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RESUMO
Mielinização cerebral pós-natal em um modelo de autismo induzido por
exposição pré-natal ao ácido valpróico
A formação de circuitos neurais durante o desenvolvimento se dá através de uma
complexa interação entre fatores genéticos e ambientais, que influenciam múltiplos
eventos como a neurogênese, a sinaptogênese e a mielinização. Em transtornos do
desenvolvimento, como o transtorno do espectro autista (TEA), intercorrências nesse
processo levam à má-formação da circuitaria neural e, consequentemente, a déficits
de interação social, interesses restritos e movimentos estereotipados, entre outros.
Recentemente, realizamos em nosso laboratório a análise do transcriptoma do córtex
frontal no modelo animal de autismo induzido por exposição a ácido valpróico (VPA) in
utero. Observamos que ratos com 15 dias de idade (P15) apresentam aumento da
expressão de genes relacionados à estabilidade sináptica e redução de genes
relacionado à mielina, sugerindo possíveis mecanismos moleculares para as variações
comportamentais previamente observadas nestes animais. Portanto, o objetivo desta
dissertação foi aprofundar este estudo investigando o padrão de mielinização no
encéfalo de animais tratados com VPA em diferentes idades pós-natais (infantil: P15 e
adulta: P60). Para tanto, os grupos experimental e controle foram gerados,
respectivamente, através da injeção de VPA (500 mg/kg i.p.) ou salina em fêmeas
grávidas durante o dia embrionário 12.5 (E12.5). A análise da integridade da mielina
foi realizada por duas abordagens: (1) análise da expressão de genes relacionados à
mielina (Mobp, Plp1, Mag e Klhl1), por PCR quantitativo, no córtex frontal de animais
em P15; e (2) quantificação histológica da distribuição de mielina em cinco sub-regiões
do córtex frontal e corpo caloso de animais P15 e P60. Dos quatro genes avaliados,
observamos significativa diminuição na expressão de Mobp e Mag em animais VPA
em P15. A análise histológica de mielina mostrou redução significativa na intensidade
de marcação no córtex cingulado anterior em animais VPA em P60, porém não
detectou diferença na intensidade de marcação em animais VPA em P15 quando
comparados aos controles. Concluímos assim que animais VPA neonatos têm
reduzida expressão de genes relacionados a compactação da mielina, porém sem
alterações no conteúdo lipídico da mielina nas áreas analisadas. Animais adultos, por
sua vez, apresentaram alterações no conteúdo lipídico da mielina no córtex cingulado
anterior. Em conjunto, estes resultados sugerem que distúrbios na comunicação entre
circuitos frontais neste modelo de autismo podem ocorrer inicialmente devido
alterações na organização da mielina, levando a reduções de mielina no adulto.

Palavras chave: Desenvolvimento de Circuitos Neurais, Modelo Experimental
de Autismo, Ácido Valpróico, Córtex Frontal, Mielina, Expressão Gênica

ABSTRACT
Postnatal brain myelination in an animal model of autism induced by
prenatal exposure to valproic acid
The formation of brain circuits during neural development occurs through the
interaction between timely regulated genetic and environmental signals, which
influence multiple events such as neurogenesis, synaptogenesis, and myelination. In
developmental disorders, such as autism spectrum disorders (ASD), deficits in these
processes may lead to neural circuitry malformations and, in consequence, to social
interaction deficits, restricted interests, and stereotyped movements, among others.
Recently, we performed a transcriptome analysis of the frontal cortex of an animal
model of autism induced by valproic acid (VPA) in utero in our lab. We observed that
VPA animals at the postnatal age 15 (P15) show an increased expression of genes
related to synaptic stability and a decrease in the expression of myelin-related genes,
suggesting possible molecular mechanisms for the behavioral deficits previously
observed in these animals. Therefore, the aim of this Master’s thesis was to further
investigate the myelination pattern in the forebrain of VPA-treated rats at different
postnatal ages (infant: P15 and adult: P60). For that, experimental and control groups
were generated by injecting pregnant dams with 500 mg/Kg i.p. VPA or saline,
respectively, on embryonic day 12.5 (E12.5). Analysis of myelin integrity was
conducted by two different approaches: (1) gene expression analysis of myelin-related
genes (Mobp, Plp1, Mag, and Klhl1) in dissected samples of the frontal cortex of P15
rats by quantitative real-time PCR; and (2) histological quantification of myelin
distribution in five sub-regions of the frontal cortex and corpus callosum of P15 and
P60 animals. Of all genes analyzed, we observed a significant decrease in Mobp and
Mag expression in P15 VPA animals. Myelin analysis showed a significant reduction in
myelin staining in the anterior cingulate cortex of VPA animals at P60, but no
differences were observed at P15. In conclusion, infant VPA rats showed reduced
expression of genes related to myelin assembly, without alterations in the lipid content
of myelin in the areas analyzed. Adult animals, in contrast, showed a decrease in lipid
content of myelin in the anterior cingulate cortex. Together, these results suggest that
communication abnormalities in frontal circuits in this animal model of autism may
occur initially due to alterations in myelin organization, leading to myelin reduction in
adulthood.

Keywords: Development of Neural Circuits, Experimental Model of Autism,
Valproic Acid, Frontal Cortex, Myelin, Gene Expression
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1
1.1

INTRODUCTION
Autism spectrum disorder
The central nervous system (CNS) develops through several processes

involving cell proliferation, differentiation, synaptogenesis and myelination. These
processes are set in motion by the precise spatial-temporal interaction of genetic and
environmental signals in the embryonic and postnatal brain. Any interference with the
normal sequence of events during these developmental stages may affect the
formation of brain circuitries and result in functional and behavioral disturbances that,
in turn, may lead to neurodevelopmental disorders.
Autism is an example of such a neurodevelopmental condition. The disorder
is defined by deficits in social communication, restricted interests and stereotyped
behaviors that can be accompanied by sensory, motor and/or neuro-vegetative
disturbances (American Psychiatric Association, 2013). Autism was first described in
the 1940's (Kanner, 1943), but nowadays it is classified as a spectrum of
impairments (autism spectrum disorders, ASD), including from mild forms, in which a
significant degree of social communication is maintained, up to severe forms of
autism, in which autistic traits coexist with mental retardation and frequent epileptic
seizures (American Psychiatric Association, 2013). The prevalence of ASD can reach
1:88 children, affecting more male than female, in a proportion of 4:1 (Centers for
Disease Control and Prevention, 2012).
Population and family studies indicate a strong genetic influence on the
expression of ASD phenotypic traits. Studies with monozygotic twins show a 70 to
80% diagnostic concordance between siblings (Geschwind, 2011). In addition,
characteristics of ASD are present in well-defined rare genetic disorders such as
fragile X syndrome, Rett syndrome, Angelman syndrome and tuberous sclerosis
(Pardo & Eberhart, 2007), which account for a fraction of more than 800 genes
implicated in the etiology of ASD (Simons SFARI database: https://gene.sfari.org/
database/human-gene/). However, genetic alterations including inherited/de novo
mutations, chromosomal duplication/deletion, and copy number variations are

INTRODUCTION 13

responsible for at most 20% of all ASD cases (Abrahams & Geschwind, 2009; Costa
e Silva, 2008).
Despite the well-documented genetic influence, recent studies highlight the
importance of environmental factors modulating gene interactions (epistasis) under
specific genetic backgrounds in psychiatric disorders (Webber, 2017). Such network
of interactions could explain the occurrence of autistic phenotypes under distinct
genetic variations and the 20 to 30% diagnostic discordance between monozygotic
twins. Some of the factors capable of predisposing the brain to developmental
dysfunctions are the exposure to drugs, neurotoxins, pollutants, and pathogens
during pregnancy (Pardo & Eberhart, 2007). It is hypothesized that drugs/toxins could
interact with molecular processes (e.g. gene transcription; metabolic pathways)
during development causing abnormal neurodevelopment, whereas pathogens could
either directly affect the embryo’s development or cause abnormal activation of the
mother’s immune system leading to brain abnormalities in the fetus. Figure 1
summarizes the sequence of events that may interfere with CNS development and
predispose an individual to ASD.

Figure 1: Sequence of events associated with ASD development (from Pardo & Eberhart,
2007).

1.2

Brain alterations in ASD
Independent studies on brain tissue of autistic patients indicate distinct

histopathological features beginning on the fetal stage (Allen & Courchesne, 2003;
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Fatemi et al., 2002; Hutsler & Zhang, 2010; Whitney, Kemper, Bauman, Rosene, &
Blatt, 2008). For example, they have revealed decreased number of Purkinje cells in
the cerebellum (Bailey et al., 1998), abnormal early brain volume caused by
accelerated growth during the early years, followed by a gradual deceleration along
the time (Courchesne et al., 2001; Kemper & Bauman, 2002), and smaller and
closely packed neurons in limbic structures (Kemper & Bauman, 2002).
1.2.1 Frontal cortex abnormalities in ASD
Because the frontal cortex is implicated in sociability, language, emotional
control, and

cognition, it is

plausible

to hypothesize its relation to ASD

pathophysiology (Courchesne & Pierce, 2005). Indeed, as reviewed by Courchesne
and

Pierce

(2005),

autistic

patients

show

neurofunctional

and

behavioral

dysfunctions that are related to frontal cortex control, such as social attention and
speech communication.
Additionally, different studies have shown abnormalities in this brain region,
such as increased number of neurons in the prefrontal cortex (Courchesne et al.,
2011), and abnormal number and width of cortical minicolumns 1 in the dorsolateral
prefrontal cortex (Casanova, Buxhoeveden, Switala, & Roy, 2002). Also, the
increased early brain volume mentioned above has been observed to be mainly
influenced by frontal lobe growth (Carper, Moses, Tigue, & Courchesne, 2002).
1.2.2 Myelin alterations in ASD
There is a growing body of evidence indicating that alterations in white matter
may also contribute to the pathology of ASD, as it disturbs the efficiency of neural
communication between brain regions (Bashat et al., 2007; Courchesne et al., 2001;
Herbert et al., 2004; Roberts et al., 2013; Zikopoulos & Barbas, 2010). Different

