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RESUMO 
 
 

O Transtorno do Espectro do Autismo (TEA) é um distúrbio do 

neurodesenvolvimento caracterizado por défices na capacidade de socialização, 

comunicação e exibição de interesses restritos e comportamentos repetitivos, 

observados na primeira infância. 

Devido ao facto de os indivíduos com TEA apresentarem uma elevada 

prevalência de distúrbios gastrointestinais, foi colocada a hipótese de uma possível 

ligação entre a disbiose da microbiota intestinal e a modulação da função cerebral e do 

comportamento nos sintomas e na gravidade desta perturbação do 

neurodesenvolvimento. 

Considerando o eixo microbiota intestino-cérebro (MGB), esta tese de mestrado 

tem como objetivo investigar o efeito de uma dieta enriquecida em triptofano (Trp) num 

modelo animal caracterizado com TEA. É também importante compreender o efeito 

desta dieta em indivíduos saudáveis. O triptofano é um aminoácido essencial obtido 

apenas através da dieta e é o único precursor da serotonina (5-HT), um 

neurotransmissor crucial para a emoção e cognição. Com isso, este aminoácido é uma 

chave no eixo MGB. Além disso, tem sido relatado em vários estudos a deficiência de 

Trp e níveis periféricos elevados de serotonina em indivíduos com TEA. 

Este estudo longitudinal foi dividido em 2 hipóteses experimentais. A primeira 

foca-se na importância do Trp durante a gestação em fêmeas saudáveis, ou seja, sem 

nenhuma mutação associada ao TEA. Para isso, utilizou-se murganhos C57BL6/J e 

formou-se 2 grupos experimentais: mães wild-type (WT, estirpe selvagem) com dieta de 

controlo (CTR), mães WT com dieta enriquecida em Trp (TRP+). Dado que a 

disponibilidade do Trp, na gestação em fêmeas com mutação associada ao TEA, é crucial 

para a sintomatologia e severidade do TEA na descendência.  Assim, utilizou-se um 

modelo animal estabelecido de TEA, murganhos com neurofibromatose tipo 1 (NF1), 

que apresentam uma mutação no gene Nf1, e formou-se 2 grupos experimentais: mães 

Nf1+/- com dieta CTR e mães Nf1+/- com dieta TRP+. Em ambos os casos, foram efetuados 

testes maternos assim como testes comportamento na descendência na infância e na 

idade juvenil. Os níveis de Trp, serotonina e quinurenina no hipotálamo foram medidos 

para compreender como os sistemas moleculares podem estar correlacionados com os 

resultados comportamentais observados. 

Curiosamente, os nossos resultados revelaram que uma dieta suplementada 

com Trp tem efeitos comportamentais distintos na descendência de mães WT, ou seja, 



xii 
 

em indivíduos neurotípicos, ou na descendência de mães com mutação associada ao 

TEA. Assim observamos, que animais WT apresentam dificuldades de aprendizagem e 

défices de memória assim como um aumento no comportamento restrito/repetitivo, 

principalmente nos machos. Por outro lado, murganhos Nf1+/- mostram um melhor 

neurodesenvolvimento neonatal, aumento na interação social, diminuição de 

comportamentos repetitivos e restritos, bem como melhor performance de 

aprendizagem e memória. 

Embora, uma dieta suplementada com Trp possa ser perigosa para indivíduos 

saudáveis que têm o metabolismo deste aminoácido regulado, este estudo demonstrou 

que a mesma poderá ser uma abordagem promissora no início da vida para 

reduzir/melhorar a gravidade dos sintomas de TEA. 

Globalmente, este estudo realça a importância de uma dieta pré-natal adequada 

para a regulação do metabolismo da Trp e pode contribuir para aliviar/prevenir os 

sintomas e/ou a sua gravidade nas doenças do neurodesenvolvimento. 

 

Palavras-chave | Transtorno do espetro do autismo; Neurofibromatose tipo 1; 

Triptofano; Serotonina; Suplementação de triptofano; Dieta pré-natal. 
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ABSTRACT 
 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterised 

by deficits in the ability to socialize, communicate and exhibit restricted interests and 

repetitive behaviors, observed in early childhood. 

Due to the fact that individuals with ASD have a high prevalence of 
gastrointestinal disorders, it has been hypothesised that there is a possible link between 
gut microbiota dysbiosis and the modulation of brain function and behavior in the 
symptoms and severity of this neurodevelopmental disorder. 

Considering the microbiota-gut-brain (MGB) axis, this master's thesis aims to 
investigate the effect of a diet enriched in tryptophan (Trp) in an animal model 
characterised by ASD. It is also important to understand the effect of this diet on healthy 
individuals. Trp is an essential amino acid obtained only through diet and is the only 
precursor of serotonin (5-HT), a neurotransmitter crucial for emotion and cognition. As 
such, this amino acid is a key player in the MGB axis. In addition, several studies have 
reported Trp deficiency and elevated peripheral serotonin levels in individuals with ASD. 

This longitudinal study was divided into 2 experimental hypotheses. The first 
focuses on the importance of Trp during pregnancy in healthy females, i.e. without any 
mutation associated with ASD. For this purpose, C57BL6/J mice were used and 2 
experimental groups were formed: wild-type (WT) mothers with a control diet (CTR), 
WT mothers with a diet enriched in Trp (TRP+). Since the availability of Trp during 
gestation in females with a mutation associated with ASD is crucial for the 
symptomatology and severity of ASD in the offspring.  Therefore, an established animal 
model of ASD was used, mice with neurofibromatosis type 1 (NF1), which have a 
mutation in the Nf1 gene, and 2 experimental groups were formed: Nf1+/- dams on a 
CTR diet and Nf1+/- dams on a TRP+ diet. In both cases, maternal tests were performed 
as well as behavioral tests on the offspring in early life and at juvenile age. The levels of 
Trp, serotonin and kynurenine in the hypothalamus were measured to understand how 
the molecular systems might be correlated with the behavioral results observed. 

Interestingly, our results revealed that a diet supplemented with Trp has 
different behavioral effects on the offspring of WT dams, i.e. neurotypical individuals, 
and on the offspring of dams with the mutation associated with ASD. Thus, we observed 
that WT animals show learning difficulties and impairment memory as well as an 
increase in restricted/repetitive behavior, especially in males. On the other hand, Nf1+/- 
mice show better neonatal neurodevelopment, increased social interaction, decreased 
repetitive and restricted behavior, as well as better learning and memory performance.  

Although a Trp-supplemented diet could be harmful for healthy individuals 
whose metabolism of this amino acid is regulated, this study has shown that it could be 
a promising approach early in life to reduce/improve the severity of ASD symptoms. 



xiv 
 

Overall, this study emphasizes the importance of an adequate prenatal diet for 
the regulation of Trp metabolism and may contribute to alleviating/preventing 
symptoms and/or their severity in neurodevelopmental disorders. 
 
 
Keywords | Autism spectrum disorder; Neurofibromatosis type 1; Tryptophan; 

Serotonin; Tryptophan supplementation; Prenatal diet. 
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1.1. AUTISM SPECTRUM DISORDER 
 
 

1.1.1. Autism spectrum disorder: symptoms and therapies 
 

Autism spectrum disorder (ASD) is a set of heterogeneous neurodevelopmental 

conditions characterized by deficits in social communication, social interaction and 

unusually restricted and repetitive patterns of behavior, interests, or activities 

presented during early periods of development that negatively impact social, 

occupational, or other domains of their daily lives (American Psychiatric Association, 

2013) (Figure 1). 

These core symptoms are characterized by affected social and non-social 

communication, such as speech delays, poor diction, monotony in speech, poor eye 

contact, difficult in evaluating facial expressions/gestures, difficulties in understanding 

the conversation overall and, finally, repetitive physical behaviors, such as hand 

flapping, repetitive speech or use of the same object frequently (Hyman et al., 2020). 

The Center for disease Control and Prevention (2019) estimated that 1 in 44 

children is diagnosed with ASD and affects 4 times more males than females. However, 

this ratio has been decreasing to 3:1 due to a sex bias in the criteria for the diagnostic 

of ASD (Figure 1). It has been noticed that some girls who have severe autistic traits fail 

to meet diagnostic criteria for this disorder because there is a lack sensitivity to the 

female phenotype (Loomes et al., 2017). This difference in the ratio between the 

genders suggests that genes that participate in sexual development and/or sex 

hormones, particularly testosterone, may modulate the effects of genetic variations in 

the autistic phenotype (Werling & Geschwind, 2013). 

The etiology is very complex and heterogeneous, there are several causes that 

increase susceptibility and influence the development and prognosis of ASD (Figure 1). 

One of them is genetic anomalies that include genes involved in brain development 

(Yoon et al., 2020). Altered epigenetic mechanisms such as abnormal DNA methylation, 

abnormal histone modification and deregulated micro-RNAs, affecting synaptic function 

are also a key contributor for the development of this disease (Hodges et al., 2020). 

Finally, environment factors also mediate ASD etiology while exposed to heavy metals 

and air pollution during neurodevelopment (Fett-Conte et al., 2015), as well as in utero 

exposure to medications and others prenatal factors (short interpregnancy interval, 

multiple gestation, maternal obesity, gestational bleeding, advanced parental age), 

maternal infection and immune activation (Hyman et al., 2020; Landrigan, 2010). 
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Figure 1 | Autism spectrum disorder’s main symptoms, causes and ratio 
Autism spectrum disorder (ASD) is a neurodevelopmental disorder and it seems to be caused by vary 

factors such as characterized abnormal genetic and epigenetic mechanisms, and/or from environmental 

risk factors. This leads to deficits in social interaction and in social communication, and by repetitive, 

stereotyped behaviors and interests. This disorder affects in a ratio of 4 males:1 female, however this 

ratio has been decreasing to 3:1 owing to a sex bias in the diagnostic criteria for ASD 

 

Around 18 and 24 months of age, ASD symptoms, appear and start to challenge 

their limitation in social communication. These symptoms can have a great variability in 

severity and extent of this disability. As a young child, problems related to social 

communication and interaction can be seen in delay or regression in development 

and/or speech, difficulties in understanding the intent of others, reduced visual contact, 

and inappropriate patterns of behavior and play. As an older child, these problems can 

affect academic performance, social constraints and behaviors that also disturb family 

life  (Hyman et al., 2020; Mukherjee, 2017). 

Children with ASD disease can have an aggressive and destructive behavior, self-

injuries, tantrums, difficulty in recognizing danger, adaptive skills, transitioning activities 

and in their daily routines. Furthermore, they can also carry cognitive limitations, 

inappropriate emotional responses, or repetitive behaviors (Kodak & Bergmann, 2020; 

Mukherjee, 2017).  

Usually, people with ASD can have psychiatric and cognitive comorbidities as 

intellectual disability, anxiety, depression, mood disorders, attention 
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deficit/hyperactivity disorder (ADHD) as well as gastrointestinal (GI) problems, eating 

problems, immune system abnormalities, epilepsy and sleep deficits (Hodges et al., 

2020; Masi et al., 2017). 

Despite the advances in understanding the neurobiology and genetics of ASD, 

the diagnosis of this disease continues to be based on identifying and reporting 

behaviorally defined clinical symptoms. The need for consistency in clinical diagnosis of 

a very heterogeneous disorder are a challenge in determining accurate prevalence rates. 

Even if symptoms of ASD are neurologically based, they still manifest as behavioral 

characteristics that present differently depending on age, language level, and cognitive 

abilities. 

Diagnostic of ASD should include domain-specific information regarding level of 

functioning and severity. Firstly, these diagnostics should start with identification of “red 

flags” very representative of this condition, such as reduced eye contact and name 

response, regression of social and language skills, rigidity, extremely focused interests, 

or difficulty in understanding emotions. Then, in a more comprehensive evaluation, it 

should be important a parent/caregiver interview to obtain a medical/developmental 

report of current behavior and abilities, a direct observational assessment where its 

procedures a medical evaluation, cognitive or developmental testing, language testing, 

and structured assessment in social interaction and finally a complete physical exam 

(Hodges et al., 2020; Huerta & Lord, 2012; Sharma et al., 2018). Also, pediatricians can 

use algorithms and toolkits to obtain an earlier diagnosis and design a management 

strategy (Johnson et al., 2007). 

Due to the fact that the disease in heterogeneous, the treatment maintains 

limited and the main focus is the symptom management. Various classes of drugs are 

included on the pharmacological treatment including. psychostimulants 

(methylphenidate and amphetamines), atypical antipsychotic drugs (risperidone, 

aripiprazole, quetiapine, ziprasidone), antidepressants (Fluoxetine, sertraline, 

citalopram, escitalopram, and fluvoxamine), alpha-2 adrenergic receptor agonists 

(Aman et al., 2008; Masi et al., 2017; Sharma et al., 2018). Although, the current 

pharmacological therapies demonstrate varying levels of efficacy and only provide 

partial symptomatic relief, instead of provide modification of the underlying basis, the 

disease process itself. Otherwise, there are non-pharmacological interventions, that 

have already shown evidences in reducing aggression, increasing cognitive skills and 

improving social interaction and verbal communication of ASD patients, which include 

cognitive behavioral therapy and social behavioral therapy (Aman et al., 2008; Reichow 

et al., 2018; Sharma et al., 2018). 

As a result of the limited treatment for ASD, this condition affects the different 

aspects of people daily lives and their day-to-day continues to face challenges. The 

difficulties in social relationships, education, professional life and mental health are still, 

in long-term, poor outcomes. In adult ASD people, the improvement of social and 
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emotional skills, with the creation of empathy for example, is a good therapy that can 

help them in their condition (Howlin & Magiati, 2017). 

 

 

1.1.2. Sex dimorphism in autism spectrum disorder 
 

Over the years, researchers have discovered that sex dimorphism in ASD is not 

due to the fact that this disorder is more prevalent in males. Instead, it has been noticed 

that females might be underdiagnosed or that the presentation of ASD in females may 

differ from that of males, leading to potential challenges in identification (Harrop et al., 

2019; Lai et al., 2015). Indeed,  females with ASD may exhibit different social and 

behavioral patterns or have more subtle symptoms that are not as well-captured by the 

current diagnostic criteria, leading to underdiagnosis or misdiagnosis (Harrop et al., 

2019; Lai et al., 2015). It is known that girls with ASD present less social and 

communicative impairments (Stacy et al., 2014), less repetitive behaviors (Hiller et al., 

2014; Supekar & Menon, 2015), however they are better ability to maintain reciprocal 

conversation or combine verbal with non-verbal interactions and scoring higher on 

visual perception. (Carter et al., 2007). In addition, female with ASD have shown more 

likely to deal with sleep problems, depression and anxiety or other emotional problems 

(Hartley & Sikora, 2009; May et al., 2014). On the other hand, boys show increased 

language and motor skills (Carter et al., 2007), as well as hyperactivity, aggression and 

impulsivity (May et al., 2016). 

Yet, ASD girls display a camouflaging effect (Dean et al., 2017; May et al., 2019; 

Napolitano et al., 2022), developing adaptive strategies to mimic social norms, making 

it harder to recognize their ASD traits compared to men who may exhibit more 

noticeable and stereotyped ASD behaviors (Harrop et al., 2019; Ratto et al., 2018). 

Furthermore, as stated earlier, girls with ASD may be more likely to have co-occurring 

conditions (anxiety, depression) that overlap with the core traits of ASD. Consequently, 

ASD symptoms will be overshadowed or overlooked during evaluation, complicating the 

diagnostic process (Hartley & Sikora, 2009; May et al., 2014).  

The reasons behind the sex dimorphism in ASD are not entirely clear, but 

researchers have proposed several theories suggests the action of sex-differential risk 

factors for ASD  that might act to either increase males’ vulnerability (Extreme Male 

Brain theory) (Baron-Cohen, 2002; Baron-Cohen et al., 2005; Napolitano et al., 2022) 

and/or protects females (Female Protective Effect) (Jacquemont et al., 2014). An 

alternative explanation for this ASD sex dimorphism is based on differences in sex 

chromosomes, where on one hand the Y chromosome can be a risk in itself and on the 

other hand the additional X chromosome in females protects them in some way (May 

et al., 2019).  
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So, it is important to recognizing the sex dimorphism in ASD to improving 

diagnostic accuracy and providing appropriate support and interventions for both 

genders (Santos et al., 2022).  

Since mice and rats are highly active and social species, the study of ASD-like 

behaviors and their underlying pathways related to this disease relies heavily on animal 

experimentation. With that, several animal models of ASD were created, which leads to 

a translation into the clinical domain and the investigation of therapeutic targets 

(DiCicco-Bloom et al., 2006; Ey et al., 2011; Moy et al., 2006). One of these animal 

models is mouse Nf1+/-, which will be used during this study. 
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1.2. NEUROFIBROMATOSIS TYPE 1 
 
 

1.2.1. Neurofibromatosis type 1: disease overview 
 

Neurofibromatosis type 1 (NF1), which affects 1 in 2.700 births, is a single-gene 

neurodevelopmental disorder that is caused by a mutation in the Nf1 gene located on 

chromosome 17 (17q11.2). This mutation encodes its protein product neurofibromin, 

which is caused by germline loss-of-function mutations of the Nf1 tumor suppressor 

gene (Bernardino et al., 2022; Plasschaert et al., 2015).  

The Nf1 gene encodes the protein neurofibromin that is predominantly 

expressed in neurons, glial cells and immune cells (Molosh & Shekhar, 2018; Trovó-

Marqui & Tajara, 2006). This protein is a negative regulator of Rat Sarcoma protein (Ras) 

pathway (Jett & Friedman, 2010) and can activate signaling cascade by turning 

guanosine diphosphate (GDP) into guanosine triphosphate (GTP) (Figure 2)  (Ballester et 

al., 1990; Buchberg et al., 1990; Maloney et al., 2018; Xu et al., 1990). Because of this 

protein has various biochemical functions, including activation of Ras GTPase, negative 

regularization of Ras protooncogene, modulation of adenylyl cyclase and microtubule 

association. With that, it is relevant in cell division, differentiation, proliferation, growth, 

and apoptosis (Costa & Silva, 2003; Garg, Green, et al., 2013a; Gutmann et al., 2017). 

Ras signaling can be activated by the association of growth factors to RTKs (receptor 

tyrosine kinases). This binding leads to the action of GEFs (guanine nucleotide exchange 

factors), that allow Ras to bind GTP, becoming active and communicating the signal to 

other downstream effectors (Gutmann et al., 2017; Diggs-Andrews & Gutmann, 2013). 

This activated via results to an increased AKT/MEK (protein kinase B/Mitogen-activated 

protein kinase) activity and, consequently, to a better cell proliferation and cell survival 

(Gutmann et al., 2017). Furthermore, Ras signaling regulate the levels of cyclic 

adenosine monophosphate (cAMP) through protein kinase C-ζ (PKCζ) and this cAMP is 

responsible for cell proliferation and differentiation (Diggs-Andrews & Gutmann, 2013; 

Gutmann et al., 2017).  

The mutations on Nf1 gene results to the loss of neurofibromin function leads to 

an up-regulation of Ras/MAPK signaling and, consequently, its downstream pathways 

MAPK/ERK and AKT/mTOR, leading to neurofibroma formation (Molosh & Shekhar, 

2018). 
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Figure 2 | Signaling pathway of neurofibromin 
Neurofibromin regulates cell growth and survival through several downstream signaling effectors by 

convert of active GTP-bound RAS to its inactive GDP-bound form. Adapted from Gutmann et al., 2017. 

 

As observed by McKeever et al., (2008), around 50% of the cases are inherited 

and the other 50% happens due to spontaneous genetic mutation (uninherited) of the 

Nf1 tumor suppressor gene. The average global prevalence of NF1 is ~1 case per 3.000 

individuals, although prevalence estimates a variety between countries (Gutmann et al., 

2017). 

The first appearances of this clinical manifestations and their severity can vary 

between individuals. The clinical manifestations of this multisystem 

neurodevelopmental disorder are characterized by clinical manifestations affecting the 

eyes, skeleton, skin (café-au-lait macules), neurofibromas and behavioral 

manifestations (Gutmann et al., 2017; Nix et al., 2020). 

  Studies have already shown that 80% of children with NF1 also exhibit cognitive 

symptoms, including learning and memory disabilities, attention deficit disorder, social 

and communications deficits, motor delays (Champion et al., 2014; Erdoğan-Bakar et al., 

2009; Hyman et al., 2005, 2006). In addition, comorbid diagnoses of ASD are becoming 

more recognized and it can be seen that the prevalence of ASD among these NF1 

patients ranges between 15% and 30%, and an additional 30% showing partial ASD 

symptomatology (Garg, Green, et al., 2013b; Garg, Lehtonen, et al., 2013; Walsh et al., 

2013). 

 

 

1.2.2. Animal model of neurofibromatosis type 1 
 

It is required to understand that the pathophysiology of NF1 and to identify the 

cell types, cellular processes, and molecular pathway that are altered by Nf1 mutations. 
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For that, it is necessary use animal models, such as a Nf1+/- mouse (Costa & Silva, 2003; 

Molosh & Shekhar, 2018; Tamura, 2021). There are two recognized groups of various 

well-characterized Nf1+/- mouse models: mouse models with growth and cell 

differentiation abnormalities and mouse models with learning disabilities (Costa & Silva, 

2003).  

Studies in mice revealed that the exhibited defects in hippocampal spatial 

learning are due to the hyperactivation of Ras activity, which leads to an increased level 

of gamma-aminobutyric acid (GABA) neurotransmission (Gonçalves et al., 2017; Santos 

et al., 2023), as observed in individuals with NF1 (Ribeiro et al., 2015; Violante et al., 

2016). This contributes for the special learning and memory deficits present in mutant 

mice (Costa et al., 2002). 
These models are so important for the study of cellular and intracellular 

mechanisms of NF1 because they show a pattern of cellular and molecular change very 

similar to that of human individuals with NF1 phenotype. These studies, allows the 

development of treatments for the different pathological processes associated with NF1 

(Costa et al., 2002). 

Both human and mice with NF1 have an increased propensity to develop tumors, 

skin pigmentation problems, brain abnormal function and cognitive and behavioral 

deficits such as defects in hippocampal spatial learning and deficits in attention and 

social behavior (Costa et al., 2002). As seen by Silva et al. (1997), Nf1+/- mice can 

overcome hippocampal learning and memory deficits with appropriate training. One 

thing important to notice in these studies of both NF1 human and mice phenotypes is 

that a complete loss of neurofibromin (homozygous mutation) is lethal, due to the fact 

that they are heterozygous (Brannan et al., 1994).  

