al., 2021). Furthermore, 

one of the proteins that regulate PTEN is CK2, which can inhibit PTEN activity. Here, we 

observed an increase in the levels of this protein, which confirms the decrease in PTEN also 

found. Finally, the decrease in AKT may impact mTOR activity which would, in turn, affect 

synaptic components (Nicolini et al., 2015). Therefore, even if the protein changes 

demonstrated here cannot fully explain the behavioral and morphological issues of the VPA 

model, its participation in the autistic phenotype remains to be determined in other brain 

structures and age. 

In summary, the present data shed some light on the ASD pathophysiology at adult 

age, demonstrating long-term alterations of the gestational VPA-exposure in a key brain 

region implicated in the many impairments described in ASD, such as sociability and flexible 

cognition. Furthermore, the most widely available data refer to infant or juvenile ages; few 

studies focus on bringing insights to the progressive damage of ASD in adult stages, which 

enhances the translational character of our data as it provides evidence that can improve the 

understanding of the symptoms associated with ASD in adult patients. Moreover, the 
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alterations observed in the hippocampal morphology, neuronal composition, and expression 

of important signaling proteins contribute to the hypothesis of an E/I imbalance in ASD. 

Especially regarding SOM+ neurons, this is the first work to our knowledge to demonstrate 

the involvement of this interneuron in the VPA-ASD animal model, highlighting a new field of 

study in the disorder. Finally, we demonstrated a long-term preventive effect of prenatal 

treatment with RSV, being effective in adult ages, particularly related to changes in the 

neuronal composition of the dentate gyrus and in the morphology of the HC. 

 

4. CONCLUSION 

 

    In summary, we demonstrated that prenatal exposure to VPA induced significant 

hippocampal alterations in morphology, neuronal composition, and protein expression in 

adult animals with significant preventive effects of RSV. These data highlight the long-term 

neuroprotection provided by this polyphenol, especially in DG. Considering that the timing of 

a risk factor exposure during pregnancy is pivotal for ASD triggering and development, with 

long-term impacts in the nervous system, preventive effects of RSV in HC open new clues 

in the understanding of ASD pathophysiology. However, the mechanisms behind this pattern 

are still open to study.  

 

5. METHODOLOGY 

 

5.1. Animals 

Wistar rats from the Center for Reproduction and Experimentation of Laboratory 

Animals (CREAL) were housed in the bioterium of the Department of Biochemistry and 

maintained under a standard 12/12h light/dark cycle at a constant temperature of 22±2°C. 

The animals had ad libitum access to food and water and were handled following the 

guidelines established by the National Council for the Control of Animal Experimentation 

(CONCEA) of Brazil. The ethics committee approved this project of the Federal University of 

Rio Grande do Sul (CEUA-UFRGS #35733). The animals' euthanasia was performed by 

anesthetic overdose with ketamine and xilasine, supplied in concentrations three times 

higher than the concentration required to obtain an anesthetic-surgical plan (300 mg/kg and 

40 mg/kg, respectively), following the Euthanasia Practice Guidelines of the National Council 

for Animal Experimentation Control (Normative Resolution N. 13, 2013). 

 

5.2. Drugs and prenatal treatments 
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5.2.1. Drugs 

 For inducing the model and experimental treatments, we used resveratrol (RSV - 3.6 

mg/Kg; Fluxome, Stenløse, Denmark), dimethyl sulfoxide (DMSO - P.A., equivalent volume 

of RSV injection; Merck, Germany), valproic acid (VPA - 600 mg/Kg; Acros Organics, NJ, 

USA). 

