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Abstract 

Despite extensive research, no effective treatments have been developed for the highly 

comorbid neuropsychiatric disorders depression, anxiety, ADHD, and ASD. A potential 

denominator in their etiology is the serotonergic system, as serotonin (5-HT) plays an essential 

role in neurodevelopment and the maturation of circuitries related to these disorders. Maternal-

fetal interactions may influence 5-HT levels in the early fetal brain. Moreover, the maternal 5-

HTergic system may affect downstream effects of brain development and potentially affect 

behavior in offspring. Serotonin also plays a role in maternal care which affects offspring’s 

behavior. Therefore, this essay aimed to examine how the maternal 5-HTergic system 

influences maternal care and the development of neuropsychiatric disorders in offspring. In 

rodents, the maternal serotonergic system is able to influence maternal care. In addition, 

offspring receiving low maternal care showed increased anxiety- and depressive-like behavior. 

Yet, in humans, association studies between maternal care and the serotonin transporter 

linked polymorphic region (5-HTTLPR) gene variance are inconsistent, and links between the 

maternal serotonergic system and neuropsychiatric disorders in offspring are not robust. 

However, parenting in humans is more complex than in rodents, so future studies could focus 

on different types of parenting to further explore the relationship between maternal care and 

neuropsychiatric disorders in offspring. Also, as many receptors are involved in serotonin 

signaling and the development of neuropsychiatric disorders, future research should further 

explore possible receptors and mechanisms involved in parental care to provide more 

information for potential treatments and minimize the risk of neuropsychiatric disorders in 

offspring. 
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Introduction 

Mental/psychiatric disorders affect men and women of all ages and are becoming more 

prevalent. All psychiatric disorders combined have a prevalence of about 13% worldwide 

(Global Burden of Disease Collaborative Network, 2021). This essay will focus on four 

psychiatric disorders, including depression, anxiety, autism spectrum disorder (ASD), and 

attention-deficit/hyperactivity disorder (ADHD).  

Major depressive disorder (MDD), also known as depression, is one of the most 

common psychiatric disorders globally (Li et al., 2021). In 2019, the Global Burden of Disease 

Study showed that over 279 million people of all ages suffer from depression, which is 3.76% 

of all people globally (Global Burden of Disease Collaborative Network, 2021). According to 

the Diagnostic and Statistical Manual of Mental Disorders (DSM-V), at least five symptoms for 

a minimum of 2 weeks are required for the diagnosis of depression. At least one of the 

symptoms must either be a depressed mood or a loss of interest in almost all activities 

(anhedonia) (Kennedy, 2008). The other symptoms are described in the DSM-V (American 

Psychiatric Association (APA), 2013). Family and twin studies have demonstrated compelling 

evidence that genetic factors contribute to the risk of depression (Shadrina et al., 2018). For 

example, a meta-analysis study on twin data revealed that depression had a heritability rate of 

37% (Sullivan et al., 2000). The onset of depression can emerge throughout life and often co-

occurs with anxiety and ADHD (Avenevoli et al., 2015; Kessler et al., 2007).  

Anxiety is a normal stress response that can be helpful in some situations as it can 

notify danger and help pay attention. However, when there is an overreaction to situations 

when something triggers the emotion, or anxiety interferes with the ability to function normally 

and the responses to situations are out of control, it may be considered an anxiety disorder. 

Generalized anxiety disorder (GAD), obsessive-compulsive disorder (OCD), panic disorder, 

post-traumatic stress disorder (PTSD), and social anxiety disorder are five major types of 

anxiety disorders (Torpy et al., 2011). The prevalence of anxiety disorders is more than 4% as 

more than 300 million people are suffering from this disorder worldwide in 2019 (Global Burden 

of Disease Collaborative Network, 2021). Common anxiety symptoms include feeling nervous 

or restless, having excessive anxiety, worry and fear, having an increased heart rate, sweating, 

breathing rapidly, feeling weak or tired, and easily irritated (American Psychiatric Association 

(APA), 2013). The onset of anxiety disorders, like depression, can take place throughout life.  

Another heritable neuropsychiatric disorder is ADHD. In 2019, the prevalence of ADHD 

was 1.14%, which is more than 84 million people with ADHD worldwide (Global Burden of 

Disease Collaborative Network, 2021). This disorder is characterized by an ongoing pattern of 

inattention and/or hyperactivity and impulsivity that impairs functioning or development, 

resulting in cognitive impairments related to response inhibition, cognitive and motor control, 

reward processing and emotion recognition (American Psychiatric Association (APA), 2013). 

Although ADHD can be diagnosed throughout life, about 80% of all ADHD patients are 

diagnosed at 4 to 11 years old (Kessler et al., 2007). ADHD often co-occurs with depression, 

anxiety and ASD (Kooij et al., 2019; Reale et al., 2017).  

ASD is a highly heritable neurodevelopmental disorder (Ronald & Hoekstra, 2011). The 

number of people with ASD was more than 28 million in 2019 globally, with a prevalence of 

0.38% (Global Burden of Disease Collaborative Network, 2021). It is characterized by deficits 

in social communication and interaction, stereotyped and repetitive patterns of behavior, and 

sensory anomalies, as stated in the DSM-5 (American Psychiatric Association (APA), 2013). 

Most diagnoses are determined during childhood, with males having a higher prevalence than 

females (Christensen et al., 2018). However, as individuals can vary considerably in their 

symptoms, and most research is done in men, autistic women are usually underrepresented 

(Taylor & DaWalt, 2020).  

The abovementioned four disorders not only negatively influence educational 

achievements and increase social withdrawal in individuals with these disorders, but they also 
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create a high emotional and financial pressure on family and society (Sahakian et al., 2015). 

Despite much research and progress in neuroscience, no effective treatments for the highly 

comorbid neuropsychiatric disorders depression, anxiety, ASD, and ADHD have been 

discovered (Cuijpers, 2017). Therefore, it is critical to develop a deeper insight into the 

pathophysiology underlying these disorders.  

A possible common factor in their etiology is the serotonergic system. Serotonin (5-HT) 

plays a crucial role throughout neurodevelopment and is involved in the maturation of circuitries 

related to psychiatric disorders (Gaspar et al., 2003; Kepser & Homberg, 2015; Whitaker-

Azmitia, 2001). 5-HTergic signaling dysfunction has been linked to the pathophysiology of all 

four neuropsychiatric disorders (Banerjee & Nandagopal, 2015; Cowen & Browning, 2015; 

Deneris & Wyler, 2012; Garbarino et al., 2019). Because serotonin in the early fetal brain 

appears to be regulated by maternal-fetal interactions, the maternal 5-HTergic system, rather 

than the offspring’s, may play a role in downstream effects on brain development and possibly 

affect offspring behavior (Gleason et al., 2011). Besides, the maternal 5-HT system appears 

to be linked to the quality of maternal care, implying that 5-HT may also play a role in the 

pathophysiology of neuropsychiatric disorders (Caldji et al., 1998; Masís-Calvo et al., 2013). 

Therefore, in this essay, the research question ‘how does the maternal 5-HTergic system 

influence maternal care and with that the offspring’s behavior, in both rodents and humans, 

specifically in the development of neuropsychiatric disorders?’ is aimed to be investigated.  

 

Serotonergic system 

Serotonin as a neurotransmitter and neurotrophic factor 

5-HT is one of the most classical monoamine neurotransmitters and hormones in the central 

nervous system (CNS) and peripheral tissues (Lv & Liu, 2017). Since its discovery more than 

70 years ago, serotonin has been extensively studied in the CNS for its crucial role in embryos 

and adults (Rapport et al., 1948). Within the brain, 5-HT serves as a neurotransmitter that 

modulates neural activity and a wide range of neuropsychological processes (Berger et al., 

2018). Serotonin regulates nearly all human behavioral processes as all brain regions express 

multiple serotonin receptors. Serotonergic neurons in the CNS are positioned perfectly to 

regulate the activity of a wide variety of human brain circuits, which partly explains the 

pleiotropic behavioral effects of serotonin in the brain (Mengod et al., 2006). The behavioral 

and neuropsychological processes that are regulated by 5-HT include mood, reward, 

perception, aggression, anger, appetite, memory, attention, and sexuality, as well as other 

processes (Canli & Lesch, 2007; Roth et al., 2004).  

Serotonin not only functions as a neurotransmitter, but it also shows particular 

neurotrophic abilities during development. Serotonergic neurons are one of the first neurons 

to develop (Gaspar et al., 2003), and pharmacological studies demonstrated that 5-HT can 

regulate various developmental processes such as cell division, neural proliferation and 

migration, programmed cell death, cell differentiation, and synaptogenesis (Azmitia, 2001; 

Lauder, 1993; Levitt et al., 1997; Lipton & Kater, 1989; Vitalis & Parnavelas, 2003).  

Serotonin is not only present in the CNS but also in the peripheral nervous system (PNS), 

where it is even more abundant (95%) compared to 5% in the CNS (Pourhamzeh et al., 2021). 

Because serotonin cannot cross the blood-brain-barrier (BBB), the CNS and PNS 5-HT 

systems are entirely independent (Sahu et al., 2018).   

5-HT synthesis in the CNS occurs in the serotonergic neurons of the raphe nuclei of 

the brain stem (fig. 1). 5-HT is synthesized from the precursor molecule tryptophan, an 

essential amino acid. The fully synthesized 5-HT is taken up into vesicles in the axon. After an 

action potential, 5-HT is released into the synapse, where it can interact with both the 

presynaptic and the postsynaptic receptors. Free 5-HT is removed from the synapse and taken 

back to the presynaptic neuron by 5-HT transporters (5-HTT), also called Serotonin Reuptake 

Transporters (SERTs) (Pourhamzeh et al., 2021). Because serotonin and serotonin receptors 
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are involved in regulating almost all brain functions, dysregulation of this system has been 

linked to the pathogenesis of many psychiatric and neurological disorders (Roth, 1994). 

Role of serotonin in neuropsychiatric disorders 
As mentioned above, 5-HT regulates a wide spectrum of functions, including mood, cognition, 

anxiety, learning, memory, and sleep. Polymorphisms in the SERT gene have been associated 

with depression, anxiety, autism, and suicidality (White et al., 2008). When low concentrations 

of 5-HT are generated, or SERT pumps work harder and faster than usual, available synaptic 

5-HT levels drop. To block the reuptake of 5-HT, selective serotonin reuptake inhibitors 

(SSRIs) are applied, and they have been administered extensively worldwide to treat various 

psychiatric disorders, such as major depressive disorder (MDD), anxiety disorders, and 

obsessive-compulsive disorder (OCD) as well as other psychiatric and nonpsychiatric 

disorders (Lorman, 2018).  

Multiple studies have shown that anxiety disorders are linked to 5-HT disruptions (Abela 

et al., 2020; Ohmura et al., 2020). According to the developmental role of 5-HT 

neurotransmission, dysregulation during developmentally crucial periods could have long-term 

effects on brain functioning, especially for the anxiety phenotype in adulthood (Teissier et al., 

2017). 5-HT1A receptors (5-HT1ARs) are commonly studied receptors in the treatment of anxiety 

(Raab et al., 2016), as fewer 5-HT1ARs have been discovered in the forebrain and raphe nuclei 

of patients with panic disorder and in the amygdala of patients with social anxiety disorder 

(Lanzenberger et al., 2007; Nash et al., 2008). Signaling via 5-HT1A autoreceptors appears to 

be essential and sufficient for the establishment of anxiety-like behaviors (Richardson-Jones 

et al., 2010). Furthermore, when 5-HT2c receptors in the bed nucleus of the stria terminalis are 

activated, it leads to 5-HT release from the dorsal raphe nucleus (DRN), which enhances fear 

Figure 1. The synthesis and metabolism of 5-HT. Tryptophan, an essential amino acid, is the precursor molecule 

that is involved in the synthesis of 5-HT. It can cross the BBB and in the CNS, tryptophan hydroxylase type 2 (TPH2) 

hydroxylate tryptophan into 5-hydroxytryptophan (5-HTP), which then is transformed into 5-HT by l-aromatic acid 

decarboxylase (AADC). 5-HT is taken up into vesicles and after an action potential, it is released into the synapse, 

where it can interact with the presynaptic and postsynaptic receptors. All 5-HTRs are heteroreceptors expressed 

on non-serotonergic neurons post-synaptically and autoreceptors located on the serotonergic neurons pre-

synaptically. 5-HT can be reuptaken by SERTs, located on the axon terminal and soma of the serotonergic neurons 

(Pourhamzeh et al., 2021). 
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and anxiety (Marcinkiewcz et al., 2016). 5-HT3 receptors are also found to be involved in 

triggering antipsychotic signs, and inhibiting these receptors has beneficial effects by reducing 

glutamate release in the striatum (Ohno et al., 2015). Thus, blocking specific 5-HT receptors 

might be a potential candidate for treating anxiety disorders. Another factor that plays a role in 

anxiety disorders are increased levels of SERTs, which have been found in patients with GAD. 