1

Cortical minicolumn is a fundamental unit of information processing in the cerebral cortex (Courchesne &

Pierce, 2005).
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diffusion tensor imaging (DTI)2 studies have shown lower fractional anisotropy and
higher radial diffusivity in white matter tracts of ASD patients, suggesting alterations
in axon diameter and/or decreased myelination (Müller et al., 2011; Rane et al.,
2015).
In addition, analysis of myelinated axons by electron microscopy in the
prefrontal cortex (PFC) of adult ASD patients by Zikopoulos and Barbas (2010)
showed reduced myelin thickness in axons of the orbitofrontal cortex (OFC),
suggesting altered efficiency in neural communication. They also observed, in the
anterior cingulate cortex (ACC), a reduced number of large diameter (> 1.4 μm)
axons in deep layers, involved in long-range connectivity, and a higher density of
small diameter (< 0.35 μm) axons in superficial layers, involved in local connectivity.
These results suggest an intrinsic overconnectivity within the ACC and a reduced
connectivity between the ACC and other cortical areas (Zikopoulos & Barbas, 2010).
At a molecular level, a recent transcriptome analysis of Brodmann area 19 (occipital
lobe) and cerebellum of ASD patients (2 to 60 years-old) found an enrichment of
myelin-related genes (Ginsberg, Rubin, Falcone, Ting, & Natowicz, 2012).
In agreement with the aforementioned studies suggesting myelin impairment,
a possible consequence of those alterations would be altered neural connectivity.
Actually, reduced functional connectivity has been described in ASD individuals
during tasks that require coordinated activity between different brain regions, implying

2

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that allows visualization of

white matter tract structure and coherence. It is based on the fact that water molecules diffuse diffe rently in
distinct types of tissue, depending on its structure. For example, in a tubular structure such as an axon, water
diffuses more easily along the axon. On top of that, the lipid nature of myelin increases the likability of such
diffusion direction (Alba-Ferrara & Erausquin, 2013). Given that, it is possible to infer characteristics about the
tissue structure based on measures such as mean diffusivity (the molecular diffusion rate), radial diffusivity
(diffusion rate in the transverse direction), and fractional anisotropy (the preferential direction of diffusion) (Soares
et al., 2013).
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deficits in long-range coordination (Courchesne & Pierce, 2005; Just, Cherkassky,
Keller, Kana, & Minshew, 2007; Rane et al., 2015).
Taken together, structural and functional alterations in ASD strongly suggest
important deficits in the relay of information between brain circuits, and may explain
behavioral and physiological abnormalities found in these patients.
1.2.3 Myelin development
Despite the growing number of studies implicating white matter and
functional connectivity alterations in ASD, few of them have investigated the
mechanisms leading to these changes (Bashat et al., 2007; Courchesne et al., 2001;
Herbert et al., 2004; Roberts et al., 2013; Zikopoulos & Barbas, 2010). One possible
target for such alterations is the myelin sheath, due to its importance on the
modulation of neural communication.
Myelin, in the CNS, is formed by oligodendrocytes (OLGs), which expand
their cell membranes to wrap neighboring axonal segments around, in a multilayered
arrangement (Baumann & Pham-Dinh, 2001) (Figure 2). Thus, basically, myelin is
composed of lipids and, in lower quantity, of proteins. Because of its high lipid
content, myelin functions as an electric insulator, thus increasing conduction velocity,
what further influences

neural communication. Recently, it was shown that

myelinated fibers have an uneven pattern of myelination along the axonal length in
the neocortex, adding an additional level of complexity to the regulation of neural
connectivity (Tomassy et al., 2014).
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Figure 2:

Axon ensheathment by an

oligodendrocyte. In detail: example of
myelin

proteins

involved

in

the

ensheathment and myelin compaction.
(Adapted from Sherman & Brophy, 2005).

Myelin formation, distribution, and maintenance are regulated by a close
interaction of OLGs and neurons (Tomassy, Dershowitz, & Arlotta, 2015). The
neuron-glia interaction takes place either by neuronal release of trophic factors
(Wilkins, Majed, Layfield, Compston, & Chandran, 2003) or glial supply of lactate to
neurons (Lee et al., 2012). Besides, myelin structure and myelin-related proteins can
be modulated by electrical activity (Demerens et al., 1996) as well as by experience
(Barrera et al., 2013; Makinodan, Rosen, Ito, & Corfas, 2012).
During development, OLGs are primarily derived from neuroepithelial cells
(NECs) present in the ventricular zone of the neural tube. Once proliferating
oligodendrocyte precursor cells (OPCs) are generated, they undergo several
developmental changes until the stage of mature OLGs (Baumann & Pham-Dinh,
2001) (Figure 3).
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Figure 3: Developmental stages of oligodendrocytic lineage cells, from the oligodendrocyte
precursor cell (OPC) to myelinating mature oligodendrocyte, and their respective markers. In
bold and italic, molecular markers of developmental stages (Adapted from Baumann &
Pham-Dinh, 2001).

In the mouse brain, OPCs are produced in three waves: first at E12.5,
originating from the ventral ganglionic eminence; second at E15.5, originating from
the lateral and caudal ganglionic eminences; and third after birth, amplified from
OPCs already present in the cortex (as reviewed by Waly et al., 2014).
As soon as mature OLGs differentiate from progenitors, myelination
undergoes a tightly regulated process. At the molecular level, proteins involved in
cell-cell interaction, cell signaling, cytoskeleton remodeling, and lipid metabolism are
crucial for the formation and maintenance of compact myelin (Baumann & PhamDinh, 2001; Sherman & Brophy, 2005; Tomassy et al., 2015). During myelin
formation, firstly, OLGs have to interact with axons by cell surface proteins. One of
these proteins is myelin-associated glycoprotein (MAG), which is present at the
beginning of axon ensheathment (Marcus, Dupree, & Popko, 2002).

INTRODUCTION 19

In sequence, OLGs elongate their processes and increase their membrane
surface area. In order to do that, OLGs synthesize more membrane and reorganize
their cytoskeleton, being the latter regulated by proteins, such as KLHL1, a β-actinbinding protein (Jiang, Seng, Avraham, Fu, & Avraham, 2007). As their membranes
are extended, myelinating cells wrap their processes around axon segments, being
the gaps between myelinated spaces called nodes of Ranvier.
Finally, myelin becomes compacted around axons. Proteolipid protein 1
(PLP1), a major component of compact myelin, is critical for accurate myelin
assembly and stability (Rosenbluth, Nave, Mierzwa, & Schiff, 2006). Once compact
myelin is formed, it is maintained by some proteins, such as PLP1 and myelinassociated oligodendrocytic basic protein (MOBP), the latter being necessary for
preserving the radial structure that stabilizes myelin layers in a compact structure
(Yamamoto et al., 1999) (Figure 4).

Figure 4: Proteins involved
in myelin compaction. Red
squares are highlighting the
proteins coded by the genes
evaluated

in

this

study

(Adapted from Nave, 2010)
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Myelination is a long lasting process that continues along lifetime (Figure 5)
(Mengler et al., 2014). Oligodendrocyte progenitors, for example, continue to
proliferate

until adulthood, making them highly susceptible to environmental

interferences, in particular oxidative stress (Waly et al., 2014).

Figure 5: Brain myelin development
in rats. Black-Gold II staining was
used to visualize cerebral myelin
content. The middle row shows an
overview

(4×)

hemisphere.

of

Upper

the
row

right
shows

close-up (20x) of the cortex and
lower row shows the striatum. (From
Mengler et al., 2014)

1.3

Experimental models of ASD
Due to the absence of reliable biomarkers, ASD diagnosis is still restricted to

parent reports and clinical evaluation of behavior, creating an urge for studies on the
molecular, cellular and neurophysiological basis of each of its different forms.
Because of ethical and experimental limitations, detailed studies about the
neurobiology of ASD are more difficult to perform in autistic patients, which make
animal models a valuable alternative. Therefore, several experimental models have
been proposed to study the neurobiology of ASD in animals. This includes (1)
Genetic models, such as, the inbred mouse strain Btbr T+ltpr /J (McFarlane et al.,
tf