 

5.2.2. Prenatal treatments 

Males and females rats were mated overnight, and pregnancy was verified the next 

morning through the presence of spermatozoa in the vaginal smear; after pregnancy was 

confirmed, this day was considered the embryonic day 0.5 (E0.5). Pregnant rats were divided 

into four groups according to the treatment they received: Control (vehicles), RSV, VPA, or 

RSV+VPA. From E6.5 to E18.5, the pregnant rats received a daily subcutaneous injection of 

RSV (Fluxome, Stenløse, Denmark) at 3.6 mg/Kg or dimethyl sulfoxide P.A. (DMSO, 

equivalent volume of RSV injection) as previously described (Bambini-Junior et al., 2014; 

Fontes-Dutra et al., 2018). On E12.5, pregnant rats received a single intraperitoneal injection 

with either VPA at 600 mg/Kg (Acros Organics, NJ, USA) or saline solution 0.9%. Pregnant 

rats were isolated in E18 until the litter's birth. We consider the day of the birth the postnatal 

day 0 (P0). The female pups were euthanized at postnatal day (P) P21, and only males were 

used in this work. After birth and weaning at P21, male offspring were kept until P120. 3-4 

animals from different litters per group were used for immunofluorescence assays, and 6 

animals from different litters per group were used for western blotting assays. The sample 

number for the immunofluorescence assay was CON = 4, RSV = 4, VPA = 4 and RSV + VPA 

= 3; for western blotting, it was 6 for all experimental groups. The animals came from different 

litters. The total number of animals used in the study was 10 control, 10 RSV, 10 VPA, and 

9 RSV+VPA divided randomly in experiments, generated from 6 control dams, 6 RSV, 12 

VPA, and 12 RSV+VPA (the excedent offspring was destined to other projects in order to 

use of biological tissue). Loss rate for the VPA groups was 50% in this protocol. 

 

5.3. Immunofluorescence 

The tissues fixed and cryopreserved in OCT® were cut in a Leica® cryostat (-20ºC) 

and the slices (25 µm) corresponding to the HC were placed on histological slides covered 

with poly-L-lysine and post-fixed again with 4% paraformaldehyde. We intended to comprise 

within the following coordinates: bregma: -2.92 mm, interaural: 6.08 mm, Figure 57 in 

Paxinos Atlas (5th edition) - bregma: -3.24 mm, interaural: 5.76 mm, Figure 60 in Paxinos 
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Atlas (5th edition). In each histological slide, 3 slices were alternately placed. After that, the 

staining was performed using specific primary antibodies for PV, SOM, CB, and NeuN, in 

addition to corresponding secondary antibodies associated with a fluorophore (Alexia® 488 

and Alexia® 594) and nuclear DAPI dye according to the protocol described by Fontes-Dutra 

et al., 2018. The analysis was performed in duplicates. Technical information, including 

concentrations of the reagents used in immunofluorescence assays, are summarized in 

Supplementary Table 6. The images were obtained using the Olympus FV1000® confocal 

microscope at the Center for Microscopy and Microanalysis (CMM-UFRGS) and the Nikon® 

E600 fluorescence microscope at the Department of Biochemistry (UFRGS). Each coronal 

section of 25 µm is photographed in stacks by the confocal microscope (on average, 8, 

dimensions: 635.9 x 635.9 microns). The analyses were performed using the ImageJ® 

software using the Cell Counter plug-in. The quantification was conducted by counting cells 

of the 8 stacks of at least 2 slices per animal (all the stacks individually and also with the 

overlapping image). The counting is done manually by two trained researchers, who are 

blinded for the experimental groups.  

Quantitative evaluation was performed by the absolute number of total neurons 

(NeuN+) and interneurons (CB+, PV+, and SOM+) - normalized by area - in addition to the 

ratio between the number of interneurons and total neurons to obtain a ratio between the 

inhibitory (interneuron) and excitatory components (the majority of the total neurons) 

according to the following formula: (CB+, PV+ or SOM+) Interneurons/Total neurons (based 

on Fontes-Dutra et al., 2018). This ratio was made separately for each interneuron evaluated. 

These assessments were made in the dentate gyrus (DG), CA1, CA2, and CA3.  

