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Introduction

Serotonin (5-HT) has been an active topic of investigation for the 
past 60–65 years (Fig. 1). While it was originally discovered and 
isolated as a result of the search for the substance in blood that 
had a vasoconstrictor action, an important milestone for the role 
of 5-HT in mental health was the discovery of 5-HT in the brain 
by 2 independent research groups in the early 1950s.1–3 This led 
to several other major discoveries in psychiatry and to the publi-
cation of several landmark papers, including the first systematic 
reports of low 5-HT synthesis in depression.4 The observation in 
mice that tricyclic antidepressants inhibit 5-HT reuptake and 
that this is involved in their mood-elevating properties5–7 led to 
the development of selective serotonin reuptake inhibitors 
 (SSRIs) as antidepressants. Furthermore, the observation that 

low levels of the 5-HT metabolite 5-hydroxyindoleacetic acid 
 (5-HIAA) in the cerebrospinal fluid (CSF) is a predictor of sui-
cide8 motivated other researchers to follow up the animal work 
and show that low 5-HT neurotransmission in humans was im-
plicated in impulsive aggression, using several indices of 5-HT 
(e.g., 5-HIAA levels in the CSF).9

In the 1970s and 1980s, the 5-HT hypothesis of depression 
was a causal model, postulating that a deficit in 5-HT was the 
primary cause of problems, which could be “reversed” by 
medications that act on the 5-HT system. However, this so-
called “absolute deficit” model had many limitations; not all 
patients showed alterations in 5-HT, and not all patients 
seemed to benefit from drugs enhancing 5-HT neurotrans-
mission. Moreover, several drugs devoid of major effects on 
5-HT neurotransmission are effective therapeutic agents.10,11
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Background: Despite more than 60 years of research in the role of serotonin (5-HT) in psychopathology, many questions still remain. 
From a developmental perspective, studies have provided more insight into how 5-HT dysfunctions acquired in utero or early in life may 
modulate brain development. This paper discusses the relevance of the developmental role of 5-HT for the understanding of psycho-
pathology. We review developmental milestones of the 5-HT system, how genetic and environmental 5-HT disturbances could affect 
brain development and the potential role of DNA methylation in 5-HT genes for brain development. Methods: Studies were identified 
 using common databases (e.g., PubMed, Google Scholar) and reference lists. Results: Despite the widely supported view that the 5-HT 
system matures in early life, different 5-HT receptors, proteins and enzymes have different developmental patterns, and development is 
brain region–specific. A disruption in 5-HT homeostasis during development may lead to structural and functional changes in brain cir-
cuits that modulate emotional stress responses, including subcortical limbic and (pre)frontal areas. This may result in a predisposition to 
psychopathology. DNA methylation might be one of the underlying physiologic mechanisms. Limitations: There is a need for prospect-
ive studies. The impact of stressors during adolescence on the 5-HT system is understudied. Questions regarding efficacy of drugs act-
ing on 5-HT still remain. Conclusion: A multidisciplinary and longitudinal approach in designing studies on the role of 5-HT in psycho-
path ology might help to bring us closer to the understanding of the role of 5-HT in psychopathology.
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The clearest evidence questioning the absolute deficit 
model of the consequences of low 5-HT came in the past 
25 years from studies conducted in first-degree relatives and 
recovered patients. Specifically, studies showed that healthy 
first-degree relatives of patients were more sensitive than 
healthy controls without patients among their first-degree 
relatives to 5-HT challenge procedures, such as depletion of 
the 5-HT precursor tryptophan.12,13 Moreover, altered 5-HT 
function was often present in recovered patients.14–16 All of 
these studies favoured a less deterministic model, suggesting 
that, rather than an absolute deficit, altered/low 5-HT neuro-
transmission may represent a risk factor for psychopathol-
ogy, which is more likely to be behaviourally expressed in 
the presence of environmental stressors (diathesis-stress 
model). Further evidence for the diathesis-stress model came 
in the last 20 years when many polymorphisms in genes re-
lated to 5-HT receptors and enzymes were identified (see the 
studies by Lesch and colleagues17 and Walther and col-
leagues18). Genetic association studies showed a link between 
variation in certain 5-HT polymorphic variants and (sub)clin-
ical symptoms (e.g., high neuroticism)19 as well as associa-
tions between certain 5-HT polymorphisms and several 
psychi atric diagnoses, especially in the context of early life 
adversity (see the studies by Caspi and colleagues20, Uher 
and McGuffin21 and Karg and colleagues22). The 5-HT stress- 
diathesis model has been the most common 5-HT working 
model for the understanding of the role of 5-HT in psychiat-
ric disorders for the past 2 decades (Fig. 2).

More recently, 5-HT has been reported to be involved in 
many behavioural, cognitive and (psycho)physiologic 
 functions, including mood regulation, emotional process-
ing, memory, social interaction, cardiac function and 
 hypothalamic–pituitary–adrenal (HPA) axis regulation.23–28 
It is possibly the most widely investigated neurotransmitter 
in mental health research. Postmortem, neuroimaging, gen-
etic and pharmacological challenge studies have shown that 
alterations in 5-HT function can occur at many different 
 levels, including changes in synthesis, release, receptor 
 function/expression, reuptake and transport. However, de-
spite more than 60 years of research, the underlying physi-
ology of 5-HT neurotransmission in relation to psycho-

pathology is still not known. In fact, 25 years of genetic 
research has failed to produce even 1 gene of causation de-
spite the  sophistication of array technologies. For example, 
numerous genes, of which a substantial number are in-
volved in 5-HT  regulation, have been more or less associ-
ated with psycho pathology, but all of the identified genes 
fail to produce consistent replic able results. Second, the 
5-HT diathesis-stress model does not account for how the 
5-HT risk alleles for low 5-HT  neurotransmission–related 
disorders (e.g., depression) are in fact inconsistently associ-
ated with expression levels. For instance, the s allele of the 
5-HT transporter (SERT) gene  5-HTTLPR polymorphism 
has regularly been linked to major depressive disorder. 
Studies in cell culture showed that expressing the s allele re-
sults in decreased expression of the SERT.17,19 By contrast, 
positron emission tomography (PET) studies in humans, in-
vestigating the SERT in vivo, provided evidence that ex-
pression of the transporter remained unaffected by this al-
lele.29 Third, although the risk for psychopathology in the 
presence of low 5-HT is less inevitable according to the low 
5-HT diathesis-stress model than the 5-HT deficit model, 
the 5-HT diathesis-stress model is still somewhat determin-
istic. For instance, the model does not take into account re-
silience, nor does it account for non–stress induced relapses, 
a clinical phenomenon very common in, for example, de-
pressed patients with a history of multiple episodes.30,31 
Fourth, the model does not account for findings in animal 
studies, showing that SSRIs increase anxiety when adminis-
tered in early life.32 Finally, more recent studies have shown 
that knockout mice lacking tryp tophan hydroxylase-2 
(TPH2; required for the production of brain 5-HT)18 were 
able to survive and showed no overt  alterations in brain 
morphology, psychophysiology and depression- or anxiety-
related behaviours,33 thereby further challenging the crucial 
role of 5-HT in vulnerability to psycho pathology. Taken to-
gether, these findings support the need for a more refined 
5-HT model of psychopathology.

