


PROGRESS IN BRAIN RESEARCH

VOLUME 189

GENE EXPRESSION TO NEUROBIOLOGY AND BEHAVIOR: HUMAN BRAIN
DEVELOPMENT AND DEVELOPMENTAL DISORDERS



This page intentionally left blank



PROGRESS IN BRAIN RESEARCH

VOLUME 189

GENE EXPRESSION TO NEUROBIOLOGY
AND BEHAVIOR: HUMAN BRAIN

DEVELOPMENT AND DEVELOPMENTAL
DISORDERS

EDITED BY

OLIVER BRADDICK
Department of Experimental Psychology,

University of Oxford,
Oxford, United Kingdom

JANETTE ATKINSON
Visual Development Unit, University College London,

London; Visual Development Unit,
Department of Experimental Psychology,

University of Oxford, Oxford, United Kingdom

GIORGIO M. INNOCENTI
Department of Neuroscience,

Karolinska Institutet,
Stockholm, Sweden

AMSTERDAM – BOSTON – HEIDELBERG – LONDON – NEW YORK – OXFORD
PARIS – SAN DIEGO – SAN FRANCISCO – SINGAPORE – SYDNEY – TOKYO



Elsevier
Radarweg 29, PO Box 211, 1000 AE Amsterdam, The Netherlands
Linacre House, Jordan Hill, Oxford OX2 8DP, UK
360 Park Avenue South, New York, NY 10010-1710

First edition 2011

Copyright � 2011 Elsevier B.V. All rights reserved

No part of this publication may be reproduced, stored in a retrieval system or
transmitted in any form or by any means electronic, mechanical, photocopying,
recording or otherwise without the prior written permission of the publisher

Permissions may be sought directly from Elsevier’s Science & Technology Rights
Department in Oxford, UK: phone (þ44) (0) 1865 843830; fax (þ44) (0) 1865 853333;
email: permissions@elsevier.com. Alternatively you can submit your request online by
visiting the Elsevier web site at http://elsevier.com/locate/permissions, and selecting
Obtaining permission to use Elsevier material

Notice
No responsibility is assumed by the publisher for any injury and/or damage to persons
or property as a matter of products liability, negligence or otherwise, or from any use
or operation of any methods, products, instructions or ideas contained in the material
herein. Because of rapid advances in the medical sciences, in particular, independent
verification of diagnoses and drug dosages should be made

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-444-53884-0
ISSN: 0079-6123

For information on all Elsevier publications
visit our website at elsevierdirect.com

Printed and bound in Great Britain

11 12 13 14 10 9 8 7 6 5 4 3 2 1



List of Contributors

J. Atkinson, Visual Development Unit, Department of Developmental Science, University College
London, London, UK

W.F.C. Baaré, Center for Integrated Molecular Brain Imaging, Copenhagen University Hospital,
Copenhagen and Danish Research Centre for Magnetic Resonance, Copenhagen University Hospital,
Hvidovre, Denmark

L. Bardi, Dipartimento di Psicologia Generale, Università di Padova, Padova, Italy
S. Baron-Cohen, Autism Research Centre, University of Cambridge, UK
J. Bock, Department of Zoology and Developmental Neurobiology, Institute of Biology, Otto von

Guericke University Magdeburg, Magdeburg, Germany
P. Bolton, Institute of Psychiatry, King’s College, London, UK
R. Booth, MRC Social, Genetic and Developmental Psychiatry Centre, Institute of Psychiatry, King’s

College London, London, UK
L. Bosch, Department of Basic Psychology, Faculty of Psychology, Institute for Research in Brain,

Cognition and Behavior (IR3C), University of Barcelona, Barcelona, Spain
O. Braddick, Department of Experimental Psychology, University of Oxford, Oxford, UK
K. Braun, Department of Zoology and Developmental Neurobiology, Institute of Biology, Otto von

Guericke University Magdeburg, Magdeburg, Germany
T. Charman, Centre for Research in Autism and Education, Institute of Education, London, UK
G. Cioni, Department of Developmental Neuroscience, Stella Maris Scientific Institute, Via dei Giacinti,

Calambrone, Pisa and Division of Child Neurology and Psychiatry, University of Pisa, Italy
G. D’Acunto, Division of Child Neurology and Psychiatry, University of Pisa, Italy
T.M. Dekker, Birkbeck Centre for Brain and Cognitive Development, University of London,

London, UK
A. Diamond, Department of Psychiatry, University of British Columbia & Children’s Hospital,

Vancouver, BC, Canada
M. Elsabbagh, Centre for Brain and Cognitive Development, Birkbeck, University of London, London, UK
T. Falck-Ytter, Center of Neurodevelopmental Disorders at Karolinska Institutet (KIND), Astrid

Lindgren Children’s Hospital, Stockholm and Department of Psychology, Uppsala University,
Uppsala, Sweden

E.D. Giorgio, Dipartimento di Psicologia dello Sviluppo e della Socializzazione, Università degli Studi di
Padova, Padova, Italy

T. Gliga, Centre for Brain and Cognitive Development, Birkbeck, University of London, London, UK
A. Guzzetta, Department of Developmental Neuroscience, Stella Maris Scientific Institute, Via dei

Giacinti, Calambrone, Pisa, Italy and Queensland Cerebral Palsy and Rehabilitation Research Centre,
School of Medicine, University of Queensland, Brisbane, Australia

F. Happé, MRC Social, Genetic and Developmental Psychiatry Centre, Institute of Psychiatry, King’s
College London, London, UK

v



K. Holmboe, Centre for Brain and Cognitive Development, Birkbeck, University of London and Institute
of Psychiatry, King’s College, London, UK

K. Hudry, Centre for Research in Autism and Education, Institute of Education, London, UK
G.M. Innocenti, Department of Neuroscience, Karolinska Institutet, Stockholm, Sweden
T.L. Jernigan, Department of Cognitive Science and Center for Human Development, University of

California, San Diego, CA, USA; Center for Integrated Molecular Brain Imaging, Copenhagen
University Hospital, Copenhagen and Danish Research Centre for Magnetic Resonance, Copenhagen
University Hospital, Hvidovre, Denmark

M.H. Johnson, Centre for Brain and Cognitive Development, Birkbeck, University of London,
London, UK

A. Karmiloff-Smith, Birkbeck Centre for Brain and Cognitive Development, University of London,
London, UK

P. Klaver, Institute of Psychology, University of Zurich, Zurich, Switzerland; MR Centre, University
Children’s Hospital Zurich and Zurich Centre for Integrative Human Physiology, University of
Zurich, Zurich, Switzerland

I. Leo, Dipartimento di Psicologia dello Sviluppo e della Socializzazione, Università degli Studi di
Padova, Padova, Italy

K.S. Madsen, Center for Integrated Molecular Brain Imaging, Copenhagen University Hospital,
Copenhagen and Danish Research Centre for Magnetic Resonance, Copenhagen University Hospital,
Hvidovre, Denmark

A. Mallamaci, Laboratory of Cerebral Cortex Development, SISSA, Neurobiology Sector, Trieste, Italy
V. Marcar, Institute of Psychology, University of Zurich, Zurich and Zurich University of Applied

Sciences, Winterthur, Switzerland
E. Martin, MR Centre, University Children’s Hospital Zurich and Zurich Centre for Integrative Human

Physiology, University of Zurich, Zurich, Switzerland
E. Mercure, Centre for Brain and Cognitive Development, Birkbeck, University of London,

London, UK
G. Poeggel, Department of Zoology and Developmental Neurobiology, Institute of Biology, Otto von

Guericke University Magdeburg, Magdeburg, Germany
G. Scerif, Attention, Brain and Cognitive Development Group, Department of Experimental Psychol-

ogy, University of Oxford, Oxford, UK
F. Simion, Dipartimento di Psicologia dello Sviluppo e della Socializzazione, Università degli Studi di

Padova, Padova, Italy
A. Steele, Attention, Brain and Cognitive Development Group, Department of Experimental Psychol-

ogy, University of Oxford, Oxford, UK
J. Stiles, Department of Cognitive Science and Center for Human Development, University of California,

San Diego, La Jolla, CA, USA
C. von Hofsten, Department of Psychology, Uppsala University, Uppsala, Sweden and Department of

Psychology, Oslo University, Oslo, Norway
G.L. Wallace, Laboratory of Brain and Cognition, National Institute of Mental Health, National

Institutes of Health, Bethesda, MD, USA
K. Watkins, Department of Experimental Psychology, University of Oxford, Oxford, UK
J. Wattam-Bell, Visual Development Unit, Department of Developmental Science, University College

London, London, UK

vi



Preface

The developing brain: From developmental biology to
behavioral disorders and their remediation
Background

The human brain presents the greatest challenge to developmental biology. Its 1011 neurons are
organized at different scales into large-scale structures, highly specialized nuclei and cortical areas,
columns and layers, and microcircuits whose delicate dynamics determine the difference between com-
plex cognitive functions and catastrophic oscillation. Each of these neurons establishes as many as
1000 synaptic connections, some with neighboring neurons but some across the brain over a range of
many centimeters. The correct development of this system is required to determine not just a very com-
plex structure but, more importantly, rich, well-integrated, and adaptive behavioral functions. These are
as diverse as manipulating the spatial layout of the environment, generating precisely timed sequences of
speech, and predicting and managing social interactions.
The development of these systems must depend on the large fraction of the human genome that is

expressed in the brain. However, the specification that is required to organize and connect them correctly
seems to goway beyond the informational capacity of the genes. The epigenetic processes guidedby the exter-
nal and internal environmentmust therefore be critical in allowing the developing brain to function. These are
central and intrinsically interdisciplinary problems of human development, which can only be understood by a
concerted effort of neurobiologists, geneticists, cognitive neuroscientists, neuropsychologists, and pediatric
neurologists, with insights from computational modeling of complex, self-organizing systems.
These are not simply questions of profound scientific importance. The complexity of the structures and

systems involved means that they are vulnerable to errors in development, caused either by genetic
anomalies or by the impact of external conditions such as prenatal anoxia or postnatal stress. The
unfolding system of development is dynamic throughout life so that the endpoint in terms of behavior
is the result of many interactions along the way. Developmental disorders, such as cerebral palsy,
Williams syndrome, Down's syndrome (DS), or Fragile-X syndrome (FXS), autism, or specific language
impairment (SLI), prevent a large number of people from participating fully in the demanding economic,
social, and personal life of modern communities. They have a heavy lifelong practical, emotional, and
economic impact on individuals and their families, not to mention the burden they place on health-care,
educational, and social welfare systems.
Key information on the constraints on brain development will come from these conditions that lead to

anomalies of brain and cognitive development. In turn, insights on broader questions of brain development
will be needed to achieve progress in the identification, treatment, and remediation of these disorders.
This challenge is fundamentally interdisciplinary. Advances in molecular genetics have made it possi-

ble to work with animal models of normal and anomalous brain development at every level from gene
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expression through brain anatomy to behavior. Neurobiologists have exploited these tools to advance
classic questions of the determinants and plasticity of developing brain structure. However, these models
will only provide insights into human development if we can adequately characterize human develop-
mental phenotypes at anatomical, functional, and behavioral/cognitive levels throughout development
and over time from birth to adulthood. Cognitive and developmental psychologists have applied increas-
ingly sophisticated approaches to these problems. The past decade has seen great advances in integrating
behavioral and cognitive analyses with new neuroimaging techniques (such as magnetic resonance imag-
ing (MRI), high-density electroencephalography (EEG), magnetoencephalography (MEG)) that make
possible noninvasive measurements of the human brain in unprecedented detail, and these methods
are starting to be applied to developing children. We are also at the beginning of using these methods
of developmental cognitive neuroscience to define phenotypes at various levels, which can be linked to
genetic variation.

