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Abstract

Understanding the association between fetal nervous system structure and functioning should be an important goal in neurode-
velopmental sciences, especially when considering the emerging knowledge regarding the importance of prenatal onset. Intrauterine
development of the human central nervous system consists of specific processes: neurogenesis, neuronal migration, synaptogenesis,
and myelination. However, as extensively shown by the neurobehavioral studies in the last century, the development of the central
nervous system involves both structure and functioning. It is now recognised that the developing motor and sensory systems are able
to function long before they have completed their neural maturation and that the intrauterine experience contributes to neurobe-
havioral development. This review analyzes the recent literature, looking at the association between the human nervous system mat-
uration and fetal behavior. This article will follow the development and skill acquisition of the anatomical nervous system across the
three trimesters of the gestation period.
� 2018 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The emerging knowledge regarding prenatal human
neurodevelopment [e.g. 1] highlights the complexity of
the progressive functional maturation in the fetal ner-
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vous system. Changes in behavior and in the electrical
activity of the fetal brain clearly reflect this complexity.

From a neuroanatomic point of view, the intrauterine
development of the human central nervous system con-
sists of four developmental processes: neurogenesis, neu-
ronal migration, synaptogenesis, and myelination [2].
However, neurobehavioral and embryological studies
in the last century have shown that the development of
the central nervous system involves both structure and
functioning in human and other vertebrate species as
fish, amphibians, birds and mammals [3,4]. It is now
lsevier B.V. All rights reserved.
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recognised that developing motor and sensory-
perceptual systems are able to function long before they
have completed their neural maturation and that vari-
ous contributions of experience to behavioral develop-
ment can operate pre- as well as post-birth [4]. Graven
and Browne [5] suggested that brain development is
influenced by different factors such as the genetic
endowment and the epigenetic effects from the environ-
ment, the endogenous or spontaneous neural activity,
and the stimulation of the sensory and motor organs
by the physical and chemical stimuli reaching the human
fetus [4,6] and other animal species [6].

Architectural framework and functional capacities of
the major neurotransmitter systems are established quite
early in gestation, even though their functioning in early
cortical development is, at present, poorly understood in
humans. Their functional expression consists of a vari-
ety of behavioral patterns from fetal to neonatal life as
the nervous system matures [2]. Currently, the moment
in which the human fetus is able to respond to a stimulus
not just as a reflex is still open to debate [e.g. 7,8]. Some
authors maintain that the maturation of the neu-
roanatomical apparatus is necessary in order to allow
perception at a cortical level. Recent noteworthy
research highlights the development of neural network
connectivity in the third trimester as useful for a com-
plex elaboration of stimuli. This has been extensively
demonstrated by various studies on the human fetus
learning skills [9].

The present review analyzes the recent literature
investigating the correlation between nervous system
maturation and fetal behaviour, integrating the authors’
competences in both the psychological field and neu-
roanatomy [e.g. 10–17]. The development of the human
nervous system and the acquisition of skills will be pre-
sented using a temporal subdivision of gestation in three
trimesters (Fig. 1).
Fig. 1. Timeline of the neurobiological processes in the telencephalon and th
gestational age (GA) are reported and related to the major events during feta
[9,21,67]; synaptic connections [2,9,23,24,52,53]; myelination [51]; corte
(spinothalamic tract) [9,44,52,53], cortico-spinal connectivity [31–33,64–66];
2. First trimester of gestation (from 0 week to 13 weeks

+ 1 day)

2.1. The development of the nervous system

The development of the nervous system starts at ges-
tational age (GA) weeks 2–3 with the folding and fusion
of ectoderm to form the neural tube [18]. At GA week 4,
the rostral portion of the neural tube forms three vesi-
cles (prosencephalic, mesencephalic and romboen-
cephalic vesicles) which will become the forebrain, the
midbrain, and the hindbrain [18]. The prosencephalic
vesicle then forms two vesicles that are destined to
become the diencephalon (thalamus, hypothalamus,
and other structures) and the telencephalon (cerebral
cortex). The structural development of the telen-
cephalon has been detailed in Fig. 2 [19,20].