Chronic treatment of SSRIs that block SERTs leads to anxiolytic effects (Harmer et al., 2017). 

The cause of depression is hypothesized to be the hypofunction of serotonergic 

neurons. However, the pathogenesis of depression is complex and this hypothesis has been 

criticized as the efficacy and response of typical antidepressants affecting 5-HT was delayed 

and insufficient (Liu et al., 2017). It has been reported that patients with MDD have altered 5-

HTRs and SERTs as well as excessive activity of presynaptic autoreceptors (Lin et al., 2014; 

Sharp et al., 2007). 5-HT1A pre- and postsynaptic receptors appear to play a major role in the 

mediation of depressive-like behaviors (Samuels et al., 2015). Buspirone, a partial 5-HT1A 

agonist, is currently used as an anti-depressant (Celada et al., 2013), and after selective 

blockade of 5-HT2A, 5-HT2C, and 5-HT3 receptors as well as stimulation of 5-HT2B and 5-HT4 

receptors, anti-depressant effects have been observed (Aznar & Hervig, 2016; Belmer et al., 

2018; Gupta et al., 2016; Hamati et al., 2020; Madsen et al., 2015; McCorvy et al., 2011).  

ADHD is one of the most common disorders in children, and it is hypothesized that 

chronic reductions in available 5-HT are related to the clinical manifestations of ADHD. Lower 

concentrations of 5-HT in blood have been reported in patients with ADHD (Wang et al., 2018). 

5-HT is linked to a variety of behaviors, including impulsivity, inhibition, and attention, and it 

interacts with the dopaminergic system to mediate and regulate impulsive behavior (Hou et al., 

2018). Moreover, 5-HT activity in the orbitofrontal-striatal circuitry contributes to the 

pathophysiology of ADHD (Curatolo et al., 2010). As a first-line treatment for ADHD, 

methylphenidate (Ritalin) is the most safe and  effective candidate in children and adolescents, 

while amphetamines are the preferred option in adults (Cortese et al., 2018). However, also 

SSRIs are sometimes used for children or adults with both ADHD and depression.  

In ASD, one of the most common and earliest manifestations is hyperserotonemia, 

which is defined as elevated concentrations of 5-HT in the blood. Children with ASD have 

increased levels of 5-HT in their blood but decreased levels in their brains. Before the age of 

five years, the 5-HT levels in the brain of autistic children are only one-third of the standard 

amount (Marler et al., 2016). Although a number of factors can cause ASD, abnormalities in 

the serotonergic system during development play an important causal factor and can have 

long-term effects on brain functioning in adulthood. However, the precise role of the 5-HTergic 

system in the pathophysiology of ASD is unknown. 

Overall, 5-HT evidently plays a significant role in the pathophysiology of 

neuropsychiatric disorders. Therefore it will be interesting to evaluate whether the maternal 5-

HTergic system is also involved in the development of neuropsychiatric disorders in the 

offspring. 

 

Effect of the maternal 5-HTergic system on offspring 

In adulthood, 5-HT cannot cross the BBB, but during the first half of pregnancy in humans, 5-

HT from the mother’s placenta can be transferred to the fetal brain via the fetal periphery 

(Bonnin & Levitt, 2011; Côté et al., 2007). Therefore, it is likely that the maternal serotonergic 

system significantly impacts fetal brain development, as serotonin plays a role in 

neurodevelopment. Since many disorders appear to have a developmental origin (Rebello et 

al., 2014), this maternal-fetal interaction may play a role in the onset of the four 

neuropsychiatric disorders mentioned above. Moreover, the maternal 5-HTergic system seems 

to be implicated in the quality of maternal care/caregiving behavior (Cents et al., 2014; Morgan 

et al., 2018), implying that maternal care may also be involved in the pathophysiology of 

neuropsychiatric disorders. 
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Maternal care 

Effect of the serotonergic system on maternal care 

Variability in maternal care exists naturally in both rodents and humans. In humans, maternal 

caregiving behavior is normally distributed (Hane & Fox, 2006). Rat studies have also shown 

that variations are stable across litters and are passed down from mothers to offspring 

(Champagne et al., 2003). Quality of maternal care in rats is primarily assessed through the 

licking and grooming behavior of the mother, as well as nursing behavior. Nursing is often 

characterized by arching the back and legs splayed out, called arched-back nursing (Meaney, 

2001). Maternal behavior is found to be indirectly and directly regulated by the serotonergic 

system (Angoa-Pérez & Kuhn, 2015). For example, a study with mice from Angoa-Pérez et al. 

(2014) found that mothers with TPH2 depletion, which is an enzyme responsible for the 

synthesis of serotonin in the brain, displayed disruptions in pup retrieval/huddling, nest 

building, and high arched-back nursing (fig. 2). They found that wildtype mothers had more 

high arched-back nursing compared to TPH2 KO mice. High-arched back nursing is 

characterized as the most relevant position for nursing compared to low-arched back nursing. 

Noticeably, most behaviors that are used to assess maternal behavior are worse in female 

mice without brain serotonin, such as worse pup retrieval, huddling and high-arched back 

nursing (Angoa-Pérez et al., 2014). In humans, the maternal serotonergic system also seems 

to be involved in the quality of caregiving behavior. For example, mothers carrying a particular 

variant of the serotonergic gene, the S allele, which will be discussed further in following 

paragraphs, showed higher maternal sensitivity towards their children (Cents et al., 2014).  

 

 

Effect of maternal care on offspring’s health 

Litters from low licking and grooming mothers had higher anxiety- and depressive-like behavior 

than litters that were exposed to high licking and grooming mothers (Caldji et al., 1998; 

Champagne & Meaney, 2007; Masís-Calvo et al., 2013; Weaver et al., 2006). This was 

measured in the open field test, the elevated plus maze, and the forced swim test. As shown 

in figure 3, rats that were exposed to high licking and grooming (HLG) mothers spent 

significantly more time in the center and the open arms of the elevated plus maze (EPM) 

compared to the rats that were exposed to low licking and grooming (LLG) mothers (Masís-

Calvo et al., 2013). LLG rats spent significantly more time in the closed arms, indicating they 

experienced more anxiety compared to HLG rats. 

 

Figure 2. TPH2-/- dams demonstrate impaired instinctual maternal behavior that are resistant to rescue 

by cross-fostering. TPH2+/+ (WT) mothers and TPH-/- (KO) mothers were evaluated for maternal behaviors. 

A) High-arched back nursing and B) low-arched back nursing. The genotypes of the mothers and their pups 

are appointed as follows: WT(WT), WT mothers rearing their own WT pups; WT(KO), WT mothers rearing 

cross-fostered KO pups; KO(KO), KO mothers rearing their own KO pups and KO(WT), KO dams rearing 

cross-fostered WT pups. Data are expressed as mean ± SEM. *P < 0.05, ***P < 0.0001. (Angoa-Pérez et al., 

2014) 

A B 
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Rodents 

The 5-HTT-/- rodent model 

To examine whether the serotonergic system affects maternal care and the health of the 

offspring, rodent models can be used. Advantages of using rodent models are that most 

environmental factors can be regulated, and the main and interactive effects of maternal 5-HT 

genotype-induced changes can be studied. One of the most commonly used models is the 5-

HTT-/- rodent model, also known as the SERT knockout (KO) model. The 5-HTT gene of the 

rat is 92% homologous to the human 5-HTT gene (Lesch et al., 1993). As 5-HTT-/- rats exhibit 

a total absence of 5-HTT, it leads to an enormous increase in extracellular 5-HT levels 

throughout the brain of up to six to ten times as numerous (Homberg et al., 2007; Shen et al., 

2004). The 5-HTT rodent model was primarily used to study the genotype of the offspring and 

its association with neuropsychiatric disorders. This rodent model has shown that the absence 

of 5-HTT is associated with increased anxiety-like behavior, and they exhibit more anhedonia-

like behavior and decreased social play behavior compared to the 5-HTT+/+ rats (Homberg et 

al., 2007; Olivier et al., 2008). Furthermore, research in this rodent model has been conducted 

in recent years to examine a connection between the maternal 5-HT and neuropsychiatric 

disorders in offspring (Hanswijk, 2022). 

 

Maternal care in rodents 

Maternal care, particularly provided before postnatal day 10, is the most significant contributor 

to the early life environment in rats (Curley & Champagne, 2016; Masís-Calvo et al., 2013). As 

mentioned briefly before, maternal care in rodents consists primarily of grooming, licking, and 

nursing. Variations in maternal care have shown that it can have a significant impact on the 

development of the offspring. The frequency of licking/grooming (LG) and arched-back nursing 

is highly correlated across animals, so mothers can be defined according to both behaviors: 

high or low licking/grooming-arched-back nursing (LG-ABN) mothers (Meaney, 2001).  

 

Role of maternal serotonin on maternal care 

To discover whether maternal care behavior in the 5-HTT genetic rodent model is affected, 

Hanswijk (2021) observed maternal care behavior three times a day from postnatal day 2 to 8 

in rats, where 5-HTT-/- dams were compared to 5-HTT+/+ dams. All offspring had a 5-HTT+/- 

genotype. Total licking and grooming provided by 5-HTT-/- dams to their litters was significantly 

lower compared to the total amount that was provided by the 5-HTT+/+ dams (fig. 3; p = 0.009). 

Furthermore, a fostering procedure was performed to establish whether the maternal 5-HTT 

genotype affects offspring through the intrauterine environment (placenta-derived 5-HT) or the 

postnatal environment (maternal care quality). In short, there were three different groups in 

which the dam that provides the maternal care was different in each group. In the non-fostering 

group, the biological dam cared for their offspring, while in the in-fostering and cross-fostering 

groups, a foster dam provided the maternal care to litters with the same 5-HTT genotype as 

Figure 3. Time spent in the central area, 

open arm and closed arm in the EPM in 

litters exposed to low and high 

licking/grooming mothers. Median value 

± IQR/2, LLG: N = 17; HLG: N = 22. *p < 

0.05. (Masís-Calvo et al., 2013). 
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their own offspring and to litters with the opposite 5-HTT genotype, respectively. Here, they 

found no significant effect between the licking and grooming behavior of 5-HTT-/- and 5-HTT+/+ 

dams. However, a possible explanation for this might be the small sample size, as there were 

only 2, 3, or 4 pups per group. This led to high observed power in the study without the fostering 

procedure (ɪ-β = 0.79), while the finding in the study with the fostering method showed a low 

observed power (ɪ-β = 0.39).  