Neurobiologists and geneticists working in these areas will need to understand theories, methods, and
insights in human cognitive development. Conversely, cognitive and developmental psychologists and
neuroscientists will need to appreciate the possibilities, limitations, and issues of interpretation in the
new biological technologies. But ultimately, the opportunities to exploit scientific advances in under-
standing developmental disorders can only be realized through intellectual and practical interchange with
the medical specialists in neuropsychiatry and pediatric neurology who are responsible for the care of the
children and families concerned.

The European Research Conference

With the opportunities and challenges of this multifaceted problem in mind, we convened a research con-
ference under the auspices of the European Science Foundation in Sant Feliu de Guixols, Catalonia,
Spain, in September 2009. Leading scientists were invited to present state-of-the-art work and reviews
from across this range of relevant disciplines. The aim was to allow the cross-disciplinary links to develop
both among the invited speakers and in the minds of the younger scientists who participated in the audi-
ence and presented posters of their current research. In this emerging linkage, the typical course of
development should be used to help characterize and understand neurodevelopmental disorders, and
conversely, disorders should throw light on how the process of typical development operates. We hope
that the present volume will bring this perspective to a wider audience.

We are particularly grateful that some authors, who did not participate in the original meeting, were
nonetheless willing to make contributions to this volume and thereby enhance its scope and comprehen-
siveness. Among these, Antonello Mallamaci has provided a strong background in the detailed cellular
and molecular events that guide the development of the large-scale structure of the brain. Rhonda
Booth, Gregory Wallace, and Francesca Happé fill an important niche in considering the relationship
between the symptomatology of autism spectrum disorder (ASD) and anomalies of cerebral connectivity
in this condition.

Introductory chapters

We open this volume with some chapters that explain the broad theoretical issues linking the elements of
our title—gene expression, neurobiology, and behavior. Joan Stiles gives us a brief overview of the
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neurobiology of brain development, introducing concepts and processes which are developed in more
detail in some of the later chapters such as those by Mallamaci and Giorgio Innocenti. She reviews ways
in which this developmental process is modulated and can be redirected by the pattern of sensory input
to the brain. The chapter emphasizes the importance of understanding brain development as a process
over time, in which the effect of influences (genetic or environmental) at time T3 depends on what has
been laid down in the sequence of events from time T1 to time T2. This sequential process of interaction
supersedes the naïve dichotomy between “nature” and “nurture,” which dominated much psychological
debate in the past 100 years.
Tessa Dekker and Annette Karmiloff-Smith develop this approach in the context of the widespread

“modular” view of brain and cognition. They critique the idea that specialized modules in the brain
are the starting point of cognitive development and argue for a “neuroconstructivist” approach in which
initial functional biases are the starting point for an increasingly domain-specific specialization of brain
structures in the course of development. On this basis, they critically examine some of the assumptions
that may lead to developmental disorders being considered as the impairment of specific modules and
the potential analytical pitfalls in comparing patterns of activity in the brain at different stages of devel-
opment. The ideas of the related “interactive specialization” approach are relevant to a number of the
chapters in this volume (e.g., those by Peter Klaver, Valentine Marcar, and Ernst Martin; Oliver
Braddick, Janette Atkinson, and John Wattam-Bell; Gaia Scerif and Ann Steele; and Francesca Simion,
Elisa Di Giorgio, Irene Leo, and Lara Bardi).
As we focus on the more specific content of subsequent chapters, it is important to see these as a

matrix of several intersecting factors: our authors use particular methodologies, they are concerned with
particular developmental disorders, and they focus on particular aspects of cognitive ability and
disability.

Techniques

The chapters in this volume illustrate much of the wide-ranging armory of techniques which has become
available to neuroscience in recent decades and which is being increasingly applied to development.
A number of chapters benefit from the powerful tools of molecular genetics; in particular, their applica-
tion in animal models of anatomical development is at the core of the work described by Antonello
Mallamaci. The chapters by Terry Jernigan, William Baaré, Joan Stiles and Kathrine Skak Madsen,
and Kate Watkins illustrate the potential scope for relating individuals’ genetic characterization to
variations in their brain structure, and those by Watkins and by Mayada Elsabbagh, Karla Holmboe,
Teodora Gliga, Evelyne Mercure, Kristelle Hudry, Tony Charman, Simon Baron-Cohen, Patrick Bolton,
Mark Johnson, and the BASIS Team in relating genetic to cognitive or behavioral variations. It should
be noted that genetically based disorders, and polymorphisms found in the typically developing popula-
tion, have both proved informative in analyzing these gene–brain-behavior relationships.
The range of techniques for probing the brain using MRI is well represented here, making clear that

these are increasingly available for use with developing children, although their application to infants
is still challenging. The classical use of MRI to visualize brain structure has been applied to neonates,
allowing perinatal brain injury to be related to functional measures (see examples in chapters by
Braddick et al. and Giovanni Cioni, Giulia D'Acunto, and Andrea Guzzetta). Structural studies of devel-
opment have become increasingly quantitative, with the use of voxel-based morphometry to characterize
the distribution of white and gray matter in the brain (see the chapters by Jernigan et al. and Watkins),
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measurements of cortical thickness in the course of development (Jernigan et al. and Klaver et al.), and
diffusion tensor imaging (DTI) to assess the organization of white matter tracts and to track these to dis-
cover the interconnections of cortical areas (chapters by Klaver et al., Jernigan et al., and Watkins).

Much of the excitement in adult MRI studies has come from functional MRI (fMRI) studies using the
BOLD (blood oxygen level-dependent) response to reveal patterns of local brain activation in
individuals when they carry out cognitive operations. This approach is reviewed here with examples in
the chapter by Klaver et al. and alluded to in many other chapters; published experiments on face pro-
cessing, visuomotor function, and language processing show that the problems of fMRI with young chil-
dren are gradually yielding to patient and persistent experimenters. We may hope that technical
advances in MRI scanning and analysis will make this powerful method more accessible as a develop-
mental tool in the years ahead. One specific application of fMRI is to use patterns of temporal correla-
tion in activity to infer patterns of connectivity, particularly the “resting state” or “default mode” of brain
activity in the absence of a specific task. Such inferences of connectivity in development appear in the
chapters by Booth et al. and by Klaver et al.

A more practical route to probe brain activity in the youngest children is to record event-related
potentials (ERPs) from sensors on the scalp. This method has yielded much of our information about
brain function in the first years of life, as exemplified here by the chapters by Braddick et al., Cioni
et al., and Elsabbagh et al. With the use of high-density sensor arrays, it can provide a form of functional
brain imaging, carrying a wealth of information about the time course of processing.

The use of new technologies to study the development of cognitive brain function should not be
allowed to overshadow the fact that such work and behavioral studies depend totally on the creative
and careful application of cognitive task design to ask specific questions about children's capabilities,
in a well-controlled, age-appropriate way, and the rigorous application of methods of data analysis. Cog-
nitive and developmental psychologists have been refining these approaches for many years: examples of
such creative experimentation and analysis appear in almost every chapter in this volume.

Brain development

The admirable work of anatomists at the end of the nineteenth century, particularly Brodmann (publi-
shed in 1909) and Campbell (in 1905) demonstrated differences in the cytoarchitecture and
myeloarchitecture of cerebral cortical sectors, leading to the identification of cortical areas. Subsequent
work, continuing to this date, has established strong correlations between structural and functional pro-
perties of cortical areas using a variety of techniques in animal models and in humans. The question
tormenting the curious biologist was “what causes the formation of cortical areas in development?”
Mallamaci's chapter provides a summary of a recent debate on this issue. More important, it discloses
the up-to-date landscape of the fantastically complex (and we are only at the beginning) network of
causal-molecular/genetic interactions which lead to the emergence of what can be considered the basis
of cortical organization.

Mallamaci presents basic research from animal models, in which genetic manipulations have allowed
researchers to unpick the molecular mechanisms guiding these developmental pathways. However, it
does not require much imagination to see the longer-term possibilities for understanding human develop-
mental disorders in which genetic anomalies (whether point mutations, deletions, number of repeats, or
other rearrangements of the genome) may divert or distort these pathways, leading to a change in the
balance or organization of cortical development.
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“Environment” in the examples expounded by Mallamaci consists primarily of the internal environ-
ment of the developing brain—where the topography of proteins laid out at one stage of the process
triggers and modulates the expression of genes defining cortical specialization at a later stage, and
patterns of afferent activity guide the differentiation of cortical structure. However, this internal environ-
ment is coupled to the pre- and postnatal external environment of the developing organism. Such cou-
pling occurs (a) because the chemical environment is determined by events such as anoxia, (b)
because internal hormonal effects are coupled to external stressors and to emotionally significant stimuli
such as parental grooming, and (c) connectivity is organized by the structure of sensory inputs which in
turn is partly determined by feedback loops from the activity of the developing individual. Thus, accounts
such as Mallamaci's will in due course become integrated into an account of the recurrent linkages
between the molecular architectures produced by gene expression; the pattern of cerebral connectivity;
the external chemical, sensory, and social environment; and the internal chemical environment which
bathes the nervous system. To quote Joan Stiles’ chapter, “the boundaries between what is internal to
the organism and what is external are fluid.”
The development of long-range connections in the brain has most often been discussed, as in the

chapters by Stiles and Mallamaci, in terms of their finding appropriate targets. However, the properties
of the connecting axons are also important, especially since they determine the time pattern in which
neural information arrives at its destination, a pattern which is critical for some processes such as motion
perception (see the chapter by Braddick et al.) and is also important for development, given the role of
coincident timing in mechanisms such as the Hebb synapse. The chapter by Giorgio Innocenti focuses on
the differentiation of axon types, particularly in their thickness which determines the speed of long-range
neural information transmission. Innocenti's chapter is distinctive in taking an evolutionary perspective,
using the distribution of axon diameters in different cortical areas and in different primates, macaque,
chimpanzee, and human. It points out that the environment exerts selective pressure both in develop-
ment and in evolution. The fact that both processes seem to act to increase the diversity of axon
diameters (and hence the variance of transmission times) raises the question of how and why such vari-
ance is adaptive, a challenge for the modeling of cortical circuits but a feature which Innocenti suggests
may expand the dynamic range of oscillatory neural interactions and improve the stability of brain activ-
ity. Conversely, disruption of this diversity in developmental disorders might conceivably lead to
decreased stability, with knock-on effects on functional development.
Jernigan et al. turn to direct neuroimaging evidence of how the human brain changes during childhood.