2008); and animals in which genes/chromosomes implicated in ASD were
manipulated (knocked-out, duplicated, modified), such as Shank3, Fmr1, Tsc2,
Nlgn3, Cntnap2, Ube3a, Mecp2, and 16p11.2 chromosome duplication (Banerjee,
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Riordan, & Bhat, 2014); and (2) Induced models, in which animals are exposed to a
chemical (e.g., antiepileptic, teratogenic drug) or biological agent (lipopolysaccharide,
LPS; polyinosinic:polycytidylic acid, Poly (I:C)) during pregnancy or early postnatal
life, which intend to replicate clinical observations of their association with autism.
In particular, the animal model of ASD induced by prenatal exposure to
valproic acid (VPA) expresses many autistic-like behaviors and physiological
endophenotypes, allowing the combined investigation of cellular, molecular, and
electrophysiological aspects of this disorder.
1.3.1 Animal model of ASD induced by prenatal exposure to VPA
VPA is an anti-epileptic and mood stabilizer drug that acts by enhancing
GABAergic transmission and blocking voltage-dependent sodium channels (Nestler,
Hyman, & Malenka, 2008). In addition, VPA is an inhibitor of the enzyme histone
deacetylase (HDAC), that plays an important role in the epigenetic control of gene
expression through the regulation of chromatin structure (Phiel et al., 2001).
Teratogenic effects of VPA were first observed in children of epileptic mothers
medicated with this drug during gestation. As a consequence of this exposure, it was
observed congenital malformations in their children such as facial dimorphism,
strabismus, and psychomotor retardation that were named fetal valproate syndrome
(Christianson, Chesler, & Kromberg, 1994). In addition, a prospective study has
detected increased prevalence of neurodevelopmental disorders after prenatal VPA
exposure, being ASD the most frequent one. Curiously, there was no significant
increase associated to the use of other antiepileptic drugs, such as carbamazepine or
lamotrigine (Bromley et al., 2013). These results are also consistent with other
retrospective studies (Christensen et al., 2013; Moore et al., 2000).
Based on VPA teratogenicity, in 1996, Rodier and colleagues proposed an
animal model induced by prenatal exposure to VPA to study ASD, in which VPA is
intraperitoneally administered in a pregnant rat on the 12.5th embryonic day (E12.5),
that corresponds to the time of neural tube closure in rats (Rodier, Ingram, Tisdale,
Nelson, & Romano, 1996). This model was further evaluated by other studies, which
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showed autistic-like characteristics, such as altered postnatal development, social
aversion, hyperactive locomotion, and repetitive behavior (Schneider et al., 2008;
Schneider & Przewlocki, 2005; Sousa, 2013).
VPA-exposed pups also resemble autistic patients in regard to morphological
and histological brain features, such as early brain overgrowth (Go et al., 2012; Kim
et al., 2010), as well as reduced number of Purkinje cells and cerebellar volume
(Ingram, Peckham, Tisdale, & Rodier, 2000). In addition, it was already found that the
VPA model has a reduced number of cells in the somatosensory cortex and in the
medial prefrontal cortex (mPFC) (Hara et al., 2012); an overall decrease in the
number of PV+ cells in the parietal and occipital cortex (Gogolla et al., 2009), and in
the anterior cingulate cortex and prelimbic division of the mPFC (Sousa, 2013).
Data from our research group have shown increased susceptibility to epileptic
seizures (unpublished results), and impaired processing in the primary auditory
cortex of rats prenatally exposed to VPA (Anomal et al., 2015). In addition,
transcriptome analysis by RNA sequencing (RNAseq) from our lab indicates altered
expression of myelin-related genes in the frontal cortex of infant VPA rats compared
to controls (unpublished data).
This model, therefore, shows both face and construct validity, once it presents
biochemical, neuropathological and behavioral similarities to the human disorder, and
it is induced by an etiological factor previously implicated in ASD (Nestler & Hyman,
2010).
1.3.2 Myelination deficits in animal models of ASD
Our transcriptome analysis by RNAseq was the first study to suggest altered
expression of myelin-related genes in the frontal cortex of infant VPA animals
(unpublished data). Except for this, thus far, myelin integrity has not been explored in
the VPA model. The link between VPA and myelin has focused on the therapeutic
effects of VPA for spinal cord injury (Penas et al., 2011) and autoimmune
encephalomyelitis (Pazhoohan et al., 2013). In addition, it is known that VPA long-
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term treatment during the first postnatal week delays myelinogenesis in rodents
(Shen, Li, & Casaccia-Bonnefil, 2005).
In regard to other animal models, however, some studies have already
investigated the possible role of abnormalities in myelination and ASD. For example,
in the Btbr T+ltpr /J mouse model of autism, it was observed low levels of myelin
tf

proteins, such as MBP, MAG and PLP1 in cortical tissues (Wei et al., 2015). In fact, it
was expected, as this inbred strain shows a total absence of the corpus callosum.
The Fragile X Syndrome mouse model (Fmr1 knockout mouse) also exhibits
myelin alterations. Pacey and colleagues (2013), have observed, in the cerebellum,
decreased expression of CNPase (an immature oligodendrocyte marker) at postnatal
day 7 (P7), and of MBP (a mature oligodendrocyte marker) at P7 and P15. They
have also found fewer myelinated axons and a decrease in myelin thickness in the
cerebellum of these animals (Pacey et al., 2013).
Myelination abnormalities have also been shown in maternal infection
models. Fatemi and colleagues (2009), using an autism model induced by prenatal
exposure to influenza virus at embryonic day 16 (E16), have found a significant bellshaped curve in the expression of myelin-related genes: decreased expression of
Mag and Mog at P0; increased expression of Mag, Mal, Mbp, Mobp, Mog, and Plp1
at P14; and decreased expression of Mag, Mbp, Mog and Plp1 at P56 (Fatemi et al.,
2009). In the model induced by group B Streptococcus infection, Bergeron and
colleagues (2013) observed reduced thickness of white matter tracts, decreased
myelin density, and reduced MBP and CC-1 staining (markers of mature
oligodendrocytes) in the periventricular external capsule underlying mid-frontal and
parietal lobes (Bergeron et al., 2013). Moreover, an animal model induced by the viral
mimetic polyriboinosinic-polyribocytidilic acid (poly(I:C)) exhibits, in the mPFC, downregulation of the following myelin-related genes: Mag, Mobp, Mal, Mog, Cldn11, and
Myrf; and decreased MOBP protein levels in the same region (Richetto et al., 2016).
In summary, all these animal models of ASD point to abnormalities in
myelination, being most of them related to deficits in myelin.

2

Objectives
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2

Objectives
This study aimed to evaluate the myelination pattern in the frontal cortex and

in the corpus callosum of rats prenatally exposed to VPA at different ages of postnatal development by two different approaches: (1) Expression analysis of myelinrelated genes; and (2) Histological evaluation of myelin distribution.

2.1

Specific objectives

1. To quantify the expression of four myelin-related genes – Mobp, Mag, Plp1 and
Klhl1 – in the frontal cortex of infant (P15) rats, in order to validate previous RNA
sequencing results from our laboratory;

2. To analyze myelin distribution in the frontal cortex and in the corpus callosum at
different stages of postnatal development: infant (P15) and adult (P60).

3

Materials and Methods
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3
3.1

Materials and Methods
The VPA model of autism
All experimental procedures were approved by the Ethical Committee for

Animal Use in Research of the Federal University of Rio Grande do Norte (CEUA UFRN, Protocol No. 013/2014). The VPA model of autism was generated in Wistar
rats (Rattus norvegicus) according to Sousa (2013) and maintained in the animal
facility with free access to food and water, with standard conditions of temperature
(23 ± 2 ˚C), humidity (65-75%), and illumination (12-hour on/off cycle). Briefly, young
female rats (P75-P80; with no previous pregnancies) were mated with age-matched
males and had their estrous cycle controlled by microscopic analysis of vaginal
smear.
The beginning of pregnancy was indicated by the presence of vaginal plug
and/or spermatozoa in the vaginal smear, and was defined as embryonic day zero
(E0). At E12.5, we injected pregnant females from experimental group with a solution
of 250 mg/mL of sodium valproate (Sodium valproate, Sigma Aldrich; 500 mg/kg i.p.)
dissolved in 0.9% NaCl. Control females were injected at E12.5 with 0.9% NaCl. After
injection, we observed the females for 30 minutes before returning them to the animal
facility. In order to evaluate pregnancy progression and females' health, we
monitored their weight and behaviour until E17. Following delivery, pups remained
together with the dam until tissue collection (Figure 6).

Figure 6: Experimental timeline.
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Figure 7: Summary of experimental procedures.

3.2

Experiment 1: Gene expression analysis

3.2.1 Tissue collection
For gene expression experiments, we dissected the frontal cortex freshly. All
surgical instruments and working place was previously sanitized with 70% alcohol
and RNAse cleaning solution (RNAseZap™, Sigma Aldrich). P15 rats were
decapitated using a rat guillotine, and their brains were removed and quickly washed
in cold 0.9% NaCl. The frontal cortex, +3.7 to -1.0 in relation to bregma (Paxinos &
Watson, 2008) from both hemispheres was removed with the aid of a surgical spatula
and immediately immersed in tubes containing cold RNAlater® solution, in order to
prevent RNA degradation. Dissected tissue was stored overnight at 4˚C. On the
following day, RNAlater® solution was removed and tubes were stored at -80˚C.
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3.2.2 RNA extraction
Total RNA was isolated using Trizol method (TRI Reagent® Solution, Ambion,
Carlsbad, CA, USA), which allowed RNA extraction by phase separation using
phenol and guanidine isothiocyanate, followed by precipitation with isopropanol. In
the end, we resuspended the RNA pellet in diethylpyrocarbonate (DEPC)-treated
water.

RNA

concentration

and

quality

were

checked

by

a

NanoDrop

spectrophotometer (Thermo Fisher Scientific), and only samples with OD260/280
ratio ranging from 1.7 to 2 were used for complementary DNA (cDNA) synthesis.
Samples were stored at -80˚C until use.
3.2.3 Complementary DNA synthesis
Before complementary DNA (cDNA) synthesis, we treated RNA samples with
DNAse I (AM2224, Thermo Fisher Scientific), in order to eliminate genomic DNA
(gDNA) remnants present in the sample and to assure that only cDNA would be
amplified

