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Abstract—Two major environmental developments have

occurred in mammalian evolution which have impacted on

the genetic and epigenetic regulation of brain development.

The first of these was viviparity and development of the pla-

centa which placed a considerable burden of time and

energy investment on the matriline, and which resulted in

essential hypothalamic modifications. Maternal feeding,

maternal care, parturition, milk letdown and the suspension

of fertility and sexual behaviour are all determined by the

maternal hypothalamus and have evolved to meet foetal

needs under the influence of placental hormones. Viviparity

itself provided a new environmental variable for selection

pressures to operate via the co-existence over three gener-

ations of matrilineal genomes (mother, developing offspring

and developing oocytes) in one individual. Also of impor-

tance for the matriline has been the evolution of epigenetic

marks (imprint control regions) which are heritable and

undergo reprogramming primarily in the oocyte to regulate

imprinted gene expression according to parent of origin.

Imprinting of autosomal genes has played a significant role

in mammalian evolutionary development, particularly that of

the hypothalamus and placenta. Indeed, many imprinted

genes that are co-expressed in the placenta and hypothala-

mus play an important role in the co-adapted functioning of

these organs. Thus the action and interaction of two gen-

omes (maternal and foetal) have provided a template for

transgenerational selection pressures to operate in shaping

the mothering capabilities of each subsequent genera-

tion. The advanced aspects of neocortical brain evolution

in primates have emancipated much of behaviour from the

determining effects of hormonal action. Thus in large brain

primates, most of the sexual behaviour is not reproductive

hormone dependent and maternal care can and does occur

outside the context of pregnancy and parturition. The neo-

cortex has evolved to be adaptable and while the adapted

changes are not inherited, the epigenetic predisposing pro-

cesses can be. This provides each generation with the same

ability to generate new adaptations while retaining a ‘‘cul-

tural’’ predisposition to retain others. A significant evolu-

tionary contribution to this epigenetic dimension has
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again been the matriline. The extensive neocortical develop-

ment which takes place post-natally does so in an environ-

ment which is predominantly that of the caring guidance

of the mother. Evidence for the epigenetic regulation of

neocortical development is best illustrated by the GABA-

ergic neurons and their long tangential migratory pathway

from the ganglionic eminence, in contrast to the radial

migration of principle neurons. GABA-ergic neurons play

an integral role both in the developmental formation of

canonical localised circuits and in synchronising wide-

spread functional activity by the regulation of network oscil-

lations. Such synchronisation enables distributed regions

of the neocortex to coordinate firing. GABA-ergic dysfunc-

tion contributes to a broad spectrum of neurological and

psychiatric disorders which can differ even across identical

monozygotic twins. Moreover, major treatments for schizo-

phrenia over the past 40 years have included the drugs lith-

ium and valproate, both of which we now know are histone

deacetylases. It is rarely the heritable dysfunctioning of

these epigenetic mechanisms that is at fault, but the timing,

duration and place where they are deployed. The timing and

complexity in the development of the neocortex makes this

region of the brain more vulnerable to perturbations.

This article is part of a Special Issue entitled: Epigenetics

in Brain Function. � 2012 IBRO. Published by Elsevier Ltd.

All rights reserved.
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MONOALLELIC GENE EXPRESSION AND THE
EVOLUTION OF GENOMIC IMPRINTING

Monoallelic gene expression in genomic imprinting, which

plays an important role in brain development, results in a

haploid dominance and gene expression according to the

parent of origin. Monoallelic expression is not unique to

genomic imprinting and in the immune system and
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olfactory systems there are a number of epigenetic

changes that occur which result in monoallelic

expression. T and B cell antigen receptors, as part of

the adaptive immune system, undergo developmental

rearrangement providing an evolutionary advantage of

generating diversity (Guo et al., 2005). Asynchronous

DNA replication in the S-phase of the cell cycle and the

binding of CCCTC binding factor CTCF/cohesin

complex regulate immune cell chromatin structure by

enabling long range interactions and chromatin

rearrangement (Cedar and Bergman, 2008). Likewise a

conserved feature of olfactory gene clusters is their

mapping to asynchronous replicating chromosome

regions flanked by CTCF/cohesin sites (Hou et al.,

2010). The diversity of olfactory receptor types is only

viable if each sensory neuron conveys a single

message selected from one gene in the cluster since

this same receptor protein determines the precision of

axon targeting (Lomvardas et al., 2006). In the olfactory

and immune systems, the advantages gained by

monoallelic expression provide the potential for

generating genetic diversity coupled with the stability

ensured by tighter control of gene dosage.

Imprinted chromosomal domains also show differential

replication timing and many map close to chromosomal

regions containing chemosensory receptors. CTCF

binding also features in the regulation of several

imprinted genes and has been described as a ‘‘master

weaver of the genome’’ because of its ability to organise

chromatin structure (Phillips and Corces, 2009). Hence

genes which are expressed according to the parent of

origin cluster around imprint control regions (ICRs), made

up of CpG repeat sequences that are differentially

methylated (DMRs) and silenced. Two important

evolutionary events which have occurred in mammals is

the increase in the number of genes recruited by ICRs

and the remarkable sequence conservation of these

genes across different species (Hutter et al., 2010).