It is now clear that this is a protracted process, lasting through adolescence into young adulthood. It is
reflected, counterintuitively, in the progressive thinning of the cortex, which may reflect the increasing
myelination and organization of white matter fiber tracts revealed by DTI. The studies reviewed by
Jernigan et al. have now gone beyond overall description of population trends in anatomical develop-
ment, to show the association of local white and gray matter changes with individual measures of intelli-
gence and memory, with task-specific training in reading and sensory-motor skills, and with the
independent actions of specific genetic variants. Hormonal levels around puberty also have an important
impact in specific structural measures. Overall, this kind of work promises to reveal the neurobiological
pathways through which specific genes underlie psychometric variability and the ways in which environ-
mental stimulation intervenes to modulate these pathways.
Specific, distinct pathways from genes through brain systems to behavioral variation are presented in the

chapter by Adele Diamond. She explains how the specific neurochemistry of prefrontal cortex determines
how that brain area responds to genetic polymorphisms and mutations that impact on the dopamine (DA)
system. In turn, these variations affect the development of executive function, critical in the “inattentive”
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form of attention-deficit disorder. A different genetic–neurochemical pathway, through the DA system in
the striatum, is responsible for the “hyperactive” form. Thus neurobiology can help us to understand
how developmental disorders should be properly categorized and, critically, guide therapy.

Environmental impact and plasticity

The chapters by Cioni et al. and by Jörg Bock, Gerd Poeggel, and Katharina Braun provide evidence on
how external stimulation can affect the direction of brain development in the neonatal period. Cioni et al.
first discuss the plasticity shown in the infant brain in functional recovery from perinatal brain injury, in
particular, the transfer of language and sensory-motor functions between hemispheres. Interhemispheric
and intrahemispheric transfer of function appear to show different potential in different systems—while
the sources of this difference are not fully understood, they have strong implications for choosing the
most effective early therapeutic interventions and their timing. More global interventions may also be
important as neuroprotective strategies in the developing brain. Animal models have shown that
enriching impoverished environments through social housing and providing opportunities for physical
manipulation and exploration enhances brain growth and connectivity and that intensive maternal care
of rat pups elicits neurotrophic factors that enhance cortical development and reduce cell death. These
models have promoted the use of massage for at-risk preterm babies in neonatal intensive care units,
which has been shown to have analogous effects on neurochemistry and on the development of the EEG.

The purpose of research on developmental disorders and their basis in the brain must be to enable
children to reverse or minimize the impact of these disorders on their lives. The approaches discussed
by Cioni et al. and Bock et al. help toward this end by interventions in early infancy. However, functions
of behavioral and cognitive self-regulation are key for effective social living and achieving life goals.
These key functions develop at a later stage and are exemplified in tasks when children work together
on tasks which require sustained focus and planning to achieve a goal. Cognitive, affective, and social
aspects of behavior are integrated in such tasks. The chapter by Diamond describes a new approach of
providing kindergarten children, working and playing together, with “tools for the mind,” aiming to give
them the means to overcome attentional disorders and become fulfilled members of a purposeful society.

The work reported by Bock et al. illustrates the converse effect, that separation of neonatal animals
from parental care and litter mates acts as a stressor which downregulates brain activity in many areas,
and if repeated leads to chronic metabolic hypofunction of the brain and atypical behavioral patterns.
Both stress and environmental enhancement effects show that external stimulation can radically modify
the way in which genetic programs are expressed in brain development. These effects imply that there
are profound therapeutic possibilities of stimulation for infants whose neural and behavioral develop-
ment is at risk through the challenges of premature birth and hypoxia, or through the stressors of neglect
and deprivation. The work of Bock et al. also indicates that pharmacological interventions may be able to
correct the downregulation and ameliorate its behavioral consequences.

Disorders

Research attention has focused on particular developmental disorders in part because of their impact on
the lives and families of those affected, and partly for their scientific potential in revealing processes of
development.
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WS has attracted much attention; it results from a well-defined and intensively explored genetic dele-
tion and has a highly uneven and characteristic profile of cognitive impairment, notably in the visuospa-
tial domain. This has raised the hope that WS will be revealing about how features of the genotype are
translated into specific aspects of cognitive processing. The chapter by Janette Atkinson and Oliver
Braddick discusses the pattern of WS performance in terms of the brain mechanisms for vision, action,
and attention, considering the hypothesis that the dorsal stream of visuospatial processing is especially
vulnerable. This vulnerability, it turns out, is revealed in many different developmental disorders.
Accounts of the genetic effects in WS must therefore recognize that while the overall profile of this dis-
order is unique, it reflects effects on pathways of brain development that are involved in a much wider
range of disorders. Processes of attention are closely associated with the dorsal stream and also with fron-
tal executive function. Atkinson and Braddick introduce a new testing battery designed to partition
attentional subsystems in children of a young mental age, which reveals that WS and DS have their
own characteristic profiles of attentional strengths and weaknesses, over and above the effects of their
overall cognitive delay.
FXS is another disorder with a well-specified genetic origin (excessive repeats of a specific three-nucle-

otide sequence, causing failure to express the FMR1 protein) and a characteristic cognitive/behavioral
profile. The chapter by Gaia Scerif and Ann Steele uses the component structure of attention (in a simi-
lar approach to Atkinson and Braddick) to compare the developmental trajectories in FX, WS, and DS.
They find not only that these conditions differ in their pattern of abilities but also how these patterns
change in development. These attentional skills clearly have an impact on the developmental course of
other abilities requiring learning and memory; but the syndromes also diverge in how far deficits seen
in childhood have their adult counterparts, suggesting that the availability or otherwise of compensatory
strategies may be a key characteristic of anomalous developmental trajectories.
Autism, and the broader category of autistic spectrum disorder, is one of the most intensively

investigated disorders, because of its relatively high incidence, the severity of its impact in some cases,
and again its specific profile which may in some cases allow high intellectual capacities to coexist with
crippling failures of normal social interaction. The chapter by Rhonda Booth, Gregory Wallace, and
Francesca Happé provides an overview of ASD, considering whether the classic diagnostic triad (social
withdrawal, communicative impairment, and rigid/repetitive behavior) is in fact unitary. They present
evidence that while there are associations between these elements, each of them can be present without
the other two. Thus the search for neurodevelopmental pathways should consider the elements of the
triad separately as well as together. Booth et al. pursue the hypothesis that ASD is associated with
increased early brain growth but impaired cerebral connectivity, especially between the hemispheres.
They test whether a distinct neurodevelopmental disorder, agenesis of the corpus callosum, may be a
model for some aspects of the ASD triad; they find some commonalities in social and communicative
problems, but no evidence for the cognitive rigidity and “detail-focused processing bias.” A parallel anal-
ysis of other aspects of the triad will be required to understand how these components interact in the
developmental trajectory of ASD.
Autism is typically diagnosed in the second or third year of life, but there is a general belief that it has

congenital roots. Elsabbagh et al. studied 9 month olds who, as siblings of diagnosed cases, were at risk
for ASD and found that they differed from controls in their ERP responses to eye contact and in a pro-
posed measure of attentional flexibility, the “freeze-frame” task. This, and other studies reviewed by
Elsabbagh et al., suggests that infants may show perceptual and cognitive biases which reflect the devel-
opmental seeds of autism. However, the critical data for tracking this developmental trajectory are to
compare the results in infancy with the later emergence of definitive ASD characteristics. As the authors
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point out, diagnostic information from larger groups followed up over a longer period will be required to
validate the predictive value of infant indicators and to determine whether an ASD outcome depends on
the convergence of multiple developmental risk factors.

The idea that an aversion to eye contact is an early stage and perhaps a key mediator of the develop-
ment of ASD has been an influential one. The chapter by Terje Falck-Ytter and Claes von Hofsten dis-
cusses and reevaluates this idea. They review in detail evidence that ASD individuals, compared to
controls, when confronted with a face image, look less at the eye area and more at the mouth. While this
result seems to have widespread support in adult ASD individuals, the evidence for such a pattern of bias
in children under 12 years was found to be weak and fragmentary. The results they review show more
reliable excess looking to the mouth, but not reduced looking to the eyes, and that the balance of
mouth:eye fixations reduces in typical development but not in ASD. They suggest that this pattern
reflects a more prolonged use of visual mouth information for language acquisition in ASD. These results
mean that while poor eye contact and deficits in the use of social information are both features of adult
ASD, the direction of causality between them in the developmental pathway for the disorder must be
questioned.

Perinatal brain injury

Recent decades have seen enormous improvements in obstetrics and the care of the newborn, leading to
increased survival, particularly of infants born very prematurely. However, this means that brain damage,
resulting from hypoxia and ischemia in the newborn, remains among the developmental problems with
the greatest individual and societal impact. Cioni et al.'s chapter provides an overview of the risks and
mechanisms of perinatal brain damage, and the plasticity of the developing brain which means that the
functional impact of these injuries may fortunately be much less than the equivalent lesion in adulthood.
Braddick et al. report work with this group, showing that visual brain responses can be an early and sen-
sitive indicator of the overall effect of perinatal brain damage, and reveal the differential vulnerability of
different brain systems, notably the dorsal stream involved in visual motion processing. Laura Bosch
describes the impact of preterm birth on some aspects of language acquisition.