during

qPCR. Also, samples

were

treated

with RNAse inhibitor

(RNaseOUT™ Recombinant Ribonuclease Inhibitor, 10777019, Thermo Fisher
Scientific) to avoid RNA degradation. Samples and reagents were incubated at 37˚C
for 30 minutes.
To inactivate DNAse activity, 10mM ethylenediaminetetraacetic acid (EDTA)
was added to the samples for 10 minutes at 65˚C. cDNA was synthesized by reverse
transcription polymerase chain reaction (RT-PCR) using random oligo primers
following manufacturer's instructions (High-Capacity cDNA Reverse Transcription Kit,
4368814, Thermo Fisher Scientific).
3.2.4 Quantitative PCR
a) Real-time quantitative polymerase chain reaction
Experimental and control cDNA samples were used for gene expression
analysis in real-time quantitative PCR (qPCR). We performed qPCR experiments in
triplicate reactions for each sample in a 96-well plate using SYBR green (SYBR®
Select Master Mix, Applied Biosystems, Carlsbad, CA). Reactions were run in Viia 7
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Real-Time PCR System (Applied Biosystems). We included two controls in each
qPCR reaction plate per gene: (1) Negative control (without cDNA sample), to check
for contamination, and (2) RT- controls (RNA sample treated with DNAse, RNA
inhibitor, EDTA and all the qPCR reagents, but no reverse transcriptase, thus not
converted into cDNA), to check for genomic DNA contamination.
Additionally, a melting curve was performed at the end of each qPCR
experiment to evaluate primers’ specificity. We analyzed gene expression using the
relative quantification method – ΔΔCt, cycle threshold (Ct) - (equation below), where
fold change is equal to 2 -ΔΔCt (Livak & Schmittgen, 2001).
∆𝐶𝑡 = 𝐶𝑡 𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝐶𝑡 𝑒𝑛𝑑𝑜𝑔𝑒𝑛𝑜𝑢𝑠 𝑔𝑒𝑛𝑒
∆∆𝐶𝑡 = ∆𝐶𝑡 𝑜𝑓 𝑉𝑃𝐴 − ∆𝐶𝑡 𝑜𝑓 𝐶𝑇𝐿
𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒: 2−∆∆𝐶𝑡

b) Primers
Nucleotide sequence of Klhl1 was obtained from the coding region of its
reference

sequence

NM_001106054.1

(NCBI-Nucleotide

–

https://www.ncbi.nlm.nih.gov/nuccore). We designed the primers on Primer3 online
platform

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi)

(Rozen

&

Skaletsky, 1998) and the best primer sequences were chosen based on the following
criteria: primer length up to 22bp, melting temperature (°C) between 56°C to 62°C,
and

guanine-cytosine

content

between

40% to

60%. Klhl1

primers

were

manufactured by IDT®. Primers for Mobp, Mag, Plp1, and Hprt were obtained from
previous studies: Mobp (Cao et al., 2013), Mag (Zhang et al., 2014), Plp1 (Cao et al.,
2013), and Hprt (Romcy-pereira et al., 2009). We used the latter as an endogenous
control gene. All primer sequences are listed on Table 1.
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Table 1: List of primer sequences used in the qPCR experiments.
Gene

Referência

Forward primer

TM

Reverse primer

(°C)

TM
(°C)

Mob p

Cao et al., 2013

tgaaaacacagtaagatgagtcaaaaag

61.2

agtggatgctgaagtgctctga

62.5

Mag

Zhang et al., 2014

tggaagcccacagtgaat

57.5

cttgaagatggtgagaataggg

57.8

Plp1

Cao et al., 2013

tgcgctgatgccagaatgt

64

gaaggttggagccacaaacc

61.8

Klhl1

NM_001106054.1

ggccagtgatgacgtaaat

56

agtcttatgaaggcgaggag

56.2

Hprt

Romcy-Pereira et al.,

ggccagtaaagaactagcaga

56.4

cctacaggctcatagtgcaa

56.6

2009

c) Primers’ efficiency curve
In order to test the efficiency of amplification for each primer in comparison to
the primer of the endogenous control (Hprt), we performed qPCR using five serial
dilutions of a control cDNA sample. After qPCR, the cycle threshold (Ct) for each
dilution was plotted on a graph, creating a standard curve for each primer, and the
amplification rate for each primer was calculated based on the slope of its respective
standard curve. Reaction efficiency and efficiency rate in percentage were calculated
by the equations below, as recommended by the manufacturer (Applied Biosystems).
Efficiency rates ranging from 90% to 100% were accepted.
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑒𝑛𝑐𝑦: 𝐸 = 10−1/𝑠𝑙𝑜𝑝𝑒
𝐸
𝐸𝑓𝑓𝑖𝑒𝑛𝑐𝑦 𝑟𝑎𝑡𝑒: ( )𝑥 100%
2
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3.3

Experiment 2: myelin distribution evaluation

3.3.1 Perfusion and brain sectioning
For the study of myelin distribution, brain tissue was collected after
transcardial perfusion at ages P15 and P60. At P60, animals were anesthetized with
sodium thiopental (80 mg/kg, i.p.) and perfused with 10 mM phosphate buffer saline
(PBS) at room temperature, followed by cold 4% paraformaldehyde (PFA) diluted in
100 mM phosphate buffer (PB). After being removed from the skull, all the brains
were post-fixed with 4% PFA solution overnight at 4˚C. In the next day, brains were
transferred to a 30% sucrose solution dissolved in 10 mM PBS until fully submerged.
Brains were frozen in cold isopentane (2-methyl-butane) and stored at -80˚C until
cryostat sectioning (Microm, HM 550). Samples were sectioned in 40 µm sections,
which were stored free floating in a cryoprotectant solution (0.1M PB, 30% Glycerol,
and 30% Ethylene Glycol) at -20°C until use. Sections were mounted on slides
before staining.
3.3.2 Myelin staining
Myelin staining experiments were performed in experimental and control pairs.
Before staining, we re-hydrated brain sections in 10 mM PBS for 10 minutes. Myelin
was stained using 0.3% Black-Gold II solution (Black-Gold II, Histo-Chem Inc.),
diluted in 0.9% saline, for 15 minutes at 60°C. In sequence, we washed sections in
10 mM PBS (3 times, 5 minutes each) and fixed them with 1% sodium thiosulfate
solution (Sigma Aldrich) for 3 minutes at 60°C. After three additional washes in 10
mM PBS (5 minutes each), sections were dehydrated using 50%, 70%, 95%, and
100% ethanol solutions, 3 minutes each, followed by 30 minute or longer incubation
in xylene until mounting slides with DPX Mountant (44581, Sigma Aldrich).
3.3.3 Microscopy
In order to evaluate myelin staining of the frontal cortex and corpus callosum,
we obtained mosaics of stained brain sections using Zeiss Imager M.2 ApoTome 2
microscope (Carl Zeiss MicroImaging, Thornwood, NY).
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3.3.4 Myelin staining analysis
Blind analysis was performed to quantify the area of the corpus callosum and
myelin staining intensity of the frontal cortex and corpus callosum using ImageJ
software (National Institutes of Health, Bethesda, Maryland, USA). Before analysis,
mosaics were converted to 8-bit images and regions of interest (frontal cortex and
corpus callosum) were delimited based on the Atlas of the Developing Rat Brain in
Stereotaxic Coordinates - P14 (Khazipov et al., 2015) for the coronal slices of P15
animals; and on The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 2008)
for coronal slices of P60 animals, and for sagittal slices of P15 and P60 animals.
The frontal cortex was measured in coronal slices from the left hemisphere.
The whole frontal cortex area was divided into five regions: infralimbic, prelimbic,
cingulate, motor and somatosensory, and the slices ranged from +1.4 to +0.4 mm in
relation to bregma (Khazipov et al., 2015) for P15 animals (Figure 8), and from +3.7
to +0.96 mm in relation to Bregma (Paxinos & Watson, 2008) for P60 animals (Figure
9).

Figure 8: Delimitation of the frontal cortex regions analyzed in P15. Green: Infralimbic cortex;
orange: Prelimbic cortex; light blue: Cingulate cortex; yellow: Motor cortex; and dark blue:
Somatosensory cortex. Stereotaxic coordinates from the Atlas of the Developing Rat Brain in
Stereotaxic Coordinates by Khazipov et al., 2015 are indicated above pictures (Adapted from
coronal unlabeled diagrams of Paxinos & Watson, 1998).
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Figure 9: Delimitation of the frontal cortex regions analyzed in P60. Green: Infralimbic cortex;
orange: Prelimbic cortex; light blue: Cingulate cortex; yellow: Motor cortex; and dark blue:
Somatosensory cortex. Stereotaxic coordinates from The Rat Brain in Stereotaxic
Coordinates by Paxinos & Watson, 2007 are indicated above pictures (Adapted from coronal
unlabeled diagrams of Paxinos & Watson, 1998).

Corpus callosum area was measured in sagittal slices from the right
hemisphere and ranged from 4.2 to 1.9 mm in relation to the midline (Paxinos &
Watson, 2008) (Figure 10) for P15 and P60 animals.

Figure 10: Delimitation of corpus callosum, shown in orange. Stereotaxic coordinates are
indicated above pictures (Adapted from sagittal unlabeled diagrams of Paxinos & Watson,
1998).

Myelin staining intensity was measured by the average of the intensity of the
pixels present in the region of interest (medium grey value). Myelin staining intensity
of the frontal cortex and corpus callosum was normalized by the slide background,
and corpus callosum area was normalized by the total area of the slice.
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3.4

Statistical analysis
For statistical analysis, we used Mann-Whitney U test to compare data from

VPA and control groups. Statistical significance level was set as p < 0.05.

4

Results
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4
4.1

Results
Experiment 1: Gene expression analysis

4.1.1 Quality control
a) Primers’ efficiency curve

The efficiency curves for Hptr, Klhl1, Mag, Mobp, and Plp1 primers were
obtained and used to calculate the amplification rate of each gene (Figure 11). The
amplification rate of Klhl1, Mag, Mobp, and Plp1 were compared to the amplification
rate of the endogenous gene, Hprt. Figure 11 shows the amplification cycle threshold
(Ct) plotted against the log of total cDNA mass for five dilutions of the same sample
for the primers: Hprt, Klhl1, Mag, Mobp, and Plp1. As it can be observed, Ct is
inversely proportional to the initial cDNA mass in each sample, i.e. the higher the
amount of cDNA at reaction onset, the lower the number of cycles necessary (Ct) to
reach a certain SYBR green fluorescence level.