Detailed analysis of 34 genes that are imprinted has

revealed the majority to display high levels of micro-

synteny of sequence with very few cis or trans

duplications across mammalian lineages (O’Connell

et al., 2010). Such conservation is counter intuitive to the

importance of genomic imprinting in mammalian

evolution. However the same does not apply for the ICR

and for the expansion of downstream genes regulated by

‘‘imprinted’’ genes (Varrault et al., 2006). Indeed, many of

these imprinted genes are members of a network of co-

regulated genes comprising a hub for other imprinted

genes. Thus it is important when considering the

evolutionary significance of genomic imprinting to focus

on the ICRs, and not the genes themselves which are

remarkably stable. It is the epigenetic marks (ICRs),

which are heritable, and enable haploid dominance of

expression according to the parent of origin. Thus a gene

becomes imprinted by virtue of its chromosomal

positioning relative to the ICR, and these genes have

expanded in number across mammalian phylogenies.

ICRs are dominated by the matriline and have their

most significant developmental effects for embryo

survival before E8.5 in mice via developmental
pathways concerned with mother–foetus interactions

(Bourc’his and Bestor, 2006). Maternal ICRs determine

both the paternal expression of genes and the maternal

expression of genes. Moreover, genes that are

regulated by maternal ICRs indirectly influence genes

regulated by paternal ICRs, while the converse is not

observed (Schultz et al., 2010). This matrilineal

dominance also applies to hypothalamic development

and errors with imprinting (methylation) leading to a

number of developmental syndromes that effect the

hypothalamic function (Ivanova and Kelsey, 2011).

Genomic imprinting is thus an epigenetic process

involving increased CpG sequences which are rich at

the maternal ICRs and induce methylation. Imprint

reprogramming occurs primarily in the female germline

when the imprints are removed by active demethylation

(Li and Sasaki, 2011). Thus maternal imprinting extends

its influence over three generations; the maternal

generation where the adult mother’s hypothalamus

responds to placental signals, the next generation when

the developing hypothalamus is genetically co-adapted

for placental signalling, and a third generation when

these key regulatory genes have their imprint

reprogrammed in the developing germline. Any

modifications to these methylated ICRs can have

considerable impact on brain development and

behaviour, although the genes themselves are

unaffected (Kantor et al., 2004). It was generally

accepted that there were relatively few imprinted genes

expressed in the brain but a recent study has elevated

this number to 347 on the autosomal chromosomes. It

was found that 26 brain regions (out of 118) account for

more than two thirds of the imprinted genes expressed

in the brain. This study also found female mice express

three times the number of genes with gender specific

imprinting in the pre-optic region, an area that mediates

maternal care. These findings firmly embed the genetic

understanding of brain development and evolution in the

ever-expanding field of epigenetics (Gregg et al.,

2010b). However, evaluation of imprinted gene

expression by such RNA studies has recently met with

critical appraisal based on statistical methods that

assume random independent sampling (DeVeale et al.,

2012). Nevertheless, these findings are still important

even if the haploid expression is not imprinted.
CO-ADAPTIVE EVOLUTIONARY
DEVELOPMENT OF HYPOTHALAMUS AND

PLACENTA

Mammalian viviparity with invasive placentation has resulted

in the co-existence of two genomes, maternal and foetal,

requiring co-adaptation across generations. Thus the

placental genome, via its hormonal production, directs

multiple aspects of maternal hypothalamic function

(Keverne, 2006). Placental hormones increase maternal

feeding in advance of the energy requirements needed for

foetal growth later in pregnancy. The placental hormones

terminate fertility and suppress sexual behaviour in most

female species, ensuring maternal time and energy

expenditure is directed towards a successful pregnancy.
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These same placental hormones induce nest building in

advance of birth and also prime the hypothalamus for post-

partum maternal care and milk letdown (Fig. 1a). In short,

the foetal placenta controls foetal destiny by forming an

interface with the mother instructing successful maternalism

via the hypothalamus (Fig. 1a). Because the foetus is

developing its own hypothalamus at this time period, a

genetic template is available on which selection pressures

may operate across two generations (Fig. 1b) such that an

infant which has received optimal nourishment and care will

itself be both genetically and epigenetically predisposed to

good mothering for the next generation (Keverne, 2011).

Conversely, maternal stress, glucocorticoids and insulin-like

growth factors may induce changes in placental function

which influence foetal programming in the context of

hypertension and metabolic disorders (Harris and Seckl,

2011).

Molecular genetic studies have identified a number of

imprinted genes which are expressed in the developing

hypothalamus and placenta and which regulate maternal

behaviour and physiology (Table 1). Detailed studies with

mice carrying a mutation in the maternally imprinted gene

(Peg3) have provided some insights into how the

functioning of the hypothalamus which develops in utero,
Fig. 1a. In the earlier stages of pregnancy, progesterone levels are

increased by placental chorionic gonadotrophins acting on the corpus

luteum of the maternal ovary. The placenta giant cells subsequently

take over progesterone production.