By GA weeks 5–6, neuroblasts, or neuronal precur-
sors, proliferate rapidly [21,22] within the ventricular
and subventricular zone (germinal matrix) and, at about
GA week 5, the neurons located in the first recognizable
cortical layer, known as the preplate, form the earliest
synaptic connection. The preplate is the initial synaptic
target for neuronal projections from the developing tha-
lamus and brainstem and forms a functionally active
primitive cortical circuit [e.g. 2,23,24].

By GA week 8, the laminar structure of the cerebral
cortex is defined; the initial cortical neurons migrate
and form the cell-dense cortical plate [23,25]. The corti-
cal plate together with the marginal zone (above it) and
the pre-subplate (below it) forms a trilaminar anlage of
the early fetal cortex, in which the first synapses appear
in a bilaminar fashion above and below the cortical
plate [26]. Thus, an important question is whether these
early synapses are present only in an intrinsic cortical
circuit or also in an extra-cortical circuit established
with subcortical afferent inputs. Kostović et al. [27]
e sensitive/motor connectivity during human ontogeny. The weeks of
l neural development: neuronal proliferation [21,22]; neural migration
x (mature shape organization) [51]; thalamocortical connectivity
start cortical integrated activity (REM-nonREM sleep cycles) [50].



Fig. 2. The neuro-ontogenic process starts at gestational age (GA) weeks 2–3 with the constitution of the neural tube. At GA week 4, the rostral
portion of the neural tube forms the prosencephalic, mesencephalic and romboencephalic vesicles. The prosencephalic vesicle then forms two vesicles
that are destined to become the telencephalon and the diencephalon (thalamus, hypothalamus, and other structures). The schematic diagram
represents the development of telencephalon [19,20]. Initially, the telencephalic primordium is constituted by dividing neuroepithelial cells (often
called neural stem cells), characterized by interkinetic nuclear migration, which form the ventricular zone (VZ). There, one type of cells, the radial
glial cells, is particularly prominent and distinctive. At GA week 4, they undergo to an early exponential proliferation increasing the number of
progenitor/intermediate progenitor cells and the thickness of VZ. Early born neurons are interneurons which move within the marginal zone (MZ)
and intermediate zone (IZ). The MZ will eventually form cortical layer I and, for some authors, MZ could be identified also before the cortical plate
(CP) formation as early MZ (eMZ). The IZ is a cell-sparse compartment and exists before the appearance of the CP. Radial glial cells and
intermediate progenitor cells can be classified in two distinct subpopulation: apical, resident in VZ with bipolar fibers, and basal, which delaminate
from VZ with unipolar basal fiber. Apical progenitor cells in the VZ and basal progenitor cells in subventricular zone (SVZ) are considered the main
source of pyramidal neurons. Around GA week 5, the neurogenesis begins and the neuronal precursors proliferate rapidly within the VZ. The
neurons located in the first recognizable cortical layer, known as the preplate (PP), form the earliest synaptic connections. PP is a transient structure
present before the appearance of the CP. Around week 7, the PP cells contribute to the subplate (SP) which remains below the CP after its formation
and contains post-migratory pyramidal neurons and interneurons. Moreover, the accumulation of basal progenitor cells creates a distinct new
compartment above the VZ, the SVZ. Here, they divide and are considered an additional source of intermediate progenitor cells. By GA week 8,
radially migrating neurons from VZ and SVZ initiate the development of the layered CP forming from inside to outside. For example, pyramidal
neurons eventually migrate outward along the radial glial cells.
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supposed that it is probable that no thalamocortical
connectivity exists to provide the interaction between
the somatic periphery and cortical neurons during the
early fetal period, which likely corresponds to oscilla-
tory models of spontaneous, endogenous circuitry
described in experimental studies [28]. Nevertheless,
the earliest cortical activity can most probably be mod-
ulated by early monoaminergic afferents originating
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from the brainstem [29] and cholinergic afferents from
the basal forebrain [30].