Figure 11: Efficiency curve of each primer. The graph shows the cycle thresholds (Ct) for
each of the five quantities of cDNA (five dilutions) used for each primer. On the right of each
curve is plotted the slope of the curve, which was further used to calculate primers’
efficiency.
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The efficiency of each primer was calculated based on the slope of its
respective curve, based on the equations below.
● Efficiency:
𝐸 = 10−1/𝑠𝑙𝑜𝑝𝑒
Hprt: E = 10-1/-3.65 = 1.87
Klhl1: E = 10-1/-3.59 = 1.89
Mag: E = 10-1/-3.71 = 1.86
Mobp: E = 10-1/-3.51 = 1.92
Plp1: E = 10-1/-3.77 = 1.84
● Efficiency rate:
𝐸
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑟𝑎𝑡𝑒 = ( ) 𝑥 100%
2
Hprt: (1,87/ 2) x 100% = 94%
Klhl1: (1,89/ 2) x 100% = 95%
Mag: (1,86/ 2) x 100% = 93%
Mobp: (1,92/ 2) x 100% = 96%
Plpl1: (1,84/ 2) x 100% = 92%

As the efficiency rate of all primers is above 90%, all primers were
considered acceptable.
b) Primers’ specificity
Performing a melting curve is especially important to certify that a single
amplicon is being amplified during the qPCR reaction when using SYBR green as the
method of choice. Thus, in order to evaluate the specificity of each primer, a melting
curve was performed at the end of every qPCR experiment. During the melting curve,
the temperature is gradually increased and the amplified product is progressively
melted. The melting temperature (Tm) is the temperature at which 50% of cDNA is
dissociated and the other half is still on double helix conformation, being Tm
dependent on the guanine-cytosine content (GC%) and on the product length.
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Figure 12 shows the melting curve of each primer, obtained from Viia™ 7
Software v1.2.3, in two different perspectives: on the left side of each panel,
normalized fluorescence is plotted against temperature, showing the decrease in
fluorescence at the melting temperature (Tm) of each primer, as the dye is released
from the double-stranded DNA. On the right side of each panel, derivative
fluorescence is plotted against temperature, showing the peak at Tm for each primer,
thus visualization of Tm peak is clearer. The presence of only one Tm peak indicates
specificity of the primer for one region of the transcriptome, and shows the absence
of primer dimers. Therefore, the unique Tm in the melting curve graphs of all primers
shows specificity for one target.

Figure 12: Melting curves of the primers used in this study – Hprt (a), Klhl1 (b), Mag (c),
Mobp (d), and Plp1 (e). On the left of each panel, the normalized fluorescence is plotted
against temperature, showing a decrease in fluorescence at the melting temperature (Tm) of
each primer. On the right side of each panel, derivative fluorescence is plotted against
temperature, showing the peak at Tm for each primer.
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4.1.2 Gene expression analysis
In order to evaluate the frontal cortex transcriptome of VPA animals at P15, a
previous RNA sequencing (RNAseq) experiment was performed by our laboratory,
which detected altered expression of myelin-related genes in the VPA group. The
methodological details and results of this experiment are attached at the end of this
document. Among those genes, we chose four of them - Klhl1, Mag, Mobp and Plp1 to validate this result through another technique, qPCR. We analyzed the expression
of these genes in the frontal cortex of VPA and CTL animals at P15 by RT-qPCR.
Firstly, RNA samples were converted into cDNA by RT-PCR. Further, cDNA samples
were quantified by qPCR using SYBR green, and the results were analyzed by
relative quantification, 2 -∆∆Ct (Livak & Schmittgen, 2001).

All the samples analyzed in the RNAseq experiment came from animals of
the same offspring, and for practical reasons, this group is referred to as RNAseq
group. For qPCR validation, RNAseq samples were analyzed separately (n = 1
offspring; Figure 13a, Figure 14a, Figure 15a, Figure 16a) and also together with
samples from animals of independent offsprings (n = 3-6 offsprings; Figure 13b,
Figure 14b, Figure 15b, Figure 16b). Figures show the ∆Ct (Ct of gene of interest –
Ct of endogenous gene) of individual animals. ∆Ct values are inversely proportional
to cDNA (mRNA) quantity and gene expression, thus higher the ∆Ct (more cycles are
needed to reach Ct) lower the expression of a particular gene.
Expression of Klhl1 in VPA animals
As mentioned before, we first analyzed RNAseq group data separately; and
then, we added samples from independent offsprings. For Klhl1 expression analysis,
when only samples from the RNAseq group were analyzed, we found a trend to lower
∆Ct (higher cDNA quantity) in the VPA group, however not statistically analyzed due
to low sample size (VPA: n = 1 offspring, 3 animals; CTL: n = 1 offspring, 2 ani mals)
(Figure 13a). On the other hand, when independent offsprings (represented in
different colors in the graph) were included in the analysis, no statistically significant
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difference was observed (Mann-Whitney U test, p = 0.67; VPA: n = 4 offsprings, 6
animals; CTL: n = 3 offsprings, 6 animals) (Figure 13b).

Figure 13: Expression of Klhl1 is unaltered in VPA animals in comparison to CTL group. Boxplots show data distribution and dots represent individual animals. a. Only samples from the
RNAseq group (VPA: n = 1 offspring, 3 animals; CTL: n = 1 offspring, 2 animals). b. Samples
from all groups. Each color represents a different offspring (Mann-Whitney U test, p = 0.67;
VPA: n = 4 offsprings, 6 animals; CTL: n = 3 offsprings, 6 animals).

Expression of Mag in VPA animals
In regard to Mag expression, when analyzing only samples from the RNAseq
group, we observed down-regulation of Mag expression, as the ∆Ct of VPA animals
is statistically higher (lower cDNA quantity) than in control animals (Mann-Whitney U
test, p = 0.02; VPA: n = 1 offspring, 4 animals; CTL: n = 1 offspring, 4 animals)
(Figure 14a). However, as shown in Figure 14b, when we included the data from
independent offsprings (represented in different colors in the graph), no statistically
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significant difference was observed between VPA and CTL groups (Mann-Whitney U
test, p = 0.12; VPA: n = 4 offsprings, 7 animals; CTL: n = 3 offsprings, 7 animals).

Figure 14: Expression of Mag is lower in VPA animals of the RNAseq group and unaltered in
overall data. Box-plots show data distribution and dots represent individual animals. a. Only
samples from the RNAseq group (Mann-Whitney U test, p = 0.02; VPA: n = 1 offspring, 4
animals; CTL: n = 1 offspring, 4 animals). b. Samples from all groups. Each color represents
a different offspring (Mann-Whitney U test, p = 0.12; VPA: n = 4 offsprings, 7 animals; CTL: n
= 3 offsprings, 7 animals).

Expression of Mobp in VPA animals

Concerning Mobp expression, when we analyzed only samples from the
RNAseq group, no statistically significant difference was observed between VPA and
CTL groups (Mann-Whitney U test, p = 0.66; VPA: n = 1 offspring, 5 animals; CTL: n
= 1 offspring, 5 animals) (Figure 15a). Nonetheless, when considering all groups
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together, we found that the ∆Ct of VPA animals is statistically higher (lower cDNA
quantity) than in control animals (Figure 15b) (Mann-Whitney U test, p = 0.04; VPA: n
= 6 offsprings, 15 animals; CTL: n = 3 offsprings, 8 animals).

Figure 15: Expression of Mobp is lower in VPA animals and unaltered in the RNAseq group.
Box-plots show data distribution and dots represent individual animals. a. Only samples from
the RNAseq group (Mann-Whitney U test, p = 0.66; VPA: n = 1 offspring, 5 animals; CTL: n =
1 offspring, 5 animals). b. Samples from all groups. Each color represents a different
offspring (Mann-Whitney U test, p = 0.04; VPA: n = 6 offsprings, 15 animals; CTL: n = 3
offsprings, 8 animals).

Expression of Plp1 in VPA animals

Regarding to Plp1 expression, no statistically significant difference was
observed between VPA and CTL groups, neither when only RNAseq samples were
considered (Mann-Whitney U test, p = 0.15; VPA: n = 1 offspring; CTL: n = 1
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offspring), nor when including independent samples in the analysis (Figure 16)
(Mann-Whitney U test, p = 0.10; VPA: n = 6 offsprings; CTL: n = 3 offsprings).

Figure 16: Expression of Plp1 is unaltered in VPA animals in comparison to CTL group. Boxplots show data distribution and dots represent individual animals. a. Only samples from the
RNAseq group (Mann-Whitney U test, p = 0.15; VPA: n = 1 offspring; CTL: n = 1 offspring).
b. Samples from all groups. Each color represents a different offspring (Mann-Whitney U
test, p = 0.10; VPA: n = 6 offsprings; CTL: n = 3 offsprings).

Mag is down-regulated in VPA animals of RNAseq group

In regard to the RNAseq group, we observed a statistically significant
decrease in the expression of Mag (p=0.02), as shown in Figure 17, which shows the
fold change of VPA animals for all genes in relation to CTL animals.
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Figure 17: Lower expression of Mag in VPA animals in comparison to CTL group. The graph
shows the fold change of all four genes analyzed in VPA animals in comparison to control
group. Dashed line represents CTL group and bars represent fold change in comparison to
control (dashed line = 1.0). Klhl1: VPA: n = 1 offspring, 3 animals; CTL: n = 1 offspring, 2
animals. Mag: Mann-Whitney U test, p = 0.02; VPA: n = 1 offspring, 4 animals; CTL: n = 1
offspring, 4 animals. Mobp: Mann-Whitney U test, p = 0.66; VPA: n = 1 offspring, 5 animals;
CTL: n = 1 offspring, 5 animals. Plp1: Mann-Whitney U test, p = 0.15; VPA: n = 1 offspring;
CTL: n = 1 offspring.