Fig. 1b. The placenta and foetal hypothalamus are developing at the

same time under the control of maternally imprinted genes. The

coincidence of the same genes being expressed at the same time

serves as the template on which natural selection may operate. This

provides a transgenerational platform whereby a foetus that has

received optimal resources will be both genetically and epigenetically

equipped for optimal maternalism in the next generation.
is adapted to respond to the placental hormones that

determine maternalism (Li et al., 1999). When this gene

is mutated in the maternal hypothalamus, but not in the

placenta or foetus, many aspects of the phenotype have

similar functional consequences to the same gene being

mutated in the placenta, but not in the mother’s

hypothalamus (Curley et al., 2005) (Fig. 2). The

functional consequences of hypothalamic gene deletion

are manifest through reduced cell numbers in the basal

forebrain (PVN (paraventricular nucleus), SON (supra-

optic nucleus) and MPOA (medial pre-optic area)) (Broad

et al., 2009) which result in impaired maternal care and

impaired suckling which, in turn, delay growth and the

onset of puberty and adult reproduction. Gene deletion in

the placenta impairs placental growth and hormonal

priming of the hypothalamus for maternal care and milk

letdown. Low birth weight also impairs postnatal growth

and delays puberty onset. The functionally convergent

actions of this gene illustrate its co-adaptation in the

hypothalamus and placenta. Interestingly, during

development of the mouse hypothalamus many genes

which change their expression (E11–12–13) are co-

expressed in the placenta and hypothalamus, and

demonstrate transcriptional synchrony across these co-

adapted tissues. Over this developmental time, the

number of genes co-expressed increase and are also the

genes most affected by Peg3 mutation (Broad and

Keverne, 2011). Thus a phase shift in the changing

patterns of gene transcription over developmental time

results in many genes that are common to the

hypothalamus and placenta and are synchronised for

expression across both of these structures. Such co-

expression, which is desynchronised and functionally

impaired by mutations to imprinted genes (Peg3, Peg1),

support this developmental period as potentially

important for co-adaptive selection pressures to operate

on the hypothalamus and placenta (Fig. 3).

Placing so much emphasis on maternal imprints, the

maternal brain and co-adaptation of brain and placenta

in driving mammalian hypothalamic evolution does raise

the question as to how the male hypothalamus becomes

different. Males do not, of course, undergo pregnancy

and parturition but they nevertheless benefit from
Fig. 2. The maternally imprinted (paternally expressed gene) Peg3,

when inherited from the father produces dysfunctions at the level of

the foetal placenta hormone signalling (left). This results in impaired

engagement of the wild-type hypothalamus. When inherited from the

mother, this mutation has no effect on the foetal placenta, but

remarkably similar dysfunctions via failure of the mutant maternal

hypothalamus to respond to normal placental signals.



Fig. 3. Developmental changes in gene expression over E11–13

show the majority of expression changes to occur for those genes

which are co-expressed in the placenta and hypothalamus. These co-

expressed genes are especially targeted by mutations to maternally

imprinted genes (Peg1, Peg3). Such co-expression ensures adapta-

tions via foetal 1–maternal–foetal 2 taking place across generations.
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viviparity and have been subject to the same selection

pressures from a viviparous in utero environment.

Indeed, the male brain is capable of maternalism in

monogamous mammals and castration at birth enables

the paternal care of offspring in the males of many

species. Brain masculinisation in the mouse has long

been established to be a consequence of testosterone

aromatisation to oestrogen which epigenetically

regulates sex differences in the neuronal structure of

certain hypothalamic nuclei (McCarthy et al., 2009).

An important evolutionary development in

masculinisation of the hypothalamus in placental

mammals has been the male SRY sex-determining

gene, which activates Sox9 for testes development

(Sekido and Lovell-Badge, 2008; Wallis et al., 2008).

SRY is not present in the earliest of mammals, the egg-

laying monotremes, and is thought to have evolved in

parallel with placentation. Interestingly, SRY is a hybrid

gene of DGCR8 (Di-George syndrome critical region 8)

and the Sox3 HMG box, regulated by the transcription

factor CP2 (TFCP2) (Sato et al., 2010). SRY is an

intronless gene which serves as a master switch for

testes formation (Kashimada and Koopman, 2010). It

provides the trigger for sex-determination by activating

Sox9 which not only brings about testes formation, but
blocks the genetic pathways that lead to the

differentiation of ovarian cells (Veitia, 2010).

Sox3, an X-linked gene from which SRY evolved, is

also required for, and is integral to, the formation of the

hypothalamus and pituitary (Rizzoti et al., 2004).