Specific cognitive impairments

“Specific learning disabilities” (SLDs), where one cognitive domain is impaired in individuals whose
development and abilities are otherwise typical, are the subject of intense scientific and public interest.
Proper coverage of SLDs such as dyslexia and dyscalculia would have made the ESF Research Confer-
ence, and this volume, impossibly large. However, these disabilities must surely be ultimately understood
in terms of genetic dispositions interacting with environmental influences and demands, acting through
pathways in the developing structure and organization of the brain, and many researchers are pursuing
this route. One example which may serve as a model is the investigation of developmental impairments
of language, described in the chapter by Kate Watkins. The discovery of a family with a pedigree of SLI
has enabled the links to be established between mutation of a specific gene, atypical brain structure, and
the pattern of behavioral impairment. It is instructive that the fundamental impairment appears to be in
the organization and control of programs for delicately timed face and mouth movements. Disorganiza-
tion of the basic motor machinery required for speech production must lead to a cascade of
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developmental effects, some of which, for example, in the mastery of grammatical morphology, may
seem to be much more linguistically abstract. This is a lesson for all who are trying to understand specific
learning difficulties and other syndromes: the developmental roots of a problem may lie in much lower-
level mechanisms than the difficulties which are most evident at a later stage. This is also related to a
theme of the chapter by Atkinson and Braddick, in their suggestion that early attentional deficits, viewed
as difficulties in shifting focus in WS, coupled with motion processing deficits, may be the developmental
starting point of many of the later spatial difficulties.

Visual processing

Two of our chapters focus on visual processing, an area where animal and human neuroscience have
given us a uniquely detailed understanding of the functional networks involved. Both Braddick et al.
and Klaver et al. give particular attention to the network of areas involved in global motion processing.
Work described by Braddick et al. show that this network undergoes substantial reorganization between
infancy and adulthood, and the MRI studies reviewed by Klaver et al. find developmental changes
between 5 and 7 year olds and adults in the balance of lower- and higher-level structures activated by
displays such as structure from motion. Overall, these studies make clear that an apparently similar abil-
ity to detect global motion may be subserved at different ages by differently organized networks. Both
chapters also make it clear that the relative rates of development of dorsal and ventral streams have a
complex history; any statements about one maturing faster than the other must be qualified according
to what stage of development, at what level of the system, is being described. These issues may serve
as sources of caution for the study of the developmental trajectory in systems whose organization is less
well understood.

Social perception

A specialized aspect of visual processing is our ability to register information about other members of our
species—individual identity, emotional state, communicative intent—from their faces. This has been of
great interest to developmental neuroscientists for several reasons. First, there is much evidence for
the role of a specialized neural system, including the “fusiform face area,” in processing visual face infor-
mation. Second, as discussed above, anomalies in attending to and registering facial information are a
characteristic of ASD, and possibly one with an important role in the development of the disorder. Third,
sensitivity to faces is apparent at or soon after birth and presents a challenge to neurobiological theories
on the emergence of specialized cortical properties. This last question is the focus of the chapter by
Simion et al. They show how the newborn's attention to faces can be accounted for by initial biases to
some simple geometrical image properties, such as relative contrast density in the upper and lower parts
of the image. On this view, relatively coarse-tuned biases in attention can determine the early input to the
system, and so provide stimulation which refines the tuning and ultimately leads to a highly specific neu-
ral system. They present evidence that the neural systems that make us exquisitely sensitive to biological
patterns of motion may be refined by a similar process. Such processes by which broad biases guide the
acquisition of information, and so provide the basis for high selectivity in a self-organizing system, may
prove to be fruitful models in many domains of cognitive development and lead to understanding of
how patterns of developmental disorder emerge.
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Language

The organization of a specialized perceptual system deriving from broad biases may have its counterpart
in the development of the language system. Language is complicated by the way it combines receptive
and productive aspects; as the discussion of Watkins’ chapter above makes clear, a disruption on one side
of this reception–production cycle may have far-reaching knock-on effects on the other. However, in all
aspects of language development, reception precedes production. The chapter by Bosch illustrates that
there are many levels at which learning processes have to extract information from speech input: the
detection of individual phonetic features characteristic of the particular native language environment is
acquired early and robustly, but the partition of the speech stream into distinct words, based on statistical
and temporal properties, is more demanding and more subject to impairment by the problems associated
with preterm birth. As with vision, the detail with which we can characterize language structure at several
different levels may make this area one which suggests models and provides sensitive tests for broader
questions about cumulative developmental processes.

Concluding remarks

Inevitably, the constraints of time and commitments mean that not all the invited speakers were available
to contribute chapters to this volume. The meeting in Sant Feliu benefited greatly from contributions
from Lucy Osborne from Toronto and Tassabehji from Manchester discussing gene expression in devel-
opmental brain disorders (see Am J Med Genet C Semin Med Genet, 2010, and Eur J Hum Genet, 2006)
and Ghislaine Dehaene-Lambertz from Paris presenting research on the neural basis of infants’ language
abilities (see Trends in Neuroscience, 2006).

Feedback about the meeting was very positive from both junior and senior researchers alike across all
the represented disciplines. We hope that readers of this volume will be inspired by perspectives pres-
ented in these chapters and that through their efforts we might gain better understanding and funding
for this interdisciplinary approach in the future.
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CHAPTER 18

Biological and social influences on cognitive control
processes dependent on prefrontal cortex

Adele Diamond*

Department of Psychiatry, University of British Columbia and Children’s Hospital, Vancouver, BC, Canada

Abstract: Cognitive control functions (“executive functions” [EFs] such as attentional control, self-
regulation, working memory, and inhibition) that depend on prefrontal cortex (PFC) are critical for
success in school and in life. Many children begin school lacking needed EF skills. Disturbances in EFs
occur in many mental health disorders, such as ADHD and depression. This chapter addresses
modulation of EFs by biology (genes and neurochemistry) and the environment (including school
programs) with implications for clinical disorders and for education. Unusual properties of the
prefrontal dopamine system contribute to PFC’s vulnerability to environmental and genetic variations
that have little effect elsewhere. EFs depend on a late-maturing brain region (PFC), yet they can be
improved even in infants and preschoolers, without specialists or fancy equipment. Research shows
that activities often squeezed out of school curricula (play, physical education, and the arts) rather
than detracting from academic achievement help improve EFs and enhance academic outcomes. Such
practices may also head off problems before they lead to diagnoses of EF impairments, including
ADHD. Many issues are not simply education issues or health issues; they are both.

Keywords: executive functions; self-regulation; dopamine; COMT; interventions; dopamine transporter;
ADHD; gender difference.

Introduction

Executive functions (EFs; also called “cognitive
control” functions) are needed for reasoning,
problem-solving, and whenever “going on

automatic” would be insufficient or worse. They
depend on a neural circuit in which prefrontal
cortex (PFC) plays a central role and are
impaired by damage to, or dysfunction in, PFC.
They are critical for mental health, achievement
in school, and successful functioning in the world.
The three core EFs from which more complex
ones (like reasoning) are built are (1) inhibitory
control (resisting a strong inclination to do one
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thing and instead do what is most needed or
appropriate, e.g., focused or selective attention,
being disciplined and staying on task, exercising
self-control, and not saying or doing something
socially inappropriate), (2) working memory
(holding information in mind and working with it:
mentally manipulating ideas, relating what you
are learning, hearing, or reading now to what you
learned, heard, or read earlier and relating
an effect to the cause that preceded it), and (3)
cognitive flexibility (being able to change
perspectives or the focus of attention, thinking out-
side the box to come up with other ways to solve a
problem) (Diamond, 2006; Huizinga et al., 2006;
Lehto et al., 2003; Miyake et al., 2000).

Both biology (genes and neurochemistry) and
the environment (including school programs)
modulate the functioning of PFC and thus affect
EFs. Unusual properties of the dopamine system
in PFC contribute to PFC’s vulnerability to envi-
ronmental and genetic variations that have little
effect elsewhere, and some of those variations
appear to differentially affect males and females.
The relevance of this to disorders such as ADHD
and PKU are discussed in the section below, as
well as how genotype and gender can moderate
which environment is most beneficial.

What we are learning about the brain is turning
some ideas about education on their heads.
“Brain-based” does not mean immutable or
unchangeable. EFs depend on the brain, yet they
can be improved by the proper activities. PFC is
not fully mature until early adulthood (Gogtay
et al., 2004), yet EFs can be improved even during
the first year of life and certainly by 4–5 years of
age. Neuroplasticity is not just a characteristic of
the immature brain. PFC remains plastic even into
old age, and EFs remain open to improvement.
Many children today, regardless of their
backgrounds, are behind on crucial EF skills
compared to past generations (Smirnova, 1998;
Smirnova and Gudareva, 2004), yet these skills
can be improved without specialists and without
great expense. Research shows that activities
often squeezed out of school curricula (play,

physical education, and the arts), rather than
detracting from academic achievement, help
improve EFs and enhance academic achievement.
Such practices may also help to head off problems
before they lead to diagnoses of EF impairments,
such as ADHD, and may have dramatic effects on
children’s life trajectories. Improving key EF
skills early gets children started on a trajectory
for success. Conversely, letting children start
school when they are behind on these skills may
launch them on a negative trajectory that can be
extremely difficult and expensive to reverse.

Special properties of the dopamine system serving
Prefrontal Cortex

The dopamine system in PFC is unusual. First,
compared with the dopamine systems in most
other brain regions, PFC has a relative dearth of
dopamine transporter (DAT) protein. This means
that while variations in the DAT1 gene that codes
for DAT have important consequences elsewhere
in the brain, such polymorphisms have little or no
direct consequence for PFC.

This also means that unlike other brain regions
that have a plentiful supply of DAT, PFC has to
rely on mechanisms other than DAT to clear
released dopamine. DAT provides the best way
to clear released dopamine; those brain regions
rich in DAT have little need for secondary
mechanisms for clearing dopamine. PFC, because
it has little DAT and the DAT it has is not ideally
situated (being some distance from synaptic
sites), is unusually dependent on the catechol-O-
methyltransferase (COMT) enzyme for dopamine
clearance. Thus variations in the COMT gene
that codes for the COMT enzyme have important,
direct consequences for PFC, but not for most
other brain regions. As estrogen downregulates
COMT transcription, there are gender (and men-
strual phase) differences in the effects of
variations in the COMT gene.

The dopamine system in PFC is also unusual in
that, the dopamine neurons projecting to PFC have
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a higher baseline rate of firing and a higher rate of
dopamine turnover. This makes the PFC dopamine
system highly sensitive to small changes in the avail-
ability of the precursor, tyrosine (Tyr). Other brain
regions, such as in the striatum, are unaffected by
small changes in the amount of available Tyr.