The 5-HT diathesis stress model is gradually being refined, 
taking into account some of the limitations of the model. An 
emerging body of experimental evidence showing how dys-
functions in serotonergic tone early in life, whether through 

Fig. 1: Overview of key findings in serotonin (5-HT) research over the past 65 years. SSRIs = selective serotonin reuptake inhibitors.
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genetic ablation or environmental stress, may modulate neur-
onal growth, brain pathway development, differentiation 
and maturation, and emotion regulation. In this review, we 
provide an overview of the role of 5-HT in brain develop-
ment and discuss whether and how research that focused on 
the developmental role of 5-HT helped us to better under-
stand the role of 5-HT in psychopathology.

The first part of this paper reviews developmental mile-
stones of the 5-HT system in animals and humans from the 
time of conception until adulthood. Specific emphasis will 
be on the timing of first expression of those 5-HT proteins, 
receptors and enzymes that have commonly been associated 
with human brain function and psychopathology later in 
life, such as the SERT, monoamine oxidase-A (MAOA) and 
TPH. The second part of this paper will review a body of 
 research in animals and humans, demonstrating how inter-
ruptions in the 5-HT system at critical windows of de-
velopment can  affect structural and functional brain 
 de velopment. We first describe research targeting specific 
5-HT genes directly,  involving studies in rodents using 
knockout models or pharma co logical manipulations as well 
as brain-imaging studies in humans in which brain pro-
cesses as a function of genotypic or allelic variation in spe-
cific 5-HT genes is  studied. Next, we describe research on 
how external adverse environmental factors, such as expos-
ure to psychosocial stress or drugs of abuse at critical time 
points during de velopment, could affect the 5-HT system 
and, in turn, could affect brain development. Adversity/ 
environmental stressors have been defined in the literature 
and assessed in many different ways. In the present review, 
adversity/environmental stressors are broadly defined and 
encompass various types of abuse, including emotional 
and/or physical maternal deprivation, exposure to family 
dysfunction, neglect and exposure to drugs of abuse and 
other neurotoxins.

In the third part of this review, we discuss how DNA 
methyl ation in 5-HT genes might be an underlying mechan-
ism for physiologic gene–environment interaction in the de-
velopment of environmentally induced brain alterations.

The overarching hypothesis of this paper is that a disrup-
tion in the 5-HT system during development, whether in-
duced by genetics or environmental stressors, could pro-
duce subtle changes in brain pathways or structures of 
brain circuits that are involved in emotion regulation. Alter-
ations in these circuits in turn may increase the risk for a 
wide variety of psychopathologies.

Developmental milestones of the 5-HT system

Before birth

In rodents, the first neurons containing 5-HT appear on days 
10–12 of gestation (E10–E12) in the cells of the rostral raphe 
nuclei. The cells are very small (5–7 µm), but grow long den-
drites (up to 135 µm) within 24 hours.34,35 They can synthesize 
5-HT about 1 day after neuron formation (E13), and 5-HT is 
the first monoamine to appear.35 However, the placenta is al-
ready able to produce 5-HT as early as E10.5, before actual 
5-HT neurons develop, and provides the main source of 
5-HT in the forebrain in the earliest stages of development.36 
Moreover, before or around the first 5-HT synthesis by neur-
ons, some important 5-HT receptors, proteins and enzymes 
begin to appear (Fig. 3), some of which increase exponen-
tially after early initial expression (e.g., TPH2

37). These pro-
cesses, which happen before or around the time of neuron 
formation, seem to play a major role in further brain develop-
ment, including neurogenesis, dendritic maturation, axon 
connectivity, synaptic plasticity and apoptosis.46

Following initial 5-HT neuron formation around E12, de-
scending 5-HT projections from the caudal part of the raphe 
to the spinal cord occur by E14, whereas synapses are formed 
around E17.47 At E15–E16, the number of 5-HT fibres in-
creases substantially in the lateral hypothalamus, and by 
E17–E19, 5-HT pathways from the rostral part of the raphe 
(dorsal and medial) to all major brain regions of the frontal 

Fig. 2: Overview of the common serotonin (5-HT) diathesis-stress 
model of psychopathology. E = environment; G = gene.
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Fig. 3: Timing of first expression of serotonin (5-HT) proteins, recep-
tors and enzymes in the brain, including tryptophan hydroxylase-2 
(TPH2),37,38 5-HT transporter (SERT),39,40 monoamine oxidase-A 
(MAOA),41,42 5-HT1A receptor,43,44 5-HT2A receptor45 and TPH1.37 E = 
embryonic day; GW = gestational week; P = postnatal day.

 

 

 

  

   
5-HT target Approximate timing of first expression 

Rodents Humans 

TPH

SERT 

MAOA 

5-HT

5-HT

TPH1 

E11.25 

E12 

E12 

E12–14 

E17 

≤ P21 or n/a 

Unknown 

≤ GW8 

≤ GW19 

≤ GW35–40 

Unknown 

Unknown 

2

1A

 

2A



Booij et al.