DGCR8, which became inserted upstream of the

ancestral Sox3 in SRY evolution, is important for

regulating the expression of micro-RNAs processed by

the DGCR8-Drosha (microprocessor) complex from the

non-protein coding transcript, PolII, which is expressed

exclusively in the placenta (Bortolin-Cavaille et al.,

2009). Another member of the Sox gene family (Sox15),
which has 75% sequence in common with the HMG box

of Sox3, is also expressed in the placenta and plays an

important role in the development of the placental giant

cells that produce the hormones that regulate the adult

maternal hypothalamus (Yamada et al., 2008). Is this

evolution of SRY by hybridisation of genes that are

important for the development of the hypothalamus and

placenta a coincidence? More likely they are telling us

something about the evolution of mammalian

hypothalamic maternalism necessitating a critical timing

for testes development to counteract such events in

males? Male sex-determination is not new to mammals

but the optimal timing of this development is crucial,

with SRY expression starting at E10.5 (mouse) in the

developing testes. At E11.5 SRY induces the formation

of foetal Leydig cells which produce high levels of

testosterone (E15.5) without the need for LH stimulation

(Barsoum and Yao, 2010). The hypothalamus also

undergoes its critical development (mouse) under the

regulation of Sox3 between E11.5 and E16.5. Foetal

Leydig cells are lost at birth and testosterone declines

from pn1–30 until adult Leydig cells mature under the

influence of LH at puberty (Chen et al., 2009).

It has been shown that, in the mouse placenta, the X

chromosome is imprinted, with genes from the maternal X

being exclusively expressed, thereby avoiding immune

rejection of foreign foetal proteins that might be coded

by the paternal X chromosome. Brain genes are also

over-represented on the X chromosome (Nguyen and

Disteche, 2006). However, X-inactivation in the brain is

random, and since error terms are more likely during the

multiple cell divisions in spermatogenesis, this presents

a different dynamic for X-linked genes during

development. In the brain, many more neurons are

produced than actually survive and a process of

competition (termed Neural Darwinism by Edelman)

may overcome errors from the male X by programmed

cell death, resulting in a skewed population of

developing neurons that survive. Conversely should any

of the male X mutations be advantageous to brain cells

then skewing of the ratio of cells to survive may occur in

favour of the paternal X cells in the female brain. The

female brain may, therefore, have provided a major

platform for selection pressures to operate on the

developing brain via the X chromosome. A recent report

shows preferential expression of the maternal X

chromosome in two brain regions, the glutamatergic

neurons of the cortex and the pre-optic region of the

basal forebrain (Gregg et al., 2010a).
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EPIGENETICS, THE MATRILINE AND
NEOCORTICAL EVOLUTION

Mammals have shown a logarithmic increase in

encephalisation relative to other vertebrates and this

increase is even greater across mammalian phylogenies

than that which occurs between mammals and their

reptilian ancestors. Expansion of the mammalian brain

reaches a peak in the primates and hominids. Primates

differ from other mammals in the complexity of social

interactions, while their primary motivated behaviour

(sex, aggression, and maternal behaviour) is less

hormonally dependent. Thus parenting is not restricted to

the post-partum period, and nor are sexual interactions

restricted to periods of oestrous. This may be a result of

neocortical expansion and its greater role in decision

making. The fact that much of the neocortex develops

post-natally during a period of close relationships with the

mother and with members of their social group has been

hypothesised to be the most important selection factor in

primate brain evolution (Broad et al., 2006).

Among the highly social Old World Monkeys it is the

females, rather than the males, who determine stable

cohesive groups that are maintained over successive

generations, with the social rank of daughters being

inherited from the mothers (Dunbar, 2003). Thus the

matriline is pivotal for social evolution and the neural

mechanisms subserving this social evolution engage

regions of the brain that are also involved with mother-

infant bonding. These neural circuits are linked to the

biology of brain reward (Schultz et al., 2010). Moreover,

the affiliative behaviour underpinning reward, such as

grooming and sex, release the same neuropeptides

(oxytocin and b-endorphin) that are also released when

the mother gives birth (Curley and Keverne, 2005).

These neuropeptides have acquired the distinctive

function of rewarding positive social encounters, thereby

forming the ‘‘social glue’’ for these complex societies as

well as for mother-infant bonding.

In order for social reward to have been an important

selection factor in cortical evolution, it was necessary for

maternal care in particular to become emancipated from

hormonal determinants. Thus in primate societies the

older sisters and maternal relatives participate in

offspring care without having undertaken pregnancy or

parturition (Keverne et al., 1997). Mother is thus not

required to delay her next pregnancy until the offspring

brain is fully mature. The extended matriline fulfils this

care-giving role, and surveyed by the watchful eye of the

matriarch, older daughters gain experience in mothering

before undertaking pregnancy themselves (Keverne,

2004).

Epigenetic processes are known to be activated by pro-

social mothering in rodents, and produce offspring that

display similar pro-social mothering in the next

generation, even when the mother is not genetically

related (Champagne, 2008). Harlow’s studies of maternal

deprivation in monkeys have illustrated the importance of

a mother’s interaction with her infant for its normal

behavioural development. Infant rhesus monkeys reared

in the absence of the mother are behaviourally inhibited,
show increased responsivity to stress and display

impairments in social and reproductive behaviour as

adults (Suomi et al., 1975). Likewise, early social

deprivation of institutionalised children results in

impulsivity, cognitive, social and attentional deficits in

later life (Chungani et al., 2001). This is characterised by

dysfunctional metabolic activity in the orbital frontal

gyrus, prefrontal cortex and medial temporal cortex and is

underpinned by structural changes in the left uncinate

fasciculus revealed by tensor imaging tractography

(Eluvathingal et al., 2006). How these early

developmental influences produce such long-term neural

changes (children imaged at 10.7 years) is not known,

but evidence points to the social environment as being an

important determining factor.