Besides that, our group (Santos et al., 2023) detected an sexual dimorphism in 

Nf1+/- mice regarding hippocampal neurochemistry and autistic-like behaviors. This 

study led to the identification of "camouflage" behavior in females for the first time in 

an animal model of ASD. 
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1.3. AUTISM SPECTRUM DISORDER AS A MICROBIOTA GUT BRAIN AXIS DISORDER 

 

The real causes of ASD-related neurodevelopmental disorders are unclear and 

the diagnosis of ASD is based on the presence and severity of stereotypic behavior and 

deficits in language and social interaction (Hsiao et al., 2013; Mukherjee, 2017). ASD are 

also often associated with many medical comorbities that occur in much higher 

prevalence that in neurotypical children, among which GI problems are one of most 

common (Saurman et al., 2020). 

This GI disorders include malabsorption, maldigestion, microbial overgrowth 

(fungal, bacterial and viral) and abnormal intestinal permeability. All of these mentioned 

before can cause symptoms including diarrhea, chronic constipation, increased 

intestinal permeability, abdominal pain, and disturbed intestinal microbiota 

(Mukherjee, 2017; Sorboni et al., 2022).  

Various studies have reported discrepancies in the microbiota between children 

with ASD and neurotypical controls, which are significantly reduced in autistic children 

(Cowan et al., 2020; Sorboni et al., 2022). GI disturbances are approximately four times 

more prevalent in children with ASD than in the neurotypical population (McElhanon et 

al., 2014). Furthermore, GI symptoms appear to highly correlate with ASD severity, 

showing an important role of the gut microbiota in the brain (Beopoulos et al., 2022; 

Sorboni et al., 2022). 

Gut microbiota imbalances occur not only in ASD, but also in Alzheimer's disease, 

Parkinson's disease, epilepsy, and major depressive disorder (Chen et al., 2021). It has 

been shown that GI problems alter the composition and, consequently, the function of 

the microbiota, leading to a relationship between gut microbiota dysbiosis and 

neurodevelopmental disorders (Figure 3). All of this is related to the fact that there is a 

high prevalence of GI dysfunction in ASD and its significant correlations with challenging 

behaviors and psychiatric comorbidities (Cryan & Dinan, 2012; Saurman et al., 2020; 

Sorboni et al., 2022). 

Due to the increasing amount of data regarding the role of gut microbial 

dysbiosis in ASD, researchers are currently turning on strategies for treating such a 

disease by modulating the microbiota-gut-brain (MGB) axis as a potential therapeutic 

approach. The most common is the use of oral prebiotic, probiotic, dietary, fecal 

microbiota transplantation (FMT) as well as microbiota transfer therapy (Kang et al., 

2017; Santocchi et al., 2016). These methods are an important part of modulating 

microbial composition, regulating their essential metabolites, improving neurological 

complications by increasing neurochemicals and short-chain fatty acid (SCFAs) and 

reducing intestinal permeability, regulating neural, metabolic and immune pathways 

(Sorboni et al., 2022).  Recently, FMT study reported that fecal microbiota from a small 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

12 
 

number of autistic individuals into germ-free mice is sufficient to induces hallmark 

autistic behaviors, especially social deficits and increased repetitive behavior, which 

confirmed the importance of gut microbiota on modulation of ASD behavior  (Sharon et 

al., 2019). This and others human and animal studies suggests that gut microbial-

targeting therapy may be a tractable strategy for developing novel therapeutics not only 

in ASD patients but also in another complex central nervous system (CNS) disorders 

(Alharthi et al., 2022; Cowan et al., 2020; Cryan & Dinan, 2012). 

The MGB axis is a complex biochemical network of two-way communication 

which occurs between the GI tract and the CNS via chemical transmitters, neuronal 

pathways and the immune system that creates such communication (Damiani et al., 

2023). This axis is essential for the maintenance of homeostasis and the regulation of 

hormonal and immunological levels. The stress-response, GI motility and overall 

behavior are mainly affected by perturbations of these systems. (Cryan & O’Mahony, 

2011).be 

The signaling behind MGB axis is extremely complex and its modulation can 

affect both, normal healthy state and pathological state. Despite the mechanisms are 

not yet completely known, several evidences suggest that this bidirectional interaction 

relies on four main communication pathways: neuronal pathway (vagus nerve), 

endocrine pathway (neurotransmitters), immunological pathway (cytokines) and 

metabolic pathway (SCFA) (H.-X. Wang & Wang, 2016).  

The gut microbiota is a complex ecosystem of 1×1013 to 1×1014 microorganisms 

that resides in the human GI tract, consisting mainly of bacteria but also fungi, viruses 

and protozoa, which varies between individuals (Carlson et al., 2018; Cowan et al., 2020; 

Cryan & Dinan, 2012). Despite the intestine contains a wide diversity of microorganisms, 

the majority of the studies focus on anaerobic bacteria belonging to two main fila: 

Bacteroidetes and Firmicutes (Carlson et al., 2018; Cowan et al., 2020). 

  It is recognized that gut microbiota represents the first protection system of the 

GI apparatus and have a crucial role in the development and functionality of innate and 

adaptive immune responses, maintenance of gut homeostasis, nutrient absorption and 

fat distribution, metabolites production and transportation and regulation of the CNS 

and enteric nervous system (ENS) (Cryan & Dinan, 2012; Mangiola et al., 2016; Sorboni 

et al., 2022). Therefore it is essential to maintain a healthy microbiota (Sorboni et al., 

2022; Taniya et al., 2022). 

Under physiological conditions, the continuous stimulation of the immune 

system by the gut microbiota provides a rapid and effective mechanism of defense 

against pathogens.  On the other hand, the flora exerts its protective role competitively, 

metabolizing those nutrients needed for pathogens survival, and producing molecules 

that inhibit the growth of such microbes (Mangiola et al., 2016). 

This microbiota colonization of the intestinal tract begins during the prenatal 

period due to the existence of microbial communities in the placenta, amniotic fluid and 
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the blood of the umbilical cord (Alharthi et al., 2022; Damiani et al., 2023). So, there are 

some prenatal risks that need to be taken in account, such as maternal infection, 

maternal physical health, the health condition of pregnant women (unhealthy diet, 

metabolic stress), and drug use in pregnancy. During this time a maternal microbiome 

dysbiosis can cause abnormal neurological development of offspring, leading to lifelong 

behavioral deficits (Alharthi et al., 2022; Taniya et al., 2022). 

After de birth, the baby is exposed to bacteria during breastfeeding, through the 

ingestion of food, and from the surrounding environment (Yassour et al., 2016). Some 

studies have demonstrated that the postnatal risk factors include formula feeding, 

where breastfed infants have greater diversity and faster microbiota development 

relative to formula-fed, air contamination, antibiotic intake (antibiotics influence gut 

homeostasis), and nutrition factors (Ghozy et al., 2020; C. Wang et al., 2017). We 

concluded that there are risk factors for the development of psychological and 

neurodevelopmental disorders as well as GI problems and/or microbiota alterations are 

highly influenced by both prenatal and postnatal stress (Cowan et al., 2020). 

 In adolescence, microbial diversity and functional capabilities are similar to an 

adult, however, due to different dietary habits that will influence the microbiota’s 

composition, each individual has a unique microbial community (Nagpal et al., 2018; 

Yatsunenko et al., 2012). 

Many aspects of daily life cause variations in the microbiota, just spending time 

in natural environment, changes in diets, pet ownership and increasing use of antibiotics 

and disinfectants (Figure 3) (Ayeni et al., 2018; De Filippo et al., 2017; Tun et al., 2017).   

Medical causes such as bacterial or viral infections, GI problems, interventions of 

medical procedures in the early stages of life and the overuse of antibiotics and drugs 

exhibit microbiota alterations (Figure 3) (Maier et al., 2018; Mortensen et al., 2018). So, 

because of the factors stated above, it is tricky to find a cause of ASD-associated gut 

bacterial dysbiosis due to the high inter-individual heterogeneity microbiota (Damiani 

et al., 2023). 
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Figure 3 | The microbiota-gut-brain axis plays a critical role in autism spectrum disorder 
There are differences in the gut microbiome of typically developing children compared to children with 
autism spectrum disorder (ASD). However, various factors can influence the gut microbiome and their 
including diet, medication regimens, medical comorbidities, environment, antibiotic and infections 
symptoms. In addition, the brain-gut-microbiome axis is bidirectional with regard to changes in both the 
gut [gastrointestinal (GI) symptoms and microbial profile] and behavior and therefore changes in 
microbiota composition in children with ASD will influence their behavioral symptoms. 

 

The most sensitive period to disruption appears to be the early life of the 

microbiota. These sensitive periods (also known as critical periods/windows) are defined 

as specific developmental periods in which a system exhibits heightened plasticity and 

is particularly responsive to external factors (Cowan et al., 2020). Notably, the significant 

periods of microbial colonization and maturation overlap with the period of brain 

development, which neural circuits are highly plastic and potentially vulnerable to the 

external factors (Alharthi et al., 2022; Damiani et al., 2023). Due to this parallel 

development in both microbiota and brain, was hypothesized the existence of a 

microbiota-gut-brain axis (Borre et al., 2014). Further, about 40% of all human 

metabolites are generated by the gut microbiome, an intestinal dysbiosis can have a 

profound impact on CNS and ENS, which compromise the brain function and result in 

disease states. In turn, stress at the level of the CNS can affect gut function and lead to 

perturbations of the microbiota (Alharthi et al., 2022; Cryan & Dinan, 2012). 

In the healthy status of the individual a well-balanced gut microbial composition 

with an adequate diversity is essential not only to maintain microbial homeostasis, but 

also for normal physiological functioning in other organs, especially the brain (Cryan & 

Dinan, 2012; Dinan & Cryan, 2017). 
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1.4. INFLUENCE OF MATERNAL DIET ON OFFSPRING NEURODEVELOPMENT 

 
Since the focus of this study is on shaping the microbiota of the offspring through 

a maternal diet, this factor will be discussed further. 

 

 

1.4.1. Microbiome at pregnancy 
 

Microbiota is a fundamental source of essential nutrients and energy for the 

growing brain and this modulation can have effects on neurodevelopment (Cowan et 

al., 2020). Microbial colonization and development in early life are very important, and 

microbes transmitted by mothers help in the normal succession of the microbiome and 

promote the maturation of the neonatal immune system (Xiao & Zhao, 2023).  

During pregnancy, maternal microbial colonization, that included gut, vaginal 

and uterine, placental and oral microbiota, is vertically transmitted to the offspring 

(Codagnone et al., 2019; Ferretti et al., 2018). It is not surprised that changes in the 

maternal microbiota composition due to diet/nutrition will have a significant impact in 

infant health (Yao et al., 2021). So, it is important to understand the interplay of 

maternal diet and the influences it will have on the offspring (Codagnone, Spichak, et 

al., 2019; Linehan et al., 2022).  

Pregnancy is a unique period in human life, where it have been observed 

significant female microbiota composition changes (Codagnone, Stanton, et al., 2019; 

Xiao & Zhao, 2023). Indeed, during early pregnancy, the gut microbiome is similar to 

that in healthy non-pregnant women characterized by a high abundance of 

Bacteroidetes and Firmicutes. However, over the pregnancy, large alterations occur in 

the richness and diversity of the microbiota. In contrast to the oral microbiome 

variation, microbial diversity in the gut and vagina decreases significantly during 

pregnancy (Xiao & Zhao, 2023). Even if  there is a decrease in the diversity of the gut 

microbiota, it is important to notice that occurs  an enrichment in Proteobacteria (Koren 

et al., 2012). Several studies have demonstrated that this natural change in the 

population of bacteria, particularly proteobacteria, can help the body with the energy 

demands of the developing fetus in the third trimester (Shin et al., 2015). The vaginal 

microbiota composition during pregnancy is characterized by a decrease in diversity and 

an increase in Lactobacillus spp (Romero et al., 2014). This bacteria play an important 

role in maintain a healthy vaginal microenvironment by lowering its pH and inhibiting 

the growth of other harmful bacteria), preparing to a normal vaginal delivery 

(Codagnone, Stanton, et al., 2019; Xiao & Zhao, 2023).  
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Disruption of the maternal microbiota can cause negative pregnancy outcomes, 

including late miscarriage, premature rupture of membranes, hyperemesis gravidarum, 

preterm birth, intrauterine growth restriction and stillbirth (Romero, 2009). It is known 

by Ishimwe et al. (2021), that women with pregnancy complications have a reduced 

diversity of their gut microbiota, which is detrimental to the health of both mother and 

fetus. These findings indicate that these changes in the microbiota composition during 

pregnancy have an adaptive role for maternal and promote the correct development 

and health of the fetus (Figure 4) (Codagnone, Stanton, et al., 2019; Linehan et al., 2022). 

 Imbalances in the gut microbiome early in life predispose infants to be colonized 

by opportunistic pathogens such as Enterococcus, Enterobacter, Clostridium and 

Klebsiella species. In addition, and especially in preterm newborns, gut dysbiosis in the 

infant can also lead to poor growth and an increased risk of sepsis and necrotizing 

enterocolitis (Fundora et al., 2019). There are also long-term consequences of disrupted 

microbial colonization, which include allergies, asthma, metabolic syndrome, diabetes 

and inflammatory bowel disease (Milani et al., 2017). 

 
Figure 4 | The factors affecting maternal or infant microbiota modulation 
The microbiome of the mother is altered by diet, drugs and stress. The mode of delivery determines the 

first colonizers of the newborn’s microbiota. Infant microbiota composition is also affected by diet, drugs 

and stress. 

 

Similar to humans, the gut and vaginal microbiota of mice and rats change their 

composition during pregnancy, constituting a strong preclinical model to investigate the 

connection between the maternal gut environment and the offspring's brain 

development (Gohir et al., 2015; Hallam et al., 2014). Furthermore, several studies have 
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demonstrated that maternal exposure to the previously mentioned factors during 

pregnancy can alter the offspring's microbiome and immunity (Bodnar et al., 2022; J. 

Wang et al., 2018; Yu et al., 2018).  

 

 

1.4.2. Maternal diet 
 

Since the composition of maternal microbiome has been linked to maternal 

metabolism.  Thus, maternal habits during pregnancy and lactation, for example through 

diet, can be beneficial or detrimental for both maternal mental health and offspring 

neurodevelopment (Codagnone, Spichak, et al., 2019).  

“Psychiatric nutrition" is a new concept based on nutrition as a brain modulator 

(Horn et al., 2022). It has been reported that deficiencies of specific nutrients and overall 

poor diet quality are associated with long-term negative impacts on developing 

cognition (Freeman et al., 1980; Tandon et al., 2016). On the other hand, nutritional 

interventions have been demonstrated to reduce the severity of symptoms of 

neurodevelopmental disorders and improve childhood cognitive outcomes in 

vulnerable populations (Freeman et al., 1980; Isaacs et al., 2009). Palladino et al. (2021) 

reported that dietary changes in pregnant mice impact the growth and development of 

the fetus through gut microbes. During the gestation, maternal vital substances reach 

the fetus through blood circulation to placenta. The gut microbiota can digest 

carbohydrates in the gut to produce vitamins, amino acids, and SCFAs, that are essential 

for fetal development, immunity and metabolism. 

Dysbiosis of the gut microbiome are often associated with unhealthy lifestyles 

(Xiao & Zhao, 2023). Numerous studies have emphasized associations between 

microbial dysbiosis and unhealthy diet which, in addition to leading to obesity and poor 

cardiovascular health, also have impact in behavior and inflammatory phenotypes. The 

most common models of unhealthy diet include high-fat diet (~60 % kcal from fat), 

western diet (high fat and high sugar) and diet with specific nutrients deficits 

(Codagnone, Spichak, et al., 2019; Yao et al., 2021). These types of diets showed 

metabolic dysfunction of fetal growth (Linehan et al., 2022; Yao et al., 2021).Both high-

fat and western maternal diet showed significant increased Firmicutes/Bacteroidetes 

ratio in the offspring’s microbiota (Koliada et al., 2017; Serino et al., 2012; Steegenga et 

al., 2017). In rodents, consumption of a high-fat diet before and during pregnancy 

impairs the trajectory of maternal and offspring’s microbiota, resulting in juvenile 

impaired social behavior and anxiety-like phenotype (Buffington et al., 2016; Gohir et 

al., 2015; Steegenga et al., 2017). Through FMT of malnutrition children in rodents, it 

was possible to demonstrate that a change in the microbiota due to poor nutrition leads 

to metabolic problems and growth retardation. This study shows that it is possible to 

reverse these microbiota-dependent problems by supplementation with sialylated milk 
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oligosaccharides, typically found in breastmilk, which will act as prebiotics for the 

microbiota (Charbonneau et al., 2016). Several nutrients, such as Omega-3, can have an 

impact in neurodevelopment and microbiota maturation. A high-fat diet supplemented 

with omega-3 polyunsaturated fatty acids can contribute to an increase diversity of 

microbiota, an enrichment of Bifidobacterium at a species view, a regularization of the 

hypothalamic-pituitary-adrenal (HPA) axis activity, reconstitution of the composition of 

the maternal stress-induced gut microbiota and, finally, confers resilience to stress later 

in life.  However, a lack in omega-3 polyunsaturated fatty acids can affect the 

metabolome, impair communication and social behavior, while increasing depressive-

like behavior (Pusceddu et al., 2015; Robertson et al., 2017; Robertson et al., 2017). 

Breastmilk is a dynamic and complex nutrition source for the developing infant 

which changes based on maternal diet and the resultant human milk oligosaccharide 

(HMO) and bacterial composition in human milk (Seferovic et al., 2020). HMOs regulate 

the immune system and prevent pathogenic bacteria from adhering. Thus, modulation 

of the HMO composition of breast milk through dietary manipulation may represent a 

method for manipulate the establishment of microbial species in the infant gut 

(Sakanaka et al., 2019). Therefore, breastfeeding mothers should have a careful 

nutrition to proportionate the best health to the baby (Yao et al., 2021). 

Through a healthy maternal diet throughout the gestational period, it is possible 

to achieve optimization and acquisition of a rich and diverse gut microbiota in newborns 

and an improvement in long-term health outcomes. Although there is no known "ideal" 

diet, it is generally recommended that pregnant women consume "a balanced diet with 

adequate distribution of the basic groups of the food pyramid" (Yao et al., 2021). Indeed, 

consumption of a vegetarian diet during early pregnancy has been associated with a 

distinct microbial composition, rich in fatty acid, lipid and folate biosynthesis pathways 

(Barrett et al., 2018). 

In conclusion, there is a need to better understand how diet during pregnancy 

can influence the microbial connection between mother and baby, so optimize the 

health and behavior of mother and child in the perinatal period, as well as informing the 

appropriate type and timing of therapeutic interventions (Yao et al., 2021). 
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1.5. TRYPTOPHAN METABOLISM: FOCUS ON SEROTONIN 

 
Tryptophan (Trp) is an essential amino acid obtained exclusively from the diet 

and the precursor of neuroactive compounds within the CNS and so, is gaining in interest 

relative to dietary and nutritional sciences (Kałużna-Czaplińska et al., 2019; Pais et al., 

2023; Roth et al., 2021). 

This amino acid can be found in several protein-based foods and dietary proteins 

including dairy products, meats, dried fruit, fish, eggs, bananas, seeds (pumpkin and 

sesame), chocolate, soy and tofu. Thus, the availability of Trp is highly dependent on 

dietary ingestion (Jenkins et al., 2016; Nayak et al., 2019).  

Trp plays an important role in protein formation, and is also a precursor to 

several bioactive molecules needed for the nervous and immune system functions, such 

as kynurenine and the neurotransmitter, serotonin (Jenkins et al., 2016; Nayak et al., 

2019). In fact, Trp obtained from diet is the only precursor for serotonin, which is crucial 

for the processing of emotional regulation, appetite, sleep, and pain, as well as colonic 

motility and secretory activity in the gut (Roth et al., 2021). Thus, as a precursor of 

molecules that act at the interface between the host and the microbiota, Trp is essential 

in the modulation of microbiota-gut-brain axis (Bosi et al., 2020).  

The Trp enters in peripheral circulation after intestinal absorption and it will be 

released at target sites, either peripherally or centrally. Furthermore, the resident gut 

microbiota produces Trp-specific metabolites and indirectly influences host physiology 

(Comai et al., 2020; Gheorghe et al., 2019). It important to notice that this amino acid is 

also the precursor of multiple biologically crucial neuroactive compounds that are 

generated through two critical pathways: hydroxylation to produce serotonin and 

oxidation to produce kynurenine and its metabolites (Figure 5) (Pais et al., 2023).  

Kynurenine synthesis occurs 90% via tryptophan 2,3-dioxygenase (TDO) in liver 

and 10% via indoleamine 2,3-dioxygenase (IDO) in brain, GI tract and liver (Boadle-Biber, 

1993). Thus, kynurenine is catabolized into two neuroactive inflammatory compounds, 

kynurenic acid (KYNA), and quinolinic acid (QUIN), which have neuroprotective and 

neurotoxic effects respective. QUIN is further catabolized into NAD+, which are active 

in other critical cellular metabolic processes (Roth et al., 2021). Kynurenine plays a key 

role in intestinal homeostasis and in regulating immune responses (Figure 5) (Pais et al., 

2023). In the serotonin pathway, Trp is catalyzed by tryptophan hydroxylase (TPH) to be 

converted to 5-hydroxytryptophan (5-HTP), more specifically by TPH1 in 

enterochromaffin cells, or by TPH2 in the CNS and ENS. In turn, the latter decarboxylates 

to form 5-hydroxytryptamine (5-HT), also known as serotonin. Subsequently, serotonin 

can be metabolized into melatonin, the main endogenous regulator of sleep onset and 

circadian rhythms, or it is catabolized by monoamine oxidase into 5-hydroxyindole 
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acetaldehyde (5-HIA) and then by aldehyde dehydrogenase into 5-hydroxyindole acetic 

acid (5-HIAA) which is excreted in the urine (Figure 5)  (O’Mahony et al., 2015; Roth et 

al., 2021). 

Since the metabolism of Trp leads to the production of various neuroactive 

molecules with crucial neurological role in the organism, such as nutrient sensing, 

metabolic stress response, and immunity, it is important to regulate concentrations of 

Trp in order to keep systemic homeostasis (Gostner et al., 2020; Pais et al., 2023). 
 

 
Figure 5 | Tryptophan metabolic pathways 
Tryptophan metabolism occurs via the kynurenine pathway or the serotonin pathway to produce 

bioactive metabolites. 5-HIA - 5-hydroxindole acetaldehyde; 5-HIAA - 5-hydroxyindole acetic acid; 5-HTP 

- 5-hydroxytryptophan; IDO - indoleamine 2,3-dioxygenase; KYNA - kynurenic acid; NAD+ -nicotinamide 

adenine dinucleotide; QUIN - quinolinic acid; TDO - tryptophan 2,3-dioxygenase; TPH - tryptophan 

hydroxylase. Created with ChemDraw. 

