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Epigenetic regulation of fetal brain development and
neurocognitive outcome
Zdravko Petanjek1 and Ivica Kostovi�c
Croatian Institute for Brain Research, School of Medicine, University of Zagreb, Zagreb 10000, Croatia

T
wenty-five years ago, the neuro-
developmental hypothesis of
schizophrenia opened the way
for analyzing potential prenatal

influences on late postnatal pathogenetic
events (1). Since that time, it has been
well-established that hypoxia, infection,
and other noxious factors can cause fetal
brain injury and intrauterine growth re-
striction and that prenatal brain lesions
can cause alterations in the postnatal brain
development (2). A study in PNAS (3)
suggests that even the subtle normal var-
iations of intrauterine environment may
lead to recognizable differences in post-
natal brain structure and cognitive
functions.
Raznahan et al. (3) perform a longitu-

dinal (early childhood to early adulthood)
follow-up study of structural brain devel-
opment and general cognitive functioning
in monozygotic twins. They select mono-
zygotic twins as Nature’s experiment,
allowing the detection of in utero envi-
ronmental influences, which are mainly
brought about by placental transfer of
nutrients and other materials to the fe-
tuses, on brain development (3). Previous
epidemiological studies have already es-
tablished birth weight as a global proxy of
optimal nutritive supply and associated
decreased birth weight with an increased
risk for mental illness (4) and reduced
cognitive abilities (5).
It is not surprising to find positive cor-

relation with postnatal neurocognitive
outcome in cases of extreme birth weight
variation (below the 10th percentile), be-
cause placental transfer in such cases is
shifted to a pathological level (2). How-
ever, it is not expected that neurocognitive
maturation during late adolescence would
depend on relatively small differences in
the supply of nutrients that fall at the low
end of the normal range (near-optimal
environment). The work by Raznahan
et al. (3) approaches this issue by including
in their study only individuals without
neurological and psychiatric illness who
experience an uncomplicated full-term
pregnancy, are healthy at birth, have a
birth weight within the normal range for
twins, and display within-twin weight
differences below 20%. The work by
Raznahan et al. (3) estimates that a 500-g
increase in birth weight is correlated with
an increase in size of cerebral cortex sur-
face of about 35 cm2 as well as a 2-point

increase in full-scale and performance
intelligence quotient (IQ).
Biological determinants of prenatal

circuitry development in the cerebral
cortex are thought to be predominantly
inherited (6). How is it possible then that
a near-optimal fetal environment can still
have an impact on structural cortical de-
velopment when the babies are genetically
identical? The answer likely relates to
evolutionary changes that have operated
on the mechanisms regulating brain de-
velopment (7, 8) and that have arisen to
fabricate the most complex part of the
human brain, namely the cerebral cortex
(9, 10), with complex cellular and laminar
organization (Fig. 1 A and B) and pro-
tracted development that is not complete
until final maturation of the cortical cir-
cuitry in the third decade of life (Fig. 1 C
and D) (11, 12). This extended period of
genesis also greatly lengthens the time
window of neural vulnerability, because
increases in the complexity and intensity
of molecular and cellular interactions
amplify the number of potentially vul-
nerable targets for disruption. As a con-
sequence, the human fetal cerebral cortex
is at risk of environmental insults over
an extended period of development (13),
and it may also be susceptible to subtle,

long-lasting differences in access to im-
portant nutrients, such as those nutrients
that might be encountered either during
childhood or during gestation where twin
fetuses compete with each others for
maternal resources. The development
of the human fetal cerebrum requires
immense amounts of cellular proliferation
among progenitors of several classes of
local circuit and projecting neurons and
an accompanying matching with an ex-
panding population of corticocortical
connections (13, 14), which are particu-
larly abundant in slowly maturing, asso-
ciative areas (Fig. 1 C and D). These
neurons are produced maximally between
weeks 14 and 24 of gestation (9, 15) in
the outer subventricular zone (Fig. 1 E
and F). Proper incorporation of an in-
creased number of incoming afferent ax-
ons projecting into the developing cortical
sheet is thought to rely heavily on the
subplate (Fig. 1E). Concomitantly with
the enhanced number and diversity of
corticocortical fibers, the subplate