The corticospinal system (or pyramidal system) is the
principal motor system for cortical mediated move-
ments. The first corticofugal projections originate in
the first embryonic period of cortical development
[31,32]. Therefore, the corticospinal tract arises in a very
immature cortical plate. The corticospinal tract reaches
the caudal medulla (medulla oblongata) at GA week 10
[31,33].

At GA 12 week neuronal migration begins to peak
until 20 weeks together with the second phase of synap-
togenesis, which takes place at around GA week 12–17
in the cerebral cortex and follows an inside-out gradient
of density similar to neuronal migration [9].

2.2. The development of sensory and motor skills

The sensory system’s basic structure develops early in
gestation. Neuroembryological studies showed that in a
wide variety of species, particularly in mammalian and
avian species, sensory systems start developing at the
embryonic stage following a fixed sequence: the somes-
thetic system (tactile and nociceptive sensitivity), the
chemosensory system (smell and taste), the vestibular
and the auditory systems and finally the visual system.
Humphrey [3] reported evidence, from histological stud-
ies, for perioral cutaneous sensory receptors at GA week
7.5, for palmar cutaneous receptors at GA week 10 and
for abdominal cutaneous receptors at GA week 15. Lee
and colleagues [34], in their systematic review on fetal
pain perception, confirmed Humphrey’s data reporting
a spinal reflex arc in response to tactile stimuli at GA
week 8. An outline of a primitive olfactory bulb is seen
at GA week 4.5 [35]. Humphrey’s [36] histological stud-
ies suggested that indications of a sector arrangement of
the mitral cell layer first appears at GA week 11 and, by
GA week 15.5, the sectors are most clearly defined. A
study examining human embryonic/fetal tongues by
means of transmission electron microscopy, documented
the taste bud cells formation around the GA week 8 and
the presence of taste pores by the GA week 14 [37]. By
this age, chemical stimuli are likely to be received from
the amniotic fluid since synaptic contacts between taste
bud primordium cells and afferent nerve fibers are fully
developed [37].

In the auditory system, the inner ear and vestibular
organs start to differentiate as soon as GA week 4 [38].
The middle ear starts its development at GA week 8;
the eardrum membrane begins at GA week 11 continu-
ing its development until the 8th month. The develop-
ment of the organ of Corti, seat of the auditory
receptors, in the inner ear starts at GA week 10. At
GA week 12, the hair cells are visible and, by GA week
15, the synapses and stereocilia of inner hair cells are
developed [39]. Regarding the visual system, electron
microscopy studies have shown that by the end of the
GA 8 week the early corneal endothelium is formed,
and the development of Descemet’s membrane begins
with the formation of a lamina below the corneal
endothelium, which is completed during the third and
fourth month [40].

Considering the motor development, Preyer’s [41]
pioneering studies highlighted that autogenous motility
can be observed even before the establishment of the
neural sensorimotor reflex arcs. Ultrasonographic stud-
ies show that, as early as GA week 7, movements of the
whole embryonic body are evident matching the forma-
tion of the first synapses and brain’s electrical activity;
by GA week 16 almost the entire repertoire of move-
ments characterising the full-term fetus already exists
[3,42–44]. Some investigations indicate that facial
reflexes in response to somatic stimulation begin at
GA week 7 and are fully present at GA week 11 [45].
These reflexes seem to be coordinated by subcortical sys-
tems and probably reflect the development of these
lower brain circuits [46]. From a functional point of
view, the hands show reflex activity around GA week
10, while the lower limbs start these reflexes around
GA week 14. Then the number of synapses significantly
increases between GA weeks 13 and 15. At this stage
fetal movements include: general body movements, star-
tle and twitch movements, isolated limb movements,
breathing movements, hiccups, isolated head and neck
movements, sucking the thumb and swallowing, jaw
movements (including yawning), hand-face contact,
stretch and rotation [43]. Evidence of a right-side hand-
edness bias in the human fetus has been found since GA
week 10 (for a review see [47]) and more recent research
supports this conclusion and suggests a more stable
handedness can be detectable from GA week 18 [48].