 

Serotonin has long been associated with several fundamental aspects of humor 

and behavior, including sleep, appetite, cognition (especially learning and memory) and 

social and emotional behaviors such as anxiety, depression, empathy and aggression 

(Gyurak et al., 2013; Steenbergen et al., 2016). Unlike Trp and kynurenine, is not capable 

of crossing the blood-brain barrier (BBB) (Gostner et al., 2020). Therefore, the central 



CHAPTER 1 | STATE OF THE ART 

21 
 

production of this neuromodulator is completely dependent on the availability of Trp in 

the CNS (Roth et al., 2021). 

Trp has to compete for uptake across the BBB with other amino acids essential 

for brain function, known as the large neutral amino acids (LNAA) (Gibson, 2018). These 

LNAA consist of Trp, tyrosine, phenylalanine, and the branched-chain amino acids 

(leucine, valine and isoleucine) (Fernstrom, 2013). The transporter is competitive, thus 

increasing the circulation concentration of one LNAA increases the brain absorption of 

that LNAA and decreases the uptake of the others. In this case, the ratio of Trp to LNAA 

in plasma or serum (Trp:LNAA) is considered as the best biomarker of TRP uptake in the 

brain (Fernstrom & Fernstrom, 1995). Thus, this concept of competitive transport is the 

foundation of some Trp supplementation or depletion diets, to increase or decrease, 

respectively, serotonin synthesis in the brain (J. D. Fernstrom, 2012; J. a. J. Schmitt et 

al., 2006; Silber & Schmitt, 2010). 

Adequate intake of Trp is essential for children's neuronal development and 

growth (Nayak et al., 2019). Both deficiency and excessive intake are harmful to human 

health, its recommended daily dose for adults is in the range of 250 mg to 425 mg, 

corresponding to a dietary intake of 3.5 to 6.0 mg/kg body weight per day (Richard et 

al., 2009). 

Under normal conditions, a sexual dimorphism in Trp metabolism has been 

suggested. Animal studies have revealed higher Trp circulating levels in females than in 

males, which also reflects in increased serotonin production. Furthermore, female rats 

exhibit higher Trp as well as serotonin levels in multiple brain regions (Pais et al., 2023). 

Impaired Trp metabolism or abnormal metabolic pathways has been consistently 

associated with the pathogenesis of several neuropsychiatric disorders, such as 

depression, ASD, ADHD, and obsessive-compulsive disorder, and consequently, 

abnormalities of serotonergic function (Chugani, 2004; Nayak et al., 2019; Pais et al., 

2023). Central and peripheral serotonergic signaling pathways are disrupted in GI 

diseases, such as inflammatory bowel disease and irritable bowel syndrome, and also in 

neurodevelopmental disorders with GI comorbidities (Gheorghe et al., 2019).  

A hyperserotonemia (elevated whole blood serotonin), has been reported from 

several studies, thus have been considered as an biomarker for ASD (Gabriele et al., 

2014).  Furthermore, some studies also have reported deficiency of Trp  (Gevi et al., 

2016) and high levels of kynurenine (Murakami et al., 2019) in ASD individuals. 

Autistic males exhibit reduced levels and synthesis of serotonin in frontal cortex 

and thalamus, which might explain the language production and sensory integration 

symptoms (Chugani et al., 1997; Pinares-Garcia et al., 2018). For this reason, it has been 

hypothesized that there is a correlation between severity of autistic symptoms and 

abnormal serotonin levels (Adams & Holloway, 2004). So, it is important to investigate 

the dysregulation of neurotransmitter synthesis in the CNS and peripheral organs to 

understand the molecular basis of ASD (Chen et al., 2021). 
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Acute or chronic manipulation of Trp levels, by depletion or supplementation, 

has been used to modulate peripheral and central serotonin levels (Jenkins et al., 2016). 

Undernutrition or over-restriction of Trp decreases brain serotonin levels and 

consequently causes behavioral changes such as loss of appetite, anxiety, depression, 

hyperactivity and behavioral impulsivity (Bell et al., 2001). A depletion of Trp, and 

consequently serotonin synthesis, results in a significant behavioral aggravation in ASD 

individuals, such as increased irritability and mild depression. (Adams et al., 2011; 

Hoshino et al., 1986; Kałużna-Czaplińska et al., 2014; Kałuzna-Czaplinska et al., 2010; 

McDougle et al., 1996; Naushad et al., 2013). Further, Delgado et al. (1991, 1994) proved 

that a depletion of peripheral Trp stores leads to a reduction in central serotonin levels 

and can induce depressive symptoms in susceptible individuals. Therefore, the concept 

of the acute Trp depletion method was thus created based in ingestion of diets low in 

Trp or by consuming others LNAA. In this way the TRP:LNAA ratio decreases and TRP 

transport by the BBB is also reduced (Jenkins et al., 2016; Roth et al., 2021). This 

methodology is crucial to understand the effect of lowered Trp levels and therefore the 

role of serotonin in the regulation of mood, anxiety and in cognition, including memory, 

learning and decision making, in both healthy controls and individuals with psychiatric 

disorders (Browne et al., 2012; Gibson, 2018). 

On the other hand, supplementation with Trp has been largely used in research 

to increase the TRP:LNAA ratio and so facilitate the uptake of Trp into the brain and 

consequently increase production and release of serotonin (Pais et al., 2023). This 

method has demonstrated benefits for both cognitive and emotional functions and to 

reduce the cortisol response to stress (Gibson, 2018). Several authors indicated that 

daily dietary Trp supplementation could be an approach to treat/improve 

neuropsychiatric disorders such as stress, mood and anxiety disorders, or even ASD, 

ADHD, Alzheimer's disease and Parkinson's disease (Beretich, 2009; Kałużna-Czaplińska 

et al., 2019; Zahar et al., 2023). Lieberman et al. (2016) also proposed the intake of a 

Trp-supplemented diet as a potential treatment for depression and sleep disorders. 

Their study revealed that Trp ingestion is inversely correlated to self-reported 

depression level and positively associated with sleep duration. However, attention 

should be paid to the use of excessive doses that may have negative consequences. It 

can activate TDO and the oxidation of Trp, or it can also lead to the inhibition of TPH 

which consequently decreases brain levels of serotonin and reduces mood (Pais et al., 

2023). 

Scientific studies indicate that the pathogenesis of ASD may begin in fetal life, 

where maternal nutritional status during pregnancy might increase the risk (Moussa et 

al., 2016). Although, due to the various factors that can influence maternal Trp 

metabolism in pregnancy, it is unclear how gestational Trp fluctuation influence the 

development of the neuroendocrine system and the composition of the gut microbiota 

in the offspring. These factors consist mainly of: diet (Trp enriched or depleted diet), 
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emotional mental states (depression, anxiety), state of health (diabetes, hypertension), 

drug administration, stress and social support (Huang et al., 2022). 

Altered Trp metabolism is a major indicator of maternal prenatal stress. Keane 

et al (2021) reported significantly reduced Trp and kynurenine plasmatic concentrations 

in severe pregnancy anxiety and depression (Keane et al., 2021). Prenatal stress has also 

been shown to decrease the gut microbial abundances that are responsible for 

metabolizing Trp in the mother and offspring, which alters fetal exposure both to Trp 

and its metabolites, impacting neurogenesis and microbial development in the fetus 

(Galley et al., 2021). Placental Trp can be metabolized into serotonin, degraded to 

kynurenine, or otherwise transferred to the fetus. The embryo receives Trp and its 

metabolites which regulate development of neurogenesis and neuroendocrine, and also 

the gut microbiota composition and diversity of the fetus. MGB axis development and 

its activity are regulated through maternal-fetal transmission of nutrients and microbes, 

and also by environmental factors, such as disease and medication background and 

dietary habits. Thus, during gestation, the factors as mentioned earlier can cause 

fluctuations in placental Trp, consequently altering all the interactions just mentioned 

(Huang et al., 2022). 

Through the transmission from mother to child, the maternal Trp circuit is 

fundamental for MGB, HPA and hypothalamic-pituitary-gonadal axis development in the 

offspring, impacting long-term physical, physiological and behavioral outcomes (Hornef 

& Penders, 2017). It has been reported in individuals with mental disorders and 

emotional problems that there exists an abnormal metabolism of Trp during prenatal 

and/or early postnatal development which disrupts the serotonin signaling pathway and 

impacts neural maturation and synaptogenesis (Baumgarten & Göthert, 2000). 

Breast milk is the principal source of Trp for newborns. Trp provided by breast 

milk is characterized by high antioxidant and anti-inflammatory properties that mainly 

contribute to the normal development of the CNS and GI tract in newborns, particularly 

in preterm infants (Nayak et al., 2019; Tsopmo et al., 2009).  

It is important to keep Trp levels adequate by controlling dietary Trp and use of 

appropriate medication therapy throughout gestation and also during breastfeeding to 

avoid psychosocial disorders, emotional problems and mental illness (Huang et al., 

2022). 
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Although Trp has been shown to play a role in the microbiome and serotonin 

production, its role in the MGB system, particularly during embryonic development, is 

still unclear. 

Several studies have indicated that the pathogenesis of ASD may have an early 

onset in fetal life, where the nutritional status of mothers during pregnancy may 

increase risk and severity. Thus, prenatal diet is essential for the trajectory of brain 

development and may influence the risk of developing ASD. 

Therefore, it is important to understand the effect of the prenatal Trp diet on 

shaping the microbiota, brain function and behavior, and the onset of core symptoms 

of ASD. 

By conducting a longitudinal study, we aim to explore the following objectives: 

1 – Investigating the influence of maternal Trp-rich diet on the neonatal development 

of the offspring, with a particular focus on physical, cognitive and pro-social skills and 

early communication; 

2 – Understand the influence of maternal Trp-rich diet on juvenile offspring behavior 

with a particular focus on anxiety, communication and social interactions, repetitive 

behavior and memory/learning;  

3 – Studying if Trp-rich diet during pregnancy influence maternal behavior;  

4 - Exploring if prenatal Trp diet plays a role in serotonin levels in the offspring brain, 

focus on hypothalamus.  
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3.1. ANIMALS 
 

Eighty-five animals (30 pups from 4 C57BL/6J wild-type (WT) dams and 44 pups 
from 7 Nf1+/- dams) were used in the experiments. Nf1+/- mice were generated by 
crossing Nf1+/- animals with mice with C57BL/6J background at least 10 times to keep 
the genetic background constant across experiments (Silva et al., 1997). To experimental 
groups, C57BL/6J WT females and Nf1+/- females were mated with males with 
129T2/SvEmsJ background. The maintenance of the same background between 
experimental groups aims to eliminate/reduce the genetic effects of the background on 
the behavior and/or physiology of the animal. 

This study was conducted following the subsequent timetable (Figure 6). 
 

 
 

Figure 6 | Schematic representation of the timetable 
One week before matting, the females were fed a control diet or a diet supplemented with tryptophan 
(Trp) (described below). After the birth of the litter, pup development tests are performed including 
recording ultrasonic vocalizations (USVs). Behavioral and maternal care tests (nest building test, pup 
retrieval and reunion test) are also conducted in the last days of gestation and in the early-life period. 
Later, at juvenile age of the litter, behavioral tests are performed such as: elevated plus maze for anxiety-
like behavior; juvenile social play test for social interaction; marble burying test to analyze repetitive 
behavior and the last one, Barnes for learning and memory. At the end, the mice are sacrificed and the 
amounts of Trp, serotonin and kynurenine in the hypothalamus are analyzed by ELISA. 

 

 One week before matting to weaning, dams will be divided into four 
experimental groups: WT dams feeding with control diet (0.70% Trp, CTR), WT dams 
feeding with Trp-rich diet (1.50% Trp, TRP+), Nf1+/- dams feeding with CTR diet and Nf1+/- 
dams feeding with TRP+ , formulated by Mucedola (Milão, Italy) with the following 
composition described in Table 1 and based in previous work (Browne et al., 2012). 
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Table 1 | Description of diet composition 

Tryptophan was the only amino acid that modified between the diets (0.7% in CTR diet 
and 1.5% in TRP+ diet). 
 

Diet components % 

Sucrose 3.68 

Crude oil 3.00 

Mineral mix 2.01 

Glycine 0.87 

Lysine 0.97 

Histidine 0.50 

Methionine 0.47 

Phenylalanine 0.89 

Leucine 1.57 

Isoleucine 0.84 

Threonine 0.72 

Valine 0.96 

Tyrosine 0.65 

Arginine 1.09 

Tryptophan 0.70 / 1.50 
 

Since our main objective is the study of offspring, they are identified in 6 different 
experimental groups (Figure 7):  

- WT pups from WT dam with CTR diet; 
- WT pups from WT dam with TRP+ diet; 
- WT pups from Nf1+/- dam with CTR diet; 
- WT pups from Nf1+/- dam with TRP+ diet; 
- Nf1+/- pups from Nf1+/- dam with CTR diet; 
- Nf1+/- pups from Nf1+/- dam with TRP+ diet. 

 

 
 

Figure 7 | Schematic representation of experimental groups 
In total six experimental groups were established for this study, 2 in health conditions: wild-type (WT) 
pups from WT dam with control diet (CTR) diet and WT pups from WT dam with Trp-rich (TRP+) diet; and 
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4 in autism spectrum disorder (ASD) conditions: WT pups from Nf1+/- dam with CTR diet, WT pups from 
Nf1+/- dam with TRP+ diet, Nf1+/- pups from Nf1+/- dam with CTR diet and Nf1+/- pups from Nf1+/- dam with 
TRP+ diet. 

 
At postnatal day (P)3, pups were identified with permanent tattoos on the toes, 

and tails tips were collected for posterior genotyping. All animals were measured on 
milestone days (P4 to P14) and weighed every 2 days until the end of the protocol (P42). 
At the end of the study, a brain index was calculated based on body and brain weight to 
normalized brain weight (Equation 1) (Santos et al., 2023):  

 

𝐵𝑟𝑎𝑖𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝑏𝑟𝑎𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 

(eq 1) 
 

All pups were housed together with the dam until P21 (weaning), at which point 
each litter was segregated by sex. All animals were maintained in a housing room with 
a 12 h light/12h dark cycle, at 21 ± 2 °C, in animal facilities at ICNAS, University of 
Coimbra. The experiments were carried out in accordance with the European Union 
Council Directive (2010/63/EU), National Regulations and ORBEA board of the ICNAS 
and conducted under the authority of the Project License (8/2021). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

34 
 

 

 
3.2. BEHAVIORAL TESTS 

 

 

3.2.1. Pup developmental milestones 
 

Developmental milestone tests were performed on P4, 6, 8, 10, 12 and 14, in the 
same order, in a quiet room during the light period (8h00 – 13h00). 
 

3.2.1.1. Surface righting reflex 
The surface righting reflex measures the motor ability of a pup to be able to turn 

on its paws from a back position. The pup was positioned on its back on a plane surface, 
held for 5 seconds by the operator and then released. The amount of time required to 
return to a four-limbed position after release was noted, with a cut-off time of 30 
seconds (Figure 8 A1, A2) (Feather-Schussler & Ferguson, 2016). 
 

3.2.1.2. Negative geotaxis reflex 
The negative geotaxis test is important for assessing motor coordination in young 

mice. The pup was positioned downward on a 35° inclined ramp, covered with a plastic 
net to allow traction. The time taken to turn and direct the front paws to the top was 
recorded, with a cut-off time of 30 seconds. If the puppy either fell or went down the 
ramp, it was allowed a maximum of 2 additional attempts, after which the time limit 
was recorded (Figure 8 B1, B2) (Feather-Schussler & Ferguson, 2016). 
 

3.2.1.3. Nest seeking  
A rectangular plastic field (25cm x 10cm) was divided into 3 compartments by 

drawing a goal line on each side. Home bedding material and fresh bedding material in 
a similar amount was placed in the left and right compartment respectively. In the first 
trial, the pup was placed in the central compartment, at a 90° angle to the bedding 
compartments, and was allowed to explore the area. The time taken to cross the goal 
line of the compartment with home bedding material with both forepaws was 
registered, with a cut-off time of 120 seconds. After 30 seconds of finishing the first trial, 
a second one is performed however this time the pup was positioned facing opposite 
side of the arena to discard possible head turning preferences. It’s important to notice 
that, throughout the experiment for all pups, the pup's position in the arena was 
alternated between the two trials. If the pup crossed the compartment with fresh 
bedding material, cut-off time was scored. The final score was calculated by averaging 
the scored attributed in each trial (Figure 8 C1,C2)  (VanRyzin et al., 2016). 
 

3.2.1.4. Cliff aversion 
Cliff aversion tests reflexes, strength and coordination. The pup was positioned 

with the nose and toes of the forepaws hanging over the border of an elevated (10 cm) 
planar platform above the table. The time required to turn the face and forepaws 
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away from the border was recorded, with a cut-off time of 10 seconds. If the puppy fell 
from the platform, it was allowed a maximum of 2 additional attempts, after which the 
time limit was recorded (Figure 8 D1,D2)  (Feather-Schussler & Ferguson, 2016). 

 

3.2.1.5. Locomotion 
This test, as the name suggests, tests the pup's ability to locomote. The pup was 

positioned in the center of a circle with a diameter of 13 cm. The time taken to cross the 
border of the circle with the two front paws, with a cut-off time of 30 seconds was 
recorded, with a cut-off time of 30 seconds (Figure 8 E1,E2)  (VanRyzin et al., 2016). 
 

3.2.1.6. Forelimb grasp 
This test determines the strength of the posterior limbs. The pup was suspended 

by its forepaws on a horizontal wire that was 10 cm above a padded surface. The time 
between the operator releasing the pup and falling into the padded area was recorded 
with a cut-off time of 10 seconds. If the puppy is not capable of holding to wire or 
immediately falls after being released, it was given a maximum of 2 additional attempts 
(Figure 8 F1,F2) (VanRyzin et al., 2016). 
 

 

 

 

   

   

A1 B1 C1 

A2 B2 C2 

F1 E1 D1 
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Figure 8 | Developmental milestones tests 
Representation images of A. Surface righting reflex; B. Negative geotaxis reflex; C. Nest seeking; D. Cliff 
aversion; E. Locomotion; F. Forelimb grasp tests. 

 

3.2.1.7. Auditory startle  
A loud noise with a latex glove was produced near the pup’s head. The pup was 

observed to see whether it reacted to the noise by shaking or quickly turning its head.  
 

3.2.1.8. Eye opening  
Each pup was observed to check that their eyes were open. 

  

3.2.1.9. Pup ultrasonic vocalizations recording and analysis 
An anechoic chamber (55 cm x 50 cm x 70 cm) was set up with sheets of thick 

acrylic (1.5 cm) and completely covered with absorbent foam inside in order to block 
external sound (Figure 9A). The USVs of the pups were recorded on P4, 6 and 8, after 
the developmental milestone tests, also during the light period (8h00 – 13h00). The 
order in which the ultrasonic vocalizations (USVs) of each pup were recorded is the same 
order that the puppies were tested at developmental milestones previously. The pup 
was placed in a plastic container with tissue paper to maintain body temperature, which 
was then placed inside the chamber (Figure 9B). USVs recordings are recorded once the 
camera door closes and finish 5 minutes later, then the pup is placed back to its origin 
box. An ultrasound recording system is used with an Avisoft CM16/CMPA condenser 
microphone placed above the bottom of the test container, an UltrasoundGate 416H 
amplifier and Avisoft Recorder software (Avisoft Bioacoustics, Glienicke/Nordbahn, 
Germany).  

After the recording of the USVs, sonograms were generated, with FFT-length 512 
points, 16-bit format, sampling frequency 250 kHz, time resolution 1 ms, frequency 
resolution 488 Hz, overlap 50%. USVs were further analyzed using MATLAB toolbox 
DeepSqueak version 3.0.4., which allowed the extraction of individual mouse USVs calls 
by applying the Mouse Call_Network_V2 neural network, with a chunk length analysis 
of 6 seconds, overlap of 0.1 seconds, high frequency cut-off of 125kHz and no score 
threshold. 

 
 
 
 

   

F2 D2 E2 
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Figure 9 | Ultrasonic vocalizations recording system 
A. Anechoic chamber fully covered with absorbing foam to block external sound. B. Example of a recording 
of a mouse pup inside the box. 

 

Several parameters were extracted such as: total number of USVs, total time of 
vocalization, latency (time to first call), call length, mean inter-call (silent time between 
vocalizations), mean power, tonality and principal, low and high frequency. Additionally, 
each vocalization was classified and separated into 3 different categories, single, multi-
syllabic and stacked according to their complexity as summarized on Table 2 (Young et 
al., 2010): 

 
Table 2 | Description of each ultrasonic vocalizations category and respective examples 

 
 

Call 
category 

Description Example 

Single 

A single waveform present in the 
sonogram, with no frequency 

shifts and no overlapping 
waveforms in time. 

 

Multi-
syllabic  

Two or more waveforms that 
immediately follow each other 
with a frequency shift, with no 
time gap between them and no 
overlapping waveforms in time. 

 

Stacked 
Two or more waveforms which 

overlap in time 

 
 
 
 
 

 
 

A B 
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3.2.2. Juvenile behavior tests 
 

All the juvenile behavior tests were conducted between P30 and P41 during light 
period (8h00 – 13h00), in a quiet room. The animals were placed in the test room for 1 
hour for acclimatization before each behavioral test. 
 

3.2.2.1. Elevated plus maze 
The elevated plus maze (EPM) is used to evaluate anxiety-like behavior in mice. 

This test consists of four elevated arms connected by a central platform, forming a cross. 
Two opposite arms are closed (walled) and the other two opposite arms are open (Figure 
10A). At P30, the mice were placed in the center of apparatus and allowed to freely 
explore the maze for 5 min (Figure 10B) (Walf & Frye, 2007). Light exposure was 
measured before test in different points of the maze to ensure it was between 80 and 
100 lux. The test was video recorded with Microsoft LifeCam HD-3000 for later analysis.  