8 J Psychiatry Neurosci 2015;40(1)

cortex have been established.48 Just before birth (E21–E22), 
5-HT concentrations in the hindbrain and forebrain have in-
creased by 500%–600% above early embryonic levels.36 These 
findings seem to parallel the exponential increase in TPH2 
 expression (enzyme essential for brain 5-HT synthesis) 
throughout the prenatal period.37

The pattern of 5-HT development in utero in humans ap-
pears to be relatively similar overall to the one observed in 
rodents, with the first 5-HT neurons becoming evident by 
5  weeks of gestation.49,50 Prenatal neurodevelopment and 
the first 10 postnatal days in rats appear to correspond 
roughly to the first 2 trimesters and the third trimester of 
pregnancy in humans, respectively.51–54 The number of neur-
ons increases rapidly until the tenth gestational week.55 
The  SERT-positive fibres from the raphe enter the cortical 
anlage 8 weeks after gestation, the subplate by 10 weeks of 
gestation and the plate at gestational week 13.56 In addition, 
for a short period of time, between 12 and 14 weeks of ges-
tation, SERT is also expressed in non-5-HT neurons, an ob-
servation corresponding with what has been observed in ro-
dents, and possibly import ant for the fine-tuning of the 
cortex.56 Fifteen weeks  after gestation, clustered 5-HT cell 
bodies can be observed in the raphe nuclei.48 Little is known 
about specific developmental milestones in the 5-HT system 
during the second and third trimesters of pregnancy; how-
ever, a postmortem study in humans showed peak 5-HT1A 
receptor densities between 16 and 22 weeks of gestation, 
with the highest expression  levels in the hippocampus and 
frontal cortex.57

After birth

Research in rodents showed that birth itself causes an over-
all reduction in extracellular 5-HT, as assessed in the CSF, 
possibly by increasing 5-HT uptake.58 After birth, 5-HT den-
drites quickly grow until the end of the first postnatal week 
(7 d; P7). While 5-HT fibres reach their target region very 
early in de velop ment (i.e., during the gestation period), the 
final termination density is not reached in regions such as 
the hypothal amus and cortex until the end of the second 
postnatal week.48 Overall, 5-HT neuron distribution and 
morphology has been matured in the early postnatal per-
iod.59 However, many  region-specific changes in protein 
and receptor expression continue to occur after birth, some 
of them up to adulthood. For instance, SERT density in the 
forebrain increases up to adulthood, while densities remain 
steady after P25 in the striatum, midbrain and brain stem.60 
Sidor and colleagues61 examined mRNA SERT expression 
between P14 and P28 in several subregions of the dorsal 
 raphe. Peak SERT mRNA levels were observed at P14 and 
declined to relatively stable levels between P17 and P28 
(ado lescence). Several studies investigated the developmen-
tal pattern of 5-HT1A receptor expression levels. Overall, the 
developmental pattern of 5-HT1A expression depended on 
which specific brain circuit was investigated. For instance, 
5-HT1A mRNA is poorly expressed in the cerebral cortex 
right after birth, but increases rapidly in this region within 
the first 2 weeks.62 In the visual cortex, expression levels are 

high between P10 and P30,63,64 but decline markedly in this 
region during adolescence.63,64 Conversely, expression levels 
have been found to be relatively stable between P14 and 
P28 in the amygdala and prefrontal cortex,61 (P28 was the 
latest age investigated in that study), but increased in that 
time period by 50% in parts of the raphe and hippocam-
pus.61 Interestingly, a recent study found that 5-HT1A auto-
receptors remain uncoup led up to P21.65 Moreover, it was 
reported, using whole cell recordings in in vitro rat brain 
slices, that 5-HT1A receptor expression in pyramidal neurons 
of the postnatal prefrontal cortex increases in adolescence 
(P7–P16).66 In another study that compared adolescent rats 
(P35) with adult rats (P70), adolescent rats had 42% more 
5-HT1A receptor binding in the amygdala than adult rats, 
while there were no differences in 5-HT1A mRNA expres-
sion.67 Adolescent rats also showed about 40% more 5-HT1A 
receptor binding and mRNA expression in parts of the 
 hippocampus than adult rats (P70).Taken together, these 
 studies suggest relatively strong fluctuations in 5-HT1A ex-
pression in the limbic regions during adolescence.

While TPH2 expression in the raphe exponentially in-
creases prenatally and peaks at birth, it decreases slightly 
within the first 10 days of life37 and subsequently stabilizes 
between adolescence and adulthood.37,61,68 Finally, MAOA 
mRNA expression in the raphe reaches a peak within the first 
4 days of life, then decreases and stabilizes at P21.41 Whether 
these developmental patterns in TPH2 and MAOA expression 
are brain region–specific is not known.

Studies in human newborns have shown that 5-HIAA levels 
in the CSF are greatest right after birth and decline sharply 
1–2 months later.69,70 Around age 4, 5-HIAA concentrations in 
the CSF are quite similar to concentrations observed in 
adults69–73; similar age-matched findings have been observed in 
rhesus monkeys.74 One study investigated brain 5-HT synthe-
sis in vivo in children.75 This technology is believed to connote 
aspects of 5-HT synthesis in vivo, hence serving as a proxy for 
informing on TPH2 functioning. This study showed that 5-HT 
synthesis rates continue to increase throughout the first 
2–5 years of life and then gradually decrease. At age 14 and af-
ter, 5-HT synthesis rates are comparable to rates observed in 
adulthood75 and remain stable throughout adulthood (age 20–
80 yr), independent of changes in brain anatomy.76

In humans, MAOA activity in the frontal cortex reaches a 
peak around birth, decreases rapidly during the first year of 
life and stabilizes around the age of 2 years,77 a pattern quite 
consistent with that observed in rodents.

Conclusion

The 5-HT system undergoes major changes in utero and early 
life. Although the 5-HT system appears to mature early in life in 
terms of innervation, fibre density and synthesis, each of the 
5-HT receptors, enzymes and proteins has a unique develop-
mental pattern, with some of them stabilizing in early life and 
others not before adulthood, depending on the specific brain 
 region/circuit examined. Some of the main developmental mile-
stones of the 5-HT system in rodents and humans are summar-
ized in Figures 3 and 4.
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Disruptions in the 5-HT system and 
consequences for brain development

Targeting specific 5-HT molecules

Genetic knockout and pharmacological models targeting spe-
cific molecules related to 5-HT function have provided in-
creased insight into how a disruption in specific molecules at 
various time points between conception and adulthood could 
alter neurodevelopment, with consequences for the behav-
ioural phenotype.46 For instance, prenatal deletion of the 
SERT in mice leads to increased serotoninergic tone and vari-
ous subtle neurodevelopmental alterations.27 These altera-
tions can be restored by depleting the excess of neonatal ex-
tracellular 5-HT in these mice (caused by a loss of 5-HT 
clearance) during the first postnatal days, suggesting that ex-
cessive 5-HT availability during a critical window of early 
development underlie these impairments.27 A brief suppres-
sion of the SERT in mice during early postnatal development 
through 1 week of fluoxetine administration resulted in de-
pressive, anxious behaviours and increased stress responses 
in adulthood.32 These effects were not observed following in-
hibition of the norepinephrine (NE) transporter, nor when 
any of the neurotransmitters were inhibited after reaching 
brain maturity, suggesting that different neurotransmitters 
have a different role in neurodevelopment and that insult im-
pact on neurotransmitter function is time specific.28