Consequence of the relative dearth of DAT in
PFC for understanding differences among
subtypes of attention deficit hyperactivity
disorder (ADHD)

Current diagnostic guidelines list three subtypes
of ADHD: primarily inattentive, primarily hyper-
active/impulsive, and a combination of the two
(DSM-IV; American Psychiatric Association,
1994). Most studies have focused on the combined
type. There is much evidence that when ADHD
involves hyperactivity (the combined and hyper-
active types), the primary disorder is in the stria-
tum and involves a striatal-frontal loop (Casey
et al., 1997; Filipek et al., 1997; Hynd et al., 1993;
Schrimsher et al., 2002; Soliva et al., 2010; Teicher
et al., 1996; Vaidya et al., 1998). As DAT plays an
important role in dopamine clearance in the stria-
tum, it follows that polymorphisms of the DAT1
gene should have important consequences for these
subtypes of ADHD. That is, in fact, the case (Barr
et al., 2001; Bedard et al., 2010; Cook, 2000; Cook
et al., 1995; Daly et al., 1999; Gill et al., 1997;
Schrimsher et al., 2002; Shook et al., 2011; Swanson
et al., 2000;Waldman et al., 1998; Yang et al., 2007).
The primary cause of the cognitive deficits in

ADHD (such as inattention and poor working
memory) lies in PFC, not the striatum. DAT is
sparse in PFC and plays only a minor role there
(Durston et al., 2005; Lewis et al., 2001; Sesack
et al., 1998). It follows that polymorphisms in
DAT1 should have little effect on the cognitive
problems that can plague persons with ADHD
and little effect on ADHD of the inattentive type.
Indeed, that is the case. For example, levels of
hyperactive–impulsive symptoms are correlated
with the number of DAT1 high-risk alleles but

levels of inattentive symptoms are not (Waldman
et al., 1998) and DAT binding is related to motor
hyperactivity but not to inattentive symptoms
(Jucaite et al., 2005).

A role for polymorphisms of the DAT1 gene in
the forms of ADHD where hyperactivity is pres-
ent is consistent with the efficacy of methylpheni-
date in treating those forms of ADHD, as
methylphenidate acts directly on DAT function
(Dresel et al., 2000; Seeman and Madras, 1998;
Shenker, 1992; Volkow et al., 2002, 2005, 2007).
DAT clears released dopamine through reuptake
of released dopamine back into presynaptic
neurons. Methylphenidate attaches to DAT
protein, blocking it from being able to take up
dopamine (see Fig. 1). Most children with the
combined or hyperactive subtypes of ADHD (as
high as 90%) respond positively to methylpheni-
date; over 67% respond positively to methylphe-
nidate in moderate to high doses (Barkley, 2001;
Barkley et al., 1991; Milich et al., 2001; Weiss
et al., 2003). That is consistent with methylpheni-
date acting directly on DAT, DAT being particu-
larly important in the striatum, and the striatum
being the site of the primary disturbance in forms
of ADHD where hyperactivity is present.

However, a significant proportion of children
with the inattentive subtype of ADHD are not
helped by methylphenidate or are helped at low
doses (Barkley, 2001; Barkley et al., 1991; Milich
et al., 2001; Weiss et al., 2003). This is consistent
with the different actions of methylphenidate at
low doses. At low doses, methylphenidate prefer-
entially increases dopamine neurotransmission in
PFC (Berridge et al., 2006).

In humans the dopamine receptor type 4
(DRD4) is present in PFC but not in the striatum
(Meador-Woodruff et al., 1996). It follows that
polymorphisms in the DRD4 gene should then
affect prefrontal function and be related to the
inattentive subtype of ADHD, but should not
directly affect striatal function. There is evidence
to support this. Single-nucleotide polymorphisms
(SNPs) in the promoter region of DRD4 have
been found to be strongly and primarily
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associated with inattentive symptoms in ADHD
(Lasky-Su et al., 2008), the inattentive subtype
of ADHD seems to be the subtype most strongly
correlated with the DRD4 7-repeat allele (Rowe
et al., 1998), and attentional and working memory
deficits have been reported in children with a
7-repeat allele of DRD4 (Auerbach et al., 2001).
Moreover, evidence shows a lack of relation
between the presence of the 7-repeat allele vari-
ant of DRD4 and hyperactivity or impulsivity,
deficits which reflect a striatal abnormality
(Bellgrove et al., 2005; Johnson et al., 2008;
Kramer et al., 2009).

Where hyperactivity is prominent, children
with ADHD tend to be frenetic. Children with the
inattentive subtype of ADHD, however, are often
the opposite; they can be hypoactive, sluggish,
and slow to respond (Carlson and Mann, 2002;
Carlson et al., 1986; Milich et al., 2001). Where
hyperactivity is prominent, children with ADHD
tend to be insufficiently self-conscious. Children
with the inattentive subtype of ADHD can be
overly self-conscious.

Both groups have social problems, but for differ-
ent reasons. Where the ADHD includes hyperac-
tivity or impulsivity, the child can alienate others

by failing to wait his or her turn, butting in line,
and acting without first considering others’
feelings. Where the ADHD includes no hint of
hyperactivity, the child is more likely to have social
problems because of being too passive or shy. Such
children are not so much easily distracted as easily
bored. Their problem is more in motivation
(underarousal) than in inhibitory control. Rather
than distraction derailing them, they go looking
for distraction because their interest in what they
had started has dwindled. Having lost interest in
their current project, their attention drifts as they
look for something to engage their interest.
Challenge or risk, something to literally get their
adrenaline pumping, can be key to keeping their
attention and optimum performance.

It is no coincidence that methylphenidate in
low doses (the dosage most efficacious for such
children), not only inhibits dopamine reuptake
(as it does at high doses) but also preferentially
stimulates release of dopamine and norepineph-
rine (Ishimatsu et al., 2002). Children with
ADHD are often given untimed exams to help
them, but children with the inattentive subtype
often perform better when challenged by
presenting test items at a quick rate.

Methylphenidate’s mechanism of  action

The dopamine transporter
normally moves dopamine from
the synapse back into the
sending neuron.

Methylphenidate blocks the
dopamine transporter, causing
an increase in dopamine
concentration at the synapse.

Synapse

Dopamine

Dopamine receptor

Fig. 1. Mechanism of action of methylphenidate.
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In 2005, colleagues and I laid out the evidence
that ADHD that includes hyperactivity and
ADHD that is exclusively inattentive are funda-
mentally different disorders, with different genetic
and neural bases, cognitive profiles, responses
to medication, and patterns of comorbidity
(Diamond, 2005). It resonated deeply with
clinicians and patients. Almost overnight, the
number of Web sites devoted to ADHD inatten-
tive (ADD) rose from four to thousands. The
Founder and Head of the Dutch ADD Assoc.
(Stichting ADD Nederland), Karin Windt, wrote,
“Many people with attention deficits have great
talents, often a high IQ, and are innovative and cre-
ative. However, they are seen as daydreamers who
cannot concentrate well. In the old days, we would
be called stupid or lazy . . . . Through [Diamond’s]
work we are now able to explain to others why
ADD is so different from ADHD. This question
remained unanswered until her article appeared in
2005.”AlthoughDSM-V has not yet been released,
it appears that the upcoming edition of the diagnos-
tic manual will list ADD and the forms of ADHD
that include hyperactivity in separate categories, as
fundamentally different disorders.

Consequence of the higher rate of dopamine
turnover in PFC for understanding why dietary
treatment for phenylketonuria (PKU), if
insufficiently rigorous, results in deficits limited
to the cognitive abilities (the “executive
functions”) that depend on PFC

PKU is an inborn (i.e., genetic) error of metabo-
lism usually caused by any of a family of point
mutations or microdeletions of the phenylalanine
hydroxylase gene, which codes for the enzyme,
phenylalanine hydroxylase (DiLella et al., 1986;
Lidsky et al., 1985; Woo et al., 1983). Phenylala-
nine hydroxylase is essential for hydroxylating the
amino acid, phenylalanine (Phe), into the amino
acid, Tyr. In persons with PKU, phenylalanine
hydroxylase activity is either absent or markedly
reduced.

As little, if any, Phe is metabolized, Phe levels
in the bloodstream skyrocket. If this drastic
increase in blood levels of Phe is not corrected
early, it causes widespread brain damage and
severe mental retardation (Cowie, 1971; Hsia,
1967; Koch et al., 1982; Krause et al., 1985;
Tourian and Sidbury, 1978). It would be ideal if
the intake of Phe could be reduced to almost
trace levels, but the only way to reduce Phe
intake is to reduce protein intake, so dietary
treatment for PKU must necessarily be a compro-
mise between the need to minimize Phe intake
and the need for protein. For this reason, the
low-Phe diet rarely results in fully normal blood
levels of Phe; Phe levels are reduced but remain
moderately elevated. Further, blood levels of
Tyr are moderately reduced, as little or no Tyr
is produced from Phe, and oral supplements of
Tyr only slightly increase blood Tyr levels. The
upshot is that dietary treatment for PKU results
in a mild imbalance in the ratio of Phe to Tyr in
the bloodstream (without dietary treatment, the
ratio of Phe to Tyr would be grossly elevated).

When PKU is treated early and continuously
by a diet low in Phe, gross brain damage and
severe mental retardation are averted (Bickel
et al., 1971; Holtzman et al., 1986). However,
young children on such treatment still show
deficits if their blood levels of Phe are only
brought down to 6–10 mg/dL (360–600 mmol/L)—
roughly three to five times normal—levels consid-
ered safe worldwide until the late 1990s.
Those deficits are specific to and limited to the
functioning of PFC and the cognitive abilities
dependent on PFC (DeRoche and Welsh, 2008;
Diamond, 2001; Diamond et al., 1994, 1997; Smith
et al., 2000; Welsh et al., 1990). The reason is as
follows:

Phe and Tyr compete for the same limited
supply of transporter proteins to cross the
blood–brain barrier. Indeed, those protein car-
riers have a higher affinity for Phe than for Tyr
(Miller et al., 1985; Oldendorf, 1973; Pardridge,
1977; Pardridge and Oldendorf, 1977). Elevations
in blood levels of Phe relative to Tyr thus result in
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less Tyr reaching the brain. Because the ratio of
Phe to Tyr in the bloodstream is only modestly
increased in PKU children on dietary treatment,
the decrease in Tyr levels in the brain is only
modest. Unlike dopamine systems in most brain
regions, which are robust in the face of modest
decreases in available Tyr, the dopamine system
in PFC is profoundly affected. (Tyr is the precur-
sor of dopamine.) The higher rates of firing and
of dopamine turnover of the dopamine neurons
that project to PFC result in PFC being acutely
sensitive to even a modest decrease in available
Tyr. Reductions in Tyr too small to affect dopa-
mine systems in other brain regions, such as the
striatum, profoundly reduce prefrontal dopamine
levels (Bannon et al., 1981; Bradberry et al.,
1989; Tam et al., 1990; Thierry et al., 1977).