Additionally, an anxiety index was calculated using the following equation 2 
(Cohen et al., 2013; Tabbai et al., 2019): 
 

𝐴𝑛𝑥𝑖𝑒𝑡𝑦 𝑖𝑛𝑑𝑒𝑥

= 1 −  [
(

𝑡𝑖𝑚𝑒 𝑖𝑛 𝑜𝑝𝑒𝑛 𝑎𝑟𝑚𝑠 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)
𝑡𝑒𝑠𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)

) + (
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑛𝑡𝑟𝑖𝑒𝑠 𝑖𝑛 𝑜𝑝𝑒𝑛 𝑎𝑟𝑚𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑒𝑟 𝑜𝑓 𝑒𝑛𝑡𝑟𝑖𝑒𝑠
)

2
] 

(eq 2) 
 

This index varies between the values 0 and 1 and the closer to 1, the more 
anxious the mice are. 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 | Elevated plus maze test 
A. Representation of configuration of the elevated plus maze test; B. Overhead view of an animal during 
the elevated plus maze 

 

3.2.2.2. Juvenile social play test  
To stimulate social behavior, 24h before the test, the animals were isolated in 

new clean cages with fresh bedding. At P34, two animals of the same sex and genotype 
were placed in a box (35 cm x 35 cm) in the anechoic chamber (Figure 11). The animals 
were allowed to interact freely for 30 min and their behavior and USVs production was 

A B 
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recorded for later analysis (Ferreira et al., 2022). At the end of the experiment, both 
animals were returned to their home cage. Actions considered as social behaviors 
included affiliative interactions (allogrooming, group sitting, push under), investigative 
interactions (sniffing, following, mutual circle), play solicitation (approach, crawl, push 
past), and agonistic interactions (threat, aggression, defense, flight, submission). The 
number and duration of each social interaction was registered. In addition, the number 
of USVs in a social and non-social context was also analyzed. Also, a USVs social index 
was calculated based on the number of social and non-social USVs: 
 

𝑈𝑆𝑉𝑠 𝑆𝑜𝑐𝑖𝑎𝑙 𝑖𝑛𝑑𝑒𝑥 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝑆𝑉 𝑠𝑜𝑐𝑖𝑎𝑙 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝑆𝑉 𝑛𝑜𝑛 − 𝑠𝑜𝑐𝑖𝑎𝑙 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝑆𝑉 𝑠𝑜𝑐𝑖𝑎𝑙 + 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑈𝑆𝑉 𝑛𝑜𝑛 − 𝑠𝑜𝑐𝑖𝑎𝑙
 

(eq 3) 
 

This index can range from -1 to 1, whereby positive values indicate better social 
communication. 
 

 
 

Figure 11 | Juvenile social play test  
Representation of the juvenile social test inside the anechoic chamber for ultrasonic vocalizations (USVs) 
and video recording. 
 

3.2.2.3. Marble burying test 
A standard mouse cage was walled with acrylic sheet and filled with an 8 cm layer 

of sawdust. Twelve marbles were placed equidistantly on top of the sawdust in a 3x4 
arrangement. At P36, the animal was placed on the cage and allowed to explore it freely 
for 20 minutes. The number of marbles buried every 5 minutes of the experiment were 
recorded (Figure 12 A, B)  (Angoa-Pérez et al., 2013). 
 

 
 
 
 
 
 
 
 
 
 

 

A B 
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Figure 12 | Marble burying test  
Representation of marble burying test. Standard mouse cage filled with sawdust with twelve marbles 
placed equidistantly on top. Example of an animal during test at A. begin time; B. end time 

 

3.2.2.4. Barnes test 
Finally, at P38 to P41, Barnes test was performed which consists of two parts: 3 

days of learning and the fourth day to assess memory. The Barnes maze consist in an 
elevated circular platform with an escape hole, which leads to a small chamber attached 
underneath the platform. There are 19 other imitation holes circled around the maze 
look like the escape hole but do not lead to an escape chamber in order to distract from 
the real hole (Figure 13A). Because mice have natural preference for dark environments 
(Gawel et al., 2019), a bright light was used to stimulates the animals to complete the 
task so they will tend to search the target hole and hide. 

On day one, the mouse was placed for 30 seconds inside the opaque cylinder in 
the middle of the platform to an adaptation period. After that, the cylinder was removed 
(Figure 13B) and the mouse was guided by hand to the escape hole. The main objective 
is to familiarize the animal with the maze and to reduce anxiety in a way that not 
interferes with the animal behavior.  The first trial started 15 minutes later, in which the 
mouse was placed again in the starting cylinder for 30 seconds and then released to 
explore freely in order to find the escape hole (Figure 13C) for three minutes. If the 
animal enters the target (Figure 13D) before the end of the cut-off time (3 min), the test 
end immediately and was then returned to its original housing cage. If not, the animal is 
guided to the target and after that, the cylinder is put on the top of it for 30 seconds. 

After 3 days of training period with four trial each with 15 minutes between, with 
the same procedures as describe above, in 4th day, a probe trial was performed. The 
mouse once again was placed on the maze however, this time, the escape hole was 
covered, to mimic all the other holes in order to access memory of target localization 
(Figure 13E) (Attar et al., 2013). After 90 seconds of freely exploring, the mouse was 
placed in its original housing cage.  

The training and probe days were video recorded for later analysis with a video 
camera (Microsoft LifeCam HD-3000). The escape latency (time to enters the target), 
time to find target, time in target zone, exploring errors, total distance and search 
strategies was analyzed. 
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Figure 13 | Barnes test 
A. Representation of setup of the Barnes test; B. Mouse being released from the start chamber; C. 
checking the target; D. entering the escape tunnel; E. probe day, the target has been covered. 

 
 

3.2.3. Maternal behavior tests 
 

Maternal behavior tests were performed during the light period (8h00 – 13h00), 
in a quiet room. 
 

3.2.3.1 Nest building test 
Each litter box was provided with a house-like shelter and nesting material. In 

the last 3 days of gestation until the first 3 days of the litter birth (G19 (Gestational day) 
to P3), photographs were taken of the nest and the nesting ability was scored in 
accordance to the following classification (Yun et al., 2019): 

1 – paper dispersed, with no visible formed nest-like structure (Figure 14A);  
2 – paper lightly scattered, with a nest-like structure (Figure 14B); 
3 – nesting material forms a recognizable nest structure within house-like 
shelter, with only small amounts of scattered paper (Figure 14C); 
4 – nesting material is well organized to form a full nest within house-like shelter 
(Figure 14D).  

 

A B C 

D E 
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Figure 14 | Nest building scores 
Representative images of nesting scores A. Score 1; B. Score 2; C. Score 3; D. Score 4.   
 

3.2.3.2 Pup retrieval latency 
Following the assessment of developmental milestones, at P4, 6, 8 and 10, each 

pup was returned to its home cage and placed in the farthest corner of the pup's nest. 
The time taken for the mother to collect the pup (Figure 15) and take it back to the nest 
was recorded (Wu et al., 2009). 

 

 
 

 
 

 

3.2.3.3 Reunion test 
On P9 of litter, a transparent arena was prepared divided into two similar 

compartments of 20 cm x 42 cm each, with a removable transparent wall between them 

A B 

C D 

Figure 15 | Pup retrieval 
Representation of the dam collecting the pup. 
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(Panlab, Barcelona, Spain) (Figure 16A). The test was video recorded for later analysis 
with a video camera (Microsoft LifeCam HD-3000) 

The test consisted in 3 phases: the first one, the habituation phase, where both 
dam and pups were placed on one side of the arena, with the partition closed, and 
allowed to freely explore for 5 min (Figure 16B). The second phase consisted of a 
separation phase, where the dam was placed for 3 min in the other compartment - the 
novel compartment - with the partition closed (Figure 16C). She is not allowed to have 
physical contact with the offspring but can see, listen and smell them. Finally, the 
reunion phase, the partition was removed and the dam was allowed to explore freely 
both compartments during 5 minutes (Figure 16D) (Guoynes & Marler, 2021). 

An operator manually analyzed behavior such as, time spent exploring 
(investigating the environment) and grooming (licks its fur, grooms with forepaws and 
scratches a member) on either side of the arena, huddling the litter (any interaction with 
the pups, e.g. smell, touch or pick them) or on the partition next to the litter during the 
separation phase of the test. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 

A B 

C D 

Figure 16 | Reunion test 
A. Clean arena with two compartments divided with a transparent removable partition. Representation 
of: B. Habituation phase; C. Separation phase; D. Reunion phase. 
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3.3. ELISA ASSAY 

 
Litters were sacrificed at P42, brain was removed and hypothalamus was 

dissected and stored at -80°C until further used. Hypothalamus was weighted and then 
the protein was quantified by the BCA method to obtain concentration of total protein. 
This method consists of homogenization the region of the brain in question in PBS with 
a protease inhibitor tablet (in a volume/weight ratio of 1:30) and centrifuged at 10000g 
during 5 minutes at 4°C. The supernatant is removed, quantified and stored for future 
use. 
 
 

3.3.1. Tryptophan ELISA  
 
For Tryptophan ELISA procedure, manufacturer’s instructions were followed 

(Tryptophan ELISA kit, Axxora, USA). Prepared standards and samples were incubated 
with tryptophan antiserum during overnight at 4°C. Next day, the wells were washed 
following incubation with enzyme Conjugate for 30 min at room temperature on a 
shaker. Then, samples were washed again and incubated with substrate under the same 
conditions as previously. To conclude, stop solution was added and the absorbance of 
samples was read at 450 nm. 
 
 

3.3.2. Serotonin ELISA  
 
For serotonin ELISA procedure, manufacturer’s instructions were followed 

(Serotonin ELISA kit, Enzo Biochem, USA). Samples and standards were incubated with 
serotonin conjugate and serotonin antibody for 2h at room temperature with shaking. 
Then, the wells were washed following incubation with substrate solution for 1 hour at 
room temperature with shaking. Finally, the stop solution was added and the optical 
density of the wells was measuring in a plate reader at 405 nm. 
 
 

3.3.3. Kynurenine ELISA  
 
For Kynurenine ELISA procedure, manufacturer’s instructions were followed 

(Kynurenine ELISA kit, Axxora, USA). Acylated standards and samples were incubated 
with Kynurenine antiserum during overnight at 4°C. Next day, the wells were washed 
following incubation with enzyme Conjugate for 30 min at room temperature on a 
shaker. Then, samples were washed again and incubated with substrate under the same 
conditions as previously. To conclude, stop solution was added and the absorbance of 
samples was read at 450 nm. 
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3.4. GENOTYPING 

 
Tails tips were digested in a lysis solution [10mM Tris, 5mM EDTA, 200mM NaCl, 

0.3% SDS, 2.5% proteinase K (Invitrogen, Waltham, MA, USA)], for 4 hours at 55°C with 
shaking. The resultant solution was centrifuged (1730R, Gyrozen, Gimpo, South Korea) 
at 12000 rpm for 15 minutes at 4°C. The supernatant was collected and the DNA was 
precipitated in two consecutive centrifugations at 4000 rpm for 15 min at 4°C with 100% 
ethanol and 75% ethanol (Sigma-Aldrich, St. Louis, MO, USA). The pellet was left to dry 
overnight and resuspended in TE buffer (10Mm Tris, 1mM EDTA, pH 8.0). The DNA 
chains were untangled at 70°C for 10 minutes. DNA was quantified (NanoDrop, Thermo 
Fisher Scientific, Waltham, MA, USA) and PCR was set up with Taq Master Mix 50% 
(Bioron Diagnostics GmbH, Römerberg, Germany), primers 5% (Metabion, Planegg, 
Germany) (NF1-P132, NF1-P133 and NF1-P134), PCR Water (Bioron Diagnostics GmbH, 
Römerberg, Germany) until the volume was complete and DNA (200ng/uL). PCR was 
performed (T100 Thermal Cycler, Bio-Rad Laboratories, Hercules, CA, USA) with the 
following variations temperatures: 2 min 94°C; 34 cycles of 45 seconds 94°C, 1 min 56°C, 
1 min 72°C; 10 min 72°C; infinite hold 4°C. Loading buffer 6x (Thermo Fisher Scientific, 
Waltham, MA, USA) was added to each PCR product and the resultant solutions were 
loaded onto a 3% agarose gel (NZYTech, Lisbon, Portugal) in TAE (40mM Tris, 5mM 
EDTA, 5.71% acetic acid, pH 8.0) with GreenSafe Premium (NZYTech, Lisbon, Portugal) 
for visualization of the bands. Electrophoresis was performed on a system with TAE at 
110 V for 30 min (PowerPac, Bio-Rad Laboratories, Hercules, CA, USA). Results were 
observed with UV light. 
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3.5. STATISTICAL ANALYSIS 

 

All data were analyzed using GraphPad Prism version 8.0.2 (GraphPad Software, 

San Diego, CA, USA). Outliers were identified as all values outside the (mean ± standard 

deviation) interval, and excluded. Between the two groups of health conditions we used 

two-way or three-way analysis of variance (ANOVA), followed by Turkey or Sidak’s 

multiple comparisons, as indicated in the figure legends. In the four groups of ASD 

conditions we used three-way analysis of variance (ANOVA), followed by Turkey or 

Sidak’s multiple comparisons, as also indicated in the figure legends. Data were 

considered as statistically significant at p<0.05. 
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This method of supplementation with Trp can be studied in two major fields of 

research (Nayak et al., 2019; Steenbergen et al., 2016). The first field is focused on 
healthy individuals with normal serotonin levels in the brain. In the second case the 
research is focused on individuals with neurodevelopmental disorders associated with 
an impairment in the serotoninergic system, such as ASD patients. Thus, this study will 
also be divided into the two domains. 

 
 
4.1. EFFECT OF PRENATAL TRYPTOPHAN DIET IN HEALTH CONDITIONS 
 

Since our main objective in this first part is to study the effect of the prenatal Trp 
diet in health conditions, these results are only regarding offspring that have been 
segregated by sex to form the following experimental groups: 

- Female WT pups from WT dam with CTR diet (female CTR); 
- Female WT pups from WT dam with TRP+ diet (female TRP+); 
- Male WT pups from WT dam with CTR diet (male CTR); 
- Male WT pups from WT dam with TRP+ diet (male TRP+). 
 

4.1.1. Prenatal tryptophan suplemented diet affects body weight and length in health 
conditions 
 

To investigates if the prenatal Trp diet affects the offspring's body weight, they 
were weighed every 2 days. Although no significant differences were found during the 
weaning period, after weaning (P21) several differences were observed. We found that 
overall males had a higher weight compared with females (Figure 17 and Table 3). 
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Figure 17 | TRP+ diet led to a higher body weight of the offspring in health conditions 
Body weight was measured every 2 days until P42 and TRP+ led to a higher body weight of the offspring. 
Two-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference 
between female CTR and female TRP+; #: significant difference between female CTR and male CTR; $: 
significant difference between female TRP+ and male TRP+; &: significant difference between male CTR 
and male TRP+. Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 
8; n (male TRP+) = 7. 

 
Table 3 | Significant differences in weight of offspring in health conditions 

 

P24 P value 

Female CTR vs male CTR  0.0394 

P26 

Female CTR vs male CTR  <0.0001 

Male CTR vs male TRP+  0.0461 

P28 

Female CTR vs female TRP+  0.0379 

Female CTR vs male CTR  <0.0001 

Male CTR vs male TRP+  0.0352 

P30 

Female CTR vs female TRP+  0.0168 

Female CTR vs male CTR  <0.0001 

P32 

Female CTR vs male CTR  <0.0001 

Female TRP+ vs male TRP+  0.0002 

Male CTR vs male TRP+  0.0004 

P34 

Female CTR vs male CTR  <0.0001 

Female TRP+ vs male TRP+  <0.0001 

P36 

Female CTR vs female TRP+  0.0012 

Female CTR vs male CTR <0.0001 

Female TRP+ vs male TRP+  <0.0001 

P38 

Female CTR vs female TRP+  0.0410 

Female CTR vs male CTR  <0.0001 

Female TRP+ vs male TRP+  <0.0001 

P40 

Female CTR vs male CTR  <0.0001 

Female TRP+ vs male TRP+  <0.0001 

P42 

Female CTR vs male CTR  <0.0001 

Female TRP+ vs male TRP+  <0.0001 

 
The increment of weight between P4 and P20 (Figure 18A) and between P20 and 

P42 (Figure 18B) was also analyzed. Although in the breastfeeding period there was no 
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difference in weight augment between experimental groups, after weaning it was 
possible to observe differences between males and females of both diets (female CTR = 
8.343 ± 0.347 vs male CTR = 12.62 ± 0.509, p<0.0001; female TRP+ = 6.323 ± 0.306 vs 
male TRP+ = 11.29 ± 0.433, p<0.0001), but also between females CTR and females TRP+ 
(female CTR = 8.343 ± 0.347 vs female TRP+ = 6.323 ± 0.306, p=0.0411). Overall, there 
was an effect of sex (F (1, 18) = 82.65, p<0.0001) and also of diet (F (1, 18) = 10.86, 
p=0.0040).  

 

 
 

Figure 18 | Females TRP+ showed less weight increase of offspring in health conditions  
Although there was no difference during the (A) breastfeeding period (P4-P20), (B) after weaning (P20-
P42) females TRP+ showed a lower weight increment. Furthermore, after weaning, males showed a higher 
increase than females. A. Two-way ANOVA followed by Turkey’s multiple comparisons test; No significant 
differences found between any of the experimental groups. Data represented as mean ± SEM; n (female 
CTR diet) = 7; n (female TRP+ diet) = 8; n (male CTR diet) = 8; n (male TRP+ diet) = 7; and B. Two-way 
ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference between female 
CTR and female TRP+; #: significant difference between female CTR and male CTR; $: significant difference 
between female TRP+ and male TRP+. Data represented as mean ± SEM; n (female CTR) = 7; n (female 
TRP+) = 4; n (male CTR) = 8; n (male TRP+) = 3.  

 

The offspring length was measured from P4 to P14, an important stage of initial 
and developmental growth and it was observed that there were differences between 
diets in both sexes (Figure 19 and Table 4).  

 
 

Figure 19  | TRP+ diet resulted in lower body length of offspring in health conditions 
Length was measured on P4, 6, 8, 10, 12 and 14 and TRP+ diet led to shorter body length in both sexes. 
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Two-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference 
between female CTR and female TRP+; &: significant difference between male CTR and male TRP+. Data 
represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7. 

 
Table 4 | Significant differences length of offspring in health conditions 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The increment of length (Figure 20) between this period was also analyzed and 
despite not observing differences between the experimental groups, there was diet 
effect (F (1, 26) = 8,087, p=0.0086). 

 
 

Figure 20| TRP+ diet did not influence length increase of offspring in health conditions 
TRP+ diet did not influence length growth between P4 to P14. Two-way ANOVA followed by Turkey’s 
multiple comparisons test; No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7. 

 
In addition, when the animals were sacrificed, the brain was extracted and 

weighed. To normalized brain weight, a brain index (Figure 21) was analyzed showing 
that females had a higher index than males in both diets (female CTR = 0.02543 ± 
0.000595 vs male CTR = 0.01986 ± 0.000181, p<0.0001; female TRP+ = 0.02463 ± 
0.000882 vs male TRP+ = 0.02057 ± 0.00047, p=0.0054). Overall, there was an effect of 
sex (F (1, 15) = 57.36, p<0.0001).  

P6 P value 

Female CTR diet vs female TRP+ 0.0073 

Male CTR diet vs male TRP+ 0.0007 

P8 

Female CTR diet vs female TRP+ 0.0164 

Male CTR diet vs male TRP+ 0.0443 

P10 

Female CTR diet vs female TRP+ <0.0001 

Male CTR diet vs male TRP+ <0.0001 

P12 

Female CTR diet vs female TRP+ 0.0005 

P14 

Female CTR diet vs female TRP+ 0.0001 

Male CTR diet vs male TRP+ 0.0058 
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Figure 21 | TRP+ diet did not influence brain index of offspring in health conditions 

An brain index was measured based on brain and body weight and the TRP+ diet did not 
influence the brain index, however females had a higher index. Two-way ANOVA 
followed by Turkey’s multiple comparisons test; p<0.05; #: significant difference 
between female CTR and male CTR; $: significant difference between female TRP+ and 
male TRP+. Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 4; n 
(male CTR) = 5; n (male TRP+) = 3. 
 

So, in this study, we concluded that the prenatal TRP+ diet had an influence on 
length in early-life and, on the other hand, increased body weight in juvenile age of 
offspring in health conditions. Note that the TRP+ diet did not influence the brain index 
of offspring. 
 
 

4.1.2. Prenatal tryptophan suplemented diet affects development of motor, vestibular 
and communicative skills and of pro-social behavior in health conditions 
 

Several developmental milestones were performed to assess the development 
of sensorimotor skills of different experimental offspring groups at infancy period (P4 to 
P14). 

On surface righting reflex test (Figure 22), we found that sensorimotor early 
changes. Indeed, at P4, it was observed that males TRP+ had a better development 
comparing with females TRP+ (female TRP+ = 6.265 ± 1.603 vs male TRP+ = 1.3875 ± 
0.139, p=0.0237) and males CTR (male CTR = 6.066 ± 0.3766 vs male TRP+ = 1.3875 ± 
0.139, p=0.0384). Further, at P6, female TRP+ scored significantly worse than the 
females CTR (female CTR = 2,580 ± 0.340 vs female TRP+ = 6.639 ± 1.115, p=0.0365). 
Overall, there was a significant effect of age in this reflex development (F (2, 69) = 9.722, 
p=0.0002). 
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Figure 22 | Females TRP+ had a delay in surface righting reflex of offspring in health conditions  
Female TRP+ showed a delay compared to male TRP+ and female CTR. On the other hand, male TRP+ 
showed an improvement over CTR+ males. Two-way ANOVA followed by Turkey’s multiple comparisons 
test; p<0.05; *: significant difference between female CTR and female TRP+; $: significant difference 
between female TRP+ and male TRP+; &: significant difference between male CTR and male TRP+. Data 
represented as mean ± SEM; P4: n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 7; n (male TRP+) 
= 4; P6: n (female CTR) = 6; n (female TRP+) = 8; n (male CTR) = 7; n (male TRP+) = 7; P8: n (female CTR) = 
7; n (female TRP+) = 7; n (male CTR) = 8; n (male TRP+) = 5. 

 
On negative geotaxis test (Figure 23) there was no significant differences 

between experimental groups however there was an effect of age (F (2, 76) = 11.41, 
p<0.0001). 
 

 

 
 

Figure 23 | TRP+ diet did not influence the development in negative geotaxis test of offspring 
in health conditions  
TRP+ diet did not influence the development of negative geotaxis. Two-way ANOVA followed by Turkey’s 
multiple comparisons test; No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; P4: n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) 
= 7; P6: n (female CTR) = 6; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7; P8: n (female CTR) = 
7; n (female TRP+) = 7; n (male CTR) = 8; n (male TRP+) = 7. 
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In nest seeking test (Figure 24) there were no significant differences between 
groups but we detected an effect of age in these results (F (2, 80) = 21.47, p<0.0001). 

 
 

Figure 24 | TRP+ diet did not influence the development in nest seeking test of offspring in 
health conditions  
TRP+ diet did not influence the development of nest seeking. Two-way ANOVA followed by Turkey’s 
multiple comparisons test; No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; P4: n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) 
= 8; P6: n (female CTR) = 7; n (female TRP+) = 7; n (male CTR) = 8; n (male TRP+) = 8; P8: n (female CTR) = 
7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 8. 
 