Mobp is down-regulated in VPA animals

Considering data from all groups, we observed a statistically significant
decrease in the expression of Mobp (p = 0.04), as shown in Figure 18, which shows
the fold change of VPA animals for all genes in relation to CTL animals.
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Figure 18: Lower expression of Mobp in VPA animals in comparison to CTL group. The
graph shows the fold change of all four genes analyzed in VPA animals in comparison to
CTL group. Dashed line represents CTL group and bars represent fold change in comparison
to CTL (dashed line = 1.0). Klhl1: Mann-Whitney U test, p = 0.67; VPA: n = 4 offsprings, 6
animals; CTL: n = 3 offsprings, 6 animals. Mag: Mann-Whitney U test, p = 0.12; VPA: n = 4
offsprings, 7 animals; CTL: n = 3 offsprings, 7 animals. Mobp: Mann-Whitney U test, p =
0.04; VPA: n = 6 offsprings, 15 animals; CTL: n = 3 offsprings, 8 animals. Plp1: MannWhitney U test, p = 0.10; VPA: n = 6 offsprings; CTL: n = 3 offsprings.

4.2

Experiment 2: Myelin distribution evaluation
To further analyze the white-matter of VPA animals, we used a myelin-

specific staining, Black-Gold II - a gold-phosphate complex that has affinity to lipids
(Schmued et al., 2008). We analyzed coronal and sagittal brain sections containing
the frontal cortex and the corpus callosum of P15 and P60 VPA and CTL animals.
The frontal cortex area was divided into 5 sub-regions: infralimbic, prelimbic,
cingulate, motor, and somatosensory.
4.2.1 Myelin evaluation of the frontal cortex
Myelin-staining intensity at P15
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In regard to myelin staining intensity of the frontal cortex of P15 animals, we
found no statistically significant difference between VPA and CTL animals for all
regions analyzed: (1) Total frontal cortex area (Mann-Whitney U test, p = 0.40; VPA:
n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings); (2) Infralimbic (MannWhitney U test, p > 0.99; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3
offsprings); (3) Prelimbic (Mann-Whitney U test, p = 0.74; VPA: n = 3 animals, 2
offsprings; CTL: n = 4 animals, 3 offsprings); (4) Cingulate (Mann-Whitney U test, p =
0.85; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings); (5) Motor
(Mann-Whitney U test, p = 0.40; VPA: n = 3 animals, 2 offsprings; CTL: n = 4
animals, 3 offsprings); and (6) Somatosensory (Mann-Whitney U test, p = 0.62; VPA:
n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings) (Figure 19 and Figure
20).

Figure 19: Myelin staining intensity of total frontal cortex area at P15. a. Representative
images of CTL and VPA coronal slices stained with Black-Gold II (myelin-specific staining).
Scale bar = 1 mm. b. Quantification of myelin staining intensity (mean gray value) of total
frontal cortex area at P15. CTL animals are represented by blue dots and VPA animals are
represented by red dots. Each dot represents an animal. Results are shown as mean and
standard error of the mean (SEM). Mann-Whitney U test, p = 0.40; VPA: n = 3 animals, 2
offsprings; CTL: n = 4 animals, 3 offsprings.
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Figure 20: Myelin staining intensity of frontal cortex regions at P15. Quantification of myelin
staining intensity (mean gray value) of the five regions of the frontal cortex: a. Infralimbic
(Mann-Whitney U test, p > 0.99; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3
offsprings); b. Prelimbic (Mann-Whitney U test, p = 0.74; VPA: n = 3 animals, 2 offsprings;
CTL: n = 4 animals, 3 offsprings); c. Cingulate (Mann-Whitney U test, p = 0.85; VPA: n = 3
animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings); d. Motor (Mann-Whitney U test, p =
0.40; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings); e. Somatosensory
(Mann-Whitney U test, p = 0.62; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3
offsprings). CTL animals are represented by blue dots and VPA animals are represented by
red dots. Each dot represents an animal. Results are shown as mean and SEM.

Myelin-staining intensity at P60
On the other hand, when we analyzed myelin staining intensity of the frontal
cortex of P60 animals, we found a statistically significant decrease in VPA animals
compared to CTL animals in the cingulate region (Mann-Whitney U test, p = 0.02;
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VPA: n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings; Figure 23).
However, no statistically significant difference was observed in the other areas: (1)
Total frontal cortex area: Mann-Whitney U test, p = 0.82; VPA: n = 4 animals, 2
offsprings; CTL: n = 4 animals, 3 offsprings; (2) Infralimbic: due to low sample size,
no statistical test could be done (VPA: n = 2 animals, 1 offsprings; CTL: n = 3
animals, 2 offsprings). (3) Prelimbic: also due to low sample size, no statistical test
could be applied (VPA: n = 2 animals, 1 offsprings; CTL: n = 3 animals, 2 offsprings);
(4) Motor: Mann-Whitney U test, p = 0.11; VPA: n = 4 animals, 2 offsprings; CTL: n =
4 animals, 3 offsprings); and (5) Somatosensory: Mann-Whitney U test, p = 0.34;
(VPA: n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings; Figure 21 and
Figure 22).

Figure 21: Myelin staining intensity of total frontal cortex area at P60. Quantification of myelin
staining intensity (mean gray value) of total frontal cortex area at P15. CTL animals are
represented by blue dots and VPA animals are represented by red dots. Each dot represents
an animal. Results are shown as mean and standard error of the mean (SEM). MannWhitney U test, p = 0.40; VPA: n = 3 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings.
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Figure 22: Myelin staining intensity of frontal cortex regions at P60. Quantification of myelin
staining intensity (mean gray value) of four regions of the frontal cortex: a. Infralimbic (VPA: n
= 3 animals, 2 offsprings; CTL: n = 2 animals, 1 offsprings); b. Prelimbic (VPA: n = 3 animals,
2 offsprings; CTL: n = 2 animals, 1 offsprings); c. Motor (Mann-Whitney U test, p = 0.11;
VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals, 2 offsprings); d. Somatosensory
(Mann-Whitney U test, p = 0.34; VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals, 2
offsprings). CTL animals are represented by blue dots and VPA animals are represented by
red dots. Each dot represents an animal. Results are shown as mean and standard error of
the mean (SEM).
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Figure 23. Myelin content evaluation in the anterior cingulate cortex. a. Representative
images of CTL and VPA coronal slices stained with Black-Gold II (myelin-specific staining).
Scale bar = 1 mm. b. Quantification of myelin staining intensity of the anterior cingulate
cortex (Mann-Whitney U test, p = 0.02; VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals,
2 offsprings). CTL animals are represented by blue dots and VPA animals are represented
by red dots. Each dot represents an animal. Results are shown as mean and SEM.

4.2.2 Myelin evaluation of the corpus callosum
Myelin-staining intensity and area at P15
Concerning myelin staining intensity and the area of the corpus callosum at
P15, we also found no statistically significant difference between VPA and CTL
animals for neither of the measurements. Area: Mann-Whitney U test, p = 0.65; VPA:
n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings. Myelin intensity: MannWhitney U test, p = 0.48; VPA: n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3
offsprings (Figure 24).
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Figure 24: Myelin staining intensity and area of the corpus callosum at P15. a.
Representative images of CTL and VPA sagittal slices stained with Black-Gold II (myelinspecific staining). Scale bar = 1 mm. b. Quantification of corpus callosum area (MannWhitney U test, p = 0.65; VPA: n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings).
c. Myelin staining intensity (mean gray value) of the corpus callosum (Mann-Whitney U test,
p = 0.48; VPA: n = 4 animals, 2 offsprings; CTL: n = 4 animals, 3 offsprings). CTL animals
are represented by blue dots and VPA animals are represented by red dots. Each dot
represents an animal. Results are shown as mean and SEM.

Myelin-staining intensity and area at P60
Concerning myelin staining intensity and the area of the corpus callosum at
P60, no statistically significant difference was found between VPA and CTL animals
for neither of the measurements. Area: Mann-Whitney U test, p > 0.99; VPA: n = 4
animals, 3 offsprings; CTL: n = 4 animals, 2 offsprings. Myelin intensity: Mann-
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Whitney U test, p = 0.82; VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals, 2
offsprings (Figure 25).

Figure 25: Myelin staining intensity and area of the corpus callosum at P60. a.
Representative images of CTL and VPA sagittal slices stained with Black-Gold II (myelinspecific staining). Scale bar = 1 mm. b. Quantification of corpus callosum area (MannWhitney U test, p > 0.99; VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals, 2 offsprings).
c. Myelin staining intensity (mean gray value) of the corpus callosum (Mann-Whitney U test,
p = 0.82; VPA: n = 4 animals, 3 offsprings; CTL: n = 4 animals, 2 offsprings). CTL animals
are represented by blue dots and VPA animals are represented by red dots. Each dot
represents an animal. Results are shown as mean and SEM.
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Discussion
Despite the consistent evidence of neuronal communication impairments in

autism and the growing literature on animal models of the disorder, few studies have
investigated myelination in these models. To the best of our knowledge, this study
was the first to investigate myelin distribution in the VPA model of autism.
In order to characterize the neurobiological mechanisms targeted by VPA
during embryonic development, our laboratory performed a transcriptome analysis
(RNA seq) of the frontal cortex of VPA-treated and control animals at the age P15.
Our preliminary results showed a group of differentially expressed genes (DEGs)
coding for proteins related to myelination – either involved in oligodendrocyte
development,

axon

ensheathment,

or

maintenance

of

myelin

compaction.