Studying the genetic basis of mammalian brain

evolution and the genes which underpin brain differences

across primate species has met with little success. The

human brain is threefold the size of the chimpanzee

brain, but human/chimpanzee brain gene comparisons

have strong sequence alignments that produce high

stochastic uncertainty and make estimating evolutionary

rates of change for nervous system genes extremely

difficult (Dorus et al., 2004). Although the brain gene

sequence differences between human and the

chimpanzee are marginal, some 44% of brain genes do

show evidence of some form of differential expression

across species (Johnson et al., 2009). Recent studies

have shown that non-coding regions of the human

genome contain evolutionary acceleration of

substitutions that do diverge from the chimpanzee. One

of these regions maps to a novel RNA gene (HAR1F)
that is co-expressed with the reelin gene, an established

regulator of neocortical development (Pollard et al.,

2006). Many of the non-coding regulatory elements for

gene transcription during neocortical development are

also highly conserved (Pennacchio et al., 2006) but a

subset has undergone human-specific accelerated

evolution (Johnson et al., 2009).

The complexity of the neocortex raises an important

question as to how billions of neurons and trillions of

synapses are successfully brought together as functional

units using a fairly restricted number of available genes.

Moreover the number of human protein-coding genes in

the brain seems to only marginally differ from those of

the chimpanzee, which has a neocortex about one third

the size of the human. In addition, the human brain has

not just got larger than that of the chimpanzee, but has

also become internally reorganised. Thus the neocortex

to medulla ratio is twice as large in humans as

chimpanzees and since the medulla is unlikely to have

shrunk as humans evolved, (indeed it too has increased

relative to the chimpanzees) then the neocortex has

enlarged disproportionately (Striedter, 2005). This basic

comparative neuro-anatomy leads to the conclusion that

it is the regulatory changes to gene transcription that

have played an important role in human brain

developmental evolution.

At one level the neocortex is a relatively simple

structure made up of six layers formed by the radial

migration of neurons from the neurogenic cortical plate
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(Rakic, 2009). Formation of the cortical columns provides

the functional units of the neocortex determined by this

radial migration. The number of columns depends on

the pool size of cortical stem cells produced by

symmetrical divisions. Asymmetrical divisions of these

stem cells are responsible for producing the number of

cells in each column which subsequently differentiate to

form the layers of the cortex. The period of cortical

neurogenesis varies across species from eight days in

the mouse to eighty days in the human. Although

neurogenesis extends for longer with increasing cortex

size, when expressed as a percentage of developmental

time, there is a remarkable congruence across

mammalian species suggesting strong conservation at

the genetic level (Rakic, 2009). A major variance for

cortical neurons is the G1 resting phase of the cell cycle

which is longer with increases in the progression of cell

divisions. Developmental timing is thus of great

importance for neocortical development and this slowing

down of the developmental process, neotany, is thought

to have contributed to the evolutionary increase in

human brain size. It has been shown that the frontal

cortex, which is late to develop in human, has a

transcriptome that is remodelled in development and is

significantly delayed relative to other primates (Somel

et al., 2009).

Clearly it is not possible to develop a structure as

complex in its interconnections as that of the neocortex

without making mistakes, and such errors need to be

accounted for during development. The magnitude of

these errors is illustrated in a comparison of the mouse

and monkey cortices. Taking into account the size of the

neurogenic pool, the number of symmetric and

asymmetric divisions and cell cycle interval, the monkey

cortex should theoretically be three times larger than it

actually is (Rakic, 2009). It is also mathematically

impossible to construct an algorithm that accounts for

neocortical brain development involving billions of

neurons and trillions of synapses without incorporating a

consideration for errors. Evolutionary biology has solved

this complexity by incorporating programmed cell death

into its normal error-prone developmental programme.

This provides an epigenetic version of ‘‘survival of the

fittest’’ neurons and has a strong element of stochasticity

with only those neurons which are in the right place,

reach the correct axonal targets at the right time, and

make the appropriate synaptic connections, survive.

What we know from comparing the development of

mouse and monkey brains, programmed cell death is not

trivial. Moreover, it is interesting that a number of

imprinted genes, whose epigenetic control regions have

become heritable, regulate neural cell cycle arrest and

apoptosis (Zac1, p57kip2, Necdin, Peg3, Grb10, and

Phlda2) (Spengler et al., 1997; Kurita et al., 2006;

Vlachos et al., 2007; Broad et al., 2009; Hu et al., 2010;

Dai et al., 2012).

Timing, spatial relationships, directional cues, target

cues and the growth rate of axons all require integration

during brain development. Moreover, all cortical neurons

make contact with other neurons that undertake the same

process. Since consolidation of neural connectivities is
activity dependent, then the environment that generates

this neural activity is also important. Thus no two brains

are exactly the same and although genetic programmes

do play an integral part in brain development, monozygotic

twins differ in many aspects of their behaviour and

predispositions to psychiatric disorders (Haque et al.,

2009). For these reasons it would seem likely that

epigenetics has played an important role in neocortical

development and evolution, particularly taking into account

those epigenetic imprint regions that are germline

reprogrammable, regulate gene dosage, and are

expressed according to the parent of origin.