3. Second trimester of gestation (from 13 weeks + 2 days

to 26 weeks + 2 days)

3.1. The development of the nervous system

At the beginning of the second trimester, the subplate
zone becomes visible as a cell-poor/fibre-rich layer situ-
ated between the intermediate zone and cortical plate.
The subplate is a transient though important embryonic
cortical layer and represents a key connectivity compart-
ment of the neocortical anlage [49]. Between GA weeks
18 and 22, neurons in these portions of the subplate
receive preliminary afferent inputs from the visual and
somatosensory thalamus, cholinergic afferents from the
basal forebrain, and monoaminergic afferents from the
brainstem [21]. In particular, cortical electrical activity
has been observed at GA week 19 while spinothalamic
tract is formed at GA week 20 [44].

Regarding the development of descending pathways,
the influence of the supra-spinal structures on fetal
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motor behavior during the period between weeks 17 and
20 is confirmed by studies in anencephalic fetuses [50].
Moreover, the pyramidal decussation of the corti-
cospinal tract is completed by GA week 17. An increase
in the number of pyramidal tract fibers occurs at cervical
levels between GA week 16 and 17. Lower levels of the
spinal cord is reached by GA week 19 (lower thoracic
cord) [31,33].

Between GA weeks 20 and 28, mature myelin is
detected first in subcortical regions and later in cortical
regions [51]. The thalamic-cortical connections pene-
trate into the cortical plate between GA weeks 24–26
and the spinothalamic tract is myelinated around GA
week 29 [44]. The synaptic refinement begins [52,53],
and the third phase, which was called the synaptic ‘big
bang’ by Jean-Pierre Bourgeois, starts ending 8 to
12 months after birth [9].

3.2. The development of sensory and motor skills

In the second trimester, the somesthetic system and
the chemosensory system complete their development.
Taste buds have an adult-like morphology and distribu-
tion before the end of the 4th gestational month [54]
and, by the end of the 2nd gestational trimester, the
olfactory mucosa is well developed [55]. Histological
studies show that neurons for nociception are present
at GA week 19 while thalamic afferents reach the sub-
plate zone at GA weeks 20–22 and the cortical plate at
about GA week 23 [27,34]. Therefore, there is a debate
whether fetal perception of pain starts at this stage or
before (see [56,57]).

The cochlear structures are mature and start func-
tioning by GA weeks 18–20 [58]. At GA weeks 18–
20, vestibular reflexes are first elicited and by GA
weeks 23–24, the auditory startle reflex has been
observed [38]. The auditory nerve pathways are active
at GA weeks 24–25, well before completing the myeli-
nation process, which continues up to two years after
birth. The onset of a sudden body movement in
response to vibroacoustic stimuli is observed at GA
weeks 24 to 26, with the amount of movement increas-
ing gradually as gestation progresses [59]. The low fre-
quency sounds (below 250 Hz, which is where the
human voice lies) are more easily transmitted in utero.
There is substantial agreement that the nature of the
stimulus, its frequency and intensity, and the stage of
fetal development modulate the latency and magnitude
of the response [60].

The visual systems show important developmental
steps in the second trimester, with most of the retinal
structures starting to form around GA week 24 in
absence of visual stimulation [61,62]. At about GA week
16 the first slow changes of eye position can be observed
with the aid of real time ultrasonography. At GA weeks
18–20, more rapid eye movements are detectable.
Maternal sensation of movement usually commences
after GA weeks 16–18 [43]. Motor response to vibroa-
coustic and acoustic stimuli are consistently reported
by the end of the second trimester [59] and anecdotal
maternal observations report fetal responses to mother’s
stimulations [60].

4. Third trimester of gestation (from 26 weeks + 3 days to

40 weeks)

4.1. The development of the nervous system

From about GA week 24, thalamocortical axons
grow into the somatosensory, auditory, visual and fron-
tal cortices [63].