Fig. 1. Cellular and laminar composition of postadolescent (A–C, 22 y; D, 44 y) and fetal prefrontal
cortex (E and F, 16 gestational wk; G, 24 gestational wk). Human associative cortices are characterized by
(A) the dominance of outer cortical layers (II and III) constituted from neurons projecting to other cortical
regions as well as (B) the presence of a special class of associative pyramidal layer IIIC neurons (A and B;
SMI32 staining) (10, 12). The massive developmental elimination of synapses continues on spines of layer
IIIC pyramidal neurons even beyond the adolescence (C and D) (11), although the number of neurons and
basic pathways in corticocortical network is determined prenatally by specific interactions in the tran-
sient fetal zones that are particularly developed in associative cortices: (E) outer subventricular zone
(oSVZ) is the main proliferative compartment (F; Ki67 staining) (13, 15), and (E) subplate (SP) regulates
fiber ingrowth and contains a heterogeneous population of neurons (G; neuropeptide staining) (13).
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enlarges and increases its complexity
(Fig. 1G) and becomes a prominent
structure during the second trimester,
and it remains well-developed until
birth (13).
Mechanisms regulating fetal growth and

potentially causing birth weight variations
are already operative during the second
trimester of gestation, because the placenta
is well-developed by this stage (2, 5). Ac-
cording to the work by Raznahan et al. (3),
the most likely areas of the brain that are
affected are high-order associative regions,
especially subventricular proliferating
precursor cells of neurons destined to
project to other cortical regions and the
emerging corticocortical pathways through
subplate. Recent experimental data cor-
relating in utero adversity with brain
development in primates support the
above-mentioned conclusions (16). In this
primate model, modest energy restriction
in mothers during their pregnancies alters
the balance between rates of cell birth and
cell death by apoptosis in the subventricu-
lar zone during the midgestational period
and reduces the density of the subplate
neuronal network. It is not clear just how
the near-optimal placental supply of nu-
trients, as inferred in the present human
twin study (3), affects cortical development
at the molecular level, but it is assumed
that the differences between the twins are
not a consequence of cellular damage,
which is the case in severe hypoxia and

other pathological conditions (2). Most
likely, the mechanisms include epigenetic
changes, such as alterations in methylation
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of genes involved in regulating cortical
development (17).
According to their IQ levels, which av-

eraged between 109 and 116, the study
by Raznahan et al. (3) uses intelligent in-
dividuals raised in stimulating environ-
ments. During development, education
and training have a significant impact on
mental capacities (18), probably by influ-
encing structural rearrangement of late-
maturing networks involved in the execu-
tion of the highest cognitive tasks (11).
Moreover, genetic endowment of superior
intelligence seems to be linked to in-
creased cortical plasticity (19) and neuro-
cognitive outcomes distinctly influenced by

postnatal environmental stimulation. Sub-
optimal fetal conditions might influence
the fine structure of neuronal networks
(e.g., dendritic growth) (12), thereby de-
creasing sensitivity of associative circuit-
ries to postnatal stimulation and limiting
final cognitive performance to a level be-
low genetic potential. However, in cases
where there are accompanying genetic
disturbances, suboptimal fetal conditions
might be a tipping factor that promotes
direct formation of abnormal circuitry and
accounts for late-expressed neuropsychi-
atric disorders or borderline cognitive
abilities (20).
The interactions between genetic pro-

gramming and postnatal environmental
factors are well-recognized as important
biomedical and social concepts (6, 11, 18).
The work by Raznahan et al. (3) empha-
sizes that unremarkable but nevertheless
significant differences in birth weight and
adolescent neurocognitive development
are most likely initiated during the second
and third trimesters of pregnancy. The
data stress the importance of in utero en-
vironment on development of brain
circuitries that process the most complex,
later-maturing mental abilities.
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