In humans, the role of 5-HT in (altered) brain development 
has been widely supported by molecular neuroimaging 
 studies, demonstrating how individual differences in 5-HT 
tone could lead to differences in structure and function of the 
key brain regions involved in emotion regulation, including 
the amygdala, anterior cingulate cortex (ACC) and (pre)frontal 
regions.81 Most studies investigated the effects of polymor-
phisms of the SERT gene. Consistent with the 5-HT alterations 
and various subtle neurodevelopmental alterations observed 
in SERT knockout mice,27,28,32 carriers of the s allele of the SERT 
5-HTTLPR polymorphism, a genetic variant associated with 
reduced expression of the SERT in cell cultures,17 show, upon 
exposure to emotional stimuli, amygdala hyperreactivity.82 
They also show reduced grey matter volume in limbic regions, 
including the perigenual ACC and the amygdala, as well as re-
duced functional connectivity between these regions.83 Using a 
comparable paradigm as that in the studies that focused on the 
5-HTTLPR polymorphism,82 amygdala hyperreactivity to emo-
tional stimuli has also been observed in the investigation of 
polymorphisms of other 5-HT-related genes, including genes 
encoding TPH2, MAOA activity and 5-HT1A receptor expres-
sion.84–86 Hence, many aspects of 5-HT neurotransmission af-
fect the frontal-limbic circuitry.

It is important to note that all of the brain imaging studies 
discussed involve individuals free of psychopathology. Also, 
most of these studies in healthy samples show neural differ-
ences even though behavioural differences were not re-
ported. Thus, differences in the frontal-limbic circuits, as a 
function of differences in 5-HT tone, occur even in the ab-
sence of obvious behavioural differences. This supports the 
notion that subtle changes in brain development as a result of 

5-HT disruption may pose a risk, but that additional factors 
may be necessary for an overt behavioural phenotype to be 
expressed. Counterintuitive as it may be, it should be recog-
nized that until such factors are fully identified, the theor-
etical possibility that 5-HT neurotransmission is not involved 
in psychopathology cannot be entirely ruled out.

While genetic knockout mouse models and human molecu-
lar imaging studies provided evidence that an excess of 5-HT 
availability during critical time periods appears to interfere 
with normal development,87 a rather puzzling but consistent 
observation is that a partial or complete loss of 5-HT does not 
appear to lead to any overt brain abnormal ities. Although sev-
eral animal models have been used to study partial or com-
plete 5-HT deficiency,88 of particular interest are mice that lack 
TPH2, the rate-limiting enzyme in the production of 5-HT. The 
initial identified TPH isoform, TPH1, is mainly expressed in the 
periphery and pineal gland, while the second isoform discov-
ered later, TPH2, is expressed exclusively in brain 5-HT neur-
ons and has been shown to have a more prominent role in the 
brain 5-HT synthesis than TPH1.18,37 TPH2 knockout mice have 
been shown to have a 98% reduction in brain 5-HT concentra-
tions and 5-HIAA levels in various brain regions, with the 
greatest reductions in the brain stem.37,89 These studies have 
shown that 3–4 weeks after birth, TPH2 knockout mice are 
smaller than wild-type mice and have lower survival rates.33,90 

Fig. 4: Timing of stabilization of serotonin (5-HT) proteins, recep-
tors and enzymes in the brain, including tryptophan hydroxylase-2 
(TPH2),37,38,46 serotonin transporter (SERT),60,78 monoamine 
 oxidase-A (MAOA),41,42 5-HT1A receptor,61,64,79 5-HT2A receptor45,80 
and TPH1.68 P = postnatal day. *Published research indicates that 
the exact timing of stabilization depends on brain region. The num-
ber in the table reflects the approximate timing of stabilization 
across all investigated brain regions.
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They also showed increased aggression and anxiety, altered 
physiologic functioning and an inability to provide adequate 
maternal care to their offspring33 compared with wild-type 
mice. Notably, however, a consistent finding is that, despite al-
most complete lack of 5-HT, they show no overt changes in 
physical morphology, brain structure, neuron formation or 
 fibre distribution.33,89–92

The observations of no overt morphological changes in ro-
dents born with a 5-HT deficiency are at odds with the idea of 
the crucial role of 5-HT for further brain development. The 
lack of findings might be attributed to different factors, all of 
which may interact. First, an almost complete 5-HT deficiency 
in development might only induce overt changes in brain mor-
phology in the context of severe stress or other biological ab-
normalities. Second, it could be argued that 5-HT might be 
specifically implicated in fine-tuning rather than in gross brain 
development. Hence, morphological methods used in previ-
ous studies might not have been sensitive enough to detect 
subtle alterations. Evidence for the latter comes from a recent 
study, using mice in which the TPH2 gene was replaced by the 
enhanced green fluorescent reporter, allowing a more refined 
examination of 5-HT neurons. Interestingly, it was reported 
that TPH2 knockout enhanced green fluorescent protein; 
knock-in mice had severe abnormalities in 5-HT innervation in 
several parts of the rostral brain.90

In addition, recent studies provided some indications that the 
impact of 5-HT disruption on brain development may depend 
on the origins of 5-HT (i.e., is it produced by the embryo’s own 
neurons, or does it come from the placenta?). First, evidence of 
sources of 5-HT beyond the embryo’s own neurons dates back 
to studies showing the presence of endogenous 5-HT93 in vivo in 
the placenta, before 5-HT neurons appear. More recent studies 
have supported the role of a maternal 5-HT contribution to the 
embryo’s brain development. Specifically, it was shown that 
embryos of mice born to TPH1 knockout mothers had significant 
brain alterations and were smaller in size, irrespective of their 
own (or paternal) genotype.94 This study suggests that maternal 
transmission of 5-HT contributes to the offspring development, 
irrespective of DNA sequence. Recently, using generated mice 
models, it was demonstrated that maternal 5-HT in both ani-
mals and humans does not cross into the circulation of the em-
bryo, but that the placenta itself is able to produce 5-HT via ma-
ternal sources of tryptophan in the very early stages, before 
5-HT neurons develop,36 in a time period that corresponds with 
the late first/early second trimester of human pregnancy. The 
5-HT that comes from the placenta is the major source of 5-HT 
in the forebrain, in the absence of 5-HT neuron formation.36 
Taken together, these findings suggest that placental sources of 
5-HT might play an important role in the neurodevelopmental 
origins of altered brain structure or function, possibly resulting 
in 5-HT-based disease etiologies.