Due to the magnification used to capture the images (20x), one counting frame was 

obtained in each subfield (subregion) in each hemi-hippocampus. All images were obtained 

with a standardized size (635.9x635.9 µm2) containing a representative portion of each 

subregion DG, CA1, CA2, and CA3. Considering the anatomical differences intrinsic to 

biological models, the quantification area of the subregion DG was determined by the contour 

of the granular layer whilst the contour of CA1/CA2/CA3 was defined as the delimitation of 

the pyramidal cells layer (Supplementary Figure 4). The averages of the areas in the 

subfields per animal were DG: 85,104±10,151 µm2; CA1: 39,638±8,445 µm2; CA2: 

106,168±24,254 µm2; CA3: 47,478±8,288 µm2, the average of the total area analyzed per 

animal was 278,743±33,570 µm2. All cells present within the delimited region (and the 

interneurons surrounding the pyramidal/granular layers) were quantified. The averages of 

the total neurons analyzed in the subfields per animal were DG: 582±64; CA1: 150±18; CA2: 

265±42; CA3: 136±15, the average of the total neurons analyzed per animal was 1,113±93. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

The averages of CB+ neurons analyzed in the subfields per animal were DG: 6.5±1.6; CA1: 

3.6±1.2; CA2: 6.7±2; CA3: 3.5±1, the average of CB+ neurons per animal was 20.4±4.5. The 

averages of PV+ neurons in the subfields per animal were DG: 12.5±2.3; CA1: 6.7±1.9; CA2: 

10.6±1.9; CA3: 5.8±1.4, the average of PV+ neurons per animal was 35.6±5.1. The averages 

of SOM+ neurons in the subfields per animal were DG: 25±12.1; CA1: 5.5±1.79; CA2: 

7.75±3.35; CA3: 4.75±1.2, the average of SOM+ neurons per animal was 43.2±10. 

 

5.4. Protein immunocontent by Western Blotting 

The hippocampal samples were homogenized and prepared in a buffer containing 

10% SDS, 100mM EDTA, 500mM TRIS, and protease inhibitor, centrifuged at 14000 g for 

20 min at 4ºC, and the supernatant was collected. Total proteins were quantified by the Lowry 

method (LOWRY et al., 1951), samples were prepared in a buffer containing glycerol, 

bromophenol blue, and 500 mM TRIS, and β-mercaptoethanol. Equal amounts of protein 

(40µg) were applied to 12% polyacrylamide gels, separated by unidimensional 

electrophoresis and transferred to nitrocellulose membranes to detect the immunocontent of 

CK2, PTEN, p-PTEN (Ser380, Thr382/383), AKT, p-AKT (Ser473 and Thr380), GSK3β and 

p-GSK3β proteins using specific primary antibodies according to the protocol adapted from 

(Bristot Silvestrin et al., 2013) The analysis was performed in duplicates. After incubation 

with corresponding secondary peroxidase-associated antibodies (HRP), the 

chemiluminescent signal was detected using the ImageQuant™ LAS 4000 system (GE 

HealthCare Life Sciences®). The quantification of the relative immunocontent was performed 

with the ImageJ® software, and the data were normalized by the endogenous marker β-

actin. Technical information, including concentrations of the reagents used in Western 

Blotting assays, are summarized in Supplementary Table 7. 

 

5.5. Statistical analysis 

The analysis was performed using the GraphPad Prism 6 software (GraphPad 

Software, La Jolla, California US). Kolmogorov-Smirnov and Shapiro-Wilk tests of normality 

were applied to determine data distribution. As the data presented a normal distribution, we 

chose a parametric test (two-way ANOVA) followed by Bonferroni post-test. When there was 

an interaction effect, pairwise comparison was analyzed in the post hoc; when there was no 

effect, exposure to factors (VPA or RSV) was analyzed. 
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List of Figures 

Figure 1: Prenatal exposure to VPA induced morphological changes in the 

hippocampus (HC) of P120 animals. A) Illustrative images of HC and subregions. B) 

Representative images of immunofluorescence of the total HC labelling NeuN (red). C) 

Representative images of DG, arrows point to the main region where VPA induced neuronal 

loss (demonstrated with dashed lines in the other groups). D) Representative images of CA1, 

the arrow points to the loss of compaction observed in the VPA group (the width lines 

highlight the difference observed in the VPA group). Coordinates: bregma: -2.92 mm, 

interaural: 6.08 mm, - bregma: -3.24 mm, interaural: 5.76 mm. Scale bar B: 250 µm, Scale 

Bar C, D: 50 µm. C(Control)=4, R(RSV)=4, V(VPA)=4, R+V(RSV+VPA)=3. 