Interestingly, these genes were downregulated as a cluster. Based on these results,
we set off this project with the aim to evaluate gene expression of myelin-related
genes and quantify/compare myelin content in the brain of VPA and control animals.
Our main findings (1) confirmed a significant decrease in expression of the
myelin-binding proteins Mobp and Mag in the frontal cortex of P15 VPA rats as
compared to controls; and (2) showed a significant reduction in myelin staining in the
anterior cingulate cortex in P60 VPA animals, although no differences were observed
in P15 rats. Therefore, infant VPA rats showed reduced expression of genes related
to myelin assembly, with no alterations in the lipid content of myelin in the areas
analyzed. Adult animals, in contrast, showed a decrease in lipid content of myelin in
the anterior cingulate cortex.
In terms of methodology, we used RT-qPCR as a very sensitive method for
validation of the RNAseq preliminary results. In total, we tested a group of myelinrelated genes that included Klhl1, Mag, Mobp and Plp1 in samples of the frontal
cortex of VPA and control animals at P15. In contrast to the RNAseq experiment, in
which we analyzed pools of RNA samples (CTL and VPA), the RT-qPCR analysis
was conducted on the RNA-seq individual samples in addition to new independent
samples from distinct offsprings for both groups.
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Based on our RNAseq experiment, Mag expression was found to be downregulated in VPA animals. In qPCR validation, when analyzing only samples from the
RNAseq group, we confirmed the down-regulation, as the ∆Ct of VPA animals is
higher (lower cDNA quantity) than in CTL animals. On the other hand, when we
included the data from independent offsprings, no statistically significant difference
was observed. Thus, based on these results, Mag down-regulation detected on the
RNAseq experiment is probably restricted to the RNAseq group.
The result from the RNAseq group is in agreement with a recent study with
another animal model of ASD, the Btbr T+ltpr /J mouse model, which found
tf

decreased MAG protein levels (Wei et al., 2015). In contrast, this difference was not
significant when independent offsprings were added to our analysis. However, the
median of the ∆Ct in the VPA group is higher than in CTL group, but because the
data distribution is largely affected by one rat from one offspring, a statistically
significance was not reached. Thus, a higher sample size would be necessary before
any conclusion.
MAG is involved in the organization of the periaxonal space and in the
maintenance of the interaction between OLGs with axons (Li et al., 1994; Marcus et
al., 2002; Montag et al., 1994). Moreover, Mag knockout mice exhibit nearly normal,
but delayed, myelination; abnormalities in periaxonal and paranodal structures; and
an increased number of myelin sheaths (Quarles, Macklin, & Morell, 2006). Thus, the
decreased levels found in our study could, therefore, induce a delay in myelin
formation and destabilize the axo-glial connection, what ultimately may interfere with
the efficiency of nerve impulse propagation. We also used STRING to discover MAG
protein-protein interaction network (Figure 26) and to hypothesize about possible
downstream effects of Mag reduction. Among MAG direct partners, most of them are
related to myelin, cell growth and cell signaling.
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Figure 26: MAG protein-protein interaction network generated by STRING.

In regard to Mobp, in our RNAseq experiment, we observed a downregulation in its expression in VPA animals. However, in our qPCR experiment, when
we analyzed only samples from the RNAseq group, no statistically significant
difference was observed between VPA and CTL groups. Interestingly, when
considering all groups together, we found that the ∆Ct of VPA animals is statistically
higher (lower cDNA quantity) than of CTL animals, thus confirming our RNAseq
results. Therefore, these results suggest that Mobp down-regulation is an effect of
VPA treatment.
This result is in agreement with a study with a maternal immune challenge
model, in which animals were exposed to the viral mimetic poly(I:C) at E17 (Richetto
et al., 2016). The authors have found decreased expression of myelin-related genes Mobp, Mag, Mal, Mog, Cldn11, and Myrf - at the mPFC, and lower levels of MOBP
protein at the same region.
MOBP is present in compact myelin, and as shown by Yamamoto and
collaborators (1999), it is necessary to preserve the radial structure that stabilizes
myelin layers in a compact structure. Mice lacking Mobp are still able to synthesize
myelin; however, their myelin is less compact (Yamamoto et al., 1999). Our results
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suggest a decrease in Mobp expression at P15 VPA animals without being
accompanied by a reduction in myelin staining intensity, thus, leading us to
hypothesize that although their myelin is unaffected in quantity, it could be less
compact. Nevertheless, we should also consider that at P15, cortical myelination is at
its beginning in rats (Mengler et al., 2014), and our staining method of choice could
have not been able to detect subtle differences in myelin distribution.
To investigate MOBP protein interaction network and speculate about
downstream effects of its reduction, we used STRING (https://string-db.org/) (Figure
27). All the partners are myelin-related proteins and, curiously, of the 8 direct
partners of MOBP, 5 of them were also found to be down-regulated in the RNAseq
experiment: Cldn11, Cnp, Sox10, Mag, and Plp1, being the last two also investigated
in our RT-qPCR validation.

Figure 27: MOBP protein-protein interaction network generated by STRING. MOBP is
highlighted in purple, and in yellow are highlighted MOBP partners that are also downregulated in the RNAseq experiment.
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Considering Klhl1, this was the only myelin-related gene found to be upregulated in the VPA group in our RNAseq experiment. In qPCR experiments, when
only samples from the RNAseq group were analyzed, we found a trend to lower ∆Ct
(higher cDNA quantity) in the VPA group, however not statistically analyzed due to
low sample size, thus a higher sample size is necessary before drawing any
conclusion. In contrast, when independent offsprings were included in the analysis,
no statistically significant difference was observed. Therefore, if the up-regulation
observed in the RNAseq experiment in VPA animals is real, it would probably be
restricted to the RNAseq group.
According to our RNAseq data, Plp1 expression is down regulated in VPA
animals. In contrast, no statistically significant difference was observed in our RTqPCR experiments between VPA and CTL groups neither when only samples from
the RNAseq group were considered, nor when including all groups in the analysis.
Thus, the validation results suggest no alteration in Plp1 expression.
In summary, we confirmed our RNAseq results for Mag – in the RNAseq
group, and for Mobp - in all groups. The discrepancy between results for the other
genes could be explained by technical differences between the two methods used.
While RNA sequencing analyses the whole transcriptome, RT-qPCR is more specific
to the region of interest. Additionally, as explained above, the RNAseq experiment
was performed with pooled samples from each group, meaning that, in practice, the
sample size for each group was equal to one. Thus, a significant altered expression
of only one animal could modify the total result of the pool, generating a false
positive. Consequently, no alteration in the mean could be observed when analyzing
samples individually.
In addition to myelin evaluation through gene expression analysis of myelinrelated genes, we used a myelin-specific staining – Black-Gold II - to investigate its
distribution on the frontal cortex and on the corpus callosum of P15 and P60 VPA
and CTL animals. Black-Gold II is a gold-phosphate complex with affinity to lipids
(Figure 28); thus, while RT-qPCR measures gene expression through mRNA (cDNA)
quantification, Black-Gold II detects myelin distribution by staining the lipid compound
of myelin.
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Figure 28: Ultrastructural localization of
Black-Gold II. ax: axon. Arrows indicate the
outer loop of myelin sheaths, arrowheads
point to the inner myelin layer and axonal
membranes. (From Meier, Bräuer, Heimrich,
Nitsch, & Savaskan, 2004)

In order to evaluate the myelin content of the frontal cortex, we divided the
whole area into 5 sub-regions: infralimbic, prelimbic, cingulate, motor, and
somatosensory. Our results for P15 animals suggest that there is no statistically
significant alteration in the lipid portion of myelin in any area of the frontal cortex of
VPA animals when compared to control animals at this age. In contrast, when we
analyzed myelin staining intensity of the frontal cortex of P60 animals, we found a
statistically significant decrease in VPA animals compared to CTL animals in the
cingulate region. In the other regions, though, no statistically significant difference
was observed. Thus, our results suggest that VPA treatment only affects myelination
of the cingulate region at P60.
Although no difference in myelin staining intensity in any region of the frontal
cortex was detected between infant VPA and CTL animals, we observed a
statistically significant decrease in adult VPA animals in the cingulate region.
Interestingly, this sub-region is involved with executive function (e.g.: planning, and
solving ordinary problems) and it is thought to participate in sensory processing (as
reviewed by Martínez-Sanchis, 2014). Thus, as myelin is important to efficient
connectivity, decreased myelination in the cingulate could impair its functions. This
lower myelination may have emerged either because of a decrease in the lipid
content of myelin and/or because of a decreased number of axons to be myelinated.
Further investigation is necessary to test both hypotheses.
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As the corpus callosum is the main bundle of fibers that carry cortical – cortical
information, it was an important region to include in our analysis. Our results,
however, suggest that there is no difference in area size and myelin staining intensity
in the corpus callosum between VPA and CTL animals both at P15 and P60.
It is noteworthy to highlight that our method of choice to quantify myelin
content - Black-Gold II - and our sample size may not have been sensitive enough to
detect differences in the regions and ages analyzed. An additional method (e.g.: luxol
fast blue or immunohistochemistry against a myelin-related protein) to measure
myelin content and a higher sample size would be necessary before any conclusion.
The myelin sheath is formed by the extension of cell membranes – of OLGs in
the CNS. Thus, essentially, it is composed of lipids and, in lower level, of proteins.
Our study attempted to investigate myelin integrity at both levels, as RT-qPCR
measures mRNA quantity (which would further be translated to proteins) and myelin
staining evaluates lipid, being our methods of choice complementary. In spite of the
decrease in expression of Mobp (all groups) and Mag (RNAseq group) at P15 in the
frontal cortex of the VPA group, there was no alteration in myelin staining intensity in
the same area at this age. In adult animals, however, it was found decreased
myelination in the anterior cingulate cortex.
In

conclusion,

as

myelin

integrity

is

essential

for

proper

neuronal

communication, disturbances in this structure could help explain the behavioral
abnormalities, and the altered neuronal excitability and sensory processing found in
VPA animals. Based on our study, these animals at P15 show reduced expression of
genes related to myelin assembly, without alterations in the lipid content of myelin in
the areas analyzed. Adult VPA animals, in contrast, exhibited a decrease in lipid
content of myelin in the anterior cingulate cortex. Therefore, according to these
results and considering the limitations of our work (e.g.: low sample size and low
sensitivity of myelin-staining at P15), we suggest that communication abnormalities in
frontal circuits in the VPA model may occur initially (at P15) due to alterations in
myelin organization, leading to myelin reduction in adulthood (at P60) in the anterior
cingulate cortex.
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Conclusions
In this work, we evaluated the myelination pattern in the frontal cortex and in

the corpus callosum of rats prenatally exposed to VPA at P15 and P60 by two
different approaches: (1) Expression analysis of myelin-related genes; and (2)
Histological evaluation of myelin distribution. Below we summarize our main findings
for each specific objective outlined in the beginning of this dissertation:

1.