In another study by Muzerelle et al. (2021), the contribution of serotonin to maternal care was 

investigated using mice with a null mutation in the tryptophan hydroxylase-2 (Tph2) gene 

resulting in a genetic serotonin depletion in the brain. In this study, the amount of time pup 

licking was the same in the Tph2 KO dams compared to the control (Tph2+/+) dams, but Tph2  

 

 

 

KO mice spent significantly less time nursing compared to the control mice (fig. 4D and 4E, 

respectively). Other maternal behaviors, like nest building and spending time in their nest were 

also altered in the Tph2 KO dams compared to the controls (fig. 4B and 4C). The nest building 

scores of Tph2 KO mothers were lower than those of the controls, and pups from the KO 

mothers were scattered around the nest, indicating a defect in huddling. Furthermore, Tph2 

KO dams spent significantly more time outside the nest compared to control dams. Moreover, 

the survival rate of the pups was 0% with the Tph2 KO dam compared to 60% with the control 

dams (fig. 4A; (Muzerelle et al., 2021). However, the pups’ genotype was not controlled for; 

Figure 3. Effect of 

maternal 5-HTT genotype 

on maternal care. A) 

Dams with the 5-HTT-/- 

genotype lick and groom 

their offspring significantly 

less often then 5-HTT+/+ 

dams (p = 0.009). B) After 

the fostering procedure, 

this difference in licking 

and grooming was barely 

visible. Data presented as 

mean ± SEM. (Hanswijk, 

2022) 

C D E 

Figure 4. Reproductive success 

and maternal behaviors are 

altered in TPH2-KO dams. (A) All 

the litters from TPH2-KO dams 

were lost by postpartum day 4, in 

contrast to control dams. (B) Nest 

building scores at PPD1 were 

significantly higher in controls 

compared to Tph2-KO dams. (C) 

Tph2-KO dams spent more time 

outside the nest compared to 

control dams. (D/E) Both KO and 

control dams dedicated the same 

time to pup licking, but the KO dams 

spent significantly less time nursing. 

All data presented as mean ± SEM. 

(Muzerelle et al., 2021) 
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They had different genotypes in both groups since Tph2 KO dams and control dams were 

crossed with WT males. This difference in the genotype of the pups could have influenced the 

survival rate and potentially the maternal behaviors.  

Overall these data show that maternal serotonin has an effect on maternal care behaviors, 

which then potentially have an influence on the offspring’s behavior. 

 

Influence of maternal 5-HTergic system on offspring’s behavior 

In the same study by Hanswijk et al. (2022), where they investigated the differences in maternal 

care, they also studied the role of maternal 5-HT genotype in anxiety- and depressive-like 

behavior in adult male 5-HTT+/- offspring. Again, a fostering procedure was performed where 

the non- and in-fostering groups were combined since no differences in maternal care were 

observed. In different behavioral tests, the adult male 5-HTT+/- offspring were examined for 

anxiety- and depressive-like behavior. As shown in figure 5A, offspring from 5-HTT-/- dams that 

were also exposed to 5-HTT-/- care spent more time on the open arms compared to all other 

groups. However, offspring from 5-HTT+/+ dams that also received 5-HTT-/- care spent 

significantly less time on the open arms than offspring from similar dams but exposed to 5-

HTT+/+ care. This shows that exposure to maternal care with the opposite 5-HTT genotype as 

the biological dam leads to increased anxiety-like behavior in offspring. Also, the latency 

towards the open arm was lower in offspring exposed to maternal care from dams with the 

same genotype as the offspring’s biological mothers, indicating lower anxiety behavior (fig. 

5C). Furthermore, offspring were exposed to two other behavioral tasks examining symptoms 

of depression (anhedonia and learned helplessness). However, in these tasks, no group 

differences were discovered. This indicates that maternal 5-HT genotype does not influence 

offspring’s depressive-like behavior.  

 

 

 

 

 

 

 

 

 

Maternal care associated with offspring’s anxiety- and depressive-like behavior 

To investigate the effect of maternal care on the offspring’s behavior independent of the 

mother’s genotype, multiple studies examined the effect of maternal care on offspring in 

different behavioral tasks for anxiety- and depressive-like behavior. In a study by Francis et al. 

(1999), offspring of high LG-ABN mothers and low LG-ABN mothers were examined in a novel 

open field test to assess anxiety. They did a cross-fostering study with a group in which the 

biological offspring of high LG-ABN and low LG-ABN were either reared by their biological 

mothers, the high control (H/C) and low control (L/C); cross-fostered back onto their own 

mothers, high/w (H/w) and low/w (L/w); cross-fostered to dams of the same group, high-high 

(H/H) and low-low (L/L); or cross-fostered across groups, high-low (H/L) and low-high (L/H). 

Figure 5. Associations between maternal 5-HTT genotype and care and adult male 5-HTT+/- offspring’s 

anxiety-like behaviors. A) In the EPM test, offspring from 5-HTT-/- mothers, receiving 5-HTT-/- care spent more 

time on the open arms and B) spent more time performing head-dips on the open arms compared to the other 

groups. C) Offspring receiving maternal care from mothers with the same 5-HTT genotype as their biological 

mother showed the lowest latency towards the open arms. Data presented as mean ± SEM. * = p ≤ 0.05, ** = p 

≤ 0.01, and *** = p ≤ 0.001 versus maternal dam 5-HTT-/- non- + in-fostering; & = p ≤ 0.05, && = p ≤ 0.01 versus 

maternal dam 5-HTT+/+ cross-fostering; ^^^ = p ≤ 0.0001 versus maternal dam 5-HTT-/- cross-fostering. 

(Hanswijk et al., 2022)  
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All offspring reared by low LG-ABN dams showed less exploration time in the center of the 

novel open field, indicating more fearfulness compared to offspring reared by high LG-ABN 

dams (fig. 6). Furthermore, biological offspring from low LG-ABN dams reared by high LG-ABN 

dams were significantly less fearful in the novel open field test compared to any of the offspring 

reared by low LG-ABN mothers, indicating maternal care plays a role in the development of 

neuropsychiatric disorders, like anxiety.  

  

 

 

 

 

 

 

Another study examined the relationship between maternal care and depressive-like behavior 

in the forced swim test (FST) and the sucrose preference test (SPT). The FST was used to 

assess the rodent’s response to the threat of drowning, with rodents in a more depressive state 

supposedly giving up more easily and being immobile, whereas healthy rodents swim around 

and try to escape (Can et al., 2011). The SPT is a reward-based test used as an indicator of 

anhedonia (Liu et al., 2018). As shown in figure 7A, a correlation between the dams’ nursing 

behavior and the offspring’s immobility in the FST was found (Ronovsky et al., 2017), indicating 

more depressive-like behavior in offspring that received less maternal care. Surprisingly, in the 

SPT, offspring with a lower sucrose preference received more maternal care (fig. 7B), 

indicating that mice receiving more maternal care show anhedonia or depressive-like behavior. 

However, in this study, pregnant female mice received poly(I:C) to induce immune activation 

that modulates maternal care, which may have had an effect on the behavior of the offspring. 

It would have been better to use cross-fostering since that rules out interventions during 

pregnancy and genotype and more accurately shows how maternal care plays a role. Also, the 

forced swim test might not be an accurate test to assess depressive-like behavior, as 

immobility could also be interpreted as saving energy as mice learn they cannot escape and 

Figure 6. The amount of time (sec) 

spent in the inner area of the novel 

open field. Groups lying below the 

solid line differ significantly from those 

above the line. Data presented as 

mean ± SEM. (Francis et al., 1999) 

Figure 7. Correlation between first generation (F1) and second generation (F2). A) dam nursing behavior 

and offspring immobility in the FST. B) correlation between F1 dam licking and grooming (LG) behavior and F2 

offspring sucrose preference in the SPT. (Ronovsky et al., 2017) 

A B 
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remember that when they are immobile, they are taken out of the water by the researcher, 

especially when they have previous experience with the environment.  

Masís-Calvo and colleagues also studied the effects of maternal care on anxiety- and 

depressive-like behavior (Masís-Calvo et al., 2013). They tested rats in three behavioral tests: 

the open field test (OFT) and the elevated plus maze (EPM) to assess anxiety-like behavior 

and the FST to assess coping style behavior. In the OFT, no significant differences were found 

between offspring from low licking and grooming (LLG) dams and offspring from high licking 

and grooming (HLG) dams, suggesting there was no association between maternal care 

quality and anxiety-like behavior. However, in the EPM, offspring from HLG dams spent 

significantly more time in the central area and open arms and less time in the closed arms 

compared to offspring from LLG dams (fig. 8), suggesting a shorter duration of licking and 

grooming represents increased anxiety in offspring. In the FST, no significant differences were 

found between the two groups, indicating maternal care did not influence immobility behavior. 

However, as stated before, the FST might not be an accurate model to test depressive-like 

behavior, and as shown in figure 9, immobility duration in the test was higher compared to the 

immobility duration in the pre-test, implying rats learned that they cannot escape and are lifted 

out of the water by the researcher.  

 

 

 

 

 

 

 

Humans 

5-HTTLPR gene variance 

In humans, the SLC6A4 gene encodes the 5-HTT (SERT). Within the gene’s promoter region, 

there is a 5-HTT-linked polymorphic region (5-HTTLPR) that consists of two variants, the short 

(S)-allelic variant and the long (L)-allelic variant. The number of repeats differs between the 

two 5-HTTLPR variants, where the L-allele has 16 repeats, and the S-allele only has 14 

repeats. Consequently, 5-HTT expression is about 50% lower in people with the S-allele 

Figure 9. Immobility time (s) observed 

in the FST in low and high LG groups. 

Data presented as median value ± IQR/2. 

N=17 and N=22, respectively. *Within 

groups comparisons between PRE-TEST 

and TEST p<0.01). (Masís-Calvo et al., 

2013) 

Figure 8. Amount of time spent in the 

different areas of the EPM in low and high LG 

groups. Data presented as median value ± 

IQR/2 (interquartile ranges/2). N=17 and N=22, 

respectively. *p<0.05. (Masís-Calvo et al., 2013) 
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compared to the expression in people with the L-allele (Murphy & Moya, 2011). Furthermore, 

the single nucleotide polymorphism (SNP), i.e. rs25531, is another genetic variation that 

affects 5-HTT function, which substitutes a single base (A > G) within the 5-HTTLPR L allele. 

This LG variant results in about the same 5-HTT expression as the 5-HTTLPR S allele variant 

(Hu et al., 2006). Regarding 5-HTT mRNA expression and function, the LALA genotype differs 

significantly from the other genotypes (SS, SLG, LGLG, LALG, but not from SLA). LALA and SLA 

have the highest 5-HTT availability, the highest 5-HT storage, and the lowest extracellular 5-

HT availability (Hu et al., 2006). 

 

Role of 5-HTTLPR gene variance on neuropsychiatric behaviors 

Many studies have investigated whether 5-HTTLPR gene variance is involved in the 

pathophysiology of neuropsychiatric disorders. For example, according to multiple studies, 5-

HTTLPR S/L or S/S genotypes seem to be associated with amygdala-related social and 

communication deficits, manifesting in ASD (Brune et al., 2006; Tordjman et al., 2001; 

Velasquez et al., 2017; Wiggins et al., 2014). Although very inconsistent, 5-HTTLPR gene 

variance may also be involved in ADHD. Some studies found a link between the 5-HTTLPR 

polymorphisms and inattentive symptoms, while others found an association with hyperactivity 

and impulsivity symptoms (Chen et al., 2019; Gadow et al., 2013; Li et al., 2007). In people 

with depression and anxiety, a link with the 5-HTTLPR gene was also observed. In a study by 

Caspi et al. (2003), they found that individuals with HTTLPR S/L or S/S genotype displayed 

more depressive symptoms, diagnosable depression, and suicidality in response to stressful 

live events compared to individuals with the 5-HTTLPR L/L genotype. For anxiety, differences 

between men and women were found; the S allele and SS genotype appeared to be more 

often associated with an increased risk of anxiety in women, but not in men (Gressier et al., 

2016).  