Adversity during gestation and childhood: consequences for 
brain 5-HT

While the studies discussed show how genetic disruptions in 
specific 5-HT genes can influence brain development, a number 
of studies have shown persistent alterations in the 5-HT system, 

including lower 5-HT innervation, receptor function, protein 
and enzyme expression, synaptic density and metabolite levels, 
following in utero or early postnatal exposure to experimentally 
induced stress95,96 and/or substances of abuse, such as nico-
tine or alcohol (see the studies by Parker and colleagues,97 
 Sliwowska and colleagues,98 Slotkin and colleagues99 and 
 Williams and colleagues100). Some of these effects appear to be 
sex-specific.96,98,99 Studies in mice demonstrate a clear sex effect 
for the behavioural and physiologic effects of prenatal stress ex-
posure. Male mice exposed to prenatal stress exhibited an in-
creased sensitivity to a low dose of SSRIs.101 Whether such sex-
specific effects also occur in humans needs to be further tested.

It is conceivable that some of these environmentally in-
duced changes in the 5-HT system may, in turn, further affect 
or disrupt brain development. The impact of early environ-
mental changes on human 5-HT neurotransmission has been 
studied less extensively. Studying this phenomenon in hu-
mans poses many obvious methodological challenges. Since 
it is impossible to randomize or control exposure to early 
stress or drugs of abuse in vivo in humans, the interpretation 
of such studies is limited in that it is impossible to tell 
whether any difference would be due an en vironmental or 
genetic effect or to their interaction.

The evidence from experimental animals that is most rel-
evant for the impact of exposure to early stress or drugs of 
abuse on human 5-HT neurotransmission comes from longi-
tudinal experimental studies of nonhuman primates, in 
which rhesus monkeys were randomly assigned to different 
rearing conditions, including maternal deprivation. Maternal 
deprivation involves separating infants from their mothers at 
birth, hand-rearing them in a nursery for the first month, and 
then rearing them with same-age peers until 6 months of age, 
after which they would be moved into larger groups that also 
contain mother-reared age-mates and sometimes older 
adults.102 Both peer-reared and mother-reared monkeys 
would then continue to live in these mixed social groups at 
least until puberty. With such monkey separation paradigms, 
it was shown that, in addition to several behavioural and 
emotional alterations (e.g., increased anxiety, impulsivity, 
and aggression103), the monkeys who grew up with their 
peers had altered levels of the 5-HT metabolite 5-HIAA in the 
CSF, which remained stable over time, up to adulthood.74 
Notably, the impact of maternal deprivation on 5-HT func-
tion appears to be more pronounced in those having a short 
allele of the SERT than in those homozygous for the long al-
lele.104 Using in vivo PET measures of 5-HT, studies involv-
ing the maternal separation paradigm have shown that, com-
pared with mother-raised monkeys, juvenile monkeys 
exposed to early maternal deprivation have decreased SERT 
and 5-HT1A binding in the raphe and frontal-limbic re-
gions.102,105 Taken together, these findings provide emerging 
evidence that exposure to stressors in early life could have a 
long-term effect on the 5-HT system.

Even with its methodological limitations, there is some evi-
dence from human research that exposure occurring during the 
gestational period, including exposure to antidepressant medi-
cations, nicotine, noxious chemicals or malnutrition, could alter 
5-HIAA concentrations or tryptophan levels in newborns.106–109
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Abuse of toxins, such as alcohol, by pregnant mothers is 
known to have profound teratogenic effects through the dis-
ruption of brain morphology and/or 5-HT function. In a 
 single-photon emission computed tomography (SPECT) study 
conducted in 5- to 12-year-old children, it was reported that 
children with fetal alcohol syndrome, a disorder characterized 
by severe facial dysmorphies, growth deficiencies and central 
nervous system dysfunction, had reduced medial prefrontal 
SERT binding relative to control children.110 In addition, there 
is emerging evidence that prenatal exposure to  SSRIs could in-
fluence a child’s brain and behavioural development as well as 
physiologic regulation to stress (for a review, see the study by 
Oberlander111). One study108 investigated in particular the im-
pact of SSRI exposure during gestation on early measures of 
5-HT, physiologic and behavioural phenotypes during the first 
days of life. It was shown that the babies of depressed mothers 
who were taking  SSRIs during pregnancy had lower blood 
5-HT and 5-HIAA concentrations, which were associated with 
physiologic and motor disturbances at day 4, but no differ-
ences at day 14 or 2 months after birth.108 The long-term rel-
evance of these observations, however, is unknown.

While the studies discussed focused mostly on clinical sam-
ples, there is also evidence for subtle alterations in the 5-HT 
system in healthy samples upon exposure to environmental 
stressors in the perinatal period. We studied the impact of 
early perinatal stressors on brain 5-HT synthesis capacity 
 using the PET/[11C]Alpha-methyl-tryptophan method in a 
longitudinal cohort sample of healthy men, followed regularly 
since childhood. Measures of perinatal and childhood adver-
sity were obtained from various sources, including hospital 
birth delivery records as well as self and/or family interviews 
completed at regular follow-ups. Although we did not have 
any measures of 5-HT synthesis in early life, we reported that 
variations in perinatal adversity predicted subtle variations in 
5-HT synthesis capacity in adulthood in the limbic regions (or-
bitofrontal cortex, hippocampus), particularly in association 
with physical distress at birth, lower birth weight and mater-
nal smoking during pregnancy.112 These results are somewhat 
in line with those of a PET study in rabbits using a similar im-
aging methodology, suggesting lower 5-HT synthesis in the 
frontal cortex in animals exposed to endotoxin in utero relative 
to controls.113 Given that the 5-HT system develops and ma-
tures rapidly for a large part, these findings may suggest that 
the impact of certain stressors on 5-HT synthesis in the limbic 
pathways may be most pronounced at the time that the 5-HT 
system undergoes the most developmental changes.