Most of primate neocortical development occurs post-

natally and, until the time of puberty, this development

occurs in an environment dominated by matrilineal kin

and their socialising influence on the developing brain

(Keverne et al., 1997; Dunbar, 2003). A further

reorganisation of the cortex, notably prefrontal and infa-

temporal, occurs throughout puberty (Sowell et al.,

2001) in an environment of developing sexual

awareness. Much of hypothalamic-motivated behaviour

has become emancipated from the deterministic effects

of hormones in humans. We eat to avoid hunger rather

than satisfy hunger; most of sexual activity is not

reproductive; and maternal care can occur outside the

context of pregnancy and parturition. Perhaps the

pubertal reorganisation of the neocortex, particularly the

prefrontal cortex with its strong connections to the limbic

brain, influences the kind of decisions humans make in

the context of sexuality (Miner et al., 2009). The

multitude of sexual proclivities that persist across and

within different human societies may be dependent on

the kind of sexually rewarding environment in which the

prefrontal cortex is developmentally reorganised. Some

of the puberty-related maturational events are different

for males and females, and may contribute to

differences in social and cognitive development during

adolescence, and the lasting sexual dimorphisms in the

adult neocortex (Bramen et al., 2011).
EPIGENETIC DYSFUNCTION AND
PSYCHIATRIC DISORDERS

Individual variability in the detailed interconnections of the

neocortical neurons, and neural elimination of

developmental errors by apoptosis has provided a form

of neurogenesis permitting greater adaptability to

environmental conditions. The epigenetic mechanism

whereby such variability is brought about is heritable,

but their deployment occurs in the context of

developmental timing and activity in the target neurons,

ensuring the right connections are made at the right

time. Such events have been referred to as Neural

Darwinism, a form of natural selection at the cellular

level (Edelman, 1993). However, such is the complexity

of the human neocortex that although variability in

development may result in creative genius, there is also

a risk factor for subsequent psychiatric disorders. This is

well illustrated by the significant involvement of GABA-

ergic neurons in a variety of psychiatric disorders

(Keverne, 1999a). Their initial excitatory role in the
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development of localised canonical circuits and their

subsequent ability to synchronise oscillations across

widespread areas of the neocortex make them

particularly vulnerable in this context.

During the early stages of cortical neurogenesisGABA-

ergic neurons are excitatory and play an important role in

the organisation of cortical architecture by increasing

intracellular calcium which is essential to neuronal growth

and differentiation (Wang and Kriegstein, 2009). These

same neurons switch from excitatory organisers of neural

networks during development to hyperpolarising inhibitory

neurons in the adult cortex. As inhibitory network

interneurons, GABA-ergic neurons maintain network

oscillations enabling widely distributed regions of the

cortex to coordinate their firing (Volman et al., 2011). This

synchronisation across large neural networks provides

the means for establishing disambiguity of activity

patterns for objects or events, disturbances of which can

produce the disintegration of reality that characterises

human psychiatric disorders. Moreover, the massive

developmental expansion of the trajectory for these

tangentially migrating neurons in the human brain renders

it especially susceptible to GABA-ergic dysfunction

producing a broad spectrum of disorders (epilepsy,

schizophrenia, bipolar disorders, mental retardation and

autism) (Keverne, 2011; McCarthy et al., 2011).

The linkage of schizophrenia to GABA-ergic neurons is

particularly strong, especially for the chandelier neurons of

the orbital frontal cortex (Lewis, 2011). These neurons

express parvalbumen, somatostatin and Lhx6, the latter

playing a significant role in the migration of these

neurons from the ganglionic eminence to the frontal

cortex (Volk et al., 2012). A failure in the migration of

these neurons to the orbital frontal cortex and their

accumulation in the white matter of their trajectory

pathway from the medial ganglionic eminence (Mge) are

also found in the brain of schizophrenics (Joshi et al.,

2012). Moreover, experimental transplantation of Mge

GABA-ergic neurons into the prefrontal cortex of mice

prevented the phencylidene (NMDA receptor antagonist)

induction of schizophreniform cognitive deficits in this

model (Tanaka et al., 2011). Markers of GABA-ergic

transmission between chandelier neurons and their

synaptic targets are also changed in the prefrontal cortex

of schizophrenic brains. The GABA-membrane

transporter (GAT1) is decreased in pre-synaptic

terminals whereas the GABA-A receptor (a2 subunit) is

increased in the postsynaptic axon initial segment

(Lewis, 2011). Studies of monozygotic twins discordant

for schizophrenia and bipolar disorder have revealed a

significant enrichment of epigenetic changes in gene

networks and pathways directly relevant to psychiatric

disorders and neurodevelopment. Subsequent

assessment in post-mortem brain tissue from affected

individuals and controls revealed a 25% hypomethylation

in a subset of psychosis patients for the region of DNA

that was hypomethylated in psychosis-associated

affected twins (Dempster et al., 2011).