 

Maternal genotype influencing offspring’s behavior 

The hypothesis that the 5-HTTLPR gene variance in offspring is involved in the 

pathophysiology of neuropsychiatric disorders is often studied, as mentioned above, but the 

potential involvement of maternal 5-HTTLPR genotype in these disorders in offspring has not 

received much attention. Hanswijk et al. (2021) examined the association between maternal 

5-HTTLPR genotype and clinical and cognitive measures of ADHD and comorbid ASD in 

typically-developing and ADHD-diagnosed offspring. First, they observed that offspring from 

mothers with low-expressing 5-HTTLPR genotypes (SS, LGS, LGLG, and LALG) showed lower 

anxiety levels than those from mothers with high-expressing genotypes (LALA and LAS). 

Therefore, the offspring’s anxiety levels were included in the sensitivity analyses as it was a 

potential mediator. As shown in figure 10, they found that the maternal 5-HTTLPR genotype 

was not associated with clinical ADHD measurements of the offspring, but they did find that 

female offspring from mothers with low-expressing 5-HTTLPR genotypes displayed slightly 

higher stereotypic scores, which is a clinical measure of ASD, than female offspring from 

mothers with high-expressing 5-HTTLPR genotypes.  

Furthermore, there were some associations between maternal 5-HTTLPR genotype and 

offspring’s cognitive measures that are related to ADHD and ASD. Adult male offspring from 

mothers with low 5-HTTLPR genotypes expression made fewer errors and required fewer trials 

to complete the reversal-learning task compared to adult male offspring from high-expressing 

5-HTTLPR genotype mothers (fig. 11), indicating that male offspring from high-expressing 5-

HTTLPR genotype mothers are more likely to have a reduction in cognitive flexibility, that is 

characterized in ASD and ADHD. This supports the finding by Kistner-Griffin et al. (2011), who 

found that the maternal 5-HTTPLR L-allele induced the risk for offspring’s ASD, but this does 

not comply with the finding, as discussed earlier, that increased stereotyped behavior was 

associated with low-expressing 5-HTTLPR genotype instead of high-expressing genotype. 
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In the identification of facial emotions task, it was revealed that girls from low-expressing 5-

HTTLPR mothers demonstrated an increased accuracy in recognizing happy faces compared 

to girls from high-expressing 5-HTTLPR mothers (fig. 12). Also, adult offspring from low-

expressing 5-HTTLPR mothers reported slower recognition times compared to adult offspring 

from high-expressing 5-HTTLPR mothers, but after sensitivity analysis which included the 

offspring’s anxiety levels, this finding disappeared.  

 

Thus, these findings show that maternal 5-HTT genotype, but not child 5-HTT genotype, 

appear to be associated with stereotyped behavior, cognitive flexibility, reward processing, and 

emotion recognition that are cognitive measures related to neurodevelopmental disorders like 

ADHD and ASD, although most associations are only visible in specific subgroups such as 

offspring’s age, sex and anxiety levels.   

Figure 10. Association 

between stereotyped 

behavior and maternal 

5-HTTLPR/rs25531 

genotype. The black box 

represents the maternal 

high expressing 5-

HTTLPR genotypes (LALA 

and LAS) and the white 

box represents the 

maternal low expressing 

5-HTTLPR genotypes 

(SS, LGS, LGLG and LALG). 

These boxes indicate the 

interquartile range and 

the whiskers show the 

95% confidence interval. 

#: post hoc test p≤0.1. 

(Hanswijk et al., 2021) 

Figure 11. Associations between maternal 5-HTTLPR/rs25531 genotype and deficits in cognitive 

flexibility. A) Number of trials until the reversal learning task was completed. B) Total number of errors in the 

reversal learning task. The black box represents the maternal high expressing 5-HTTLPR genotypes (LALA and 

LAS) and the white box represents the maternal low expressing 5-HTTLPR genotypes (SS, LGS, LGLG and LALG). 

These boxes indicate the interquartile range and the whiskers show the 95% confidence interval. *: sensitivity 

and post hoc tests p≤0.05. (Hanswijk et al., 2021) 



16 
 

 

Role of 5-HTTLPR on parental care 

One of the hypotheses that the maternal 5-HT system contributes to the offspring’s 

neurodevelopment and altered behavior is thought to be through neurotrophic factors, but 

environmental factors, such as maternal care, may also mediate the association between 

maternal 5-HTTLPR genotype and neurodevelopmental disorders in offspring. For example, 

mothers carrying the 5-HTTLPR S-allele exhibited less positive parenting behavior in response 

to disruptive child behavior than mothers with the 5-HTTLPR L/L genotype (Morgan et al., 

2018). Positive and negative parenting was assessed by using the Dyadic Parent Child 

Interaction Coding System (DPICS; Eyberg et al., 2005). In contrast, another study observed 

that mothers that carried the 5-HTTLPR S allele were more sensitive towards their children 

(Cents et al., 2014), which was supported by another study that found that both mothers 

carrying the S allele as well as the LG allele had a higher maternal sensitivity than mothers 

carrying only the LA allele (Mileva-Seitz et al., 2011). Maternal sensitivity was observed and 

assessed using the Ainsworth’s 9-point rating scales for sensitivity and cooperation and the 

Erickson 7-point rating scales for supportive presence and intrusiveness (Ainsworth et al., 

1975; Egeland et al., 1990). Furthermore, in this last study by Mileva-Seitz and collegues, 

highly-significant gene-environment interactions were found as well in association with 

maternal behavior. Mothers with the LALA genotype and providing negative early care quality 

Figure 12. Association in offspring between 

maternal 5-HTTLPR/rs25531 genotype and 

recognizing happy faces. The black box 

represents the maternal high expressing 5-

HTTLPR genotypes (LALA and LAS) and the 

white box represents the maternal low 

expressing 5-HTTLPR genotypes (SS, LGS, 

LGLG and LALG). These boxes indicate the 

interquartile range and the whiskers show the 

95% confidence interval. *sensitivity and post 

hoc tests p ≤ 0.05. (Hanswijk et al., 2021) 

Figure 13. Correlation between early care quality and (a) frequency of the mother orienting away from their 

baby and (b) mothers’ perceived attachment to the infant. (Mileva-Seitz et al., 2011) 
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oriented away more frequently from their children (fig. 13a), and mothers carrying the S allele 

and providing greater early care quality scored higher on their perceived attachment to their 

child (fig. 13b), assessed by video-recorded mother-infant interactions at six months post 

partum. 

 

Parental care on offspring’s behavior 

These differences in maternal care between mothers with different 5-HTTLPR gene 

expressions can have an influence on the behavior and development of neuropsychiatric 

disorders in their offspring as over the years, studies have demonstrated that not only the 

transmission of risk genes is essential, but also the maternal environment on offspring’s neural, 

cognitive, emotional, and social changes in later life, with one of the main maternal 

environmental factors being parental care (Belsky & de Haan, 2011; Tolan et al., 2013). In a 

study with 6483 adolescents from age 13 to 18 years, high maternal care was associated with 

a lower chance of depression and eating- and behavioral disorders, while high maternal control 

was associated with a higher risk of depression, anxiety, and eating- and behavioral disorders 

(Eun et al., 2018). Some behaviors including maternal control are physical and verbal 

manipulation of children’s behaviors and negative displays, anger and rejection. Moreover, 

paternal behavior was also analyzed, where high paternal care was associated with a lower 

chance of social phobia and alcohol abuse or dependence, while high paternal control was 

associated with higher chances of agoraphobia and alcohol abuse or addiction but also lower 

chances of ADHD. Also, results from a study from Shaw et al. (2004) suggested that a lack of 

parental emotional support in children was associated with increased levels of depressive 

symptoms and chronic conditions in adulthood, while children with abundant support were 

likely to have relatively good health throughout adulthood (Shaw et al., 2004). Another study 

observed that there was an association between lack of parental care and four different anxiety 

disorders, i.e. panic disorder with and without agoraphobia (PDAG), generalized anxiety 

disorder (GAD), social phobia (SOP), and simple/specific phobia (SP) (Heider et al., 2008). 

The association between parental care and anxiety disorders is similar to the association 

between parental care and depression (Sato et al., 1998), and a study that investigated 

parental care as a potential risk for 13 psychiatric disorders suggested that the increased risk 

of disorders during adulthood that was caused specifically by a lack of care is non-disorder 

specific (Enns et al., 2002). 

 

Discussion 

The aim of this essay was to investigate whether the maternal 5-HTergic system influenced 

maternal care and hence the vulnerability for the development of neuropsychiatric disorders in 

offspring. By examining both rodent and human studies, there is much evidence stating the 

serotonergic system has an effect on maternal care and on the behavior of offspring. There 

are already many studies that have investigated a potential role of the maternal serotonergic 

system during pregnancy, where it affects the development of the child (Rakers et al., 2020; 

St-Pierre et al., 2016; Vehmeijer et al., 2019), but the focus of this essay was to assess the 

effect of the postnatal environment on the behavior of the offspring, specifically maternal care.  

In rodents, evidence was found that at least two different serotonergic rodent models, 

the 5-HTT-/- rat and the Tph2 KO mouse, had a negative effect on maternal care behavior, 

such as licking and grooming, nursing, nest building, and spending time with the pups 

(Hanswijk, 2022; Muzerelle et al., 2021). As offspring from maternal 5-HTT-/- rats showed 

increased anxiety and many studies observed an association between maternal care and 

anxiety- and depressive-like behaviors in mice and rats (Francis et al., 1999; Ronovsky et al., 

2017), it can be suggested that the maternal 5-HTergic system influences maternal care and 

with that the development of neuropsychiatric disorders in offspring. One possible explanation 

for the lack of maternal care in 5-HTT-/- rats is the activation of different 5-HT receptors, as 5-
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HTT-/- rats have more extracellular 5-HT concentrations that activate different receptors. In 

particular the 5-HT2A has been studied by Gao and colleagues, who found that the activation 

of this receptor disrupted maternal care (Gao et al., 2018). However, as more receptors are 

involved in 5-HT signaling and may have a possible role in maternal care behavior, it could be 

an important future study to investigate which other receptors are also implicated.  

Furthermore, 5-HTT-/- rats show anxiety- and depressive-like behavior (Olivier et al., 2008), 

which might contribute to the impairment of the quality of maternal care. However, more 

research should be done to examine which 5-HT receptors are further involved in disruptive 

maternal care, so treatments can be conducted to prevent impaired maternal care and reduce 

the risk of neuropsychiatric disorders in offspring. Furthermore, depressive-like symptoms in 

rodents were difficult to measure, as the forced swim test can no longer be identified as an 

accurate experiment for depression-like behavior. Therefore, better tests should be created to 

help understand the effect of the serotonergic system on depressive-like behavior.  

In humans, lower anxiety levels were found in offspring from mothers with low-

expressing 5-HTTLPR genotypes compared to offspring from high-expressing 5-HTTLPR 

genotype mothers. However, no association was found between clinical ADHD in offspring and 

the genotype of the mother, although only a few studies have studied this (Hanswijk et al., 

2021). Besides, some cognitive measures that are related to ADHD as well as to ASD were 

found. Also, slightly higher stereotypic behavior, a typical symptom of ASD, in female offspring 

was found from mothers with low-expressing 5-HTTLPR genotype. However, this is in contrast 

with the finding from another study showing that mothers with high-expressing 5-HTTLPR 

genotype induced the risk for ASD in their offspring (Kistner-Griffin et al., 2011). Further 

research is therefore needed to explain these inconsistent effects. 