Thus, infants and young children treated early
and continuously for PKU show deficits in the
cognitive abilities dependent on PFC if their phe-
nylalanine levels are not kept at 2–6 mg/dL
(120–360 mmol/L; see Fig. 2), and the higher their
Phe levels, the worse their performance on EF
tasks that require PFC (Diamond et al., 1997).
As long as Phe levels in young children do not
exceed 10 mg/dL, the deficits appear to be exclu-
sively in those abilities dependent on PFC. What
affects how much Tyr reaches the brain is not
simply the level of Phe in the bloodstream but
also the level of Tyr. It follows that EF deficits
in children with PKU are even more closely
related to the Phe : Tyr ratio in blood than to
either blood Phe or Tyr levels alone (Luciana
et al., 2001).

The wonderful news is that deficits in EFs are
preventable and reversible. When average blood
Phe levels of children with PKU are kept between
2 and 6 mg/dL, cognitive function seems to
be completely normal. EFs deficits can be
completely prevented in young children with
PKU if their Phe levels are kept between 2 and
6 mg/dL (120–360 mmol/L; Diamond et al., 1997;
Stemerdink et al., 1995), and EF deficits in chil-
dren and adults with PKU can be reversed by a
strict dietary regimen that brings Phe levels down

Object retrieval task
Front-open trials, Toy deep in box
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(Schmidt et al., 1994). Also, there are individual
differences in the kinetics of the blood–brain bar-
rier that result in variation in the permeability of
the blood–brain barrier to different amino acids.
Some people have unusual protection against
how much Phe reaches the brain and so show
little or no deficits from sky-high ratios of Phe
to Tyr in their bloodstreams (Koch et al., 2000;
Moller et al., 1998, 2000; Weglage et al., 2001).
There were reports in the 1970s and 1980s of cog-

nitive deficits in some PKU children despite treat-
ment and that those deficits appeared to be limited
to the cognitive skills requiring PFC. The effect of
those reports was muted, however, because no one
could imagine a mechanism that would produce
such a selective effect. Luckily, unbeknownst to
thoseworking on inborn errors ofmetabolism, a dis-
covery by neuropharmacologists in the 1970s and
1980s—the special sensitivity of prefrontally
projecting dopamine neurons to small decreases in
Tyr—provided such a mechanism. Neurochemical
and behavioral work in an animal model (Diamond
et al., 1994) and extensive neurocognitive testing of
children (DeRoche and Welsh, 2008; Diamond
et al., 1997) confirmed that this mechanism did,

indeed, account for PFC cognitive deficits in treated
PKU patients. By 2000, the guidelines for the treat-
ment of PKU in young children were changed
worldwide, requiring stricter dietary compliance so
that average plasma Phe levels remain 2–6 mg/dL,
and that has enabled many thousands of children
with PKU to lead more productive lives.

Consequences of the relative dearth of DAT, and
hence dependence on COMT, for PFC

With less extensive reuptake of dopamine by
DAT, PFC is more dependent on secondary
mechanisms for terminating the action of released
dopamine, such as the COMT enzyme, which
deactivates dopamine by adding a methyl group
(Napolitano et al., 1995; Weinshilboum et al.,
1999). The COMT enzyme accounts for >60%
of dopamine degradation in PFC, but <15% of
dopamine degradation in the striatum (Karoum
et al., 1994). Administering an inhibitor of COMT
(Tolcapone) to Parkinson patients improves their
EFs (Gasparini et al., 1997) because it results in
more dopamine in PFC, but it does not improve
their motor problems, which are due to striatal
dysfunction (Chong et al., 2000).

Variations in the COMT gene disproportion-
ately affect PFC. A common variation in the
COMT gene, a guanine to adenine missense muta-
tion (a single base pair substitution [CGTG for
CATG]), results in a substitution of methionine
(Met) for valine (Val; AGVKD vs. AGMKD) in
the coding sequence of the gene (Lachman et al.,
1996). Met at codon 158 of the COMT gene codes
for a more sluggish COMT enzyme in brain; it
methylates dopamine four times more slowly than
the COMT enzyme coded from the Val-158 ver-
sion of the COMT gene (Lotta et al., 1995;
Tenhunen et al., 1994). The slower COMT works,
the longer the temporal and spatial presence of
dopamine at PFC synapses.

The variant of the COMT gene that prolongs
the action of dopamine in PFC (Met-158) has
been shown in both adults and children to result

Fig. 2. Comparison of the performance of PKU children
whose blood Phe levels were 6–10 mg/dL (360–600 mmol/L;
labeled the “High Phe” group) with the performance of four
comparison groups on tasks that assess executive functioning
(the top and middle panels) and a task that does not tax EFs
(bottom panel). At each age range investigated (the top
panel shows one of the age ranges and the middle panel
shows another), and on all EF measures requiring working
memory and inhibitory control, the PKU children with
relatively high Phe levels (though still within the clinically
accepted range at the time) performed significantly worse no
matter who they were compared with (other PKU children
with lower Phe levels [Phe levels of 2–6 mg/dL,
120–360 mmol/L; labeled the “Low Phe” group], their own
siblings, matched controls, or children from the general
population). They were not impaired on any of the ten
control measures (one shown in bottom panel), most of
which required the functions of parietal cortex or the medial
temporal lobe. (Modified with permission from Diamond
et al., 1997).
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in superior performance on cognitive tasks requir-
ing EFs (Diamond et al., 2004; Egan et al., 2001;
Malhotra et al., 2002) and to result in more effi-
cient prefrontal functioning holding cognitive per-
formance constant (Egan et al., 2001; Winterer
et al., 2006). This effect is specific to PFC func-
tion. There is no relation between the Met versus
Val COMT genotype and IQ or other cognitive
abilities not centrally dependent on PFC, such as
recall or recognition memory (Diamond et al.,
2004; Egan et al., 2001; see Fig. 3).

Val and Met are equiprobable at codon 158 in
COMT alleles of persons of European descent
(Palmatier et al., 1999). As COMT Met-158 is
associated with better PFC function, you might
wonder why it has not been selected for over
the course of evolution and become the more

common version of the gene. The reason is likely
that COMT Val-158 also confers certain
advantages. Persons homozygous for the Val var-
iant of the COMT gene tend to be calmer in the
face of stress, whereas those homozygous for
COMT Met-158 tend to be more sensitive to
stress, have higher anxiety, and have higher pain
stress responses (Diatchenko et al., 2005; Zubieta
et al., 2003).

The reason homozygosity for COMT Met-158
(which results in more dopamine in PFC) is
associated with weathering stress less well is prob-
ably because even mild stress markedly increases
dopamine levels in PFC (though not elsewhere in
the brain; Del Acro et al., 2007; Deutch and Roth,
1990; Roth et al., 1988; Reinhard et al., 1982;
Thierry et al., 1976). Persons homozygous for
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Fig. 3. Performance of children by COMT genotype on four cognitive measures. Children homozygous for COMT Met-158
performed significantly better (Wilcoxon t¼126.0, p<0.01) than children homozygous for the COMT Val-158 genotype on the
Dots-Mixed task, which requires holding two higher-order rules in mind and switching between inhibiting a prepotent response
and making it, and is sensitive to the level of dopamine in PFC. All groups performed comparably on all control tasks (i.e., there
was no effect of COMT genotype on any control task): (1) self-ordered pointing, which depends on PFC but is not sensitive to
the level of dopamine in PFC; (2) recall memory, which depends on the medial temporal lobe; and (3) mental rotation, which
depends on parietal cortex. To control for the effect of age, age mean difference scores were used. For each task, the mean
percentage of correct responses for the subject’s age in years was subtracted from the subject’s percentage of correct responses,
yielding an age difference score. This partialled out any effect of age. Gender was not significantly related to performance on
any of these three cognitive tasks. (From Diamond et al., 2004, with permission).
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COMT Val-158 have a bit more room for stress to
increase PFC dopamine levels before detrimental
effects are seen because their fast-acting COMT
enzyme is quickly clearing away released dopa-
mine. Persons homozygous for COMT Met-158
have relatively high PFC dopamine levels even
when calm because of their sluggish COMT
enzyme; stress can easily push their PFC dopa-
mine levels well past optimal.
It has long been known that some of the

brightest people also have the most fragile
personalities and are highly reactive to stress.
Here is a possible mechanism for why the two
might go together. A person homozygous for
COMT Met-158 might have outstanding execu-
tive functioning but might be highly vulnerable
to stress and anxiety. Boyce (2007; Boyce and
Ellis, 2005) has talked about “orchid” and “dan-
delion” children. “Dandelions” are children who
do okay wherever they are planted. They are
often identified as models of resilience. Yet
research shows that some of the children who
look the worst when they are in an unsupportive,
stressful environment are exactly those who blos-
som the most when in a good environment (e.g.,
Belsky and Beaver, 2011). Perhaps children
homozygous for COMT Val-158 are the dan-
delions; they are more robust in the face of stress
but do not have the fine-tuning of PFC to achieve
the brilliance of which a COMT Met-158 child
might be capable. Perhaps some children homo-
zygous for COMT Met-158 are among the
orchids—they might look like a disaster when in
a stressful environment, but might blossom bril-
liantly in the right environment.
Most studies of the effect of COMT genotype

have included all males, mostly males, or have
not investigated possible gender differences. Yet
estrogen downregulates human COMT transcrip-
tion in a dose- and time-dependent manner (Ho
et al., 2008; Jiang et al., 2003; Xie et al., 1999)
and results in COMT enzymatic activity being
30% lower in women than men (Boudikova
et al., 1990; Chen et al., 2004; Cohn and Axelrod,
1971). The story that being homozygous for Met

at codon 158 of COMT confers a cognitive advan-
tage is not true for women during the portion of
their menstrual cycle when their estrogen levels
are high. COMT activity varies inversely with
estrogen levels. With estrogen reducing COMT
activity, when estrogen levels are high, being
homozygous for the Met variant of the COMT
gene (and so having a more sluggish COMT
enzyme) confers no cognitive advantage for
women, indeed, just the opposite. During the
midluteal phase of the menstrual cycle (when
estrogen levels are high), young women (ages
19–35) show better executive functioning if they
are homozygous for Val at codon 158 than if they
are homozygous for COMT Met-158 (Evans
et al., 2009). During the follicular phase of the
menstrual cycle (when estrogen levels are low),
women show the male pattern of better EFs by
those homozygous for Met at codon 158 (Evans
et al., 2009).