Figure 2: Prenatal exposure to VPA decreased the number of total neurons per area 

in the dentate gyrus of P120 animals. Values presented as Mean ± SD. Statistical analysis: 

two-way ANOVA followed by Bonferroni post-test. CON=4, RSV=4, VPA=4, RSV+VPA=3. 

Symbols indicate significant differences in the post test, when the interaction was 

significative (#: VPA-CON; *: VPA-RSV, and $: RSV+VPA-VPA p<0.05). Complete statistics 

were summarized in Supplementary Table 1. Factors were applied to avoid decimal numbers 

in the Y axis. 

  

Figure 3: Representative images of immunofluorescence in the dentate gyrus. A) Cb, 

calbindin (green); NeuN (red); DAPI (blue), B) Pv, parvalbumin (green); NeuN (red); DAPI 
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(blue), C) Som, somatostatin (red); NeuN (green); DAPI (blue). A representative interneuron 

was highlighted in a box in the top corner (scale bar: 10 µm). CON=4, RSV=4, VPA=4, 

RSV+VPA=3. Scale bar: 50 µm. Arrowheads indicate the respective interneurons. RSV 

prevented CB+ reduction induced by VPA in number (A1), no differences were found for ratio 

(A2). No differences among groups were observed for PV+ number (B1) and ratio (B2). VPA 

increased the SOM+ number (C1) and the preventive effect of RSV was observed in SOM+ 

ratio (C2). Symbols indicate significant differences in the post test, when interaction was 

significative (#: VPA-CON; *: VPA-RSV, and $: RSV+VPA-VPA p<0.05). When significant 

differences appeared only in separated factors, the difference was represented by lines 

indicating p<0.05. Statistical analysis: two-way ANOVA followed by Bonferroni post-test. 

Data demonstrated as mean ± SD. Complete statistics were summarized in Supplementary 

Tables 2, 3, and 4. The high density of cellular nuclei (stained blue) and neuronal bodies 

(especially in the assays where NeuN is marked with red) in some regions result in a 

violet/purple color. C: Control; R: RSV; V: VPA; R+V: RSV+VPA. Factors were applied to 

avoid decimal numbers in the Y axis. 

Figure 4: Representative images of immunofluorescence in CA1. A) Cb, calbindin 

(green); NeuN (red); DAPI (blue). B) Pv, parvalbumin (green); NeuN (red); DAPI (blue), C) 

Som, somatostatin (red); NeuN (green); DAPI (blue). A representative interneuron was 

highlighted in a box in the top corner (scale bar: 10 µm). CON=4, RSV=4, VPA=4, 

RSV+VPA=3. Scale bar: 50 µm. Arrowheads indicate the respective interneurons. RSV 

prevented the reduction in CB+ number (A1) and ratio (A2) induced by VPA. VPA induced 

reduction in PV+ number, not prevented by RSV (B1) and no differences were found for PV+ 

ratio (B2). VPA and RSV induced reduction in SOM+ number (C1) and no differences were 

found for ratio (C2). Symbols indicate significant differences in the post test, when interaction 

was significative (#: VPA-CON; *: VPA-RSV, and $: RSV+VPA-VPA p<0.05). When 

significant differences appeared only in separated factors, the difference was represented 

by lines indicating p<0.05. Statistical analysis: two-way ANOVA followed by Bonferroni post-

test. Data demonstrated as mean ± SD. Complete statistics were summarized in 

Supplementary Tables 2, 3, and 4. The high density of cellular nuclei (stained blue) and 

neuronal bodies (especially in the assays where NeuN is marked with red) in some regions 

result in a violet/purple color. C: Control; R: RSV; V: VPA; R+V: RSV+VPA. Factors were 

applied to avoid decimal numbers in the Y axis. 