On cliff aversion test (Figure 25), males TRP+ at P6 displayed a worse score in the 
cliff aversion test compared with males CTR (male CTR = 5.525 ± 0.774 vs male TRP+ = 
8.464 ± 0.630, p=0.0276) and also with female TRP+ (female TRP+ = 5.523 ± 1.063 vs 
male TRP+ = 8.464 ± 0.630, p=0.0275). Also, there was a significantly difference in female 
between diets on P8 (female CTR = 2.817 ± 0.310 vs female TRP+ = 6.116 ± 0.865, 
p=0.0103) and P10 (female CTR = 2.169 ± 0.467 vs female TRP+ = 5.269 ± 1.150, 
p=0.0167), in both days females TRP+ showed a delay in the development of this reflex. 
Overall existed a significant effect in age (F (2, 78) = 13.58, p<0.0001) and diet (F (1, 78) 
= 23.84, p<0.0001). 
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Figure 25 | Females and males TRP+ showed a delay in development of the cliff aversion reflex 
of offspring in health conditions 
TRP+ diet showed an impairment in the development of the cliff aversion reflex in both sexes. Two-way 
ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference between female 
CTR and female TRP+; $: significant difference between female TRP+ and male TRP+; &: significant 
difference between male CTR and male TRP+. Data represented as mean ± SEM; P6: n (female CTR) = 7; n 
(female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7; P8: n (female CTR) = 7; n (female TRP+) = 8; n (male 
CTR) = 8; n (male TRP+) = 7; P10: n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) 
= 7. 

 
Additionally, we observed that exist a significant different at P10 between sexes 

in CTR diet, males have developed faster locomotion (female CTR = 27.733 ± 1.564 vs 
male CTR = 17.273 ± 4.170, p=0.0193) (Figure 26). Regarding TRP+ diet, we observed 
that at P12, female TRP+ had a better development than female CTR diet (female CTR = 
16.940 ± 4.143 vs female TRP+ = 4.860 ± 0.965, p=0.0031). Overall, there was a 
significant effect of age (F (2, 73) = 78.47 p<0.0001).  

 
 

 

 
 

Figure 26 | Females TRP+ showed an impairment in development of locomotion in offspring 
under health conditions  
TRP+ diet influenced the ability of locomotion in females. Two-way ANOVA followed by Turkey’s multiple 
comparisons test; p<0.05; *: significant difference between female CTR and female TRP+; #: significant 
difference between female CTR and male CTR; $: significant difference between female TRP+ and male 
TRP+. Data represented as mean ± SEM; P10: n (female CTR) = 6; n (female TRP+) = 8; n (male CTR) = 8; n 
(male TRP+) = 5; P12: n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7; P14: n 
(female CTR) = 6; n (female TRP+) = 8; n (male CTR) = 7; n (male TRP+) = 7. 

 
Lastly, on forelimb grasp test (Figure 27), on P12 there was some significant 

differences, females  CTR had a faster development comparing with females TRP+ 
(female CTR = 8.784 ± 0.079  vs female TRP+ = 4.211 ± 0.674, p=0.0021) and males CTR 
(females CTR = 8.784 ± 0.079  vs males CTR = 5.351 ± 0.747, p=0.0323). However, this 
differences seems to reverse on P14, where females TRP+ had a better score than the 
females CTR (female CTR = 3.907 ± 0.529 vs female TRP+ = 9.456 ± 0.222, p<0.0001), and 
also than males CTR (female CTR = 3.907 ± 0.529 vs male CTR = 7.086 ± 0.978, p=0.0381). 
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In the last day of development test, the females TRP+ scored better than the males 
(female TRP+ = 9.456 ± 0.222 vs male TRP+ = 6.163 ± 0.882). 
 

 
 
Figure 27 | TRP+ diet delays the development of strength in forelimb grasp test in females of 
offspring in health conditions  
At P12 Females TRP+ had a worse score than the CTR females, however at P14 they improved their 
development considerably and therefore had a higher score in forelimb grasp.  Two-way ANOVA followed 
by Turkey’s multiple comparisons test; p<0.05; *: significant difference between female CTR and female 
TRP+; #: significant difference between female CTR and male CTR; $: significant difference between 
female TRP+ and male TRP+. Data represented as mean ± SEM; P10: n (female CTR) = 7; n (female TRP+) 
= 8; n (male CTR) = 8; n (male TRP+) = 7; P12: n (female CTR) = 5; n (female TRP+) = 8; n (male CTR) = 8; n 
(male TRP+) = 7; P14: n (female CTR) = 6; n (female TRP+) = 7; n (male CTR) = 8; n (male TRP+) = 7. 
 

 
The TRP+ diet had a stronger impact on the development of females TRP+, with 

both positive and negative effects. This diet had a positive impact on these females in 
the forelimb test. On the other hand, the TRP+ diet had a negative impact on 
development in the cliff test in both sexes, which was the most affected developmental 
milestones. 
  

To access communication skills, maternal separation-induced USVs were 
recorded following milestones on days P4, 6 and 8 and several parameters were 
analyzed. 

In the total number (Figure 28A) and in total time of USVs (Figure 28B) no 
significant differences were observed between diets and sexes. However there was an 
overall effect of age (F (2, 77) = 4.084, p=0.0206), sex (F (1, 77) = 9.468, p=0.0029) and 
diet (F (1, 77) = 11.61, p=0.0010). 
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Figure 28 | TRP+ diet did not influence differences in number and total time of USVs of 
offspring in health conditions  

TRP+ diet did not influence either the (A) number of total ultrasonic vocalizations (USVs) or the (B) total 
time of USVs. Two-way ANOVA followed by Turkey’s multiple comparisons test; No significant differences 
found between any of the experimental groups. Data represented as mean ± SEM; n (female CTR) = 7; n 
(female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7. 

 
 There was an effect overall of the type of vocalization in all ages (P4 (Figure 29A): 
F (2, 73) = 37.14, p<0.0001; P6 (Figure 29B): F (2, 72) = 66.95, p<0.0001; P8 (Figure 29C): 
F (2, 74) = 24.38, P<0.0001). Only on P6, males TRP+ produced significantly more single 
vocalizations when compared with males CTR (males CTR = 218.9 ± 30.38 vs male TRP+ 
= 373.4 ± 43.76, p=0.0049).  
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Figure 29 | Males TRP+ produced significantly more single USVs on P6 of offspring in health 
conditions 

Despite at (A) P4 there was no significant difference, at (B) P6, males TRP+ produced more single 
vocalizations. However, this difference disappears at (C) P8.  Two-way ANOVA followed by Turkey’s 
multiple comparisons test; (A) No significant differences found between any of the experimental groups; 
(B) p<0.05; &: significant difference between male CTR and male TRP+; (C) No significant differences found 
between any of the experimental groups. Data represented as mean ± SEM; n (female CTR) = 7; n (female 
TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7. 

 
 Latency time was also analyzed and it was found that at P4 males from mothers 
with TRP+ diet took longer to initiate vocalizations after separation from the mother, 
comparing with females on the same diet (female TRP+ = 0.614 ± 0.363 vs male TRP+ = 
9.670 ± 5.110, p=0.0039) and males from mothers with CTR diet (male CTR = 0.325 ± 
0.149 vs male TRP+= 9.670 ± 5.110, p=0.0009) (Figure 30A).  
 Accordingly, call length, time between calls (mean inter-call), and mean power 
showed alterations at P4. There was a difference in mean call length between males  
CTR and males TRP+, where the latter showed a longer mean call length (male CTR = 
0.044 ± 0.002 vs male TRP+ = 0.054 ± 0.004, p= 0.0135) (Figure 30B). There was a 
significant sex effect (F (1, 72) = 13.36, p=0.0005) and also a diet effect (F (1, 72) = 20.79, 
p<0.0001).  
 Indeed, there was a significant difference at P4 where females TRP+ had a longer 
interval between calls) than females CTR (female CTR = 0.483 ± 0.046 vs female TRP+ = 
0.717 ± 0.095, p= 0.0142) (Figure 30C). In particular, the females TRP+ vocalized with 
significantly increased power than females CTR on P4 (female CTR = -89.200 ± 1.265 vs 
female TRP+ = -93.82 ± 0.854, p= 0.0253) (Figure 30D).  
 The tonality of the USVs (Figure 30E) was also analyzed and at P8 there was a 
significant difference between sexes in the TRP+ diet, where males presented a lower 
tonality. Overall, there was an effect of sex (F (1, 75) = 18.96, p<0.0001) and also of diet 
(F (1, 75) = 10.18, p=0.0021). 
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Figure 30 | TRP+ diet increased the latency, mean inter-call, call length and power of USVs on 
P4 of offspring in health conditions 
At P4, males TRP+ showed longer (A) latency time and (B) call duration. On the same day, females TRP+ 
had a higher (C) mean inter-call and (D) power of USVs. At P8, differences were observed between the 
sexes on the TRP+ diet, where males TRP+ had a lower (E) tonality of USVs. Two-way ANOVA followed by 
Turkey’s multiple comparisons test; p<0.05; *: significant difference between female CTR and female 
TRP+; $: significant difference between female TRP+ and male TRP+; &: significant difference between 
male CTR and male TRP+. Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n 
(male CTR) = 8; n (male TRP+) = 7. 
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Finally, the principal (Figure 31A), low (Figure 31B) and high frequencies (Figure 
31C) were analyzed but there were no significant differences observed. However, there 
was a effect of age on the principal frequency (F (2, 78) = 7.666, p=0.0009) and in the 
low frequency, there was an effect of sex (F (1, 76) = 5.822, p=0.0182).  
 

  

 

 

 
Figure 31 | TRP+ diet did not influence principal, low and high frequency of USVs of offspring 
in health conditions  
TRP+ diet did not influence either (A) principal or (B) low or (C) high frequency of USVs. Two-way ANOVA 
followed by Turkey’s multiple comparisons test; No significant differences found between any of the 
experimental groups. Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male 
CTR) = 8; n (male TRP+) = 7. 

 

 Thus, by analyzing the characteristics of the USVs, it can be seen that the males 
TRP+ were the group most affected. Although the TRP+ diet did not influence the 
number and time of USVs, it did provide an improvement in USVs, such as latency time, 
mean inter-call, call length and power, being the first characteristic on which the diet 
had the most impact. 
 

Physical landmarks were registered for open eyes (Figure 32A) and auditory 
startle response (Figure 32B) during milestones and we observed no significant 
differences in both. 
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Figure 32 | TRP+ diet did not influence eye-opening day and auditory startle response of 
offspring in health conditions 

TRP+ diet did not influence (A) eye-opening and (B) auditory startle response. Two-way ANOVA followed 
by Turkey’s multiple comparisons test; No significant differences found between any of the experimental 
groups. Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n 
(male TRP+) = 7. 

 
 

4.1.3. Prenatal tryptophan suplemented diet increased number of open arms entries 
in males in health conditions 
 

At juvenile age (P30 to P41), several tests were performed, the first being the 
EPM to assess anxiety-like behavior.  

No difference between experimental groups were detected in total distance 
(Figure 33A), time (Figure 33B) and distance (Figure 33C) in open arms. However, males 
TRP+ showed a higher number of entries in the open arms comparing with males CTR 
(male CTR = 2.500 ± 0.598 vs male TRP+ = 5.000 ± 0.963, p=0.0275) and females TRP+ 
(female TRP+ = 2.500 ± 0.223 vs male TRP+ = 5.000 ± 0.963, p=0.0427) (Figure 33D). An 
anxiety index (Figure 33E) was also calculated and no significant differences were found. 
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Figure 33 | Males TRP+ showed a higher number of entries in the open arms of offspring in 
health conditions  
TRP+ diet did not influence (A) total distance, (B) time and (C) distance in open arms. However, males 
TRP+ showed a higher (D) number of entries in the open arms. Also, TRP+ diet did not influence (E) anxiety 
index. Two-way ANOVA followed by Turkey’s multiple comparisons test; (A) No significant differences 
found between any of the experimental groups; (B) No significant differences found between any of the 
experimental groups; (C) No significant differences found between any of the experimental groups; (D) 
p<0.05; $: significant difference between female TRP+ and male TRP+; &: significant difference between 
male CTR and male TRP+; (E) No significant differences found between any of the experimental groups. 
Data represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) 
= 7. 

 
TRP+ diet only showed significant differences in number of entries in open arms 

in males. No significant differences were observed in the other parameters, including 
the anxiety index, and therefore the TRP+ diet did not influence anxiety behavior. 

 

 

4.1.4. Prenatal tryptophan suplemented diet does not affect social interaction in 
health conditions 
 

To evaluate social interaction, a juvenile social play test was performed and the 
number (Figure 34A) and time of interactions (Figure 34B) were analyzed. 
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Figure 34 | TRP+ diet did not influence number and time of social interactions of offspring in 
health conditions 

TRP+ diet did not influence (A) number of social interactions and (B) time of social interactions. Two-way 
ANOVA followed by Sidak’s multiple comparisons test; No significant differences found between any of 
the experimental groups. Data represented as mean ± SEM; n (female CTR) = 3; n (female TRP+) = 4; n 
(male CTR) = 4; n (male TRP+) = 3. 

 
Moreover, the number of USVs in a social (Figure 35A) and non-social context 

(Figure 35B) and a respective USVs social index (Figure 35C) was also analyzed.  
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Figure 35 | TRP+ diet did not influence number of USVs in a social and non-social context and 
the respective index of offspring in health conditions 
TRP+ diet did not influence (A) number of USVs in a social context, (B) number of USVs in a non-social 
context and (C) USVs social index. Two-way ANOVA followed by Sidak’s multiple comparisons test; No 
significant differences found between any of the experimental groups. Data represented as mean ± SEM; 
n (female CTR) = 3; n (female TRP+) = 4; n (male CTR) = 4; n (male TRP+) = 3. 

 
 

4.1.5. Prenatal tryptophan suplemented diet increases repetitive behavior in males in 
health conditions 
 

The marble test (Figure 36) was performed to analyze the effect of Trp diet on 
repetitive behavior, for which the number of marbles buried every 5 min was counted 
(Figure 25). Overall, there was an effect in time (F (3, 102) = 11.37, p<0.0001) and in diet 
(F (1, 102) = 21.42, p<0.0001).  In addition, there was also an effect of diet and sex (F (1, 
102) = 18.00, p<0.0001). Males TRP+ showed a higher number of buried marbles 
compared to females on the same diet from 10 minutes until the last time point (20  
minutes) of the test (time point 10’: female TRP+ = 0.429 ± 0.297 vs male TRP+ = 3.286 
± 0.918, p=0.0272; time point 15’: female TRP+ = 1.375 ± 0.419 vs male TRP+ = 5.286 ± 
1.322, p=0.0006;time point 20’: female TRP+ = 1.750 ± 0.559 vs male TRP+ = 5.429 ± 
1.110, p=0.0015). At 15 minutes there was also a significant difference between diets in 
males (male CTR = 2.375 ± 0.618 vs male TRP+ = 5.286 ± 1.322, p=0.0180).  
 

 

 
 

Figure 36 | Males TRP+ showed an increased repetitive behavior of offspring in health 
conditions 
TRP+ diet influenced repetitive behavior in males. Two-way ANOVA followed by Turkey’s multiple 
comparisons test; p<0.05; $: significant difference between female TRP+ and male TRP+; &: significant 
difference between male CTR diet and male TRP+. Data represented as mean ± SEM; time points 5’ and 
10’: n (female CTR) = 7; n (female TRP+) = 7; n (male CTR) = 8; n (male TRP+) = 7; time points 15’ and 20’: 
n (female CTR) = 7; n (female TRP+) = 8; n (male CTR) = 8; n (male TRP+) = 7. 
 

Thus, regarding the marble burying test, the diet only affected males TRP+ where, not 
only provided sexual dimorphism, but also increased repetitive behavior. 
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4.1.6. Prenatal tryptophan suplemented diet impairs learning and memory in males in 
health conditions 

 
Finally, to assess learning and memory, Barnes test was performed. For this 

purpose, escape latency time (time taken for the mouse to enter the escape tube), time 
to find the target, total distance, time in the target zone, errors and search strategies 
were evaluated. 

Regarding time of escape latency (Figure 37), on the first day of training sessions, 
males TRP+ took longer to enter the tunnel than males CTR (male CTR = 45.41 ± 9.969 
vs male TRP+ = 120.70 ± 21.01, p=0.0491). No changes were detected in other days of 
test. It was found also an effect of diet (F (1, 48) = 11.19, p=0.0016).  

 

 
 

Figure 37 |Males TRP+ had a longer escape latency time of offspring in health conditions  
TRP+ diet increased escape latency time in males on first day of training sessions. Two-way ANOVA 
followed by Turkey’s multiple comparisons test; p<0.05; &: significant difference between male CTR and 
male TRP+. Data represented as mean ± SEM; n (female CTR) = 6; n (female TRP+) = 4; n (male CTR) = 7; n 
(male TRP+) = 3. 

 
In the time to find the target (Figure 38A), there were diet- (F (1, 44) = 12.86, 

p=0.0008) and sex-dependent (F (1, 44) = 6,667, p=0.0132) effect. Furthermore, on day 
1 of learning training, females TRP+ took longer to find the target comparing with female 
CTR (female CTR = 9.785 ± 0.497 vs female TRP+ = 43.900 ± 13.65, p= 0.0199). However, 
On day 2, females rescue this skills and were found that was males TRP+ that took longer 
to find the hole comparing with females TRP+ (female TRP+ = 8.908 ± 1.138 vs male TRP+ 
= 47.530 ± 19.56 p= 0.0340) and males CTR (male CTR = 14.480 ± 3.201 vs male TRP+ = 
47.530 ± 19.56, p= 0.0312). On probe day (Figure 38B) no significant differences were 
observed in time to find target. 
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Figure 38 | TRP+ diet increased time to find target in training sessions of offspring in health 
conditions 
TRP+ diet increased time to find target in both sex in (A) training sessions days however, it had no 
influence on (B) probe day. Two-way ANOVA followed by Sidak’s multiple comparisons test; p<0.05; *: 
significant difference between female CTR and female TRP+; $: significant difference between female 
TRP+ and male TRP+; &: significant difference between male CTR and male TRP+. Data represented as 
mean ± SEM; day 1: n (female CTR) = 5; n (female TRP+) = 4; n (male CTR) = 6; n (male TRP+) = 3; day 2: n 
(female CTR) = 7; n (female TRP+) = 4; n (male CTR) = 7; n (male TRP+) = 3; day 3: n (female CTR) = 5; n 
(female TRP+) = 4; n (male CTR) = 7; n (male TRP+) = 3; probe day: n (female CTR) = 5; n (female TRP+) = 
4; n (male CTR) = 6; n (male TRP+) = 3. 

 
 In time in the target zone no significant differences were observed between 
experimental groups (Figure 39 A, B). However, there was an day effect (F (2, 50) = 24.04, 
p<0.0001) and a diet x sex effect (F (1, 49) = 8.057, p=0.0065) in training sessions. 
 

   

 
 

Figure 39 | TRP+ diet did not influence time in target zone of offspring in health conditions 
TRP+ diet did not influence time in target zone in (A) training sessions day and (B) probe day in Barnes 
test. Two-way ANOVA followed by Sidak’s multiple comparisons test. No significant differences found 
between any of the experimental groups. Data represented as mean ± SEM; n (female CTR) = 6; n (female 
TRP+) = 4; n (male CTR) = 7; n (male TRP+) = 3. 
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 On training sessions day (Figure 40A), there was an effect of sex in number of 
errors to explore (F (1, 49) = 7.725, p=0.0077). In addition, there was a diet x sex effect 
(F (1, 49) = 8.682, p=0.0049). Only on the second day of training it was possible observed 
alterations. In fact, males from mothers with TRP+ diet displayed more errors exploring 
for the target comparing with female from mothers with same diet (female TRP+ =2.677 
± 1.276 vs male TRP+ = 5.889 ± 2.04, p=0.0344). During test, no differences were 
observed between experimental groups (Figure 40B). 
 

   

 
 

Figure 40 | Males TRP+ committed more exploring errors in training sessions of offspring in 
health conditions 
TRP+ promotes a sexual dimorphism where males on this diet commit more exploring errors on day 2 of 
(A) training sessions. On (B) probe day, TRP+ diet did not influence the number of errors. Two-way ANOVA 
followed by Sidak’s multiple comparisons test; p<0.05; $: significant difference between female TRP+ and 
male TRP+. Data represented as mean ± SEM; day 1: n (female CTR) = 5; n (female TRP+) = 4; n (male CTR) 
= 6; n (male TRP+) = 3; day 2: n (female CTR) = 7; n (female TRP+) = 4; n (male CTR) = 8; n (male TRP+) = 3; 
day 3: n (female CTR) = 7; n (female TRP+) = 3; n (male CTR) = 8; n (male TRP+) = 3; probe day: n (female 
CTR) = 5; n (female TRP+) = 3; n (male CTR) = 7; n (male TRP+) = 3. 

 
The distance traveled during training (Figure 41A) and test (Figure 41B) sessions 

was also evaluated. We observed that males TRP+ had higher activity comparing with 
female TRP+ and male CTR (female TRP+ = 129.80 ± 25.49 vs male TRP+ = 328.10 ± 31.29, 
p=0.0227; male CTR = 164.60 ± 36.34 vs male TRP+ = 328.10 ± 31.29, p=0.0385). Overall, 
there was a sex-dependent (F (1, 53) = 8.662, p=0.0048) effect. In addition, there were 
also diet and sex effect (F (1, 53) = 4.722, p=0.0343). 
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Figure 41 | Males TRP+ traveled a higher total distance in training sessions of offspring in 
health conditions 
TRP+ diet increased the total distance traveled on (A) first day of training only in males. However, on (B) 
probe day, TRP+ diet did not influence the total distance in Barnes test. Two-way ANOVA followed by 
Sidak’s multiple comparisons test; p<0.05; $: significant difference between female TRP+ and male TRP+; 
&: significant difference between male CTR diet and male TRP+. Data represented as mean ± SEM; n 
(female CTR) = 7; n (female TRP+) = 4; n (male CTR) = 8; n (male TRP+) = 3. 

 

The search strategies used by the animals to find the target were also evaluated, 
which can be divided into three categories: direct - the mouse moves directly to the 
target or to an adjacent hole; serial - the mouse goes to at least 2 holes until it reaches 
the target in a serial pattern; mixed - the mouse searches for the target randomly in a 
disorganized way (Sunyer et al., 2007). 

On the first day (Figure 42A), it was detected that both sexes from mothers with 
CTR diet used more a directly approached to reach the target than those that from 
mothers with TRP+ diet (female CTR = 91.67 ± 8.325 vs female TRP+ = 58.33 ± 0.000, 
p=0.0273; male CTR = 58.34 ± 8.335 vs male TRP+ = 22.22 ± 0.000, p=0.0458). On the 
other hand, the animals TRP+ showed preference for serial strategy (female CTR = 4.165 
± 4.165 vs female TRP+ = 41.66 ± 0.000, p=0.0393; male CTR = 29.17 ± 4.165 vs male 
TRP+ = 66.67 ± 0.000, p=0.0392). In addition, it was observed a significant effect of diet 
(F (2, 6) = 18.48, p= 0.0027) and sex (F (2, 6) = 25.15, p= 0.0012) on strategy approaches. 