Myelination of the corticospinal tract usually starts at
the end of the second or the beginning of the third trime-
ster and it is already in progress at the level of the pyra-
midal decussation at GA week 25; it is complete at the
age of two to three years [64–66].

By GA weeks 26–29, neuronal migration is largely
concluded [21,67]. As neurons complete their migration,
they extend axons and dendrites to appropriate synaptic
partners for the synaptic connections, which are often
transient.

Around GA week 28, the refinement of synaptic con-
nections causes the start of the subplate dissolution,
even if it remains present (as a recognizable architec-
tonic compartment) under the prefrontal and other
association cortices up to 6 postnatal months [23]. Tran-
sient connections now yield to more stable patterns of
neural connections for generating goal-directed activity.
The cortical plate increasingly acquires the organiza-
tional features of the mature cortex [51].

Thus, the available evidence suggests that the human
fetus can receive a thalamic input through the transient
subplate zone at the end of the midfetal period [63,68].
In fact, around GA week 29, the spinothalamic tract is
myelinated and the functional connection between the
periphery and functioning cortex is established, as
demonstrated by different studies on pain perception
[69,70].

Regarding the development of descending pathways,
the corticospinal tract reaches the lumbosacral tract of
spinal cord by GA week 29 [33].

By GA week 32, the developing cortex has a full adult
feature [2] containing afferents of all the major neuro-
transmitter systems [71]. At GA weeks 34–35, there is
a synchrony between the two hemispheres [63].

Between GA weeks 36 and 40, the proportion of total
brain volume that contains myelinated white matter
increases from 1 to 5% [72]. Patterns of connectivity in
human fetal brain networks have been found using
resting-state functional magnetic resonance imaging in
a study on fetuses between GA weeks 24 and 38 [73].
The fetal brain demonstrates cerebral-cerebellar and
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cortical-subcortical connectivity. Many forms of cere-
bral connectivity, motor, visual, default mode, thalamic,
and temporal networks are present by the third trime-
ster. Default mode network connections are evident in
fetuses older than 35 weeks. Long-range functional con-
nectivity is more prominent in older fetuses. From GA
week 38 to the term, there is maturation of long intra-
hemispheric (associative) and interhemispheric (callosal)
cortico-cortical connectivity [68].

4.2. The development of sensory and motor skills

The third trimester is the period in which the fetal
sensory systems show functionality and integration. Lit-
erature has proved that at this stage the fetus is able not
only to feel and react to environmental stimuli but also
to learn and recognize them before and after the birth
[74–76].

Mistretta and Bradley [77] reported ultrasound obser-
vations of fetal increased swallowing when saccharine
was injected in the amniotic fluid and decreased swal-
lowing in presence of an unpleasant flavor by GA week
34. Experimental data show that new-borns in the first
post-natal hours recognize and prefer their mother’s
amniotic fluid smell independently from the type of feed-
ing [55].

The auditory system is already well developed; the
onset of hearing has been established at about GA week
29 and at this time the auditory system is similar to the
postnatal one (unless for higher threshold and slower
latency of response) [59]. At this stage, a new kind of
response to auditory stimuli is evident: a modification
of cardiac frequency in response to sound [78]. Using
a classical habituation paradigm, a fetal heart rate accel-
eration response decline and recovery were shown using
an airborne noise and a vibroacoustic dishabituating
stimulus [59]. In a study examining controlled exposure
to a passage of speech spoken out loud by the mother
from 28 to 34 weeks gestation, fetuses showed an orient-
ing cardiac response when listening to the passage of
speech they were exposed before but not when listening
to a control passage of speech [75].

With the onset of hearing, it is supposed that experi-
ences with environmental sounds are available for
adjustment of the cortical circuits. Kisilevsky and
Davies [79] suggested that this can be considered the
‘experience-dependent’ phase of maturation. More
recently, fetal functional response to sound and light
(from GA week 27 onwards) have been confirmed using
functional magnetic resonance imaging and magnetoen-
cephalography [80].