Lower parental care and higher parental control were associated with worse mental 

health and behavioral disorders in their children, and a lack of parental emotional support and 

parental care was associated with more depressive and anxiety symptoms, while children with 

abundant support from their parents had good health throughout adulthood (Eun et al., 2018; 

Heider et al., 2008; Shaw et al., 2004). It was also suggested that the increased risk of 

adulthood disorders caused by lack of care is non-disorder specific (Enns et al., 2002). Thus, 

these findings indicate that ‘lack of’ parental care greatly influences the development of 

depression, anxiety, and other neuropsychiatric disorders in offspring. However, findings about 

the role of 5-HTTPLR on parental care are inconsistent as one study found that mothers 

carrying the S-allele showed less positive parenting, while other studies observed that mothers 

with this genotype were more sensitive towards their children (Cents et al., 2014; Mileva-Seitz 

et al., 2011; Morgan et al., 2018). Another review supported these contradictory findings as 

two studies, including Cents et al. (2014) and Mileva-Seitz et al. (2011), found mothers carrying 

the S allele were less sensitive to their children while two other studies, from Morgan et al., 

(2018) and Bakermans-Kranenburg & van IJzendoorn (2008), observed more sensitivity 

towards their infants from parents carrying the S allele (Landoni et al., 2022). Therefore, it is 

difficult to explain whether neuropsychiatric disorders in children from mothers with different 5-

HTTLPR gene expression are caused by lack of paternal/maternal care, which was a possible 

factor in rodents, or that other factors have a big influence. Besides, parenting is highly 

complex and only looking at sensitivity towards their children might not give an accurate 

representation of the parental care quality they provide. 

To further investigate this issue, future research could examine the influence of parental care 

by exploring paternal care in children from different 5-HHTPLR gene-expressing mothers. By 

receiving only paternal care and no maternal care, it can be examined whether only intrauterine 

factors played a role in neuropsychiatric disorders in children from mothers with different 5-

HTTLPR gene expression or whether postnatal care had a significant influence on 

neuropsychiatric disorders in children. A limitation of the rodent studies was that only maternal 

care and no paternal care could be investigated, as males often are not involved in rearing 
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offspring. Thus, it is difficult to study in rodents whether the offspring’s behavior is mainly 

caused by intrauterine factors, or also by maternal care. This is different in humans, where 

often fathers also have a big influence on parental care. Therefore, it could be an exciting study 

in primates as this is easier and faster to arrange than in humans. 

Interestingly, in the unpublished study by Hanswijk et al. (2022), they found that 

offspring that received maternal care by dams with the opposite 5-HTT genotype as their 

biological mother showed an increase in anxiety-like behavior (Hanswijk et al., 2022), 

indicating that when the early postnatal environment is different from the intrauterine 

environment, it affects brain development, which results in increased anxiety-like behavior. 

This is interesting when translating it to humans, as adopted and foster children are also raised 

in an environment that is different from their intrauterine environment. Indeed, several studies 

have found significant differences between nonadopted and adopted children in social, 

emotional, behavioral, and cognitive functioning (Andresen, 1992; Brodzinsky, 1993; Verhulst 

et al., 1990a), although also no differences were found between adopted and nonadopted 

children in some other studies (Borders et al., 1998; Elonen & Schwartz, 1969). In addition, it 

was found that when a child was older at placement, they were more likely to develop 

emotional or behavioral problems than when they were younger (Brand & Brinich, 1999; 

Verhulst et al., 1990b). This suggests that when the early postnatal environment is different 

from the intrauterine environment, it does not necessarily increase the risk for neuropsychiatric 

disorders, as only placement at a later age showed a significant difference between 

nonadopted and adopted children. Also, it should be pointed out that adopted children often 

already have experienced more adversity and a lot of external factors play a role in the 

development of neuropsychiatric disorders, which makes it challenging to study only the effect 

of the intrauterine environment and parental care on disorders in these children. 

 

In summary, maternal care in rodents is affected by the serotonergic system in mothers and 

plays a role in the development of neuropsychiatric disorders in offspring. Moreover, offspring 

receiving maternal care from a mother with an opposite 5-HTT genotype as their biological 

mother demonstrated increased anxiety levels, suggesting offspring raised in a different 

postnatal environment than their intrauterine environment experience increased anxiety, which 

will be an interesting study in humans for children that are adopted. Although future research 

should further explore how the increased extracellular serotonin in 5-HTT-/- dams affects 

maternal care, recent studies have shown that activation of the 5-HT2A receptor disrupts 

maternal behavior. The disruptions in maternal care and its association with neuropsychiatric 

disorders in offspring were not replicated and were inconsistent in human 5-HTTLPR studies. 

A possible explanation for this could be that parenting is highly complex. Therefore, future 

research could look into different types of parenting to further explore the association between 

parental care and neuropsychiatric disorders in offspring. Lastly, as not only maternal care but 

also paternal care is provided in humans, it is easier to study whether parental care from 

different 5-HTTLPR expressing parents significantly influences offspring’s behavior besides 

the intrauterine environment.   



20 
 

References 

Abela, A. R., Browne, C. J., Sargin, D., Prevot, T. D., Ji, X. D., Li, Z., Lambe, E. K., & 
Fletcher, P. J. (2020). Median raphe serotonin neurons promote anxiety-like behavior 
via inputs to the dorsal hippocampus. Neuropharmacology, 168, 107985. 
https://doi.org/10.1016/j.neuropharm.2020.107985 

Ainsworth, M. D. S., Bell, S. M., & Stayton, D. J. (1975). Infant-mother attachments and 
social development. In The introduction of the child into a social world (pp. 99–135). 

American Psychiatric Association (APA). (2013). Diagnostic and statistical manual of mental 
disorders (DSM-V). Washington, DC: American Psychiatric Publishing, Inc. 

Andresen, I.-L. K. (1992). Behavioural and School Adjustment of 12-13-year old 
Internationally Adopted Children in Norway: a Research Note. Journal of Child 
Psychology and Psychiatry, 33(2), 427–439. https://doi.org/10.1111/j.1469-
7610.1992.tb00877.x 

Angoa-Pérez, M., Kane, M. J., Sykes, C. E., Perrine, S. A., Church, M. W., & Kuhn, D. M. 
(2014). Brain serotonin determines maternal behavior and offspring survival. Genes, 
Brain and Behavior, 13(7), 579–591. https://doi.org/10.1111/gbb.12159 

Angoa-Pérez, Mariana, & Kuhn, D. M. (2015). Neuronal serotonin in the regulation of 
maternal behavior in rodents. Neurotransmitter, 2. https://doi.org/10.14800/nt.615 

Avenevoli, S., Swendsen, J., He, J.-P., Burstein, M., & Merikangas, K. R. (2015). Major 
Depression in the National Comorbidity Survey–Adolescent Supplement: Prevalence, 
Correlates, and Treatment. Journal of the American Academy of Child & Adolescent 
Psychiatry, 54(1), 37-44.e2. https://doi.org/10.1016/j.jaac.2014.10.010 

Azmitia, E. C. (2001). Modern views on an ancient chemical: serotonin effects on cell 
proliferation, maturation, and apoptosis. Brain Research Bulletin, 56(5), 413–424. 
https://doi.org/10.1016/S0361-9230(01)00614-1 

Aznar, S., & Hervig, M. E.-S. (2016). The 5-HT2A serotonin receptor in executive function: 
Implications for neuropsychiatric and neurodegenerative diseases. Neuroscience & 
Biobehavioral Reviews, 64, 63–82. https://doi.org/10.1016/j.neubiorev.2016.02.008 

Bakermans-Kranenburg, M. J., & van IJzendoorn, M. H. (2008). Oxytocin receptor ( OXTR ) 
and serotonin transporter ( 5-HTT ) genes associated with observed parenting. Social 
Cognitive and Affective Neuroscience, 3(2), 128–134. 
https://doi.org/10.1093/scan/nsn004 

Banerjee, E., & Nandagopal, K. (2015). Does serotonin deficit mediate susceptibility to 
ADHD? Neurochemistry International, 82, 52–68. 
https://doi.org/10.1016/j.neuint.2015.02.001 

Belmer, A., Quentin, E., Diaz, S. L., Guiard, B. P., Fernandez, S. P., Doly, S., Banas, S. M., 
Pitychoutis, P. M., Moutkine, I., Muzerelle, A., Tchenio, A., Roumier, A., Mameli, M., & 
Maroteaux, L. (2018). Positive regulation of raphe serotonin neurons by serotonin 2B 
receptors. Neuropsychopharmacology, 43(7), 1623–1632. 
https://doi.org/10.1038/s41386-018-0013-0 

Belsky, J., & de Haan, M. (2011). Annual Research Review: Parenting and children’s brain 
development: the end of the beginning. Journal of Child Psychology and Psychiatry, 
52(4), 409–428. https://doi.org/10.1111/j.1469-7610.2010.02281.x 

Berger, M., Gray, J. A., Roth, B. L., Francisco, S., Francisco, S., & Hill, C. (2018). The 
Expanded Biology of Serotonin. 355–366. 
https://doi.org/10.1146/annurev.med.60.042307.110802.The 

Bonnin, A., & Levitt, P. (2011). Fetal, maternal, and placental sources of serotonin and new 
implications for developmental programming of the brain. Neuroscience, 197, 1–7. 
https://doi.org/10.1016/j.neuroscience.2011.10.005 

Borders, L. D., Black, L. K., & Pasley, B. K. (1998). Are Adopted Children and Their Parents 
at Greater Risk for Negative Outcomes? Family Relations, 47(3), 237. 
https://doi.org/10.2307/584972 

Brand, A. E., & Brinich, P. M. (1999). Behavior Problems and Mental Health Contacts in 
Adopted, Foster, and Nonadopted Children. Journal of Child Psychology and 
Psychiatry, 40(8), 1221–1229. https://doi.org/10.1111/1469-7610.00538 



21 
 

Brodzinsky, D. M. (1993). Long-Term Outcomes in Adoption. The Future of Children, 3(1), 
153. https://doi.org/10.2307/1602410 

Brune, C. W., Kim, S.-J., Salt, J., Leventhal, B. L., Lord, C., & Cook, E. H. (2006). 5-HTTLPR 
Genotype-Specific Phenotype in Children and Adolescents With Autism. American 
Journal of Psychiatry, 163(12), 2148–2156. 
https://doi.org/10.1176/ajp.2006.163.12.2148 

Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., & Meaney, M. J. (1998). 
Maternal care during infancy regulates the development of neural systems mediating 
the expression of fearfulness in the rat. Proceedings of the National Academy of 
Sciences, 95(9), 5335–5340. https://doi.org/10.1073/pnas.95.9.5335 

Can, A., Dao, D. T., Arad, M., Terrillion, C. E., Piantadosi, S. C., & Gould, T. D. (2011). The 
Mouse Forced Swim Test. Journal of Visualized Experiments, 58. 
https://doi.org/10.3791/3638 

Canli, T., & Lesch, K.-P. (2007). Long story short: the serotonin transporter in emotion 
regulation and social cognition. Nature Neuroscience, 10(9), 1103–1109. 
https://doi.org/10.1038/nn1964 

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., McClay, J., Mill, 
J., Martin, J., Braithwaite, A., & Poulton, R. (2003). Influence of Life Stress on 
Depression: Moderation by a Polymorphism in the 5-HTT Gene. Science, 301(5631), 
386–389. https://doi.org/10.1126/science.1083968 

Celada, P., Bortolozzi, A., & Artigas, F. (2013). Serotonin 5-HT1A Receptors as Targets for 
Agents to Treat Psychiatric Disorders: Rationale and Current Status of Research. CNS 
Drugs, 27(9), 703–716. https://doi.org/10.1007/s40263-013-0071-0 

Cents, R. A. M., Kok, R., Tiemeier, H., Lucassen, N., Székely, E., Bakermans-Kranenburg, 
M. J., Hofman, A., Jaddoe, V. W. V., van IJzendoorn, M. H., Verhulst, F. C., & 
Lambregtse -van den Berg, M. P. (2014). Variations in maternal 5-HTTLPR affect 
observed sensitive parenting. Journal of Child Psychology and Psychiatry, 55(9), 1025–
1032. https://doi.org/10.1111/jcpp.12205 

Champagne, F. A., Francis, D. D., Mar, A., & Meaney, M. J. (2003). Variations in maternal 
care in the rat as a mediating influence for the effects of environment on development. 
Physiology & Behavior, 79(3), 359–371. https://doi.org/10.1016/S0031-9384(03)00149-5 