The basal ganglia are a set of nuclei situated deep to

the neocortex that regulate the initiation of complex

motor sequences involved in behaviour and provide the
substrate for neural reward and the execution of habits.

How this system develops is highly dependent on the

epigenetic regulation of GABA-ergic interneurons from

the lateral ganglionic eminence (Marin et al., 2000). How

it functions in the adult can be disturbed by the epigenetic

dysregulation caused by drug addiction (Robinson and

Nestler, 2011). The LIM homeobox genes Lhx6 and Lhx7
are a class of genes which in the striatum regulate the

differentiation of GABA-ergic and cholinergic

interneurons (Liodis et al., 2007). Lhx7 depleted

cholinergic interneurons stop the expression of choline

acetyl-transferase and become re-specified as Lhx6-
expressing GABA-ergic interneurons. Thus the intrinsic

plasticity of striatal interneurons continues even beyond

the initial specification and lineage commitment, and cell

division is not required for the transition of cholinergic to

GABA-ergic cell fate in the striatum. Thus epigenetic

potential is determined at the last cell division enabling

phenotypic plasticity beyond initial specification (Lopes

et al., 2012). GABA-ergic neurons in the developing

neocortex and striatum are essential for ensuring the

normal variance in the development of these structures,

but the epigenetic mechanisms that regulate this

development (micro-RNAs, retrotransposons and

imprinted genes) render the human forebrain susceptible

to a broad spectrum of disorders.

The size of the caudate nucleus in childhood

correlates with the severity of obsessive compulsive

disorder symptoms and tics seen in early adulthood

(Bloch et al., 2005). Moreover, individuals with

Tourette’s syndrome have a significant reduction of both

GABA-ergic and cholinergic interneurons in the caudate

and putamen (Kataoka et al., 2010). The homeobox

gene Dlx5 promotes migration of GABA-ergic neurons

from the lateral ganglionic eminence to the striatum and

neural stem cells from embryonic Dlx5 null mutants

have severely reduced capacity to generate these

neurons (Li et al., 2011). Dlx5 is monoallelically

expressed in the mouse brain and imprinted and

monoallelically expressed in the human brain, where

failure in migration of these neurons to the striatum is

associated with the motor dysfunction seen in Tourette’s

syndrome. The imprinted gene Necdin (deficient in

Prader–Willi syndrome) is also co-expressed with Dlx5

via Mage D-1, and when over-expressed by

electroporation in cultured forebrain slices, increases the

population of cells expressing the GABA-ergic neuron

marker, Calbindin D-28k (Kuwajima et al., 2006).

Dysfunction of GABA-ergic neurogenesis is also

known to mediate autism like stereotypies and the Rett

syndrome phenotype which is an X-linked disorder

characterised by defects in MeCp2. Recent studies

have shown that neuronal progenitor cells derived from

human tissue of patients with Rett’s syndrome and

carrying MeCp2 mutations, have increased susceptibility

for L1 retrotransposition (Muotri et al., 2010). Active L1

retrotransposons are capable of mobilisation in

progenitor neurons that can impact on the genome by

creating insertions, deletions and changes in gene

expression. Retrotransposon silencing by DNA

methylation has been proposed as a mechanism for
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driving genomic imprinting which is important for the

regulation of gene dosage (Suzuki et al., 2007).

Retrotransposition has also resulted in the generation of

new genes that are imprinted (Inpp5f, Nap1l5, Mcts2
and U2af1-rsl) and expressed in the brain and derived

from genes on the X chromosome (McCole et al., 2011).
CONCLUSIONS AND FUTURE PERSPECTIVES

Information is accumulating on development of the brain

and how the expression of imprinted genes is

epigenetically regulated primarily via the matriline. Using

this information we can envisage the important role of

the matriline in determining the significant environmental

changes produced by viviparity that have biased natural

selection. In-utero development has been a mammalian

reproductive success story. Moreover, the co-existence

of three genomic generations in one individual, the

mother, has enabled genetic forward planning during

development to meet the demands of future generations.

However, viviparity is potentially a high-risk strategy and

any problems in development pose a threat not only to

future generations, but to the mother herself. For this

reason, tighter control over gene dosage regulation

through monoallelic expression has been critical to in
utero development, while recognition that errors will

occur has resulted in the expression of pro-apoptotic

genes as an integral part of the development programme.

Brain evolution is often recapitulated in brain

development, and understanding of the genetic and

epigenetic changes involved in development is providing

important insights into brain dysfunction. This is

particularly well illustrated for the epigenetic regulation of

imprinted genes. Thus the recognition of hypothalamic/

placental co-adaptation and the importance of imprinted

genes (Table 1) that are co-expressed in these structures

may provide a placental window on the developing brain.