Adversity between childhood and adulthood: consequences 
for brain 5-HT

The findings that the 5-HT system develops and matures overall 
relatively soon do not suggest that the system is not sensitive to 
later stressors through changes in 5-HT neurotransmission. 
First, as discussed, protein and receptor expression are still fluc-
tuating in some brain regions, some of them up to adulthood. 
Second, the types of stressors people are exposed to change 
throughout life. During the periadolescent (8–12 yr) and adoles-
cent periods (12–18 yr), while transitioning from childhood to 

adulthood, individuals generally spend less time with their fam-
ilies and more time with peers and romantic partners. Hence, 
the quality of relationships outside the family system might be-
come increasingly influential for further emotional develop-
ment. Adverse social experiences, such as peer victimization or 
exposure to dating violence might be of par ticu lar relevance in 
this context, since these adverse experiences are more common 
in adolescence than in any other phase of life. However, few 
studies have examined the long-term consequences of such 
stressors in adolescence on 5-HT despite the widely demon-
strated finding that social adverse experiences beyond the fam-
ily environment, such as bullying at school, predict 5-HT- 
associated disorders, such as depression and anxiety.114,115 The 
few existing studies are animal  studies using the so-called 
 intruder–resident paradigm (social defeat), in which an adoles-
cent male rodent is put in the cage of another adolescent male 
rodent. These studies consistently show that chronic exposure to 
social defeat in adolescence leads to greater levels of anxiety in 
adulthood.116,117 Yet, effects on 5-HT neurotransmission are often 
inconclusive. Studies generally focus only on males. For exam-
ple, a recent study indicated that exposure to fear- inducing 
stressors in the periadolescent period in male rats led to long-
term increases in MAOA in the prefrontal cortex.118 The obser-
vation that the 5-HT system is still developing in adolescence, 
together with the widely demonstrated observation that chronic 
victimization and aggression exposure severely increase an ado-
lescent’s risk for 5-HT -associated psychopathology, highlights 
the need for further studies investigating the long-term effects of 
social stressors in adolescence on 5-HT.

Aside from changes in the type of social stressors in ado-
lescence, people often start their greatest intake of drugs of 
abuse or alcohol in this phase of life. A number of studies 
have shown that drugs of abuse could lead to long-term 
changes in 5-HT neurotransmission.

The effects of the drug 3,4-methylenedioxy-N-methyl-
amphetamine (MDMA; ecstasy) have been the most widely 
studied. That is, extensive studies in adult rodents and primates 
indicate that MDMA mostly results in axotomy of 5-HT neur-
ons, reduces neuronal signalling and may also lead to other 
 alterations in brain indicators of 5-HT neurotransmission.119,120

Based on the fact that the brain undergoes several critical 
changes during adolescence, it could be hypothesized that 
drugs of abuse could have a greater impact on 5-HT neuro-
transmission during this period. A number of studies in ado-
lescent rodents reported that drugs administered in ado-
lescence induce 5-HT alterations, often in a sex-specific 
manner.99,121,122 Yet the results obtained from other animal ex-
periments directly comparing the drug effects in adolescent 
rodents with adult rodents support the opposite view. For in-
stance, cannabinoid administration increases hippocampal 
5-HT1A binding and mRNA expression in adult rats, but does 
not affect 5-HT1A binding in adolescents.67 Anecdotally, 
MDMA use was reported to reduce SERT binding to a lower 
extent in the adolescent rat forebrain relative to adult rats.123

Some evidence for greater adverse effects on the 5-HT sys-
tem on the adult brain, as opposed to the adolescent brain, also 
exists in humans. Specifically, a younger age of onset of 
MDMA use is associated with higher SERT binding in the 
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midbrain in adulthood.123 The exact mechanism for these effects 
is not known, but it might be related to greater plasticity in the 
adolescent brain than in the adult brain. However, these obser-
vations do not suggest that adolescent users are not at increased 
risk for problems later on. In fact, less adverse effects (or more 
rewarding effects) may also lead to increased use, which in turn, 
could lead to increased risk for abuse.123 It would be important 
to further study the longitudinal consequences for adolescent 
drug use on the 5-HT system and associated behaviours and 
how they could interact with the consequences resulting from 
prenatal and early life environmental “insult”/exposure.

Conclusion

Genetic mouse models and pharmacological studies have 
shown that interruption of specific 5-HT receptors, proteins 
or enzymes can affect or interrupt brain development, but the 
effects appear to be time- and brain region–specific. In some 
instances, the effects may appear to be subtle; adversity often 
does not lead to overt brain abnormalities in humans and is 
not sufficient to cause psychopathology. In addition, a num-
ber of studies showed that adversity in utero and in early 
childhood could affect the 5-HT system, while the impact of 
adversity in (peri)adolescence on the 5-HT system is not 
known and is generally believed to be  understudied.

In the next part of this review, we describe how epigenetic 
modifications in the 5-HT system might be one of the mo-
lecu lar mechanisms of how adverse environmental exposure 
translate into 5-HT alterations.

Disruption in 5-HT homeostasis: role of 
epigenetic processes

Though the environment may affect brain 5-HT function in 
many different ways, including direct lesion, via changes in 
 intracellular, transcriptional factors or via interactions with 
other neurotransmitters, hormones or peptides, one of the 
under lying mechanisms by which these alterations occur is via 
environmentally induced stable changes in gene expression.124 
These may occur through epigenetic modifications, and do not 
result in changes of gene sequence or structure.124–127

In contrast to the genome, which is identical across differ-
ent cell types and through life, the epigenome is dynamic 
and varies among cell types as well as temporally during 
life. The epigenome consists of the chromatin and its modi-
fications, a covalent modification of DNA by methylation of 
cytosine rings found at the dinucleotide sequence CG, and 
noncoding RNAs.124,128 Though all of these factors are crit-
ically involved in gene expression regulation, DNA methyl-
ation is part of the covalent structure of the genome and 
thus, part of the gene sequence itself. DNA methylation is 
the most widely studied component of the epigenome in re-
lation to mental health. It affects the DNA molecule through 
enzymatic addition of a methyl group to DNA. It silences 
expression of the gene, either directly by blocking transcrip-
tional factors from binding to the DNA sequence, or indi-
rectly by recruiting proteins, such as histones, that will pre-
cipitate inactive chromatin.129–131

High density of methylation or methylation of critical CpG 
sites, typically at the level of the gene promoters, could silence 
gene expression, resulting in a loss of function. This could have a 
similar consequence to a loss of function by genetic mechanisms, 
such as mutation. Thus, it could explain reduction in 5-HT func-
tion in the absence of a change in genetic sequence.124,125

The DNA methylation pattern is formed primarily during 
gestation by a series of global methylation and demethylation 
events, first at the global level, then at the level of specific cell 
types.132,133 The DNA methylation pattern in this period is highly 
vulnerable to environmental exposures. Restriction of certain 
 dietary components, such as folic acid and vitamin B12, during 
gestation is known to affect the DNA methylation pattern in 
sheep.134 Similarly, a study in humans has shown that individ-
uals exposed to famine in the perinatal per iod, exhibited, 6 dec-
ades later, altered DNA methylation patterns compared with 
their siblings.135 Though DNA methyl ation is potentially revers-
ible, it appears to be the most stable epigenetic mark.124,125