Champagne, F. A., & Meaney, M. J. (2007). Transgenerational effects of social environment 
on variations in maternal care and behavioral response to novelty. Behavioral 
Neuroscience, 121(6), 1353–1363. https://doi.org/10.1037/0735-7044.121.6.1353 

Chen, X., Wang, M., Zhang, Q., Hou, Y., Huang, X., Li, S., & Wu, J. (2019). Stress response 
genes associated with attention deficit hyperactivity disorder: A case-control study in 
Chinese children. Behavioural Brain Research, 363, 126–134. 
https://doi.org/10.1016/j.bbr.2019.01.051 

Christensen, D. L., Braun, K. V. N., Baio, J., Bilder, D., Charles, J., Constantino, J. N., 
Daniels, J., Durkin, M. S., Fitzgerald, R. T., Kurzius-Spencer, M., Lee, L.-C., Pettygrove, 
S., Robinson, C., Schulz, E., Wells, C., Wingate, M. S., Zahorodny, W., & Yeargin-
Allsopp, M. (2018). Prevalence and Characteristics of Autism Spectrum Disorder Among 
Children Aged 8 Years — Autism and Developmental Disabilities Monitoring Network, 
11 Sites, United States, 2012. MMWR. Surveillance Summaries, 65(13), 1–23. 
https://doi.org/10.15585/mmwr.ss6513a1 

Cortese, S., Adamo, N., Del Giovane, C., Mohr-Jensen, C., Hayes, A. J., Carucci, S., 
Atkinson, L. Z., Tessari, L., Banaschewski, T., Coghill, D., Hollis, C., Simonoff, E., 
Zuddas, A., Barbui, C., Purgato, M., Steinhausen, H.-C., Shokraneh, F., Xia, J., & 
Cipriani, A. (2018). Comparative efficacy and tolerability of medications for attention-
deficit hyperactivity disorder in children, adolescents, and adults: a systematic review 
and network meta-analysis. The Lancet Psychiatry, 5(9), 727–738. 
https://doi.org/10.1016/S2215-0366(18)30269-4 

Côté, F., Fligny, C., Bayard, E., Launay, J.-M., Gershon, M. D., Mallet, J., & Vodjdani, G. 
(2007). Maternal serotonin is crucial for murine embryonic development. Proceedings of 
the National Academy of Sciences, 104(1), 329–334. 



22 
 

https://doi.org/10.1073/pnas.0606722104 
Cowen, P. J., & Browning, M. (2015). What has serotonin to do with depression? World 

Psychiatry, 14(2), 158–160. https://doi.org/10.1002/wps.20229 
Cuijpers, P. (2017). Four decades of outcome research on psychotherapies for adult 

depression: An overview of a series of meta-analyses. Canadian 
Psychology/Psychologie Canadienne, 58(1), 7–19. https://doi.org/10.1037/cap0000096 

Curatolo, P., D’Agati, E., & Moavero, R. (2010). The neurobiological basis of ADHD. Italian 
Journal of Pediatrics, 36(1), 79. https://doi.org/10.1186/1824-7288-36-79 

Curley, J. P., & Champagne, F. A. (2016). Influence of maternal care on the developing 
brain: Mechanisms, temporal dynamics and sensitive periods. Frontiers in 
Neuroendocrinology, 40, 52–66. https://doi.org/10.1016/j.yfrne.2015.11.001 

Deneris, E. S., & Wyler, S. C. (2012). Serotonergic transcriptional networks and potential 
importance to mental health. Nature Neuroscience, 15(4), 519–527. 
https://doi.org/10.1038/nn.3039 

Egeland, B., Erickson, M. F., Clemenhagen-Moon, J., Hiester, M. K., & Korfmacher, J. 
(1990). 24 months tools coding manual: Project STEEP revised 1990 from mother-child 
project scales. 

Elonen, A. S., & Schwartz, E. M. (1969). A Longitudinal Study Of Emotional, Social, and 
Academic Functioning of Adopted Children. Child Welfare, 48(2), 72–78. 

Enns, M. W., Cox, B. J., & Clara, I. (2002). Parental bonding and adult psychopathology: 
Results from the US National Comorbidity Survey. Psychological Medicine, 32(6), 997–
1008. https://doi.org/10.1017/S0033291702005937 

Eun, J. D., Paksarian, D., He, J.-P., & Merikangas, K. R. (2018). Parenting style and mental 
disorders in a nationally representative sample of US adolescents. Social Psychiatry 
and Psychiatric Epidemiology, 53(1), 11–20. https://doi.org/10.1007/s00127-017-1435-4 

Eyberg, S. M., McDiarmid Nelson, M., Duke, M., & Boggs, S. R. (2005). Manual for the 
Dyadic Parent-Child Interaction Coding System. 

Francis, D., Diorio, J., Liu, D., & Meaney, M. J. (1999). Nongenomic Transmission Across 
Generations of Maternal Behavior and Stress Responses in the Rat. Science, 
286(5442), 1155–1158. https://doi.org/10.1126/science.286.5442.1155 

Gadow, K. D., DeVincent, C. J., Siegal, V. I., Olvet, D. M., Kibria, S., Kirsch, S. F., & 
Hatchwell, E. (2013). Allele-specific associations of 5-HTTLPR/rs25531 with ADHD and 
autism spectrum disorder. Progress in Neuro-Psychopharmacology and Biological 
Psychiatry, 40, 292–297. https://doi.org/10.1016/j.pnpbp.2012.10.019 

Gao, J., Wu, R., Davis, C., & Li, M. (2018). Activation of 5-HT2A receptor disrupts rat 
maternal behavior. Neuropharmacology, 128, 96–105. 
https://doi.org/10.1016/j.neuropharm.2017.09.037 

Garbarino, V. R., Gilman, T. L., Daws, L. C., & Gould, G. G. (2019). Extreme enhancement 
or depletion of serotonin transporter function and serotonin availability in autism 
spectrum disorder. Pharmacological Research, 140, 85–99. 
https://doi.org/10.1016/j.phrs.2018.07.010 

Gaspar, P., Cases, O., & Maroteaux, L. (2003). The developmental role of serotonin: news 
from mouse molecular genetics. Nature Reviews Neuroscience, 4(12), 1002–1012. 
https://doi.org/10.1038/nrn1256 

Gleason, G., Zupan, B., & Toth, M. (2011). Maternal genetic mutations as gestational and 
early life influences in producing psychiatric disease-like phenotypes in mice. Frontiers 
in Psychiatry, 2(MAY), 1–10. https://doi.org/10.3389/fpsyt.2011.00025 

Global Burden of Disease Collaborative Network. (2021). Global Burden of Disease Study 
2019 (GBD 2019). Institute for Health Metrics and Evaluation (IHME). 
https://doi.org/https://doi.org/10.6069/1D4Y-YQ37 

Gressier, F., Calati, R., & Serretti, A. (2016). 5-HTTLPR and gender differences in affective 
disorders: A systematic review. Journal of Affective Disorders, 190, 193–207. 
https://doi.org/10.1016/j.jad.2015.09.027 

Gupta, D., Prabhakar, V., & Radhakrishnan, M. (2016). 5HT3 receptors: Target for new 
antidepressant drugs. Neuroscience & Biobehavioral Reviews, 64, 311–325. 



23 
 

https://doi.org/10.1016/j.neubiorev.2016.03.001 
Hamati, R., El Mansari, M., & Blier, P. (2020). Serotonin-2B receptor antagonism increases 

the activity of dopamine and glutamate neurons in the presence of selective serotonin 
reuptake inhibition. Neuropsychopharmacology, 45(12), 2098–2105. 
https://doi.org/10.1038/s41386-020-0723-y 

Hane, A. A., & Fox, N. A. (2006). Ordinary Variations in Maternal Caregiving Influence 
Human Infants’ Stress Reactivity. Psychological Science, 17(6), 550–556. 
https://doi.org/10.1111/j.1467-9280.2006.01742.x 

Hanswijk, S. I. (2021). Chapter 4: Maternal Serotonin Transporter Genotype Defines 
Offspring’s Brain Structure and Function Resulting in Anxiety- but not Depressive-like 
Behavior. In Maternal Serotonin System and Offspring Risk for Neuropsychiatric 
Disorders. 

Hanswijk, S. I. (2022). Maternal Serotonin System and Offspring Risk for Neuropsychiatric 
Disorders. Radboud University Nijmegen. 

Hanswijk, S. I., van Rooij, D., Oosterlaan, J., Luman, M., Hoekstra, P. J., Hartman, C. A., 
Franke, B., Sprooten, E., Homberg, J. R., & Buitelaar, J. K. (2021). Maternal serotonin 
transporter genotype and offsprings’ clinical and cognitive measures of ADHD and ASD. 
Progress in Neuro-Psychopharmacology and Biological Psychiatry, 110, 110354. 
https://doi.org/10.1016/j.pnpbp.2021.110354 

Harmer, C. J., Duman, R. S., & Cowen, P. J. (2017). How do antidepressants work? New 
perspectives for refining future treatment approaches. The Lancet Psychiatry, 4(5), 409–
418. https://doi.org/10.1016/S2215-0366(17)30015-9 

Heider, D., Matschinger, H., Bernert, S., Alonso, J., Brugha, T. S., Bruffaerts, R., de 
Girolamo, G., Dietrich, S., & Angermeyer, M. C. (2008). Adverse parenting as a risk 
factor in the occurrence of anxiety disorders. Social Psychiatry and Psychiatric 
Epidemiology, 43(4), 266–272. https://doi.org/10.1007/s00127-007-0302-0 

Homberg, J.R., Olivier, J. D. A., Smits, B. M. G., Mul, J. D., Mudde, J., Verheul, M., 
Nieuwenhuizen, O. F. M., Cools, A. R., Ronken, E., Cremers, T., Schoffelmeer, A. N. 
M., Ellenbroek, B. A., & Cuppen, E. (2007). Characterization of the serotonin transporter 
knockout rat: A selective change in the functioning of the serotonergic system. 
Neuroscience, 146(4), 1662–1676. https://doi.org/10.1016/j.neuroscience.2007.03.030 

Homberg, Judith R., Schiepers, O. J. G., Schoffelmeer, A. N. M., Cuppen, E., & 
Vanderschuren, L. J. M. J. (2007). Acute and constitutive increases in central serotonin 
levels reduce social play behaviour in peri-adolescent rats. Psychopharmacology, 
195(2), 175. https://doi.org/10.1007/s00213-007-0895-8 

Hou, Y., Xiong, P., Gu, X., Huang, X., Wang, M., & Wu, J. (2018). Association of Serotonin 
Receptors with Attention Deficit Hyperactivity Disorder: A Systematic Review and Meta-
analysis. Current Medical Science, 38(3), 538–551. https://doi.org/10.1007/s11596-018-
1912-3 

Hu, X.-Z., Lipsky, R. H., Zhu, G., Akhtar, L. A., Taubman, J., Greenberg, B. D., Xu, K., 
Arnold, P. D., Richter, M. A., Kennedy, J. L., Murphy, D. L., & Goldman, D. (2006). 
Serotonin Transporter Promoter Gain-of-Function Genotypes Are Linked to Obsessive-
Compulsive Disorder. The American Journal of Human Genetics, 78(5), 815–826. 
https://doi.org/10.1086/503850 

Kennedy, S. H. (2008). Core symptoms of major depressive disorder: Relevance to 
diagnosis and treatment. Dialogues in Clinical Neuroscience, 10(3), 271–277. 
https://doi.org/10.31887/dcns.2008.10.3/shkennedy 

Kepser, L.-J., & Homberg, J. R. (2015). The neurodevelopmental effects of serotonin: A 
behavioural perspective. Behavioural Brain Research, 277, 3–13. 
https://doi.org/10.1016/j.bbr.2014.05.022 

Kessler, R. C., Amminger, G. P., Aguilar-Gaxiola, S., Alonso, J., Lee, S., & Ustün, T. B. 
(2007). Age of onset of mental disorders: a review of recent literature. Current Opinion 
in Psychiatry, 20(4), 359–364. https://doi.org/10.1097/YCO.0b013e32816ebc8c 

Kistner-Griffin, E., Brune, C. W., Davis, L. K., Sutcliffe, J. S., Cox, N. J., & Cook, E. H. (2011). 
Parent-of-origin effects of the serotonin transporter gene associated with autism. 