Increasing the level of dopamine in PFC is ben-
eficial only up to a point. The optimal level of
dopamine in PFC is an intermediate level; too
much dopamine is as bad as too little (Mattay
et al., 2003; Zahrt et al., 1997). This inverted-U
dopamine dose–response curve has been
observed in mice, rats, monkeys, and humans
(Arnsten et al., 1994; Cai and Arnsten, 1997;
Gibbs and D’esposito, 2005; Lidow et al., 2003;
Vijayraghavan et al., 2007). Thus, a double boost
to PFC dopamine levels—high estrogen levels
reducing COMT activity and COMT Met-158
homozygosity reducing COMT activity—evi-
dently increases PFC dopamine levels too much,
past the optimal level for PFC functioning.

Elderly women homozygous for COMT Val-
158 perform better on the Wisconsin Card Sort
(a measure of executive functioning) than do
elderly women homozygous for Met-158, while
elderly men tend to show the pattern so often
reported in the literature, with those homozygous
for COMT Met-158 performing better than
elderly Val-158 men (Diamond, 2007). Elderly,
postmenopausal women do not have menstrual-
cycle mediated estrogen surges in their body.
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The gender difference here is probably due to
setting effects of the sex hormones very early in
development (Shansky et al., 2004; Shors and
Miesegaes, 2002).

Male animals perform better on tasks depen-
dent on PFC when they are mildly stressed than
when they are calm, but female animals do not;
they perform worse when even slightly stressed
than when calm (Arnsten and Goldman-Rakic,
1998; Shansky et al., 2004; Shors, 2001; Shors
and Leuner, 2003; Wood and Shors, 1998; Wood
et al., 2001). This gender difference appears to
be estrogen-mediated. Female animals show the
male pattern in response to mild stress when their
estrogen levels are low, but mild stress impairs
cognitive functions dependent on PFC in female
animals during the point in the estrus cycle when
estrogen levels are high (Shansky et al., 2004).

Perhaps there is a gender difference, not hereto
considered or reported before, in the baseline
levels of dopamine in PFC. Females may have
higher baseline levels of dopamine in PFC (an
optimum level) and males may have slightly too
little dopamine in PFC at baseline. That would
be consistent with slight stress bringing males’
PFC dopamine levels up to optimal but raising
females’ PFC dopamine levels past optimum
(see Fig. 4).

If so, this would have important practical
implications for gender differences in the effec-
tive dosages of medications that affect PFC dopa-
mine levels. Women may need lower dosages
than men, at least when their estrogen levels are
high. Certainly, there already appears to be evi-
dence of menstrual-phase differences in the opti-
mal dosage levels of drugs that affect PFC
dopamine; when a woman’s estrogen levels are
high, she has more dopamine in PFC than when
her estrogen levels are low; hence, the same dos-
age of medication affecting PFC dopamine levels
that is beneficial during certain times of the
month might be detrimental during other times
of the month.

It is also important to remember the general
principle that a genotype that is beneficial in

one environment may not be beneficial in
another. The COMT Met-158 genotype is proba-
bly not beneficial in a highly stressful environ-
ment. Yet this same genotype that confers risk
on individuals when they are in adverse, stressful
circumstances holds out promise of extraordinary
potential if only the right fit of circumstances can
be found for the individual. When working
with children living in disadvantaged, at-risk
conditions, it is important to bear this in mind.

Hypothesis:
gender difference in baseline

level of  dopamine in PFC

Optimum level
of  dopamine

Too muchToo little Females

Males

Gender difference in 
effect of  mild stress

Optimum level
of  dopamine

Males

Too muchToo little

Effect
of  Mild
Stress

Females

Fig. 4. Illustration of how, if males and females have different
baseline levels of dopamine in PFC, that would account for the
differential effects of slight stress on males and females (with
slight stress being beneficial for males’ EFs but detrimental
for females’ EFs).
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Environmental conditions and interventions that
enhance the development of the cognitive control
processes dependent on PFC

Just as we can improve our physical fitness
through exercise, through challenging ourselves
to push our limits, and through a regular practice
regimen, so too, our EFs can be improved
through exercising them, challenging them, and
using them throughout the day, every day.
Research shows this is true throughout life, from
infancy to old age, and that it does not require
anything expensive, highly technical, or
complicated.
Bilingualism places heavy demands on inhibi-

tory control and cognitive flexibility (two core
components of EFs). A bilingual speaker needs
to inhibit using a language the listener would
not understand (even if only that language has
the perfect word for what the speaker wants to
express), one needs to shift from the perspective
and mindset implied by one language to that
implied by another, and one may need to flexibly
switch languages in a conversation with a person
who speaks Language A and person who speaks
Language B (Green, 1998; Hermans et al., 1998;
Klein et al., 1995; Paradis, 1997; Perani et al.,
1998). Thus bilingualism taxes executive function-
ing and early bilingualism exerts environmental
pressure for the accelerated development of EFs.
Children only 4–7 years old, who are fluently

bilingual, are 1–2 years ahead of their monolin-
gual peers on cognitive tasks that require
inhibiting distractors or prepotent responses,
changing perspectives, or flexibly adapting to
changed rules (Bialystok, 1999; Bialystok and
Majumder, 1998; Bialystok and Martin, 2004;
Bialystok and Shapero, 2005; Martin-Rhee and
Bialystok, 2008). Even infants show advanced
executive functioning if bilingual (Kovács and
Mehler, 2009a,b). Indeed, before infants are even
speaking, simple comprehension seems to pro-
duce this effect, for it has been elegantly demon-
strated that infants of only 7 months, exposed to
bilingual input from one parent speaking one

language and the other parent speaking another,
show more advanced executive functioning than
their peers exposed to only one language (Kovács
and Mehler, 2009a). These effects are specific;
bilingual children are not ahead on recognition
or recall memory, learning, or IQ. Older adults
who continue to be actively bilingual preserve
their executive functioning longer into old age
than do monolingual older adults matched for
IQ, SES, and health (Bialystok et al., 2005, 2004,
2006).

Vygotsky (1967, 1978) emphasized the impor-
tance of social pretend play (e.g., playing doctor
and patient, or grocery store) for the early devel-
opment of EFs. If you think about it, during dra-
matic make-believe play, children must inhibit
acting out of character, hold in mind the role they
have chosen and those of others, and flexibly
adjust in real-time as their friends take the play
scenario in directions they never imagined. Thus,
social pretend play exercises and challenges all
three of the core EFs (inhibitory control, working
memory, and cognitive flexibility).

Bodrova and Leong (2007) developed an early
education program, Tools of the Mind, based on
the theories and research findings of Vygotsky
and his protégés. Bodrova and Leong initially
tried social dramatic play as an add-on to existing
curricula. Children improved on what they
practiced in those modules, but the benefits did
not generalize. They did not generalize to other
contexts or other demands on EFs. For benefits
to generalize, supports for, training in, and
challenges to EFs had to be part and parcel of
what the children did all day long. The children’s
actions throughout the day had to be exercising
EFs to really see a benefit. Thus, Bodrova and
Leong embedded aspects of EF training in all
academic activities, including literacy and math,
as well as having activities whose primary focus
was to improve EFs.

A Tools of the Mind literacy activity with an
embedded EF component is Buddy Reading.
Children of 4 or 5 years each select a book, get
into pairs, and take turns “reading” the story in
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their picture books. With each child eager to tell
his or her story, no one wants to listen. To help
them succeed at exercising inhibitory control
(one of the EFs), the teacher gives one child a
drawing of lips and the other a drawing of an
ear, explaining, “Ears don’t talk; ears listen.”
With the concrete, visible reminder, the child with
the ear is able to inhibit talking, wait his or her
turn, and listen (see Fig. 5). Otherwise the child
would not be able to do that. After a few months,
the pictures are no longer needed; the children
have internalized the instructions and are able to
listen and wait their turn without the visible
reminders.

Scaffolds, such as the simple line drawing for
Buddy Reading, enable children to practice skills
they would not otherwise be able to practice. If
a teacher assumes that children are not capable
of something and so structures the class so that
the children never need to do that, children do
not get the benefit of practice to help them
improve. If a teacher, with the same assumption,
scaffolds or supports children to help them per-
form at a level they could not perform at on their
own, then they get practice (and the pride of
doing something that may have seemed far
beyond their reach) and through repeated

practice, they improve. In the Buddy Reading
example, instead of being scolded or ashamed
for being a poor listener (as would happen with-
out the visual “ear” reminder), children have the
boost to their self-esteem from having been able
to be a good listener, and increased self-confi-
dence that they can successfully do what’s
required of them.

When we evaluated the effect of Tools of the
Mind on EF development compared with a high-
quality program newly developed by the school
district, we specifically chose EF measures quite
different from anything the children had ever
done before. To see a difference by condition,
the children would have to transfer their training
in EFs to utterly new situations. All children came
from the same neighborhood and were closely
matched on demographics. Stratified random
assignment of teachers minimized confounds due
to teacher characteristics.

Our results reported in Science (Diamond et al.,
2007) showed that children in Tools performed
better on measures of EFs than their peers in
the district’s curriculum (see Fig. 6). This differ-
ence increased as the EF requirements of the
tasks increased. Other children in Tools of the
Mind in other schools and states, with different
comparison programs, have been found to consis-
tently outperform comparison children on
standardized academic measures (Barnett et al.,
2008). Staff at one school in our study became
so convinced that children in Tools of the Mind
classes were so markedly outperforming other
children that they halted the study early in their
school and switched all classes to the Tools of
the Mind curriculum.

The significance of these findings is that they
indicate that (1) EFs can be improved in
preschoolers. Some had thought preschool too
early to try to improve EFs, but this research
indicates it is not. (2) EFs can be improved in reg-
ular public-school classes, without expensive,
high-tech equipment or specialists. (3) The pro-
gram that embraced the importance of play pro-
duced better EFs and academic outcomes than

Fig. 5. Photograph of two children engaged in Buddy Reading.
Note the line drawing of an ear in the hand of the girl listening
to the other girl. Photograph by Morey Kitzman, reprinted
from the supplementary online material for Diamond et al.
(2007) with permission.
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one that devoted more time to direct academic
instruction, indicating that play may aid academic
goals rather than taking time away from achieving
them. (4) If throughout the school-day EFs are
supported and progressively challenged, it
appears that benefits generalize and transfer to
new activities, as the outcome measures were dif-
ferent from anything the children had done
before.