Animal studies support the link between early adversity, 
changes of DNA methylation and subsequent consequences 
for stress-associated psychophysiology. For instance, in one 
of the first studies on this topic, low maternal care during 
the first week of life was associated with alterations in DNA 
methylation levels, once determined in brain tissue in the 
regulatory regions of the glucocorticoid receptor (GR) in the 
hippocampus in the offspring, together with increased neuro-
endocrine stress responses.136 These changes in methylation 
were reversible by a postnatal positive environment.136

While DNA methylation processes have been studied for 
more than 3 decades in relation to cancer, they have been a 
very active topic of research in mental health for only the past 
5 years, and this is equally true with regard to DNA methyla-
tion processes in 5-HT genes. After the observation of tissue-
specific DNA methylation changes in the hippocampal gluco-
corticoid receptor gene promoter in relation to childhood 
abuse in postmortem brains,137 other studies found evidence 
for DNA methylation changes occurring in peripheral tissues, 
such as blood or saliva in living humans. Indeed, an increasing 
number of studies have found associations between early life 
adversity and methylation in the SERT gene (for a review, see 
the study by Booij and colleagues125). For instance, rhesus 
monkeys reared in a nursery, displayed higher SERT methyla-
tion and increased separation anxiety during maternal-social 
separation compared with mother-reared  infants.138

In humans, using peripheral cells, several studies indicated 
that early stress was associated with altered levels of SERT 
promoter methylation.139–143 In turn, we observed that SERT 
promoter methylation in the white blood cells of adults was 
associated with lower in vivo measures of brain 5-HT synthe-
sis in the lateral orbitofrontal cortex and greater childhood ag-
gression.144 It was hypothesized that early stress may have 
been associated with altered methylation levels of the SERT 
promoter, with consequences here for brain chemistry and be-
haviour. This was further supported by a very recent report 
that greater SERT methylation assessed in whole blood DNA 
was associated with lower volume of the hippocampus, a 
brain region with rich 5-HT innervation that is import ant for 
stress regulation.145
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It is important to remember that, in addition to the restric-
tions previously mentioned (measurement to peripheral in-
stead of direct in vivo brain measures), the interpretation of 
the role of DNA methylation for brain development is limited 
by the fact that almost all DNA methylation research is correla-
tional and thus cannot provide any insight into cause and ef-
fect. Little is known about the impact of (peri)adolescent 
stressors on 5-HT methylation; yet, one study reported that ex-
posure to bullying (peer victimization) in childhood may have 
an impact on methylation in the SERT transporter gene.146

Notwithstanding this paucity of established knowledge, 
how does early stress translate into changes in brain develop-
ment? Exposure to early adversity may result in activation of 
signalling pathways in different cells, including neurons and 
hematopoietic stem cells. These in turn may activate and target 
DNA and chromatin modifying enzymes to a cluster of genes 
resulting in a long-term response to adversity. This “program-
ming” results in stable changes in gene function and influences 
the brain, behaviour and psychophysiology. Given the role of 
5-HT genes in the development of frontal-limbic brain circuits, 
it can be speculated that early stressors lead to stable changes 
in the programming of 5-HT genes, thereby influencing the 
frontal-limbic circuits and their functional development.

Conclusion

A growing number of studies showed that DNA methylation 
in 5-HT genes might be an underlying mechanism of how 
genes and adversity (environmental stressors) physiologic ally 
interact, thereby increasing vulnerability for psycho pathology. 
Experimental longitudinal and/or intervention studies are 
needed to dissect more thoroughly the neurobiology of risk 
and resilience, as it pertains to modulate the effects of 5-HT 
genes and generating phenocopies.

Discussion

Integrative summary

Serotonin is perhaps the most widely studied neurotransmitter 
in relation to mental health. From a developmental perspective, 
5-HT has been shown to play a major role in brain development. 
A number of animal and (more recent) human studies, have 
shown that various types of insults, whether genetic or environ-

mental, could alter the trophic properties of 5-HT at play during 
critical periods of brain development. The aim of this review 
was to highlight some of the research illustrating the relevance 
of the developmental role of 5-HT to the understanding of its 
role in human psychopathology. The research described in this 
review illustrated that, despite the widely supported view that 
the 5-HT system in both rodents and humans is largely matured 
and stabilized in early life, expression levels of 5-HT proteins, 
receptors and enzymes have unique developmental patterns, 
with some of them stabilizing in early life (e.g., MAOA) and oth-
ers still fluctuating until adulthood (e.g., SERT) in specific brain 
regions. The expression of specific receptors, enzymes and gen-
erally relevant proteins appears, in turn, to modulate specific 
brain development processes.46 Although it is clear that no spe-
cific 5-HT molecule is unequivocally associated with any spe-
cific behaviour, it would be of interest for longitudinal studies to 
further examine developmental changes in 5-HT expression 
 levels over time and how these changes in 5-HT molecules are 
associated with developmental changes in specific behaviours.

In the second and third part of this review, we discussed re-
search showing that, in addition to genetic factors, environ-
mental stressors could adversely affect the 5-HT system, with 
possible consequences for brain development. Epigenetic 
mechanisms might be one of the underlying physiologic 
mechanisms through which genes and environment interact. 
However, even when changes in the 5-HT system occur, not 
all individuals become ill, and there is no unequivocal associa-
tion with a specific insult or with a single disorder. Rather, the 
association seems conditioned by multilevel processes: an 
early disruption of 5-HT homeostasis may lead to structural 
and functional changes in specific brain circuits that modulate 
emotional responses to stress, including at the level of subcor-
tical limbic and (pre)frontal areas. A disruption in these cir-
cuits may predispose individuals to psychopathology, such as 
mood and impulse control disorders. Figure 5 illustrates this 
notion (i.e., combining the neurodevelopmental role of 5-HT 
with the 5-HT diathesis-stress model of  psychopathology).

Role of protective factors and resilience, and other 
 limitations/venues for future research

Though taking into account the neurodevelopmental role of 
5-HT in understanding its role in psychopathology may be 
compelling, little is known about the specific role of protective 

Fig. 5: Neurodevelopmental stress-diathesis model of psychopathology. 5-HT = serotonin; E = environment; G = gene.
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factors; such factors may include social support and the use of 
non–maternal care interventions, which all have been shown 
to mitigate the impact of other adversity factors, like maternal 
depression and low socioeconomic status on vulnerability for 
psychopathology later in life.147–150 Protective factors might also 
mitigate early influences on the neurochemical correlates of 
risk, including those mediated through 5-HT genes.151

Multiple other biological adaptations that may promote 
resilience have also been identified. These include, but are 
not restricted to, high levels of dehydroepiandrosterone 
(DHEA), which has been shown to counter the effects of the 
stress hormone cortisol; high levels of testosterone; and 
high blood neuropeptide Y (NPY).152 All of these biological 
factors have been shown to interact with the 5-HT system 
(see the studies by Croonenberghs and colleagues,153 Guy 
and colleagues154 and Porter and colleagues155).