24 
 

American Journal of Medical Genetics Part B: Neuropsychiatric Genetics, 156(2), 139–
144. https://doi.org/10.1002/ajmg.b.31146 

Kooij, J. J. S., Bijlenga, D., Salerno, L., Jaeschke, R., Bitter, I., Balázs, J., Thome, J., Dom, 
G., Kasper, S., Nunes Filipe, C., Stes, S., Mohr, P., Leppämäki, S., Casas, M., Bobes, 
J., Mccarthy, J. M., Richarte, V., Kjems Philipsen, A., Pehlivanidis, A., … Asherson, P. 
(2019). Updated European Consensus Statement on diagnosis and treatment of adult 
ADHD. European Psychiatry, 56(1), 14–34. https://doi.org/10.1016/j.eurpsy.2018.11.001 

Landoni, M., Dalla Muta, A., Di Tella, S., Ciuffo, G., Di Blasio, P., & Ionio, C. (2022). 
Parenting and the Serotonin Transporter Gene (5HTTLPR), Is There an Association? A 
Systematic Review of the Literature. International Journal of Environmental Research 
and Public Health, 19(7), 4052. https://doi.org/10.3390/ijerph19074052 

Lanzenberger, R. R., Mitterhauser, M., Spindelegger, C., Wadsak, W., Klein, N., Mien, L.-K., 
Holik, A., Attarbaschi, T., Mossaheb, N., Sacher, J., Geiss-Granadia, T., Kletter, K., 
Kasper, S., & Tauscher, J. (2007). Reduced Serotonin-1A Receptor Binding in Social 
Anxiety Disorder. Biological Psychiatry, 61(9), 1081–1089. 
https://doi.org/10.1016/j.biopsych.2006.05.022 

Lauder, J. M. (1993). Neurotransmitters as growth regulatory signals: role of receptors and 
second messengers. Trends in Neurosciences, 16(6), 233–240. 
https://doi.org/10.1016/0166-2236(93)90162-F 

Lesch, K.-P., Wolozin, B. L., Murphy, D. L., & Riederer, P. (1993). Primary Structure of the 
Human Platelet Serotonin Uptake Site: Identity with the Brain Serotonin Transporter. 
Journal of Neurochemistry, 60(6), 2319–2322. https://doi.org/10.1111/j.1471-
4159.1993.tb03522.x 

Levitt, P., Harvey, J. A., Friedman, E., Simansky, K., & Murphy, E. H. (1997). New evidence 
for neurotransmitter influences on brain development. Trends in Neurosciences, 20(6), 
269–274. https://doi.org/10.1016/S0166-2236(96)01028-4 

Li, J., Wang, Y., Zhou, R., Zhang, H., Yang, L., Wang, B., & Faraone, S. V. (2007). 
Association between polymorphisms in serotonin transporter gene and attention deficit 
hyperactivity disorder in Chinese Han subjects. American Journal of Medical Genetics 
Part B: Neuropsychiatric Genetics, 144B(1), 14–19. 
https://doi.org/10.1002/ajmg.b.30373 

Li, Z., Ruan, M., Chen, J., & Fang, Y. (2021). Major Depressive Disorder: Advances in 
Neuroscience Research and Translational Applications. Neuroscience Bulletin, 37(6), 
863–880. https://doi.org/10.1007/s12264-021-00638-3 

Lin, S.-H., Lee, L.-T., & Yang, Y. K. (2014). Serotonin and Mental Disorders: A Concise 
Review on Molecular Neuroimaging Evidence. Clinical Psychopharmacology and 
Neuroscience, 12(3), 196–202. https://doi.org/10.9758/cpn.2014.12.3.196 

Lipton, S. A., & Kater, S. B. (1989). Neurotransmitter regulation of neuronal outgrowth, 
plasticity and survival. Trends in Neurosciences, 12(7), 265–270. 
https://doi.org/10.1016/0166-2236(89)90026-X 

Liu, B., Liu, J., Wang, M., Zhang, Y., & Li, L. (2017). From Serotonin to Neuroplasticity: 
Evolvement of Theories for Major Depressive Disorder. Frontiers in Cellular 
Neuroscience, 11. https://doi.org/10.3389/fncel.2017.00305 

Liu, M.-Y., Yin, C.-Y., Zhu, L.-J., Zhu, X.-H., Xu, C., Luo, C.-X., Chen, H., Zhu, D.-Y., & Zhou, 
Q.-G. (2018). Sucrose preference test for measurement of stress-induced anhedonia in 
mice. Nature Protocols, 13(7), 1686–1698. https://doi.org/10.1038/s41596-018-0011-z 

Lorman, W. J. (2018). Pharmacology Update: The Selective Serotonin Reuptake Inhibitors. 
Journal of Addictions Nursing, 29(4), 260–261. 
https://doi.org/10.1097/JAN.0000000000000250 

Lv, J., & Liu, F. (2017). The Role of Serotonin beyond the Central Nervous System during 
Embryogenesis. Frontiers in Cellular Neuroscience, 11(March), 1–7. 
https://doi.org/10.3389/fncel.2017.00074 

Madsen, K., Torstensen, E., Holst, K. K., Haahr, M. E., Knorr, U., Frokjaer, V. G., Brandt-
Larsen, M., Iversen, P., Fisher, P. M., & Knudsen, G. M. (2015). Familial Risk for Major 
Depression is Associated with Lower Striatal 5-HT4 Receptor Binding. International 



25 
 

Journal of Neuropsychopharmacology, 18(1), pyu034–pyu034. 
https://doi.org/10.1093/ijnp/pyu034 

Marcinkiewcz, C. A., Mazzone, C. M., D’Agostino, G., Halladay, L. R., Hardaway, J. A., 
DiBerto, J. F., Navarro, M., Burnham, N., Cristiano, C., Dorrier, C. E., Tipton, G. J., 
Ramakrishnan, C., Kozicz, T., Deisseroth, K., Thiele, T. E., McElligott, Z. A., Holmes, A., 
Heisler, L. K., & Kash, T. L. (2016). Serotonin engages an anxiety and fear-promoting 
circuit in the extended amygdala. Nature, 537(7618), 97–101. 
https://doi.org/10.1038/nature19318 

Marler, S., Ferguson, B. J., Lee, E. B., Peters, B., Williams, K. C., McDonnell, E., Macklin, E. 
A., Levitt, P., Gillespie, C. H., Anderson, G. M., Margolis, K. G., Beversdorf, D. Q., & 
Veenstra-VanderWeele, J. (2016). Brief Report: Whole Blood Serotonin Levels and 
Gastrointestinal Symptoms in Autism Spectrum Disorder. Journal of Autism and 
Developmental Disorders, 46(3), 1124–1130. https://doi.org/10.1007/s10803-015-2646-
8 

Masís-Calvo, M., Sequeira-Cordero, A., Mora-Gallegos, A., & Fornaguera-Trías, J. (2013). 
Behavioral and neurochemical characterization of maternal care effects on juvenile 
Sprague–Dawley rats. Physiology & Behavior, 118, 212–217. 
https://doi.org/10.1016/j.physbeh.2013.05.033 

McCorvy, J. D., Harland, A. A., Maglathlin, R., & Nichols, D. E. (2011). A 5-HT2C receptor 
antagonist potentiates a low dose amphetamine-induced conditioned place preference. 
Neuroscience Letters, 505(1), 10–13. https://doi.org/10.1016/j.neulet.2011.07.036 

Meaney, M. J. (2001). Maternal Care, Gene Expression, and the Transmission of Individual 
Differences in Stress Reactivity Across Generations. Annual Review of Neuroscience, 
24(1), 1161–1192. https://doi.org/10.1146/annurev.neuro.24.1.1161 

Mengod, G., Vilaró, M. T., Cortés, R., López-Giménez, J. F., Raurich, A., & Palacios, J. M. 
(2006). Chemical Neuroanatomy of 5-HT Receptor Subtypes in the Mammalian Brain 
(pp. 319–364). https://doi.org/10.1007/978-1-59745-080-5_10 

Mileva-Seitz, V., Kennedy, J., Atkinson, L., Steiner, M., Levitan, R., Matthews, S. G., 
Meaney, M. J., Sokolowski, M. B., & Fleming, A. S. (2011). Serotonin transporter allelic 
variation in mothers predicts maternal sensitivity, behavior and attitudes toward 6-
month-old infants. Genes, Brain and Behavior, 10(3), 325–333. 
https://doi.org/10.1111/j.1601-183X.2010.00671.x 

Morgan, J. E., Hammen, C., & Lee, S. S. (2018). Parental Serotonin Transporter 
Polymorphism (5-HTTLPR) Moderates Associations of Stress and Child Behavior With 
Parenting Behavior. Journal of Clinical Child & Adolescent Psychology, 47(sup1), S76–
S87. https://doi.org/10.1080/15374416.2016.1152550 

Murphy, D. L., & Moya, P. R. (2011). Human serotonin transporter gene (SLC6A4) variants: 
their contributions to understanding pharmacogenomic and other functional G×G and 
G×E differences in health and disease. Current Opinion in Pharmacology, 11(1), 3–10. 
https://doi.org/10.1016/j.coph.2011.02.008 

Muzerelle, A., Soiza-Reilly, M., Hainer, C., Ruet, P.-L., Lesch, K.-P., Bader, M., Alenina, N., 
Scotto-Lomassese, S., & Gaspar, P. (2021). Dorsal raphe serotonin neurotransmission 
is required for the expression of nursing behavior and for pup survival. Scientific 
Reports, 11(1), 6004. https://doi.org/10.1038/s41598-021-84368-6 

Nash, J. R., Sargent, P. A., Rabiner, E. A., Hood, S. D., Argyropoulos, S. V., Potokar, J. P., 
Grasby, P. M., & Nutt, D. J. (2008). Serotonin 5-HT 1A receptor binding in people with 
panic disorder: positron emission tomography study. British Journal of Psychiatry, 
193(3), 229–234. https://doi.org/10.1192/bjp.bp.107.041186 

Ohmura, Y., Tsutsui-Kimura, I., Sasamori, H., Nebuka, M., Nishitani, N., Tanaka, K. F., 
Yamanaka, A., & Yoshioka, M. (2020). Different roles of distinct serotonergic pathways 
in anxiety-like behavior, antidepressant-like, and anti-impulsive effects. 
Neuropharmacology, 167, 107703. https://doi.org/10.1016/j.neuropharm.2019.107703 

Ohno, Y., Shimizu, S., Tokudome, K., Kunisawa, N., & Sasa, M. (2015). New insight into the 
therapeutic role of the serotonergic system in Parkinson’s disease. Progress in 
Neurobiology, 134, 104–121. https://doi.org/10.1016/j.pneurobio.2015.09.005 



26 
 

Olivier, J. D. A., Van Der Hart, M. G. C., Van Swelm, R. P. L., Dederen, P. J., Homberg, J. 
R., Cremers, T., Deen, P. M. T., Cuppen, E., Cools, A. R., & Ellenbroek, B. A. (2008). A 
study in male and female 5-HT transporter knockout rats: An animal model for anxiety 
and depression disorders. Neuroscience, 152(3), 573–584. 
https://doi.org/10.1016/j.neuroscience.2007.12.032 

Pourhamzeh, M., Moravej, F. G., Arabi, M., Shahriari, E., Mehrabi, S., Ward, R., Ahadi, R., & 
Joghataei, M. T. (2021). The Roles of Serotonin in Neuropsychiatric Disorders. Cellular 
and Molecular Neurobiology. https://doi.org/10.1007/s10571-021-01064-9 