At the third trimester, the brain development shows
important improvement such as functional neural con-
nectivity networks [73]. By GA week 28–30, the fetal
brain activity moves from undifferentiated activity to
organized sleep states [61,62] indicating that the connec-
tion of neurons in the cortical-thalamic area and in the
brainstem starts to function in this period. This matches
with very important processes consisting of the ‘‘firing”
of visual sensory cells, without external stimulation, to
promote visual development. Those processes, which
are essential for the visual system development, take
place during REM (rapid eye movement) sleep cycle
[61]. In uterus the eyelids are thin and mostly open,
the fetus and preterm infant have no pupillary reflex
or pupillary constriction before GA week 30 and only
variable responses until GA weeks 32 to 34 [81].

Even if visual development is known to be completed
after birth, a recent experiment has demonstrated that in
the third trimester of pregnancy the human fetus has the
capacity to process perceptual information. Examining
fetal head turns to visually presented upright and
inverted face-like stimuli (projected through the uterine
wall) it has been found that the fetus is more likely to
engage with upright configural stimuli when contrasted
to inverted visual stimuli [82].

The motor development is well established at the
third trimester, with the number of spontaneous move-
ments tending to increase until GA week 32, when it
then starts to decrease. As fetuses approach term, they
appear cramped, movements become smaller, and major
joint movements are restricted to rotations and attempts
to extend the spine [83]. Simultaneously to the reduction
in the number of general movements, an increased num-
ber of facial movements may be observed, including
opening/closing of jaw, swallowing, and chewing. This
pattern is deemed a reflex of the normal development
of the fetus’ brain. Therefore, the fetal behavior pattern
changes as the nervous system matures [46,69,84].
Today it is widely recognised that movement patterns
are determined by neurological development [43], so
the movement analysis provides an important measure
of fetal health [85].

5. Discussion

The reported findings on humans overall confirm that
the earliest sensory functions develop concomitantly
with the establishment of the anatomical substrate or
soon after it. Associated with this neuroanatomical
development is a progressive functional maturation,
which is reflected in changes in behavior and in the elec-
trical activity of the brain. Recent research highlights
that the REM and non-REM sleep in human fetuses
starts to appear between weeks 33 and 35 when the neu-
ronal connection in the cortical-thalamic area and in the
brainstem starts to function [50]. Therefore, the func-
tional capacity of the brain may have matured suffi-
ciently to support human fetal awareness to external
stimuli and to build neural circuits also related to expe-
rience [34,86,87]. It is noteworthy that learning in utero
has been demonstrated for sound, music, some language
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features, and odors [74], as well as the possibility to store
memories of prenatal experiences [47,55,75,88].

In light of the above-mentioned studies, human fetal
neurodevelopment seems to be an early, complex and
sophisticated process. Moreover, it seems to be influ-
enced by environmental characteristics and maternal
health and behavior [11,89]. Possible epigenetic pro-
cesses are still being studied [90,91]. Accumulating evi-
dence supports that prenatal maternal stress can affect
early brain development in animals [92] and has wide-
spread effect on fetal/birth outcomes via major physio-
logical alterations in the hypothalamic-pituitaryadrenal
axis and neurotransmitters [93]. A recent randomized
controlled trial demonstrated that maternal regular
exercise during pregnancy can affect the development
of the human fetal brain, in particular, the children of
exercising pregnant women were born with more mature
brains [94]. Finally, a recent study [95], assessing human
fetuses at GA week 25, showed a congruent mouth
motor response to maternal acoustic stimulation, find-
ing that, when mothers sang the syllable ‘‘LA” in a nurs-
ery rhyme, fetuses significantly increased mouth
openings.

Overall, these studies provide evidence of how the
sensory and motor systems develop. They function
before their neural maturation, but only after the forma-
tion of functional circuits they are sufficiently integrated
to allow the fetus to learn and respond to external stim-
uli in a primordial manner. This knowledge can be use-
ful for those who are concerned with childhood
development and care.
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