Figure 5: Representative images of immunofluorescence in CA2. A) Cb, calbindin 

(green); NeuN (red); DAPI (blue). B) Pv, parvalbumin (green); NeuN (red); DAPI (blue), C) 
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Som, somatostatin (red); NeuN (green); DAPI (blue). A representative interneuron was 

highlighted in a box in the top corner (scale bar: 10 µm). CON=4, RSV=4, VPA=4, 

RSV+VPA=3. Scale bar: 50 µm. Arrowheads indicate the respective interneurons. No 

differences were found in CB+ number (A1) and ratio (A2). No differences were found in PV+ 

number (B1) ratio (B2). VPA induced reduction in SOM+ number (C1) and RSV prevented 

reduction in SOM+ ratio induced by VPA (C2). Symbols indicate significant differences in the 

post test, when interaction was significative (#: VPA-CON; *: VPA-RSV, and $: RSV+VPA-

VPA p<0.05). When significant differences appeared only in separated factors, the difference 

was represented by lines indicating p<0.05. Statistical analysis: two-way ANOVA followed 

by Bonferroni post-test. Data demonstrated as mean ± SD. Complete statistics were 

summarized in Supplementary Tables 2, 3, and 4. The high density of cellular nuclei (stained 

blue) and neuronal bodies (especially in the assays where NeuN is marked with red) in some 

regions result in a violet/purple color. C: Control; R: RSV; V: VPA; R+V: RSV+VPA. Factors 

were applied to avoid decimal numbers in the Y axis. 

Figure 6: Representative images of immunofluorescence in CA3. A) Cb, calbindin 

(green); NeuN (red); DAPI (blue). B) Pv, parvalbumin (green); NeuN (red); DAPI (blue), C) 

Som, somatostatin (red); NeuN (green); DAPI (blue). A representative interneuron was 

highlighted in a box in the top corner (scale bar: 10 µm). CON=4, RSV=4, VPA=4, 

RSV+VPA=3. Scale bar: 50 µm. Arrowheads indicate the respective interneurons. No 

differences were found in CB+ number (A1) and ratio (A2). VPA induced reduction in PV+ 

number (B1) and ratio (B2), without RSV prevention. No differences were found in SOM+ 

number (C1) and ratio (C2). Symbols indicate significant differences in the post test, when 

interaction was significative (#: VPA-CON; *: VPA-RSV, and $: RSV+VPA-VPA p<0.05). 

When significant differences appeared only in separated factors, the difference was 

represented by lines indicating p<0.05. Statistical analysis: two-way ANOVA followed by 

Bonferroni post-test. Data demonstrated as mean ± SD. Complete statistics were 

summarized in Supplementary Tables 2, 3, and 4. The high density of cellular nuclei (stained 

blue) and neuronal bodies (especially in the assays where NeuN is marked with red) in some 

regions result in a violet/purple color. C: Control; R: RSV; V: VPA; R+V: RSV+VPA. Factors 

were applied to avoid decimal numbers in the Y axis. 

Figure 7. Prenatal exposure to VPA induced changes in the immunocontent of Akt, 

PTEN, and CK2 in the hippocampus of adult animals. Prenatal exposure to VPA 

decreased the immunocontent of A) PTEN, B) Akt and increased C) CK2, without altering 

the content of D) GSK3β. No differences were found for phosphorylation levels 
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(Supplementary Table 5). When significant differences appeared only in separated factors, 

the difference was represented by lines indicating p<0.05. Values presented as Mean ± SD. 

Statistical analysis: two-way ANOVA followed by Bonferroni post-test. CON=6, RSV=6, 

VPA=6, RSV+VPA=6. *p <0.05. The immunocontent of PTEN (54 kDa), AKT (60 kDa), CK2 

(42 kDa) and GSK3β (46 kDa) was normalized by the β-actin (42 kDa) loading control. 
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