More generally, even in the absence of protective factors, 
it is important to mention that the long-term negative con-
sequences of adversity cannot be written in stone. A recent 
hypothesis in this context is the so-called “mismatch” hy-
pothesis. This implies that not an adverse environment by 
itself, but a high degree of mismatch between the prenatal 
or early life and the current environment, would predict 
maladaptive behaviours. Hence, an individual who has ex-
perienced early adversity may be adapted to cope with high 
levels of stressors later in life.156,157 Taking into account the 
wide variety of literature showing a robust, frequent, or 
prolonged activation of the body’s stress-response system 
following (“toxic”) stressors,158 it is reasonable to assume 
that the mismatch hypothesis holds for moderate but not se-
vere stressors. Longitudinal studies on the consequences of 
different types of stressors are needed to further test the 
mismatch hypothesis.

In addition, it is important to mention that the research on 
the role of stress on development and the developmental role 
of 5-HT so far has focused mainly on perinatal and childhood 
stressors. Serotoninergic changes as a result of adversity in 
(peri)adolescence have been inconclusive and under studied. 
Second, DNA methylation research in humans has been 
mostly correlational, allowing no inferences about cause and 
effect. For instance, much of the literature implies that DNA 
methylation induced by stress might increase the risk for 
psychopathology, but it is reasonable to assume that psycho-
pathology itself via, for example, depression-induced altera-
tions of other biological systems or past or current treat-
ment126,159 could affect the epigenome. Intervention studies or 
longitudinal studies in at-risk human samples (e.g., first- 
degree relatives) are needed to disentangle cause and effect. 
Causal associations between environmental conditions and 
DNA methylation could also be studied in individuals who 
have undergone changes in early family environments as 
part of preventive mental health interventions.160 Such 
 studies could be interpreted as the human equivalent of 
cross-fostering experiments with rats136 and monkeys.161

Finally, 5-HT has been implicated in a wide variety of 
psycho pathologies. Similar genetic variations and similar ad-
versities have been linked to a wide variety of psychiatric dis-
orders. In particular, when considering specifically early-life 

abuse, there appears to be no specific association between 
abuse “mode” and a specific disorder.162

As described in this review, 5-HT neurotransmission and pro-
tein expression are also influenced by multiple factors other 
than the trophic factors considered here, including age, sex, 
 timing of adversity, genetics and the impact of other biological 
systems. The specific consequences of disrupting 5-HT neuro-
transmission on behaviour, risk or resilience, if any, ultimately 
depend on the complex interplay among these various factors.

Conclusion

The 5-HT hypothesis of psychopathology: What has it 
taught us and where does it lead?

The 5-HT hypothesis of psychopathology has been one, if not 
the most, dominating hypothesis for psychopathology for al-
most 50 years. In the 1980s and 1990s the 5-HT hypothesis of 
psychiatric disease shifted gradually from a simple causal 
model to a less deterministic model. This shift was largely be-
cause of research in the first 30 years after the discovery of 
5-HT, considering that not all people respond to drugs that act 
on the 5-HT system and that healthy, vulnerable individ uals 
believed to be carriers of risk as well as recovered patients still 
have some 5-HT alterations in the absence of symptoms.

The number of studies on the role of 5-HT in psycho-
pathology has increased steadily over the past 20 years; yet, 
the specific role(s) of 5-HT in terms of onset, relapse and ef-
fective treatment are far from being understood. For instance, 
5-HT medications have been on the market for more than 
30 years; yet nonresponse rates are still high, and factors asso-
ciated with adequate or adverse responses are still not known. 
It still seems impossible to identify people at risk or those who 
are most vulnerable for relapse after recovery from a disease 
in which altered 5-HT neurotransmission plays a role.

With the gain in insight resulting from neurodevelopmental 
studies, we may be closer to dissecting the role(s) of 5-HT in 
psychiatric disease. On the positive side, much progress has 
been made in the past 1–2 decades in terms of refinements in 
techniques to study 5-HT. For instance, transgenic technolo-
gies have provided the possibility to generate mice lines with 
inactive 5-HT receptors or proteins that normally control cer-
tain aspects of the 5-HT system. Some of the very recent prom-
ising developments involve 5-HT knockout mice models, al-
lowing the investigation of time- and region- specific changes. 
For instance, a very recent study investigated TPH2 knockout 
mice in whom the TPH2 gene locus was replaced by the en-
hanced green fluorescent protein, allowing for a more careful 
and detailed visualization of the  development and the forma-
tion of the 5-HT circuitry.90 Moreover, “reversible” knockout 
models make it possible to study time- and region-specific 
consequences of developmental interruptions in receptors.163 
For instance, it has recently been shown that knockout of the 
5-HT1A autoreceptor in 5-HT raphe neur ons 14–30 days after 
birth (corresponding to early childhood) leads to long-lasting 
increases in anxiety, decreased  social behaviours and subtle al-
terations in neuron physiology.164 In humans, improvements 
in compounds that permit the visualization of 5-HT target 
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molecules in the human brain have helped us to understand 
the expression of receptors or proteins in the human brain. De-
velopments in genetic array technologies make it possible to 
identify new genes and carry out (epi)genetic analyses on a 
large-scale basis. New developments in imaging techniques 
provide the possibility to visualize even the smallest brain 
structures and measure aspects of 5-HT function in vivo. Com-
bining psychopharmacological and genetic techniques with 
sensitive brain imaging techniques provides a fruitful area of 
research, allowing us to model specific complex biological pro-
cesses in the brain relevant for the understanding of treatment 
and mechanisms of disease, such as 5-HT1A autoreceptor inter-
nalization165 or neuro chemical 5-HT sensitization processes.166

Research in both mice and humans has demonstrated that it 
appears to be important to take into account not only the indi-
viduals’ early-life history when studying the role of 5-HT in 
development, but also the developmental events happening 
between the time of conception and birth as well as the mo-
lecu lar processes in prior generations. Large-scale multidisci-
plinary studies with longitudinal samples are the most optimal 
design to help our understanding of the role of 5-HT in de-
velop ment and psychopathology. Such multidisciplinary and 
longitudinal approaches are crucial to better understand an in-
dividual’s vulnerability to psychopathology over the lifespan. 
Moreover, the designing of experimental interventions that 
could foster a more optimal brain development, thereby offset-
ting the deleterious effects of altered 5-HT tone early in life, 
could prove important in the prevention of psychopathology.
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