Raab, K., Kirsch, P., & Mier, D. (2016). Understanding the impact of 5-HTTLPR, 
antidepressants, and acute tryptophan depletion on brain activation during facial 
emotion processing: A review of the imaging literature. Neuroscience & Biobehavioral 
Reviews, 71, 176–197. https://doi.org/10.1016/j.neubiorev.2016.08.031 

Rakers, F., Rupprecht, S., Dreiling, M., Bergmeier, C., Witte, O. W., & Schwab, M. (2020). 
Transfer of maternal psychosocial stress to the fetus. Neuroscience & Biobehavioral 
Reviews, 117, 185–197. https://doi.org/10.1016/j.neubiorev.2017.02.019 

Rapport, M. M., Green, A. A., & Page, I. H. (1948). Serum Vasoconstrictor (Serotonin). 
Journal of Biological Chemistry, 176(3), 1243–1251. https://doi.org/10.1016/S0021-
9258(18)57137-4 

Reale, L., Bartoli, B., Cartabia, M., Zanetti, M., Costantino, M. A., Canevini, M. P., Termine, 
C., & Bonati, M. (2017). Comorbidity prevalence and treatment outcome in children and 
adolescents with ADHD. European Child & Adolescent Psychiatry, 26(12), 1443–1457. 
https://doi.org/10.1007/s00787-017-1005-z 

Rebello, T. J., Yu, Q., Goodfellow, N. M., Caffrey Cagliostro, M. K., Teissier, A., Morelli, E., 
Demireva, E. Y., Chemiakine, A., Rosoklija, G. B., Dwork, A. J., Lambe, E. K., Gingrich, 
J. A., & Ansorge, M. S. (2014). Postnatal Day 2 to 11 Constitutes a 5-HT-Sensitive 
Period Impacting Adult mPFC Function. Journal of Neuroscience, 34(37), 12379–12393. 
https://doi.org/10.1523/JNEUROSCI.1020-13.2014 

Richardson-Jones, J. W., Craige, C. P., Guiard, B. P., Stephen, A., Metzger, K. L., Kung, H. 
F., Gardier, A. M., Dranovsky, A., David, D. J., Beck, S. G., Hen, R., & Leonardo, E. D. 
(2010). 5-HT1A Autoreceptor Levels Determine Vulnerability to Stress and Response to 
Antidepressants. Neuron, 65(1), 40–52. https://doi.org/10.1016/j.neuron.2009.12.003 

Ronald, A., & Hoekstra, R. A. (2011). Autism spectrum disorders and autistic traits: A decade 
of new twin studies. American Journal of Medical Genetics Part B: Neuropsychiatric 
Genetics, 156(3), 255–274. https://doi.org/10.1002/ajmg.b.31159 

Ronovsky, M., Berger, S., Zambon, A., Reisinger, S. N., Horvath, O., Pollak, A., Lindtner, C., 
Berger, A., & Pollak, D. D. (2017). Maternal immune activation transgenerationally 
modulates maternal care and offspring depression-like behavior. Brain, Behavior, and 
Immunity, 63, 127–136. https://doi.org/10.1016/j.bbi.2016.10.016 

Roth, B. (1994). Multiple Serotonin Receptors: Clinical and Experimental Aspects. Annals of 
Clinical Psychiatry, 6(2), 67–78. https://doi.org/10.3109/10401239409148985 

Roth, B. L., Hanizavareh, S. M., & Blum, A. E. (2004). Serotonin receptors represent highly 
favorable molecular targets for cognitive enhancement in schizophrenia and other 
disorders. Psychopharmacology, 174(1). https://doi.org/10.1007/s00213-003-1683-8 

Sahakian, B. J., Bruhl, A. B., Cook, J., Killikelly, C., Savulich, G., Piercy, T., Hafizi, S., Perez, 
J., Fernandez-Egea, E., Suckling, J., & Jones, P. B. (2015). The impact of neuroscience 
on society: cognitive enhancement in neuropsychiatric disorders and in healthy people. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 370(1677), 
20140214. https://doi.org/10.1098/rstb.2014.0214 

Sahu, A., Gopalakrishnan, L., Gaur, N., Chatterjee, O., Mol, P., Modi, P. K., Dagamajalu, S., 
Advani, J., Jain, S., & Keshava Prasad, T. S. (2018). The 5-Hydroxytryptamine signaling 
map: an overview of serotonin-serotonin receptor mediated signaling network. Journal 
of Cell Communication and Signaling, 12(4), 731–735. https://doi.org/10.1007/s12079-
018-0482-2 

Samuels, B. A., Anacker, C., Hu, A., Levinstein, M. R., Pickenhagen, A., Tsetsenis, T., 
Madroñal, N., Donaldson, Z. R., Drew, L. J., Dranovsky, A., Gross, C. T., Tanaka, K. F., 



27 
 

& Hen, R. (2015). 5-HT1A receptors on mature dentate gyrus granule cells are critical 
for the antidepressant response. Nature Neuroscience, 18(11), 1606–1616. 
https://doi.org/10.1038/nn.4116 

Sato, T., Sakado, K., Uehara, T., Narita, T., Hirano, S., Nishioka, K., & Kasahara, Y. (1998). 
Dysfunctional parenting as a risk factor to lifetime depression in a sample of employed 
Japanese adults: Evidence for the “affectionless control” hypothesis. Psychological 
Medicine, 28(3), 737–742. https://doi.org/10.1017/S0033291797006430 

Shadrina, M., Bondarenko, E. A., & Slominsky, P. A. (2018). Genetics factors in major 
depression disease. Frontiers in Psychiatry, 9(JUL), 1–18. 
https://doi.org/10.3389/fpsyt.2018.00334 

Sharp, T., Boothman, L., Raley, J., & Quérée, P. (2007). Important messages in the ‘post’: 
recent discoveries in 5-HT neurone feedback control. Trends in Pharmacological 
Sciences, 28(12), 629–636. https://doi.org/10.1016/j.tips.2007.10.009 

Shaw, B. A., Krause, N., Chatters, L. M., Connell, C. M., & Ingersoll-Dayton, B. (2004). 
Emotional Support From Parents Early in Life, Aging, and Health. Psychology and 
Aging, 19(1), 4–12. https://doi.org/10.1037/0882-7974.19.1.4 

Shen, H., Hagino, Y., Kobayashi, H., Shinohara-Tanaka, K., Ikeda, K., Yamamoto, H., 
Yamamoto, T., Lesch, K.-P., Murphy, D. L., Hall, F. S., Uhl, G. R., & Sora, I. (2004). 
Regional Differences in Extracellular Dopamine and Serotonin Assessed by In Vivo 
Microdialysis in Mice Lacking Dopamine and/or Serotonin Transporters. 
Neuropsychopharmacology, 29(10), 1790–1799. https://doi.org/10.1038/sj.npp.1300476 

St-Pierre, J., Laurent, L., King, S., & Vaillancourt, C. (2016). Effects of prenatal maternal 
stress on serotonin and fetal development. Placenta, 48, S66–S71. 
https://doi.org/10.1016/j.placenta.2015.11.013 

Sullivan, P. F., Neale, M. C., & Kendler, K. S. (2000). Genetic Epidemiology of Major 
Depression: Review and Meta-Analysis. American Journal of Psychiatry, 157(10), 
1552–1562. https://doi.org/10.1176/appi.ajp.157.10.1552 

Taylor, J. L., & DaWalt, L. S. (2020). Working toward a better understanding of the life 
experiences of women on the autism spectrum. Autism, 24(5), 1027–1030. 
https://doi.org/10.1177/1362361320913754 

Teissier, A., Soiza-Reilly, M., & Gaspar, P. (2017). Refining the Role of 5-HT in Postnatal 
Development of Brain Circuits. Frontiers in Cellular Neuroscience, 11. 
https://doi.org/10.3389/fncel.2017.00139 

Tolan, P. H., Dodge, K., & Rutter, M. (2013). Tracking the Multiple Pathways of Parent and 
Family Influence on Disruptive Behavior Disorders. In Disruptive Behavior Disorders 
(pp. 161–191). Springer New York. https://doi.org/10.1007/978-1-4614-7557-6_7 

Tordjman, S., Gutknecht, L., Carlier, M., Spitz, E., Antoine, C., Slama, F., Carsalade, V., 
Cohen, D. J., Ferrari, P., Roubertoux, P. L., & Anderson, G. M. (2001). Role of the 
serotonin transporter gene in the behavioral expression of autism. Molecular Psychiatry, 
6(4), 434–439. https://doi.org/10.1038/sj.mp.4000873 

Torpy, J. M., Burke, A. E., & Golub, R. M. (2011). Generalized Anxiety Disorder. JAMA, 
305(5), 522. https://doi.org/10.1001/jama.305.5.522 

Vehmeijer, F. O. L., Guxens, M., Duijts, L., & El Marroun, H. (2019). Maternal psychological 
distress during pregnancy and childhood health outcomes: a narrative review. Journal of 
Developmental Origins of Health and Disease, 10(3), 274–285. 
https://doi.org/10.1017/S2040174418000557 

Velasquez, F., Wiggins, J. L., Mattson, W. I., Martin, D. M., Lord, C., & Monk, C. S. (2017). 
The influence of 5-HTTLPR transporter genotype on amygdala-subgenual anterior 
cingulate cortex connectivity in autism spectrum disorder. Developmental Cognitive 
Neuroscience, 24, 12–20. https://doi.org/10.1016/j.dcn.2016.12.002 

Verhulst, F. C., Althaus, M., & Versluis-Den Bieman, H. J. M. (1990a). Problem Behavior in 
International Adoptees: I. An Epidemiological Study. Journal of the American Academy 
of Child and Adolescent Psychiatry, 29(1), 94–103. https://doi.org/10.1097/00004583-
199001000-00015 

Verhulst, F. C., Althaus, M., & Versluis-Den Bieman, H. J. M. (1990b). Problem Behavior in 



28 
 

International Adoptees: II. Age at Placement. Journal of the American Academy of Child 
and Adolescent Psychiatry, 29(1), 104–111. https://doi.org/10.1097/00004583-
199001000-00016 

Vitalis, T., & Parnavelas, J. G. (2003). The Role of Serotonin in Early Cortical Development. 
Developmental Neuroscience, 25(2–4), 245–256. https://doi.org/10.1159/000072272 

Wang, L.-J., Yu, Y.-H., Fu, M.-L., Yeh, W.-T., Hsu, J.-L., Yang, Y.-H., Chen, W. J., Chiang, 
B.-L., & Pan, W.-H. (2018). Attention deficit–hyperactivity disorder is associated with 
allergic symptoms and low levels of hemoglobin and serotonin. Scientific Reports, 8(1), 
10229. https://doi.org/10.1038/s41598-018-28702-5 

Weaver, I. C. G., Meaney, M. J., & Szyf, M. (2006). Maternal care effects on the hippocampal 
transcriptome and anxiety-mediated behaviors in the offspring that are reversible in 
adulthood. Proceedings of the National Academy of Sciences, 103(9), 3480–3485. 
https://doi.org/10.1073/pnas.0507526103 

Whitaker-Azmitia, P. M. (2001). Serotonin and brain development: role in human 
developmental diseases. Brain Research Bulletin, 56(5), 479–485. 
https://doi.org/10.1016/S0361-9230(01)00615-3 

White, K. J., Walline, C. C., & Barker, E. L. (2008). Serotonin transporters: Implications for 
antidepressant drug development. The AAPS Journal, 7(2), E421–E433. 
https://doi.org/10.1208/aapsj070242 

Wiggins, J. L., Swartz, J. R., Martin, D. M., Lord, C., & Monk, C. S. (2014). Serotonin 
transporter genotype impacts amygdala habituation in youth with autism spectrum 
disorders. Social Cognitive and Affective Neuroscience, 9(6), 832–838. 
https://doi.org/10.1093/scan/nst039 

 