On the other hand, at day 2 of training sessions (Figure 42B), there was no 
differences between experimental groups. On day 3 (Figure 42C), although, there was 
no differences in strategy approaches between experimental groups, there were 
differences between the sexes from mothers with TRP+ diet. Indeed, females 
predominate used direct strategy (female TRP+ = 87.50 ± 0.000 vs male TRP+ = 65.63 ± 
9.375, p=0.0263) comparing with males. On test day (Figure 42D), it was clearly that 
males TRP+ had preference for serial strategy to reach the target than males CTR (male 
CTR diet = 0.00 ± 0.000 vs male TRP+ = 33.33 ± 0.000, p=0.0452). 
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Figure 42 | Males TRP+ showed learning and memory impairment in search strategy of 
offspring in health conditions 
TRP+ males searched more serially and less directly than control males on (A) day 1. Female TRP+ males 
also searched mostly with a serial strategy. However, on days (B) 2 and (C) 3 the diet did not influence the 
search strategy. On (D) probe day, TRP+ males searched much more in a serial strategy. Two-way ANOVA 
followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference between female CTR and 
female TRP+; #: significant difference between female CTR and male CTR; $: significant difference 
between female TRP+ and male TRP+; &: significant difference between male CTR and male TRP+. Data 
represented as mean ± SEM; n (female CTR) = 7; n (female TRP+) = 4; n (male CTR) = 8; n (male TRP+) = 3. 

 
Taking into account the results of the Barnes test, it was possible to conclude 

that males TRP+ showed deficits in learning, performing worse in almost all parameters. 
In addition, on the probe day, males TRP+ presented a more serial target search strategy 
while the other groups mainly went for direct search and therefore also had a memory 
impairment. 
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4.2. EFFECT OF PRENATAL TRYPTOPHAN DIET IN ASD CONDITION 
 

Since our main objective in the second part is to study the effect of the prenatal 
Trp diet in ASD condition, these results are only regarding offspring that have been 
segregated by sex to form the following 8 experimental groups: 

- Female WT pups from Nf1+/- dam with CTR diet (female WT CTR); 
- Female Nf1+/- pups from Nf1+/- dam with CTR diet (female Nf1+/- CTR); 
- Female WT pups from Nf1+/- dam with TRP+ diet (female WT TRP+); 
- Female Nf1+/- pups from Nf1+/- dam with TRP+ diet (female Nf1+/- TRP+); 
- Male WT pups from Nf1+/- dam with CTR diet (male WT CTR); 
- Male Nf1+/- pups from Nf1+/- dam with CTR diet (male Nf1+/- CTR); 
- Male WT pups from Nf1+/- dam with TRP+ diet (male WT TRP+); 
- Male Nf1+/- pups from Nf1+/- dam with TRP+ diet (male Nf1+/- TRP+). 

 
 

4.2.1. Prenatal tryptophan suplemented diet affect body weight but not between 
genotype in ASD condition 
 

To investigate if the prenatal Trp diet affects the offspring's body weight, they 
were weighed every 2 days. Although no significant differences were found during the 
weaning period, after weaning (P21) there were several differences observed between 
sex in CTR and TRP+ diets (males had higher weight) and also between diets either in 
males or females, mostly in males, where the TRP+ diet offspring had a lower weight in 
both genotypes. However, no differences in weight were observed between genotypes 
(Figure 43 and Table 5). 
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Figure 43 | TRP+ diet led to a lower body weight in both genotype of offspring in ASD condition 
Body weight was measured every 2 days until P42 and TRP+ led to a lower body weight of the WT and 
Nf1+/- offspring. Two-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant 
difference between female WT CTR and female WT TRP+; #: significant difference between female WT 
CTR and male WT CTR; #: significant difference between female Nf1+/- CTR and male Nf1+/- CTR; $: 
significant difference between female WT TRP+ and male WT TRP+; $: significant difference between 
female Nf1+/- TRP+ and male Nf1+/- TRP+; &: significant difference between male WT CTR and male WT 
TRP+; &: significant difference between male Nf1+/- CTR and male Nf1+/- TRP+. Data represented as mean 
± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 
7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 
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Table 5 | Significant differences in weight of offspring in ASD condition 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

P26 P value 

Female WT CTR vs male WT CTR 0.0442 

P28  

Female WT CTR vs male WT CTR 0.0009 

Male WT CTR vs male WT TRP+ 0.0185 

Male Nf1+/- CTR vs male Nf1+/- TRP+ 0.0113 

P30  

Female WT CTR vs male WT CTR <0.0001 

Male WT CTR vs male WT TRP+ 0.0001 

P32  

Female WT CTR vs male WT CTR 0.0001 

Female Nf1+/- CTR vs male Nf1+/- CTR 0.0019 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ 0.0431 

Male WT CTR vs male WT TRP+ 0.0138 

P34  

Female WT CTR vs male WT CTR <0.0001 

Female Nf1+/- CTR vs male Nf1+/- CTR 0.0005 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ 0.0100 

Male WT CTR vs male WT TRP+ 0.0001 

P36  

Female WT CTR vs male WT CTR <0.0001 

Female Nf1+/- CTR vs male Nf1+/- CTR 0.0005 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ <0.0001 

Male WT CTR vs male WT TRP+ 0.0101 

P38  

Female WT CTR vs male WT CTR <0.0001 

Female Nf1+/- CTR vs male Nf1+/- CTR <0.0001 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ <0.0001 

Male WT CTR vs male WT TRP+ 0.0110 

P40  

Female WT CTR vs male WT CTR 0.0001 

Female Nf1+/- CTR vs male Nf1+/- CTR <0.0001 

Female WT TRP+ vs male WT TRP+ 0.0027 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ <0.0001 

P42  

Female WT CTR vs male WT CTR <0.0001 

Female Nf1+/- CTR vs female Nf1+/- TRP+ 0.0498 

Female Nf1+/- CTR vs male Nf1+/- CTR <0.0001 

Female WT TRP+ vs male WT TRP+ <0.0001 

Female Nf1+/- TRP+ vs male Nf1+/- TRP+ <0.0001 

Male WT CTR vs male WT TRP+ 0.0453 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

74 
 

The difference in weight between P4 to P20 and also from P20 to P42 was also 
analyzed. 

During infancy (Figure 44A), differences in increment of weight were observed 
between females WT CTR and males WT CTR (female WT CTR = 4.461 ± 0.393 vs male 
WT CTR = 6.640 ± 0.020, p=0.0357). It was observed a sex x genotype effect in increment 
weight of offspring (F (1, 34) = 7.695, p=0.0089). 

After weaning and following juvenile age (Figure 44B), sex differences were 
observed in all experimental groups (female WT CTR = 8.904 ± 0.087 vs male WT CTR = 
12.24 ± 1.435, p=0.0013; female Nf1+/- CTR = 9.236 ± 0.272 vs male Nf1+/- CTR = 12.78 ± 
0.310, p<0.0001; female WT TRP+ = 8.054 ± 0.653 vs male WT TRP+ = 10.370 ± 0.531, 
p=0.0032; female Nf1+/- TRP+ = 7.503 ± 0.275 vs male Nf1+/- TRP+ = 12.42 ± 0.658, 
p<0.0001). In addition, it was observed that females Nf1+/- TRP+ had a higher weight 
gain than females Nf1+/- CTR (female Nf1+/- CTR = 9.236 ± 0.272 vs female Nf1+/- TRP+ = 
7.503 ± 0.275, p=0.0354). In males TRP+, Nf1+/- had a higher weight gain comparing with 
their littermate WT (male WT TRP+ = 10.370 ± 0.531 vs male Nf1+/- TRP+ = 12.420 ± 
0.658, p=0.0129). Overall, there were sex- (F (1, 34) = 105.4, p<0.0001) and diet-
dependent (F (1, 34) = 12.26, p=0.0013) effect. 

 
Figure 44 | Females Nf1+/- TRP+ showed less weight increase of offspring in ASD condition  
During (A) breastfeeding period (P4-P20) males WT CTR showed a higher increase than females WT CTR. 
Moreover, (B) after weaning (P20-P42) females Nf1+/- TRP+ showed a lower weight increment and in all 
experimental groups, males showed a higher increase weight than respective females. Two-way ANOVA 
followed by Sidak’s multiple comparisons test; Three-way ANOVA followed by Sidak’s multiple 
comparisons test; p<0.05; #: significant difference between female WT CTR and male WT CTR. Data 
represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 5; n 
(female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 5; n (male Nf1+/- 
TRP+) = 5; and B. Three-way ANOVA followed by Sidak’s multiple comparisons test; p<0.05; *: significant 
difference between female Nf1+/- CTR and female Nf1+/- TRP+; #: significant difference between female 
WT CTR and male WT CTR; #: significant difference between female Nf1+/- CTR and male Nf1+/- CTR; $: 
significant difference between female WT TRP+ and male WT TRP+; $: significant difference between 
female Nf1+/- TRP+ and male Nf1+/- TRP+; £: significant difference between male WT TRP+ and male Nf1+/- 
TRP+. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/- CTR) = 5; n (female WT 
TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; 
n (male Nf1+/- TRP+) = 5. 
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Also, pup length was measured during infancy (Figure 45) and although no 
significant differences were observed between experimental groups, there was an effect 
of sex (F (1, 96) = 7.186, p=0.0086). 

 
 

 
 

Figure 45 | TRP+ diet did not influence length of offspring in ASD condition 
Length was measured on P4, 6, 8, 10, 12 and 14 and TRP+ diet did not influence the length. Two-way 
ANOVA followed by Sidak’s multiple comparisons test; No significant differences found between any of 
the experimental groups. Data represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) 
= 5; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 8; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n 
(male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
The increment of length (Figure 46) was also calculated and although there were 

no significant differences between the experimental groups, there was an effect of the 
diet (F (1,32) = 9.119, p=0.0049). 

 

 
Figure 46 | TRP+ diet did not influence length increase of offspring in ASD condition 
TRP+ diet did not influence length growth between P4 to P14. Three-way ANOVA followed by Sidak’s 
multiple comparisons test; No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; n (female WT CTR) = 6; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 4; n 
(female Nf1+/- TRP+) = 6; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 5; n (male Nf1+/- 
TRP+) = 5. 
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To determine and normalize the weight of brain on each experimental group, a 
brain index was calculated (Figure 47) and it found that female Nf1+/- TRP+ displayed a 
higher index than  male Nf1+/- TRP+ (female Nf1+/- TRP+ = 0.02369 ± 0.000194 vs male 
Nf1+/- TRP+ = 0.02013 ± 0.000364, p= 0.0103). Also, an effect of sex in this variable was 
detected (F (1, 22) = 16.85, p=0.0005). 

 
Figure 47 | Females Nf1+/- TRP+ had a higher index than males Nf1+/- TRP+ of offspring in ASD 
condition 
An brain index was measured based on brain and body weight and the TRP+ diet did not influence the 
brain index, however females Nf1+/- TRP+ had a higher index than males Nf1+/- TRP+. Three-way ANOVA 
followed by Sidak’s multiple comparisons test; p<0.05; $: significant difference between female Nf1+/- 
TRP+ and male Nf1+/- TRP+. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/- CTR) 
= 3; n (female WT TRP+) = 2; n (female Nf1+/- TRP+) = 5; n (male WT CTR) = 1; n (male Nf1+/- CTR) = 3; n 
(male WT TRP+) = 6; n (male Nf1+/- TRP+) = 3. 

 
Thus, in this study, we concluded that the prenatal TRP+ diet in ASD condition 

did not influence neither weight nor length, and their respective increments in early-
life. Meanwhile, TRP+ diet only had influence on body weight in juvenile age of offspring. 
Note that, this diet promoted a dimorphism in Nf1+/-offspring in brain index. 
 
 

4.2.2. Prenatal tryptophan suplemented diet improves motor development 
performance in females WT and influences communication skills in both sexes in ASD 
condition 
 

Between P4 to P14, developmental milestones tests described above were 
conducted to evaluate the development of the sensorimotor abilities of the different 
groups of experimental. 

On surface righting reflex test (Figure 48), it was observed at P6 female WT TRP+ 
diet developed this reflex faster than females WT CTR diet (female WT CTR = 2.817 ± 
0.310 vs female WT TRP+ = 2.945 ± 0.461, p=0.0413). Overall, both sexes had an effect 
of age (female (F (2,59) = 13.66, p<0.0001); male: (F (2, 40) = 3.535, p=0.0386). 
Particularly, in males there was an effect of genotype (F (1, 40) = 6.465, p=0.0150) and 
in females there was an effect of diet (F (1, 59) = 4.129, p=0.0467). 
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Figure 48 | Females WT TRP+ developed faster in surface righting reflex of offspring in ASD 
condition 

Female WT TRP+ showed an improved in development in this reflex compared to Female WT CTR on P6. 
Three-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference 
between female WT CTR and female WT TRP+; Data represented as mean ± SEM; n (female WT CTR) = 7; 
n (female Nf1+/-  CTR) = 8; n (female WT TRP+) = 8; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male 
Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
Moreover, in the negative geotaxis test (Figure 49) at P4 is observed a 

significantly difference between genotype in males CTR (male WT CTR = 21.45 ± 8.55 vs 
male Nf1+/- CTR = 7.49 ± 2.02, p=0.0425), where males Nf1+/- CTR developed faster. Also, 
there was an effect of genotype in males (F (1, 40) = 14.28, p=0.0005).  

 

 
 

Figure 49 | Males Nf1+/- CTR developed faster in negative geotaxis of offspring in ASD condition 

Males Nf1+/- CTR developed faster than male WT CTR in this reflex on P4. However, diet did not influence 
the development of negative geotaxis test. Three-way ANOVA followed by Turkey’s multiple comparisons 
test; p<0.05; £: significant difference between male WT CTR and male Nf1+/- CTR. Data represented as 
mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/-  CTR) = 8; n (female WT TRP+) = 8; n (female Nf1+/- 
TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 
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In addition, on nest seeking test (Figure 50), no differences were observed 
between experimental groups. There was an effect of age in both sexes (female: F (2, 
63) = 23.83, p<0.0001; male: F (2, 42) = 9.111, p=0.0005). 

 

 
 

Figure 50 | TRP+ diet did not influence the development in nest seeking of offspring in ASD 
condition 
TRP+ diet did not influence the development of nest seeking. Three-way ANOVA followed by Turkey’s 
multiple comparisons test; No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/-  CTR) = 8; n (female WT TRP+) = 8; n 
(female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- 
TRP+) = 5. 

 
Also, in cliff aversion test (Figure 51), there were no significant differences 

between the experimental groups. 
 

 

 
 

Figure 51 | TRP+ diet did not influence the development in cliff aversion of offspring in ASD 
condition 
TRP+ diet did not influence the development of cliff aversion reflex. Three-way ANOVA followed by 
Turkey’s multiple comparisons test; No significant differences found between any of the experimental 
groups. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/-  CTR) = 8; n (female WT 
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TRP+) = 8; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; 
n (male Nf1+/- TRP+) = 5. 

 
On day 10, males Nf1+/- CTR showed a delay in development of locomotion 

(Figure 52) when compared to male WT CTR (male WT CTR = 3.62 ± 0.80 vs male Nf1+/- 
CTR = 30.00 ± 0.000), moreover, overall it is possible to observe an effect of genotype in 
males (F (1, 40) = 6.172, p=0.0173). In females, there was a diet effect (F (1, 57) = 7.271, 
p=0.0092). Furthermore, in both sexes was observed an age effect (females F (2, 57) = 
16.49, p<0.0001; males: F (2, 40) = 7.617, p=0.0016).  
 

 

 
 

Figure 52 | Males Nf1+/- CTR showed a delay in development of locomotion of offspring in ASD 
condition 

Males Nf1+/- CTR showed a delay compared than male WT CTR in this test on P10. However, diet did not 
influence the development of locomotion. Three-way ANOVA followed by Turkey’s multiple comparisons 
test; p<0.05; £: significant difference between male WT CTR and male Nf1+/- CTR. Data represented as 
mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/-  CTR) = 8; n (female WT TRP+) = 8; n (female Nf1+/- 
TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
In forelimb grasp test (Figure 53) an effect of diet on females was observed (F (1, 

64) = 8.671, p=0.0045). 
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Figure 53 | TRP+ diet did not influence the strength in forelimb grasp test of offspring in ASD 
condition 
TRP+ diet did not influence the development of forelimb grasp test. Three-way ANOVA followed by 
Turkey’s multiple comparisons test; No significant differences found between any of the experimental 
groups. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/-  CTR) = 8; n (female WT 
TRP+) = 8; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; 
n (male Nf1+/- TRP+) = 5. 
 

Thus, TRP+ diet only affected females WT in the surface righting reflex. In this 
test, TRP+ diet resulted in faster development in WT females. 
 

To access communication skills, maternal separation-induced USVs were 
recorded following milestones on days P4, 6 and 8 and several parameters were 
analyzed. 

On P8, it was possible to observe that WT females on CTR diet vocalized less 
often than Nf1+/- females on the same diet (female WT CTR = 287.90 ± 74.18 vs female 
Nf1+/- CTR = 545.00 ± 65.43, p=0.0326) (Figure 54A). It should be noted that there was 
an age effect in total number of USVs in both sexes (female: F (2, 63) = 6.856, p=0.0020; 
male: F (2, 40) = 4.054, p=0.0249). 

Similar to the number, the total time of USVs (Figure 54B) also had an age effect 
(female: F (2, 62) = 8.784, p=0.0004; male: F (2, 40) = 7.938, p=0.0012). There was also 
an effect of diet in males (F (1, 40) = 9.198, p=0.0042). 
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Figure 54 | Females WT CTR vocalized less of offspring in ASD condition 

Females WT CTR had a lower (A) number of total USVs than females Nf1+/- CTR. Meanwhile, TRP+ diet did 
not influence the number of total USVs neither the (B) total time of USVs. Three-way ANOVA followed by 
Turkey’s multiple comparisons test; p<0.05; +: significant difference between female WT CTR and female 
Nf1+/- CTR. Data represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/-  CTR) = 5; n (female 
WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) 
= 6; n (male Nf1+/- TRP+) = 5. 

 
The category of vocalizations was also evaluated. At P4 (Figure 55A) it was 

possible to observed that females Nf1+/- CTR produced significantly more stacked 
vocalizations than females WT CTR (female WT CTR = 59.29 ± 17.68 vs female Nf1+/- CTR 
= 229.00 ± 69.94, p=0.0365) and than females Nf1+/- TRP+ (female Nf1+/- CTR = 229.00 ± 
69.94 vs female Nf1+/- TRP+ = 27.20 ± 10.17, p=0.0175).  There was an effect of type of 
USVs in males (F (2, 41) = 6.942, p=0.0025) and females (F (2, 59) = 25.53, p<0.0001).  

At P6 (Figure 55B) the difference between diets in Nf1+/- females in stacked 
vocalizations continued (female Nf1+/- CTR = 200.08 ± 43.03 vs female Nf1+/- TRP+ = 
45.57 ± 13.43, p=0.0208), and then also a difference between diets in Nf1+/- males was 
observed (male Nf1+/- CTR = 267.80 ± 88.18 vs male Nf1+/- TRP+ = 83.50 ± 27.18, 
p=0.0268). The effect of type of USVs continued in both sexes (female: F (2, 63) = 17.85, 
p<0.0001; male: F (2, 41) = 11.95, p<0.0001).  

At P8 (Figure 55C) there also was an type of USVs effect in females (F (2, 62) = 
20.55, p<0.0001) and in males (F (2, 42) = 3.395, p=0.0430). Also, there was an type x 
diet effect in both sexes (female: F (2, 62) = 3.892, p=0.0256; male: F (2, 42) = 6.637, 
p=0.0031). There was an effect of genotype in females (F (1, 62) = 9.514, p=0.0030). 
Nevertheless, there was no difference between the experimental groups. 
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Figure 55 | Pups Nf1+/- TRP+ produced significantly less stacked USVs of offspring in ASD 
condition 

At (A) P4 and (B) P6, females Nf1+/- TRP+ produced less stacked vocalizations than females Nf1+/- CTR. Also, 
at P6, males Nf1+/- TRP+ produced less stacked vocalizations than males Nf1+/-CTR. However, at (C) P8, 
TRP+ diet did not influence the type of USVs. Three-way ANOVA followed by Turkey’s multiple 
comparisons test; (A) p<0.05; *: significant difference between female Nf1+/- CTR and female Nf1+/- TRP+; 
+: significant difference between female WT CTR and female Nf1+/- CTR; (B)  p<0.05; *: significant 
difference between female Nf1+/- CTR and female Nf1+/- TRP+; &: significant difference between male 
Nf1+/- CTR and male Nf1+/- TRP+; (C) no significant differences found between any of the experimental 
groups. Data represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/-  CTR) = 5; n (female WT 
TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; 
n (male Nf1+/- TRP+) = 5. 

 
The time to first call (latency) was also analyzed (Figure 55A). On the first day of 

vocalizations, males WT on both diets took much longer to start vocalizing than females 
WT on the same diets (female WT CTR = 0.1216 ± 0.0129 vs male WT CTR = 4.403 ± 
4.272, p=0.0067; female WT TRP+ = 0.0775 ± 0.0158 vs male WT TRP+ = 20.600 ± 7.102, 
p=0.0030). Moreover, males WT CTR had a longer latency period than males Nf1+/- CTR 
(male WT CTR = 4.403 ± 4.272 vs male Nf1+/- CTR = 0.069 ± 0.026, p=0.0042. The same 
difference was also observed at P8 (male WT CTR = 3.533 ± 0.432 vs male Nf1+/- CTR = 
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0.216 ± 0.092, p=0.0480). There was an effect between diet and genotype (F (1, 35) = 
12.04, p=0.0014). 

At P4, it was possible to observe a decrease in call length (Figure 55B) in females 
WT TRP+ compared to female WT CTR (WT CTR female = 0.06180 ± 0.0033 vs WT TRP+ 
female = 0.04602 ± 0.0018, p=0.0037). Also, males Nf1+/- TRP+ had a shorter call length 
than males Nf1+/- CTR (Nf1+/- CTR male =0.06648 ± 0.00408 vs Nf1+/- TRP+ male = 0.04513 
± 0.00179, p=0.0001). Overall, there was an effect of diet in males (F (1, 40) = 15.27, 
p=0.0004) and also, an effect of age in both sexes (females: F (2, 61) = 7.307, p=0.0014; 
males: F (2, 40) = 5.716, p=0.0066). 

The time of interval between calls (mean inter-call) (Figure 55C) had an age effect 
in females (F (2, 60) = 4.903, p=0,0107). At P8, females WT CTR had longer time between 
calls than females Nf1+/- CTR (female WT CTR = 0.9704 ± 0.2399 vs female Nf1+/- CTR = 
0.537 ± 0.0708, p=0.0341). 