Early recognition of regulatory transcription errors might

be achieved by screening placental tissue. One functional

category of genes which show changed expression in the

food-deprived placenta (24 h starvation in the mouse) is

classed as ‘‘neural disorders’’, and involves imprinted

genes (Broad and Keverne, 2011). A placental 5HT

synthetic pathway has also been recently revealed in

both mice and humans, providing a direct role for

placental metabolic pathways in modulating foetal brain

development (Bonnin et al., 2011). This may have

significance for maternal-placental-foetal interactions
Table 1. Imprinted genes co-expressed in hypothalamus/pituitary and placent

Zac 1 (P) Bind to Igf2 enhancer

Dlk (P) Interacts with Igf1-binding protein

Gnas (P) YY1 binding/activates adenylyl cyclase

Peg3 (P) YY1 binding/regulates Hif1a/Arnt
Necdin (P) Regulates Hif1a/Arnt
Nnat (P) Phosphorylates CREB

Peg 1 (P) b Hydrolase fold family

Magel2 (P) MAGE family of proteins

Grb10 (P) (M) Maternal expression – placenta; paternal exp

Phlda2 (M) Placental growth/neuroendocrine tumours

P57 kip2/Cdkn1c (M) Tumour suppressor
through 5HT foetal programming and the potential for

adult psychiatric disorders.

The mechanisms regulating genomic imprinting are

complex, engaging ICRs that are influenced by histone

modifications, DNA methylation, small nuclear antisense

RNAs, CTCF and polycomb binding, and the necessary

germline reprogramming (Li and Sasaki, 2011). Thus the

chromosomal region 15q11–q13 contains some 12

imprinted genes regulated through a bipartite ICR.

Dysfunction in the regulation of this most polymorphic

region of the human genome (Jaing et al., 2008) results

in the Prader–Willi syndrome and the Angelman

syndrome (Horsthemk and Wagstaff, 2008; Buiting,

2010). Prader–Willi syndrome is characterised by

infantile hypotonia, poor suckling, hypogonadism,

hyperphagy and obesity, sleep abnormalities and mild

mental disability. It can be caused by paternal deletion of

this chromosomal region, maternal uniparental disomy or

an imprinting defect (Cassidy et al., 2012). This

chromosomal region provides a clear illustration of the

complex evolution of genomic imprinting resulting from

the accumulation of genes to the ICR and the complex

dysfunction brought about by defects in the non-coding

ICR. Indeed, DNA methylation analysis detects 99% of

the Prader–Willi cases (Cassidy et al., 2012).

Angelman syndrome is characterised by severe

cognitive deficits, speech impairment and ataxia. Nearly

all cases are attributable to impairment in expression of

the maternal copy of UBE-3A, a ubiquitin ligase gene

expressed in the brain. The paternal copy is normally

silenced by the expression of a paternally expressed

antisense transcript (Meng et al., 2012). The UBE-3A
antisense is not polyadenylated and is localised

exclusively in the nucleus. Since the paternal allele is

intact but epigenetically silenced, this raises the

possibility that the Angelman syndrome may become

treatable by activating the silenced allele and restoring

production of the UBE-3A protein. Mice are useful models

for testing whether the postnatal restoration of gene

expression can overcome such neural pathologies. A

recent study has shown that the silent paternal copy of

this gene can be reactivated by topoisomerase drugs

(Huang et al., 2011). Of course such treatment could alter

the expression of other genes across the genome, but a

sequence specific antisense transcript has real promise

as a potential therapeutic strategy (Beaudet, 2012).

A substantial numberof neuropsychiatric disordershave

GABA-ergic dysfunctions as a pivotal developmental
a – cellular function.

Cell cycle arrest/apoptosis

Cell cycle arrest/apoptosis

Energy homoeostasis

Apoptosis

Apoptosis

Increase intracell Ca2+

Growth regulation

Apoptosis

ression – hypothalamus Apoptosis

Apoptosis

Cell cycle regulation; Cdk inhibitor
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component of such dysfunctions (autism, schizophrenia,

Tourette’s syndrome, obsessive–compulsive disorder and

epilepsy; Keverne, 1999b). This broad spectrum of

dysfunctions is not surprising since GABA-ergic neurons

are the most abundant inhibitory interneurons throughout

the cortex. The specificity of this GABA-ergic influence is

brought about by their spatial and temporal organisation

during development. Much of this organisation is

determined by the homeobox genes Dlx2, 3, 4 and Lim5,
6, 7, 8 which may themselves be epigenetically regulated

by the timing of expression and in some cases serving as

the post-mitotic switch for terminal differentiation.

Understanding this developmental complexity is not easy

in humans. However, some exciting studies are underway

using neural stem cells. Taking human fibroblast cells from

patients with neuropsychiatric disorders and inducing

pluripotent neural stem cells has made it possible to

investigate disorders such as schizophrenia (Brennard

and Gage, 2011), autism spectrum disorders (Siniscalco

et al., 2012), Angelman and Prader–Willi disorders

(Chamberlain et al., 2010), and Alzheimer’s disease

(Israel et al., 2012). With these human cell-based models,

the genetic backgrounds that are known to produce the

disorder will enable the initiation, genetic and epigenetic

progression to be mapped in neural tissue culture and

transplanted animal models (Brennard and Gage, 2012),

opening new windows for selective drug treatment.
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