Quantification of Mobp, Mag, Plp1 and Klhl1 – in the frontal cortex of infant
(P15) rats: from this analysis, we observed a decrease in expression of Mobp
in all groups, and in Mag in the RNAseq group.

2.

Analysis of myelin distribution in the frontal cortex and in the corpus callosum
at P15 and P60: no alteration in myelin content was observed in corpus
callosum and in the frontal cortex at both ages, except for a decrease in the
cingulate region at P60.
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ATTACHMENT – A

Universidade Federal do Rio Grande do Norte
COMISSÃO DE ÉTICA NO USO DE ANIMAIS - CEUA

PROTOCOLO N.º 013/2014 ADENDO

Professor/Pesquisador: RODRIGO NEVES ROMCY PEREIRA
Natal (RN), 07 de outubro de
2015.
Prezado Professor/Pesquisador,
Vimos, através deste documento, informar que o ADENDO do projeto “Avaliação
do perfil de expressão gênica cortical em modelo animal de autismo induzido por
exposição pré-natal a ácido valpróico” foi APROVADO por esta Comissão
O referido Adendo solicita mais animais “a fim de se obter maior n amostral e,
consequentemente, maior representatividade” nos resultados, além de estender a
análise às idades P7 e P30.

Solicitação original: 60 ratos Wistar
Nova solicitação: 100

Total de animais: 160
Conclusão prevista para FEVEREIRO DE 2017
Informamos ainda que, segundo o Cap. 2, Art. 13 do Regimento, é função do
professor/pesquisador

responsável

pelo

projeto

a

elaboração

de

relatório

acompanhamento que deverá ser entregue tão logo a pesquisa for concluída.
Atenciosamente,

Josy Carolina Covan Pontes
Coordenadora da CEUA-UFRN

UFRN – Campus Universitário – Centro de Biociências
Av. Salgado Filho, S/N – CEP: 59072-970 – Natal/RN
ceua@reitoria.ufrn.br

e-mail:

de
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ATTACHMENT – B

RNA sequencing data

Methodology
Experimental

procedures

for

the

RNA

sequencing

experiment

summarized in Figure 29.

Figure 29: Experimental procedures of the RNA sequencing experiment.

are
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a) Tissue collection
For the RNA sequencing experiment, the frontal cortex was dissected freshly.
All surgical instruments and working place were previously sanitized with 70%
alcohol and RNAse cleaning solution (RNAseZap™, Sigma Aldrich). P15 rats were
decapitated using a rat guillotine, and their brains were removed and quickly washed
in cold 0.9% NaCl. The frontal cortex, +3.7 to -1.0 (Paxinos & Watson, 2008) from
both hemispheres was removed with the aid of a surgical spatula immediately
immersed in tubes containing cold RNAlater® solution, in order to prevent RNA
degradation. Dissected tissue was stored overnight at 4˚C. On the following day,
RNAlater® solution was removed and tubes were stored at -80˚C.
b) RNA extraction
Total RNA was isolated using Trizol method (TRI Reagent® Solution,
Ambion,

Carlsbad,

CA, USA), and

the

RNA

pellet was

resuspended

in

diethylpyrocarbonate (DEPC)-treated water until use. RNA concentration and quality
was checked by spectrophotometry and gel electrophoresis. Samples were stored at
-80˚C until use.
c) Pool preparation
For RNA sequencing, it was prepared a pool of VPA samples (n = 6 animals)
and a pool of control samples (n = 5 animals), normalizing samples by their quantity.
Only samples with OD260/280 ratio ranging from 1.7 to 2 were used to prepare the
pools. In sequence, the pools were precipitated in 78µM Sodium Acetate and 70%
Ethanol and sent for RNA sequencing elsewhere.
d) RNA sequencing
RNA sequencing was performed using HiSeq™ 2000 Next-Generation
Sequencing platform (Illumina, San Diego, CA, USA) and was run as a service by
BGI (http://genomics.cn). Briefly, this platform runs automated clonal amplification for
cluster generation, and uses the reversible terminator sequencing-by-synthesis
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method for RNA sequencing . Figure 30 shows a simplified workflow of HiSeq™
2000.

Figure 30: Simplified workflow of HiSeq™ 2000 (Adapted from: Datasheet of HiSeq™ 2000
Sequencing System, Illumina).

e) Alignment of reads
Alignment of reads to rat genome reference was performed as a service by
I2Bio - Institute of Bioinformatics and Biotechnology (http://i2bio.org). The rat genome
reference

sequence

(RGSC/rn5)

was

downloaded

from

UCSC

Genome

Bioinformatics portal (http://genome.ucsc.edu/). Transcriptomic reference data was
downloaded

from

Ensembl,

76/gtf/rattus_norvegicus).

release

RNA-Seq

data

76
from

(ftp://ftp.ensembl.org/pub/releaseControl

and

VPA

samples

were mapped to the reference genome using Tophat version 2 (Trapnell, Pachter, &
Salzberg, 2009). A conservative parameter was maintained (--splice-mismatches 0),
and a reference GTF file, containing transcriptomic aligments from Ensembl, was set
for helping the mapping process.

f) Differential expression analysis
Differential expression analysis was performed as a service by I2Bio Institute of Bioinformatics and Biotechnology (http://i2bio.org). The resulting BAM files
from Tophat were used as input for HTSeq-count (Simon Anders, Pyl, & Huber,
2015), which returned the raw number of reads for each gene. Afterwards, gene
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counts from control and VPA samples were submitted to DESeq (S Anders & Huber,
2010) R-package for a differential expression analysis based on a model using the
negative binomial distribution.
g) Gene ontology term enrichment analysis
Gene ontology term enrichment analysis is an useful tool used to search for
ontological categories that are over-represented or under-represented in a given
gene set based on their annotations. The term enrichment analysis was performed
on

the

web

application

AmiGO

2

(CARBON

et

al.,

2009;

http://amigo2.geneontology.org/amigo) and was conducted on two gene sets from
our RNA-sequencing results: (1) Down-regulated DEGs, and (2) Up-regulated DEGs.

Results

a) Quality control of samples
For quality control of the samples, it was run a contamination test prior to
mapping of reads. In this test, the reads were aligned against sequences of different
species, in order to evaluate if the samples were contaminated. Results are shown in
Figure 31 (CTL pool) and Figure 32 (VPA pool).

Figure 31: Contamination test for CTL pool.
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Figure 32: Contamination test for VPA pool.

b) Mapping quality of reads
As a measure of mapping quality, it was used the criterion MAPQ < 30, which
is based on the Phred score (quality score), assuming that base call is expected to
be accurate 99.9% of the time. Results are shown on Table 2.

Table 2: Mapping quality of sequenced reads.

MAPQ: mapping quality.

c) Differential expression
From a total of 16,032 genes analysed, 179 are statistically significant DEGs
(p<0.05) comparing VPA and control samples, being 15 of these genes p<0.01.
Among the DEGs, 103 VPA genes are down-regulated in comparison to control
genes, and 76 VPA genes are up-regulated in comparison to control genes.
Summary of results are shown on Table 3.
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Table 3: Differentially expressed genes.

d) Gene ontology
Statistically

significant

down-regulated

and

up-regulated

DEGs

were

submitted to gene ontology term enrichment and the results show different categories
for each gene set. Down-regulated DEGs were enriched for the following terms:
Central

nervous

(p<0.006);

system

Endothelial

myelination (p<0.005); Oligodendrocyte

cell

development

(p<0.01);

Axon

development

ensheathment

(p<

0.000002); Myelination (p< 0.00005); and Glial cell development (p<0.01). These
results are shown on Figure 33.

Figure 33: Gene ontology term enrichment for down-regulated DEGs.

On the other hand, the enriched terms for up-regulated DEGs were:
Regulation of GABAergic synaptic transmission (p< 0.0000002); Regulation of
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dopamine secretion (p<0.01); Dopamine receptor signaling pathway (p<0.01);
Regulation of glutamatergic synaptic transmission (p< 0.0002); Neuropeptide
signaling pathway (p<0.006); and Limbic system development (p<0.02). These
results are shown on Figure 34.

Figure 34: Gene ontology term enrichment for up-regulated DEGs.

e) Differentially expressed myelin-related genes
As seen on Figure 30, there is a strong enrichment for myelin-related genes,
which are included in different categories, since Central nervous system myelination
to Oligodendrocyte development. Beyond the gene ontology term enrichment
analysis, it was performed a manual research for gene and protein annotations in
order to divide DEGs into categories. This research was conducted using the
following

databases

for

(http://ncbi.nlm.nih.gov/gene/),

gene
Ensembl

and

protein

annotations:

(http://ensembl.org),

Gene

NCBI
Cards

(http://genecards.org/), and UniprotKB (http://uniprot.org). After categorizing genes,
those included in the myelin-related list were double-checked at the RNA-Seq
transcriptome

database

of

neural

cells
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(http://web.stanford.edu/group/barres_lab/brain_rnaseq.html) developed by Zhang et
al., 2014. The final list of myelin-related genes found is shown in
Figure 35.

Figure 35: Myelin-related DEGs.

Interestingly, from 18 myelin-related DEGs, 17 were down-regulated. In order
to validate the RNA-Seq results, this project analyzed the expression of the three
most down-regulated genes – Mobp, Mag, and Plp1 – and the up-regulated gene –
Klhl1 - by another method, qPCR.