In addition, female WT CTR showed lower power (Figure 55D) than females WT 
TRP+ (female WT CTR = -83.69 ± 1.419 vs female WT TRP+ = -92.90 ± 1.665, p=0.0041) 
and than females Nf1+/- CTR (female WT CTR = -83.69 ± 1.419 vs female Nf1+/- CTR = -
90.33 ± 0.932, p<0.0001). There was an effect of diet on females (F (1, 62) = 8,075, 
p=0.0061).  
 However, at P4, females WT CTR had a higher tonality (Figure 55E) than females 
WT TRP+ (female WT CTR =0.6578 ± 0.0179 vs female WT TRP+ = 0.5045 ± 0.0281, 
p<0.0001) and than females Nf1+/- CTR (female WT CTR = 0.6578 ± 0.0179 vs female 
Nf1+/- CTR = 0.5676 ± 0.0343, p=0.0311). 
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Figure 56 | Females WT TRP+ showed shorter call length, higher power and lower tonality of 
USVs of offspring in ASD condition 

Mainly at P4, males WT CTR had a longer (A) latency than males Nf1+/- CTR and than females WT CTR. 
Also, males WT TRP+ had a longer latency time than females WT TRP+. At P4, females WT TRP+ had a 
shorter (B) call length than females WT CTR and males Nf1+/- TRP+ also had shorter call length than males 
Nf1+/- CTR. Regarding the (C) mean inter-call females WT CTR had longer time of interval between calls 
than females Nf1+/-CTR at P8. Also at P4, females WT TRP+ showed higher (D) power than female WT CTR. 
In addition, females WT CTR had lower power than females Nf1+/-CTR. Lastly, females WT TRP+ showed a 
lower (D) tonality than females WT CTR. Also, females Nf1+/-CTR had lower tonality than females WT CTR. 
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Three-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference 
between female WT CTR and female WT TRP+;  #: significant difference between female WT CTR and male 
WT CTR; $: significant difference between female WT TRP+ and male WT TRP+; &: significant difference 
between male Nf1+/- CTR and male Nf1+/- TRP+;  +: significant difference between female WT CTR and 
female Nf1+/- CTR;  £: significant difference between male WT CTR and male Nf1+/- CTR. Data represented 
as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 5; n (female Nf1+/- 
TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
Furthermore, female WT TRP+ showed a higher principal frequency (Figure 57A) 

than female WT CTR at P4 and P6 (P4: female WT CTR = 67.21 ± 1.144 vs female WT 
TRP+ = 71.30 ± 0.762, p=0.0047; P6: female WT CTR = 65.10 ± 0.820 vs female WT TRP+ 
= 67.59 ± 1.281, p=0.0085). Overall, females had a diet - (F (1, 61) = 25.03, p<0.0001) 
and age-depended effect (F (2, 61) = 13.94, p<0.0001) in both diets in principal 
frequency. 

Regarding low frequency (Figure 57B), there was an diet effect (female: F (1, 61) 
= 45.29, p<0.0001; male: F (1, 42) = 20.37, p<0.0001). On P4, females TRP+ with both 
genotypes and males Nf1+/- TRP+ had a higher low frequency than the respectives CTR 
(female WT CTR = 52.28 ± 1.518 vs female WT TRP+ = 60.24 ± 0.829, p<0.0001; female 
Nf1+/- CTR = 53.16 ± 1.365 vs female Nf1+/- TRP+ = 58.80 ± 0.630; male Nf1+/- CTR = 52.50 
± 1.850 vs male Nf1+/-  TRP+ = 59.14 ± 1.102, p=0.0434). The difference between diets in 
WT females appeared also at P8 (female WT CTR = 52.36 ± 0.775 vs female WT TRP+ = 
57.72 ± 1.381, p=0.0061).  

Meanwhile, at high frequency (Figure 57C) no significant difference between 
groups nor any effect of variables was observed. 
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Figure 57 | TRP+ diet increased principal and low but not the high frequency of USVs of 
offspring in ASD condition 
Females WT TRP+ showed a higher (A) principal and (B) low frequency. Also, females and males Nf1+/- 
TRP+ diet has increased low frequency. TRP+ diet did not influence (C) high frequency. Three-way ANOVA 
followed by Turkey’s multiple comparisons test; p<0.05; *: significant difference between female WT CTR 
and female WT TRP+; *: significant difference between female Nf1+/- CTR and female Nf1+/- TRP+; &: 
significant difference between male Nf1+/- CTR and male Nf1+/- TRP+. Data represented as mean ± SEM; n 
(female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male 
WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
The TRP+ diet mainly affected the WT females in various parameters, showing 

lower call length, higher power, lower tonality and higher principal and low frequencies. 
 

Physical landmarks were registered for open eyes (Figure 58A) and auditory 
startle response (Figure 58B) during milestones and we observed no significant 
differences in both. 
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Figure 58 | TRP+ diet did not influence eye-opening day and auditory startle response of 
offspring in ASD condition 

TRP+ diet did not influence (A) eye-opening and (B) auditory startle response. Two-way ANOVA followed 
by Turkey’s multiple comparisons test; No significant differences found between any of the experimental 
groups. Data represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT 
TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; 
n (male Nf1+/- TRP+) = 5. 

 
 

4.2.3. Prenatal tryptophan suplemented diet decreased number of open arms entries 
in females in ASD condition 
 

In the EPM test, the total distance (Figure 59A) traveled was measured and no 
differences were observed between the experimental groups. However, in the time 
(Figure 59B), distance (Figure 59C), entries in the open arms (Figure 59D) and in anxiety 
index (Figure 59E) there was an overall effect of diet (time in open arms: F (1, 34) = 
11.04, p=0.0021; distance in open arms: F (1, 34) = 9.708, p=0.0037; entries in open 
arms: F (1, 35) = 13.34, p=0.0008); anxiety index: (F (1, 34) = 10.53, p=0.0026) , both in 
females and males. Furthermore, in the open arm entries there was a difference in diet 
specifically between WT females (female WT CTR = 9.750 ± 1.497 vs female WT TRP+ = 
4.00 ± 0.707, p=0.0447), where females WT TRP+ showed a lower number of entries in 
open arms.  
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Figure 59 | Females WT TRP+ showed a lower number of entries in the open arms of offspring 
in ASD condition 

TRP+ diet did not influence (A) total distance, (B) time and (C) distance in open arms. However, females 
WT TRP+ showed a lower (D) number of entries in the open arms. Also, TRP+ diet did not influence (E) 
anxiety index. Three-way ANOVA followed by Sidak’s multiple comparisons test; (A) No significant 
differences found between any of the experimental groups; (B) No significant differences found between 
any of the experimental groups; (C) No significant differences found between any of the experimental 
groups; (D) p<0.05; *: significant difference between female WT CTR and female WT TRP+; (E) No 
significant differences found between any of the experimental groups. Data represented as mean ± SEM; 
n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n 
(male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 

 
TRP+ diet only showed significant differences in number of entries in open arms 

in females WT. No significant differences were observed in the other parameters, 
including the anxiety index, and therefore the TRP+ diet does not influence anxiety 
behavior. 

 
 
4.2.4. Prenatal tryptophan suplemented diet seems to improves the number and time 
of social interactions in Nf1+/- mice in ASD condition 
 

To evaluate social interaction, a juvenile social play test was performed and the 
number (Figure 60A) and time of interactions (Figure 60B) were analyzed. As this test 
required two animals of the same sex and genotype, it was difficult to have enough pairs 
to have more concrete results that would give differences. Thus, no difference was 
observed between the experimental groups. However, was a general effect of the diet 
in number of social interactions was observed (F (1, 8) = 7.742, p=0.0238). The TRP+ diet 
in females Nf1+/- seems to have increased the number of interaction, on the other hand, 
TRP+ diet in males Nf1+/- seems to have increased the time of interactions. However, 
due to the low number as mentioned above, it was not statistically relevant but there 
seemed to be a trend. 
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Figure 60 | TRP+ diet did not influence number and time of social interactions of offspring in 
ASD condition 

TRP+ diet did not influence (A) number of social interactions and (B) time of social interactions. Three-
way ANOVA followed by Sidak’s multiple comparisons test; No significant differences found between any 
of the experimental groups. Data represented as mean ± SEM; n (female WT CTR) = 3; n (female Nf1+/- 
CTR) = 2; n (female WT TRP+) = 2; n (female Nf1+/- TRP+) = 1; n (male WT CTR) = 0; n (male Nf1+/- CTR) = 2; 
n (male WT TRP+) = 3; n (male Nf1+/- TRP+) = 2 
 

Moreover, the number of USVs in a social (Figure 61A) and non-social context 
(Figure 61B) and a respective USVs social index (Figure 61C) were also analyzed.  
 
 

  

 

 

Female Male

0

20

40

60

80

100

Number of interactions

n
u

m
b

e
r 

o
f 

s
o

c
ia

l 
in

te
ra

c
ti

o
n

s

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

W
T

N
f1

+
/-

CTR
W

T

N
f1

+
/-

TRP+

Female Male

0

200

400

600

800

Time of interactions

T
im

e
 (

s
)

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

Female Male

0

100

200

300

400

Social USVs

N
u

m
b

e
r 

o
f 

U
S

V
s

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

Female Male

0

20

40

60

80

Non-social USVs

N
u

m
b

e
r 

o
f 

U
S

V
s

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

Female Male

-1.5

-1.0

-0.5

0.0

0.5

1.0

USVs social index

In
d

e
x

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

W
T

N
f1

+
/-

CTR

W
T

N
f1

+
/-

TRP+

B 
 
B 
 
B 
 
B 

A 
 
A 
 
A 
 
A 

A 
 
A 
 
A 
 
A 

B 
 
A 
 
A 
 
A 

C 
 
A 
 
A 
 
A 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

90 
 

Figure 61 | TRP+ diet did not influence number of USVs in a social and non-social context and 
the respective index of offspring in ASD condition 
TRP+ diet did not influence (A) number of USVs in a social context, (B) number of USVs in a non-social 
context and (C) USVs social index. Three-way ANOVA followed by Sidak’s multiple comparisons test; No 
significant differences found between any of the experimental groups. Data represented as mean ± SEM; 
n (female WT CTR) = 3; n (female Nf1+/- CTR) = 2; n (female WT TRP+) = 2; n (female Nf1+/- TRP+) = 1; n 
(male WT CTR) = 0; n (male Nf1+/- CTR) = 2; n (male WT TRP+) = 3; n (male Nf1+/- TRP+) = 2. 

 
 

4.2.5. Prenatal tryptophan suplemented diet decrease repetitive behavior in males 
Nf1+/- in ASD condition 
 

In marble test it was possible to observed significant differences between diets 
in Nf1+/- males, where TRP+ diet decreases repetitive behavior (male Nf1+/- CTR = 4.200 
± 0.374 vs male Nf1+/- TRP+ = 1.200 ± 0.490, p=0.0453) (Figure 62). It was also possible 
to observe differences between females and males Nf1+/- with diet CTR, where males 
buried more marbles (female Nf1+/- CTR = 1.000 ± 0.632 vs male Nf1+/-CTR = 4.200 ± 
0.374, p=0.0162).  

In both sex and in both diets there is an effect of time (female: F (3, 80) = 9.211, 
p<0.0001; male: F (3, 56) = 11.85, p<0.0001; diet CTR: F (3, 61) = 13.24, p<0.0001; diet 
TRP+: F (3, 75) = 7.940, p=0.0001). Also, in males, there was a diet effect (F (1, 56) = 
8.567, p=0.0049) and a diet x genotype effect (F (1, 56) = 4.051, p=0.0490). Overall, there 
was an effect of sex in CTR diet F (1, 61) = 23.21, p=0.0001). 
 

 

 
 

Figure 62 | Males Nf1+/- TRP+ showed a decrease in repetitive behavior of offspring in ASD 
condition 
TRP+ diet influenced repetitive behavior in males Nf1+/- by decreasing the number of marbles burying. 
Three-way ANOVA followed by Turkey’s multiple comparisons test; p<0.05; #: significant difference 
between female Nf1+/- CTR and male Nf1+/- CTR; &: significant difference between male Nf1+/- CTR and 
male Nf1+/- TRP+. Data represented as mean ± SEM; n (female WT CTR) = 8; n (female Nf1+/- CTR) = 5; n 
(female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 2; n (male Nf1+/- CTR) = 5; n (male WT 
TRP+) = 6; n (male Nf1+/- TRP+) = 5. 
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Thus, regarding the marble burying test, the diet only affected males Nf1+/- TRP+ 
where decreased repetitive behavior. 

 

 

4.2.6. Prenatal tryptophan suplemented diet improves learning in ASD condition 
 

The first parameter analyzed in the Barnes test was the escape latency time 
(Figure 63), in this aspect on the last day of training the females Nf1+/- TRP+ females took 
less time to enter the escape tunnel than the females WT with same diet  (female WT 
TRP+ = 65.87 ± 14.29 vs female Nf1+/- TRP+ = 144.30 ± 11.93, p=0.0096).  

 
Figure 63 |Females Nf1+/- TRP+ had a longer escape latency time of offspring in ASD condition 
TRP+ diet increased escape latency time in Females Nf1+/- on third day of training sessions. Three-way 
ANOVA followed by Turkey’s multiple comparisons test; p<0.05; +: significant difference between female 
WT TRP+ and female Nf1+/- TRP+. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female 
Nf1+/- CTR) = 3; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 1; n (male Nf1+/- 
CTR) = 3; n (male WT TRP+) = 5; n (male Nf1+/- TRP+) = 3. 

 
In time to find the target (Figure 64), on the first day of training TRP+ Nf1+/- males 

took much longer to find than Nf1+/- females on the same diet (female Nf1+/- TRP+ = 
23.58 ± 4.64 vs male Nf1+/- TRP+. = 81.89 ± 17.96, p=0.0034). In addition, there was an 
effect of diet in both sexes (females: F (1, 52) = 6.601, p=0.0131; males: F (1, 26) = 4.956, 
p=0.0349). On the day of the probe, no differences were observed between the 
experimental groups. 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

92 
 

 

 

 
 

Figure 64 |Females Nf1+/- TRP+ were faster to find target than males Nf1+/- TRP+ in training 
sessions of offspring in ASD condition 
TRP+ diet promote a dimorphism in Nf1+/- mice in day 1 of (A) training sessions days, where females were 
faster to find the target. However, diet had no influence in any experimental groups on (B) probe day.  
Three-way ANOVA followed by Sidak’s multiple comparisons test; p<0.05; $: significant difference 
between female Nf1+/- TRP+ and male Nf1+/- TRP+. Data represented as mean ± SEM; n (female WT CTR) 
= 7; n (female Nf1+/- CTR) = 3; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 1; n 
(male Nf1+/- CTR) = 3; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 5. 
 

On the last day of training (Figure 65A) it was possible to observe differences in 
time in the target zone between females WT and Nf1+/- with CTR diet, with the last ones 
spent less time in the target zone (female WT CTR = 58.14 ± 4.82 vs female Nf1+/- CTR = 
12.52 ± 1.91, p=0.0063). Females Nf1+/- TRP+ spent much more time in the target zone 
than females Nf1+/- CTR (female Nf1+/- CTR = 12.52 ± 1.91 vs female Nf1+/- TRP+ = 61.16 
± 5.34, p=0.0024). Overall, in training sessions there was a diet effect (F (1, 52) = 0.6392, 
p=0.0225) and a diet x genotype effect (F (2, 52) = 1.987, p=0.0009) only in females. On 
prove day (Figure 65B) no significant differences were observed between groups 
however there was a sex x genotype effect (F (1, 27) = 7.240, p=0.0121). 
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Figure 65 |Females Nf1+/- TRP+ spent more time in target zone in training sessions of offspring 
in ASD condition 
The TRP+ diet improved learning capacity in females Nf1+/-, who spent more time in the target zone than 
females Nf1+/- CTR in day 3 of (A) training sessions days.  In addition, it was possible to observed a 
difference in genotype in females CTR, where females Nf1+/- showed an impairment in learning. On the 
other hand, TRP+ diet did not influence any experimental groups on (B) probe day. Three-way ANOVA 
followed by Sidak’s multiple comparisons test; p<0.05; *: significant difference between female Nf1+/- CTR 
and female Nf1+/- TRP+; +: significant difference between female WT CTR and female Nf1+/- CTR. Data 
represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/- CTR) = 3; n (female WT TRP+) = 5; n 
(female Nf1+/- TRP+) = 7; n (male WT CTR) = 1; n (male Nf1+/- CTR) = 3; n (male WT TRP+) = 6; n (male Nf1+/- 
TRP+) = 3. 
  

Regarding on exploring errors, in the first day of training sessions (Figure 66A) it 
was possible to observe differences between females and males WT CTR, where males 
performed worse (female WT CTR = 6.762 ± 2.071 vs male WT CTR = 24.00 ± 0.00, 
p=0.0041). However, the TRP+ diet in WT males reverses the poor development of WT 
males CTR (male WT CTR = 24.00 ± 0.00 vs male WT TRP+ = 4.133 ± 1.759, p=0.0008). 
Besides that, males had an effect on days (F (2, 27) = 14.92, p<0.0001) and diet (F (1, 27) 
= 14.38, p=0.0008). Also, in females there was an effect of diet x genotype (F (1, 52) = 
6.316, p=0.0151). On probe day (Figure 66B), males WT CTR committed more exploring 
errors than females WT CTR (female WT CTR = 0.00 ± 0.00 vs male WT CTR = 8.00 ± 0.00, 
p=0.0193). 
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Figure 66 |Males WT TRP+ committed fewer exploring errors in training sessions of offspring 
in ASD condition 
The TRP+ diet improved learning capacity in males WT, who committed less errors than males WT CTR in 
day 1 of (A) training sessions days.  Moreover, it was possible to observe a sex difference in WT CTR mice, 
where males showed an impairment in learning. This difference was also seen on (B) probe day. Three-
way ANOVA followed by Sidak’s multiple comparisons test; p<0.05; #: significant difference between 
female WT CTR and male WT CTR; &: significant difference between male WT CTR and male WT TRP+. 
Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/- CTR) = 3; n (female WT TRP+) = 
5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 1; n (male Nf1+/- CTR) = 3; n (male WT TRP+) = 6; n (male 
Nf1+/- TRP+) = 3. 

On the first day of training there was a difference in total distance (Figure 67A) 
between sex in Nf1+/- CTR, males traveled more distances than the females (female 
Nf1+/- CTR = 207.30 ± 26.85 vs male Nf1+/- CTR = 372.10 ± 82.27, p=0.0197). Also in this 
day, females WT TRP+ traveled more total distance than females WT CTR (female WT 
CTR = 119.10 ± 20.55 vs female WT TRP+ = 220.30 ± 26.85, p=0.0246). On third day of 
training, these females WT TRP+ traveled the least distance compared to females Nf1+/- 
and males WT on the same diet (female WT TRP+ = 86.44 ± 9.23 vs female Nf1+/- TRP+ = 
217.90 ± 29.62, p=0.0016; female WT TRP+ = 86.44 ± 9.23 vs male WT TRP+ = 256.20 ± 
46.19, p= 0.0149). Besides these differences, there was a genotype effect in the females 
(F (1, 48) = 6.058, p=0.0175). On the probe day (Figure 67B) no significant differences 
were observed between any of the experimental groups. 
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Figure 67 |Female WT TRP+ traveled more distance in training sessions of offspring in ASD 
condition 
TRP+ diet increased total distance in females WT in day 1 of (A) training sessions days. Also, on this day, 
males Nf1+/-CTR traveled more distance than females. An dimorphism sexual it was also possible to 
observed on day 3, where females WT TRP+ traveled less total distance than males WT TRP+. An genotype 
difference in TRP+ diet was observed in females, females Nf1+/-TRP+ traveled more total distance. 
However, on (B) probe day, TRP+ diet did not influence any experimental groups. Three-way ANOVA 
followed by Sidak’s multiple comparisons test; p<0.05; *: significant difference between female WT CTR 
and female WT TRP+; #: significant difference between female WT CTR and male WT CTR; $: significant 
difference between female WT TRP+ and male WT TRP+; +: significant difference between female WT 
TRP+ and female Nf1+/- TRP+. Data represented as mean ± SEM; n (female WT CTR) = 7; n (female Nf1+/- 
CTR) = 3; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; n (male WT CTR) = 1; n (male Nf1+/- CTR) = 3; 
n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 3. 

 
Considering the 3 types of strategies before mentioned, on the first day (Figure 

68A), more males WT TRP+ directly approached the target than males WT CTR (male WT 
CTR = 0.00 ± 0.00 vs male WT TRP+ = 58.34 ± 8.33, p=0.0498) and there was an effect of 
strategy x diet (F (2, 9) = 19.70, p=0.0005). Meanwhile on the other days of training and 
the test (Figure 68 B, C, D), no significant differences were observed between any other 
groups. It should be noted that on the day of the test, none of the mice explored the 
platform in a mixed strategy manner. 
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Figure 68 | Males WT TRP+ showed an improve in learning regarding search strategy of 
offspring in ASD condition 
Males WT TRP+ searched more directly than males WT CTR on (A) day 1, thus showing that the diet 
improved the search strategy in WT males. However, on (B) day 2, (C) day 3 and (D) probe day the diet 
did not influence the search strategy. Three-way ANOVA followed by Sidak’s multiple comparisons test; 
p<0.05; &: significant difference between male WT TRP+ and male WT TRP+. Data represented as mean ± 
SEM; n (female WT CTR) = 7; n (female Nf1+/- CTR) = 3; n (female WT TRP+) = 5; n (female Nf1+/- TRP+) = 7; 
n (male WT CTR) = 1; n (male Nf1+/- CTR) = 3; n (male WT TRP+) = 6; n (male Nf1+/- TRP+) = 3. 
 

Taking into account these results, in which the TRP+ diet was shown to influence 
and improve performance in the experimental groups in terms of time in the target 
zone, exploring errors and the type of search strategy in the training sessions, especially 
in the WT TRP+ males, we can conclude that the TRP+ diet can improve learning abilities. 
However, this diet has not been shown to influence memory capacity. 
 
 

4.2.7. Prenatal tryptophan suplemented diet inreased levels of tryptophan and 
kynurenine and decreased serotonin levels in hypothalamus in females Nf1+/- TRP+ in 
ASD condition 
  

We analyzed levels of Trp, kynurenine and serotonin in hypothalamus at P42 
through ELISA to understand how their molecular systems may be related to the 
observed behavioral outcomes. 

Concerning Trp levels (Figure 69A), female Nf1+/- TRP+ had a higher 
concentration of this amino acid than females WT TRP+ and then males Nf1+/- TRP+ 
(female WT TRP+ = 0.2873 ± 0.01421 vs female Nf1+/- TRP+ = 0.6503 ± 0.1543, p=0.0211; 
female Nf1+/- TRP+ = 0.6503 ± 0.1543 vs male Nf1+/- TRP+ = 0.266 ± 0.05433, p= 0.0211). 
Overall, there was a sex-dependent effect (F (1, 28) = 10.47, p=0.0031). 

Same as Trp, females Nf1+/- TRP+ had a higher concentration of kynurenine 
(Figure 69B) than females WT TRP+ and then males Nf1+/- TRP+ (female WT TRP+ = 1.478 
± 0.1117 vs female Nf1+/- TRP+ = 3.233 ± 0.7209, p=0.0301; female Nf1+/- TRP+ = 3.233 ± 
0.7209 vs male Nf1+/- TRP+ = 1.249 ± 00.306, p= 0.0188). There was also a sex-dependent 
effect (F (1, 28) = 5.167, p=0.0309) and, in addition, a sex x genotype effect (F (1, 28) = 
6.437, p=0.0170). 

On the other hand, females Nf1+/- CTR had higher serotonin levels (Figure 69C) 
than females Nf1+/- TRP+ and also higher than males Nf1+/- CTR (female Nf1+/- CTR = 
3.346 ± 0.6988 vs female Nf1+/- TRP+ = 1.392 ± 0.7417 ,p=0.0362; female Nf1+/- CTR = 
3.346 ± 0.6988 vs male Nf1+/- CTR = 0.67 ± 0.608, p=0.0154). It’s important to noting that 
there was sex- (F (1, 25) = 10.46, p=0.0034) and diet-dependent effect (F (1, 25) = 4.448, 
p=0.0451), and also, a sex x diet effect (F (1, 25) = 5.596, p=0.0261). 
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Figure 69 | Females Nf1+/- TRP+ showed high levels of tryptophan and kynurenine and low 
serotonin levels in hypothalamus of offspring in ASD condition 
In both (A) Trp and (B) kynurenine concentrations in hypothalamus, female Nf1+/- TRP+ showed higher 
levels than female WT TRP+ and than male Nf1+/- TRP+. In the case of (C) concentrations of serotonin, 
female Nf1+/- TRP+ showed lower levels than female WT TRP+ and the dimorphism observed in Trp and 
kynurenine no longer exists. On the other hand, there was differences between sex in mice Nf1+/- CTR. 
Three-way ANOVA followed by Sidak’s multiple comparisons test; p<0.05; *: significant difference 
between female Nf1+/- CTR and female Nf1+/- TRP+; #: significant difference between female Nf1+/- CTR 
and male Nf1+/- CTR; $: significant difference between female Nf1+/- TRP+ and male Nf1+/- TRP+; +: 
significant difference between female WT TRP+ and female Nf1+/- TRP+. Data represented as mean ± SEM; 
n (female WT CTR) = 5; n (female Nf1+/- CTR) = 6; n (female WT TRP+) = 4; n (female Nf1+/- TRP+) = 5; n 
(male WT CTR) = 2; n (male Nf1+/- CTR) = 4; n (male WT TRP+) = 7; n (male Nf1+/- TRP+) = 3. 
 

Thus, the group most affected by the diet was female Nf1+/- TRP+ which caused 
a decrease in serotonin levels. 
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4.3. EFFECT OF TRYPTOPHAN DIET IN MATERNAL CARE AND BEHAVIOR 
 

In this work, we also investigated maternal behavior, and whether it was 
influenced by Trp diet intake. For this purpose, we analyzed the nesting behavior (3 days 
before and 3 days after litter birth) and pup retrieval behavior (after separation for 
milestones until P10) of each mother used in this work, and we performed a reunion 
test on P9. Due to the small number of litters and mothers, there were not many results 
with statistical significance, although some tendencies can be observed.  

In this part of the study, the results are only regarding dams’ behavior and so, we 
will have 4 experimental groups: 

- WT dams with CTR diet (WT dams CTR); 
- Nf1+/- dams with CTR diet (Nf1+/- dams CTR); 
- WT dams with TRP+ diet (WT dams TRP+); 
- Nf1+/- dams with TRP+ diet (Nf1+/- dams TRP+); 

 
 

4.3.1. Tryptophan supplemented diet appeared to improve maternal instinct in Nf1+/- 
dams in nest behavior 
 

The nesting skills was scored through the state of the nests from G19 to P3 to 
measure the maternal instinct (Figure 70). As mentioned thus, due to the small number 
of litters it was not possible to obtain significant differences however there were some 
interesting observations. 

There seemed to be a tendency for Nf1+/- dams CTR to have lower scores from 
the day of birth of the litter, both compared to WT dams CTR and also compared to 
Nf1+/- dams TRP+. In general, there appeared to be an interaction between the genotype 
of the mother and the diet consumed on nest scores and, consequently, on the maternal 
instinct. 
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Figure 70 | TRP+ diet seemed to increase nesting scores in Nf1+/- dams 
Nf1+/- dams TRP+ appears to have scored better regarding nesting skills than Nf1+/- dams CTR. Moreover, 
these last dams also seem to had lower score than WT dams CTR. Three-way ANOVA followed by Turkey’s 
multiple comparisons test No significant differences found between any of the experimental groups. Data 
represented as mean ± SEM; n (WT dam CTR) = 3; n (Nf1+/- dam CTR) = 2; n (WT dam TRP+) = 3; n (Nf1+/- 
dam TRP+) = 3. 

 
 

4.3.2. Tryptophan supplemented diet improved maternal behavior according to pup 
retrieval  
 

We also observed the time of retrieval of each pup by the dam to the nest after 
the milestones, from P4 to P10 (Figure 71).  

We observed that WT dams TRP+ recovered their pups faster after separation 
than WT dams CTR at P4 (WT dams CTR = 68.29 ± 7.953 vs WT dams TRP+ = 30.32 ± 
4.990, p<0.0001). In addition, at P4 WT dams CTR performed worse than Nf1+/- dams 
with same diet (WT dams CTR = 68.29 ± 7.953 vs Nf1+/- dams CTR = 25.84 ± 3.912, 
<0.0001). However, this difference was reversed at P6, Nf1+/- dams CTR took longer to 
recover their pups than WT dams CTR (WT dams CTR = 16.45 ± 2.368 vs Nf1+/- dams CTR 
= 31.33 ± 5.012, <0.0001). Also, at P6, we found that Nf1+/- dams TRP+ diet performed 
better compared to Nf1+/- dams CTR (Nf1+/- dams CTR = 31.33 ± 5.012 vs Nf1+/- dams 
TRP+ = 6.64 ± 0.899). 

Overall, there were day- (F (3, 246) = 50.80, p<0.0001), genotype- (F (1, 246) = 
18.94, p<0.0001) and diet-dependent effect (F (1, 246) = 32.94, p<0.0001). In addition, 
there was also an effect of day x genotype (F (3, 246) = 14.18, p<0.0001) and day x diet 
(F (3, 246) = 6.574, p=0.0003). 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 71 | Dams TRP+ were faster to retrieve their pups after separation 
WT dams TRP+ and Nf1+/- dams TRP+ showed an improve in pup retrieval time compared to WT dams CTR 
and Nf1+/- dams CTR, respectively. In addition, there were also differences between genotypes in CTR diet. 
Three-way ANOVA followed by Turkey’s multiple comparisons test p<0.05; *: significant difference 
between WT dams CTR and WT dams TRP+; #: significant difference between Nf1+/- dams CTR and Nf1+/- 
dams TRP+; +: significant difference between WT dams CTR and Nf1+/- dams CTR. Data represented as 
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mean ± SEM; n (dam WT CTR) = 19; n (dam Nf1+/- CTR) = 15; n (dam WT TRP+) = 19; n (dam Nf1+/- TRP+) = 
21. 

 

 

4.3.3. Tryptophan supplemented diet did not influenced maternal behavior in the 
reunion test 
 

In order to analyze maternal instinct, we performed the reunion test on P9, to 
investigate whether a Trp diet affected the mothers' behavior. For the same reason as 
mentioned above, it was not possible to obtain significant results although it should be 
noted that there are some tendencies. 

During the habituation phase (Figure 72A), there was an effect of behavior (F (2, 
24) = 135.8, p<0.0001) and of behavior x diet (F (2, 24) = 3.514, p=0.0459).  

In the next phase, separation phase (Figure 72B), there was also an effect of 
behavior (F (2, 24) = 70.69, p<0.0001) and of behavior x diet (F (2, 24) = 4.205, p=0.0272). 

In the last phase, the reunion phase (Figure 72C), there was also the effect of 
behavior (F (4, 40) = 86.19, p<0.0001) and of behavior x diet (F (4, 40) = 3.180, p=0.0233). 
In addition, there was no significant differences regarding the time in the litter side 
(Figure 72D). 
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Figure 72 | TRP+ diet did not influence maternal behavior in reunion test 

TRP+ diet did not influence dams’ behavior in (A) habituation phase, (B) separation phase or (C) reunion 
phase. Also, did not influenced the (D) time that dams spent in litter side on reunion phase. Three-way 
ANOVA followed by Turkey’s multiple comparisons test No significant differences found between any of 
the experimental groups. Data represented as mean ± SEM; n (WT dam CTR) = 3; n (Nf1+/- dam CTR) = 2; 
n (WT dam TRP+) = 3; n (Nf1+/- dam TRP+) = 3. 
 

Even though there were only significant differences in the pup retrieval test, 
there seemed to be trends in the nest behavior test that collaborated with the pup 
retrieval results. Thus, considering the results of the maternal behavior tests, the TRP+ 
diet improved maternal behavior and care, especially in the Nf1+/- dams. 
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Dietary Trp has been used as a therapeutic approach because changes in Trp 

levels in the brain are essential to serotonin synthesis. The central serotonergic system 
has an important role in regulating many physiological and behavioral processes, such 
as mood, cognition, activity, sleep, and appetite. A disruption of the central 
serotoninergic function due to inadequate Trp availability is recognized as a contributory 
factor to impaired affect, anxiety, stress, aggression, eating disorders and others (Le 

Floc’h et al., 2011). 

 

 
5.1. EFFECT OF PRENATAL TRYPTOPHAN DIET IN HEALTH CONDITIONS 

 
As mentioned above, Trp plays an important role in appetite and eating 

disorders, so it is to be expected that an increased availability of this amino acid will 
promote a greater appetite and, consequently, a higher body weight and weight gain 
(Le Floc’h et al., 2011). Thus, it is important to monitor the weight of the litter, where it 
was possible to observe that diet influence the body weight of the animals at juvenile 
age. Coupled with this, females TRP+ diet hah a higher weight, however, there was a 
sexual dimorphism where males TRP+ diet hah a lower weight compared to the 
respective prenatal CTR diet. Contradictory to what is reported in the literature (Spring 
et al., 2007), in both diets females brain index is higher. So, Trp metabolism may be 
affected by the sex chromosomes and, consequently, affect these measurements. 

Since Trp is linked to serotonin and several studies showed the role of this 
neurotransmitter in the affective modulation of ultrasonic communication in rodents 
across the lifespan, including in isolation-induced USV in pups (Hård & Engel, 1988; 
Hodgson et al., 2008; Olivier et al., 1989; Simola, 2015), it is important to analyses the 
effects of diet in USVs. Mouse pups emit isolation-induced USVs when separated from 
their mother and littermates, so these USVs reflect a negative affective state due to 
isolation stress (Wöhr et al., 2015). At P4, males TRP+ diet had a much longer latency 
time compared to the other experimental groups, which mean, they took longer to call 
for their mother after separation. Also, at P4 females TRP+ had a longer call interval than 
the other groups. These differences suggest that an increase of Trp and consequently 
serotonin promote to a lower stress levels of pups when separate from their mother. 

Later in life, a test was performed to analyze the effect of TRP+ prenatal diet in 
anxiety-like behavior (EPM). Our results are in agreement with the study of Browne et 
al. (2012), that a supplemented prenatal diet does not affect anxiety levels. 

Meanwhile, several authors (aan het Rot et al., 2006; Moskowitz et al., 2001, 
2003; Reuter et al., 2021) support the idea that Trp may have significant benefits for 
healthy individuals in improving social behavior. This hypothesis is supported due to the 
fact a supplementation with TRP will result in increased serotonin functions, leading to 
a potential promotion of positive social behaviors, i.e. agreeable and pro-social. In these 



EFFECT OF PRENATAL TRYPTOPHAN DIET ON MOUSE ASD-LIKE BEHAVIOR 

106 
 

studies, above mentioned, they have demonstrated positive effects of a Trp-rich diet on 
social cognition, quarrelsome behaviors significantly decreased and increased the 
proper detection of emotions in our social interaction partners and by increasing the 
ability to properly judge social behavior agreeable behaviors. It is important to note that, 
however, in our study, no significant differences were observed (and this may be due to 
the low number of pairs to perform this test), there was some tendency for mice with 
supplemented prenatal diet to showed a higher number of interactions and vocalized 
more, both in social and non-social contexts. In addition, males on supplemented 
prenatal diet were the only experimental group with a positive score on the social index. 

In the segment of this study males TRP+ diet buried more marbles compared to 
males CTR diet and so, a supplemented diet promotes an repetitive behavior in males. 
However, the same did not happen in females, there was no such difference between 
diets. Unlike the study of Browne et al. (2012), where no differences are observed 
between the CTR and TRP+ diets, it is possible to observe the beginning of a tendency. 
This can be explained due to the fact that in our study there is a sexual dimorphism of 
the diets and there are only differences in the diet in males, and in the referenced study 
they do not segregate the analysis of the results by sex. 

Since Trp play a role in cognition, it is important to study the effects of Trp 
supplemented diet in learning and memory, especially when several studies in healthy 
individuals show an inconsistent pattern of no effects, impairments and improvements 
of memory functions (Harmer et al., 2002; J. A. Schmitt et al., 2001; Siepmann et al., 
2003; Sobczak et al., 2003). Following to that, our study shows an impairment in learning 
and memory in males TRP+ diet. 
 Overall, our study indicated that prenatal Trp supplementation diet in health 
conditions leads to a learning and memory impaired and increases restricted and 
repetitive behavior in males. Therefore, this diet increased the amount of Trp to an 
excessive level and promote the dysregulation of this metabolism causing cognitive 
deficits. 
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5.2. EFFECT OF PRENATAL TRYPTOPHAN DIET IN ASD CONDITION 
 

ASD is characterized by three main core traits - social interaction deficits, 
repetitive restricted behaviors and impairment in learning and memory (American 
Psychiatric Association, 2013). However, dysbiosis of the microbiota has been 
implicated in the pathogenesis of ASD (Beopoulos et al., 2022; Sorboni et al., 2022), 
therefore it is important to study the interaction between gut and brain. Since Trp is 
only obtained by diet and is the only precursor for serotonin, an important 
neurotransmitter in the brain, an dysregulation of Trp metabolism has been implicated 
in ASD (Ruddick et al., 2006). 

Studies report that ASD males have more deficits in motor impairments (Fournier 
et al., 2010; van der Vaart et al., 2011). In our results there was a heterogeneity in motor 
coordination in developmental milestones tests, the locomotion test was in agreement 
with the literature however in the surface righting reflex and negative geotaxis tests 
Nf1+/- CTR diet had better scores than WT. Moreover, TRP+ diet only improved the 
development of females WT in the surface righting reflex. One explanation for this could 
be that the adequate intake of Trp from the diets to which our mice are submitted has 
positive effects. 

Since USVs are associated with stress due to mother-pup separation, it is 
important to study the effect of Trp and their metabolism to serotonin. As other study 
(Maloney et al., 2018) has reported, Nf1+/- mice produced more vocalizations compared 
to their WT siblings (females Nf1+/- CTR vocalized more than females WT CTR). 
Differences were also observed in the interval time between calls, where females Nf1+/- 
CTR had a shorter interval compared to females WT CTR, i.e. they vocalized more 
repetitively. This behavior may indicate a sign of desperation and stress when separated 
from the mother. Furthermore, Maloney et al. (2018) report that USVS duration is not 
altered by genotype and our results are in agreement with pups CTR diet. However, in 
pups TRP+ diet, the diet caused a decrease in call length in females WT and males Nf1+/-. 

In our study, at juvenile age, it was possible to observe that TRP+ diet decreased 
number of open arms entries in Nf1+/- mice, however, since there was no difference in 
the other parameters analyzed, diet does not influence anxiety-like behavior. These 
results are not in line with other study (D. Wang et al., 2022) reporting that a rich-trp 
diet improve anxiety-like behavior. 

Concerning social communication and interactions, Frazier et al. (2014) reported 
impairment in social communication in Nf1+/- mice. Meanwhile, as previously stated, to 
be able to observe more differences it would be necessary to increase the number of 
animals. However, it was possible to observe a tendency to TRP+ diet improves the 
number and time of social interactions in Nf1+/-. 

Regarding the symptoms of ASD, we found that Nf1+/- males showed a higher 
tendency for increased repetitive and hyperactivity behavior compared to Nf1+/- 

females. This was expected, as several studies (Hartley & Sikora, 2009; May et al., 2014, 
2019; Santos et al., 2023; Van Wijngaarden-Cremers et al., 2014) report this sex-
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difference. Besides this, we found that TRP+ diet reverses this repetitive behavior in 
males and so, could be a good approach to improve/decrease this type of behavior. 

Finally, we found no effect of genotype in learning and memory in this work as 
expected regarding Silva et al. (1997), which demonstrated that Nf1+/- mice show 
impaired learning and memory. In our study, several parameters of the Barnes test were 
measured and TRP+ prenatal diet improved performance in Nf1+/- in the training 
sessions. However, this diet has not been shown to influence memory capacity. 

Our study showed that in addition to the diet not influencing the brain index, 
there were no significant differences between genotype. Taking into account a study 
conducted in our group which reports that Nf1+/- mice have a higher brain index, we can 
assume that an adequate amount of trp in the diet (both control and supplemented) 
equalized the index between Nf1+/- and WT mice. Furthermore, females Nf1+/- TRP+ have 
a higher brain index than males Nf1+/-TRP+ . This result correlates with the analysis of 
Trp concentration in the hypothalamus carried out by ELISA in this study. In other words, 
females Nf1+/- TRP+ had higher Trp levels than males Nf1+/- TRP+ and, therefore, high 
Trp concentrations in the brain promote brain growth in the offspring of ASD condition. 

As already mentioned earlier, several studies reported deficiency of Trp, higher 
levels of kynurenine and hyperserotonemia in ASD individuals  (Gabriele et al., 2014; 
Gevi et al., 2016; Murakami et al., 2019). Also, autistic males exhibit reduced levels and 
synthesis of serotonin in frontal cortex and thalamus (Chugani et al., 1997; Pinares-
Garcia et al., 2018). We can observe that the females had an increase of levels of Trp 
and its metabolites, compared to males, as has been described in the literature 
(Brewerton et al., 2018; Carlsson & Carlsson, 1988; Guzmán et al., 2009).  

In our study, no differences were observed in males, however, females Nf1+/- CTR 
exhibit levels of Trp and its two metabolites similar to WT with same diet. This indicates 
that the metabolic pathway of this amino acid, which is usually deregulated in Nf1+/- 
mice, can be normalized with this CTR diet, equivalent to neurotypical controls. On the 
other hand, the TRP+ diet in Nf1+/- females leads to an increase in Trp and kynurenine in 
the hypothalamus, while decreasing serotonin levels. This may be due to the fact that 
we are dealing with an excess of Trp, which will disturb the metabolic pathway of Trp by 
synthesizing low levels of serotonin. 

Thus, these individuals who in their physiology have low concentrations of Trp, 
the TRP+ diet can equalize the normal concentrations of neurotypical individuals, 
providing a normal functioning of the metabolism. 

Overall, our study indicated that prenatal Trp supplementation diet in ASD 
condition improve developmental in early life, tend to increase social interaction, 
decrease repetitive and restricted behaviors and improve learning abilities. Thus, this 
diet can be considered as a possible approach to reduce or improve of ASD symptoms 
severity. 
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5.3. EFFECT OF TRYPTOPHAN DIET IN MATERNAL CARE AND BEHAVIOR  

 
As we know, maternal care is an indispensable component of offspring 

development (Angoa-Pérez et al., 2014) and therefore it is important to study if Trp 
administration influences maternal behavior.  

As previously mentioned, it would be necessary to increase the number of litters 
to obtain statistical significance. Meanwhile, this study indicated that TRP+ diet improve 
maternal care in dams of both genotypes, showed a lower latency in pup retrieval test 
and a tendency to TRP+ diet increase nesting scores in Nf1+/- dams. 
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The main focus of this study is to highlight the relationship between diet and 

behavior and cognition through the MGB axis, where modelling of Trp through diet 
influenced both offspring and maternal behavior (Figure 73). 

It has been tested the benefits of Trp supplementation in healthy individuals. Our 
results revealed that this excessive amount of Trp may lead to learning difficulties and 
an impaired memory (Figure 73). Furthermore, this diet increases repetitive behavior 
only in males, showing that attention needs to be given to sexual dimorphism in Trp 
metabolism. 

On the other hand, we have also studied the effect of a Trp-enriched diet in 
individuals with ASD condition, who present an impairment in the serotoninergic 
system. Therefore, modulating the amount of Trp and consequently serotonin through 
diet could also have a positive effect on behavior and cognition. As such, in early-life, we 
detected improvements in development milestones tests in females WT, although they 
presented some influenced in USVs parameters, namely, shorter calls, higher power, 
lower tonality and higher principal and low frequencies. In juvenile age, TRP+ diet does 
not influence anxiety behavior; however, this diet seems to improved social interaction, 
decreased repetitive behavior and improved learning ability. Thus, this study 
demonstrated an early life approach to reduce/improve the risk of ASD symptoms later 
in life with Trp-supplemented diet (Figure 73). 

In addition, the enriched diet has been shown to improve maternal care which 
may have benefits on offspring behavior. 

Furthermore, it would be relevant to study the quantities of Trp and its 
metabolites in more brain regions, in the gut and in the blood to have a better 
understanding of this mechanism. 

Moreover, since there are some discrepancies in the positive effects of Trp 
supplementation, it would also be important to study the effects of Trp depletion and 
try to find an adequate intake of Trp in both individuals with ASD and healthy individuals. 
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Figure 73 | Graphical abstract  
Graphical abstract representing the experimental groups, methods, main results and conclusions of this 
study.

HEALTH CONDITIONS: 
WT TRP+: 

▪ learning and memory 

impaired; 

▪ increases restricted 

and repetitive 

behavior in males.  

  

ASD CONDITION: 
Nf1+/- TRP+: 

▪ improved developmental milestones tests;  

▪ tendency to increased social interaction; 

▪ decreased repetitive and restricted 

behaviors; 

▪ improved learning ability; 

▪ low levels of serotonin in brain. 

MAIN RESULTS 

 

HEALTH CONDITIONS: 
TRP+: excessive amount of Trp leads to a 
dysregulation of this metabolism causing 
cognitive deficits 

 

ASD DISORDER: 
TRP+: possible approach in reducing 
and/or improving the severity of ASD 
symptoms. 

 

CONCLUSION 
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