Just as our brains (especially PFC) work better
when we are not feeling stressed, our brains
(especially PFC) work better when we get exer-
cise and are physically fit. There is considerable
evidence that aerobic exercise improves how the
brain works (especially PFC) and how we think
(with EFs showing the greatest benefit from
improved aerobic fitness). “[T]he positive effects
of aerobic physical activity on cognition and brain
function [are evident] at the molecular, cellular,
systems, and behavioral levels” (Hillman et al.,
2008: 58). “Physical activity-related modulation
is disproportionately larger for task components
that necessitate greater amounts of executive
control” (Hillman et al., 2008: 61). The positive
effects of aerobics on EFs, long demonstrated
in adults, can also be seen in children (Hillman
et al., 2005, 2009).

Intervention studies show that children’s
increased participation in physical activity leads
to better cognitive skills and grades. For example,
a 2-year physical activity intervention with over
4500 elementary-school children produced
improvements in children’s math and reading
scores (Hollar et al., 2010). Children who
received extra physical education showed better
academic achievement on average than that of a
control group (Shephard et al., 1994). Among
6th graders randomly assigned to condition, those
who met at least some of the Healthy People 2010
guidelines for vigorous activity had significantly
higher grades than those who performed no
vigorous activity (Coe et al., 2006). Among
13–16 year olds randomly assigned to physical
exercise or a control group, those in the exercise
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Fig. 6. Photograph of a child performing the Hearts & Flowers
task (which used to be called Dots-Mixed [see Fig. 3]) and
comparison of the performance of Kindergarten children in
Tools of the Mind (lighter gray in print version; blue in
online version) with the performance of children from the
same neighborhood, closely matched on demographics, in a
different kindergarten program (darker gray in print version;
pink in online version) on tasks that assess EFs. All
differences are significant, but the benefit of Tools of the
Mind on the easier conditions (Hearts & Flowers
Incongruent and Flanker) was much smaller than on the
more EF-demanding conditions (Hearts & Flowers Mixed
and Reverse Flanker). For the first set of three graphs (A),
the dependent measure is percentage of correct responses.
For the last graph (B), the dependent measure is percentage
of children. Photograph is by Martin Dee. The graphs are
reprinted from Diamond et al. (2007) with permission.
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group improved more in selective attention and
concentration (Budde et al., 2008). When the
results from many studies were pooled in a
meta-analysis, a positive clear relation between
physical activity and both verbal skills and math
emerged for all ages (4–18 years) and especially
for those 13 years of age or younger (Sibley and
Etnier, 2003).

Dance provides physical exercise and can be
quite physically demanding and taxing, but it also
directly exercises and challenges EFs by requiring
sustained attention and concentration and by
requiring that one hold complex sequences in
mind. There have been few scientific studies of
the benefits of dance for other than fitness, posture,
or balance. Two noteworthy studies have been
conducted with older adults, however. Verghese
et al. (2003) examined the relation between
leisure-time cognitive or physical activity and the
incidence of dementia. At the study’s outset all
subjects were over 75 years old and dementia-free.
Five years later, reading or doing crossword
puzzles was associated with a 35% reduced risk of
dementia. Almost none of the physical activities
offered protection against dementia—except
dance. Dance conferred the greatest risk reduction
of any activity studied, cognitive or physical; a 76%
reduced risk of dementia. Kattenstroth et al. (2010)
studied the impact of many years of regular, ama-
teur ballroom dancing on neurologically healthy
elderly subjects, compared to education, gender,
and age-matched controls with no record of danc-
ing or sports. The dancers performed better on
the RavenMatrices (ameasure of fluid intelligence
very highly correlated with EFs [Duncan, 1995;
Duncan et al., 2008; Jaeggi et al., 2008]) and on a
nonverbal test of selective attention and concentra-
tion (Gatterer, 1990).

Many different activities can probably improve
executive functioning, from tae-kwon-do (Lakes
and Hoyt, 2004), tai chi (Lam et al., 2010;
Matthews and Williams, 2008; Taylor-Piliae
et al., 2010), or yoga (Pradhan and Nagendra,
2010) to playing chess, from storytelling to
playing a musical instrument, from sports to

choral singing to acting in plays. The most impor-
tant element is probably that the person loves
what he or she is doing, so that doing it brings
great joy. If a person enjoys the activity enough
he or she will spend a lot of time at it, practicing
and pushing him- or herself to do better. It is
the discipline, the practice that produces the
benefits. Even the best activity for improving
EFs if done rarely will produce little benefit.

Why try to improve EFs early? Just because it
is possible to improve them early does not neces-
sarily mean that we should. Why not wait? Per-
haps slower-developing children will catch up
over time. Alas, evidence indicates that rather
than early EF delays disappearing, they tend to
grow larger (Nagin and Tremblay, 1999; Brody
et al., 2003). Consider children who start school
with poor EFs: They tend to blurt out answers,
jump out of their seats, have trouble paying atten-
tion and completing assignments, and impulsively
butt in line and grab things from other children.
They get poor grades and are always getting
scolded. School is no fun and before long they
would just as soon not be there. Teachers come
to expect poor performance from them, and the
children come to expect poor performance from
themselves. A self-reinforcing negative feedback
loop develops with the frustrated child deciding
school is a place of failure.

Conversely, consider children who start school
with good EFs: They wait to answer until they
are called on, stay in their seats, pay attention,
complete their assignments, and are well
behaved. For them, school is a place of success
and praise. Teachers enjoy them, expect them to
do well, and the children expect to succeed. A
self-reinforcing positive feedback loop is created.

Small differences at the beginning can lead to
bigger and bigger differences over time. A small
difference in children’s EFs at the outset of
schooling could lead to disparities in EFs and
achievement that grow larger with each passing
year. Children at risk fall progressively farther
behind other children in academic achievement
over the school years. That “widening achievement
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gap” (O’Shaughnessy et al., 2003) may result from
two opposing dynamisms (negative and positive
feedback loops) going in opposite directions.
Reducing or erasing the disparity at the outset
might nip that dynamic in the bud.
“Brain-based” does not mean immutable or

unchangeable. EFs depend on the brain, yet
they can be improved by the proper activities.
Reducing stress and improving physical fitness
yield benefits to EFs. Using your EFs, exercising
and challenging them improves them, much as
physical exercise hones our physical fitness. Such
EF “exercise” may be beneficial for our mental
health just as physical exercise is beneficial for
our bodily health.

Acknowledgments

The research reported here was supported by the
National Institute of Child Health and Develop-
ment (NICHD, grant R01 #HD35453), theNational
Institute on Drug Abuse (NIDA, grant R01
#DA019685), the Spencer Foundation (grant
#200700122), and a grant from the Human Early
Learning Partnership (HELP) in British Columbia.

References

American Psychiatric Association, (1994). Diagnostic and
Statistical Manual of Mental Disorders (4th ed.).
Washington, DC: American Psychiatric Association.

Arnsten, A. F., Cai, J. X., Murphy, B. L., & Goldman-
Rakic, P. S. (1994). Dopamine D1 receptor mechanisms in
the cognitive performance of young adult and aged
monkeys. Psychopharmacology, 116, 143–151.

Arnsten, A. F., & Goldman-Rakic, P. S. (1998). Noise stress
impairs prefrontal cortical cognitive function in monkeys:
Evidence for a hyperdopaminergic mechanism. Archives of
General Psychiatry, 55, 362–368.

Auerbach, J. G., Benjamin, J., Faroy, M., Geller, V., &
Ebstein, R. (2001). DRD4 related to infant attention and
information processing: A developmental link to ADHD?
Psychiatric Genetics, 11, 31–35.

Bannon, M. J., Bunney, E. B., & Roth, R. H. (1981).
Mesocortical dopamine neurons: Rapid transmitter turnover
compared to other brain catecholamine systems. Brain
Research, 218, 376–382.

Barkley, R. A. (2001). The inattentive type of ADHD as a
distinct disorder: What remains to be done. Clinical Psychol-
ogy: Science and Practice, 8, 489–493.

Barkley, R. A., Dupaul, G. J., & Mcmurray, M. B. (1991).
Attention deficit disorder with and without hyperactivity:
Clinical response to three dose levels of methylphenidate.
Pediatrics, 87, 519–531.

Barnett, W. S., Jung, K., Yarosz, D. J., Thomas, J.,
Hornbeck, A., Stechuk, R., et al. (2008). Educational effects
of the tools of the mind curriculum: A randomized trial.
Early childhood research quarterly, 23, 299–313.

Barr, C. L., Feng, Y., Wigg, K. G., Schachar, R., Tannock, R.,
Roberts, W., et al. (2001). 5’-untranslated region of the
dopamine D4 receptor gene and attention-deficit hyperac-
tivity disorder. American Journal of Medical Genetics, 105,
84–90.

Bedard, A. C., Schulz, K. P., Cook, E. H., Jr., Clerkin, S. M.,
Ivanov, I., Halperin, J. M., et al. (2010). Dopamine trans-
porter gene variation modulates activation of striatum in
youth with ADHD. Neuroimage, 15(53), 935–942.

Bellgrove, M. A., Hawi, Z., Lowe, N., Kirley, A.,
Robertson, I. H., & Gill, M. (2005). DRD4 gene variants
and sustained attention in attention deficit hyperactivity
disorder (ADHD): Effects of associated alleles at the
VNTR and �521 SNP. Americal journal of medical genetics:
Neuropsychiatric Genetics, 136B, 81–86.

Belsky, J., & Beaver, M. (2011). Cumulative-genetic plasticity,
parenting and adolescent self-control/regulation. Journal of
Child Psychology and Psychiatry, .

Berridge, C. W., Devilbiss, D. M., Andrzejewski, M. E.,
Arnsten, A. F. T., Kelley, A. E., Schmeichel, B., et al.
(2006). Methylphenidate preferentially increases catechol-
amine neurotransmission within the prefrontal cortex
at low doses that enhance cognitive function. Biological
Psychiatry, 60, 1111–1120.

Bialystok, E. (1999). Cognitive complexity and attentional
control in the bilingual mind. Child Development, 70,
636–644.

Bialystok, E., Craik, F. I. M., Grady, C., Chau, W., Ishii, R.,
Gunji, A., et al. (2005). Effect of bilingualism on cognitive
control in the Simon task: Evidence from MEG.
Neuroimage, 24, 40–49.

Bialystok, E., Craik, F. I. M., Klein, R., & Mythili, V. (2004).
Bilingualism, aging, and cognitive control: Evidence from
the Simon task. Psychology and Aging, 19, 290–303.

Bialystok, E., Craik, F. I., & Ryan, J. (2006). Executive control
in a modified antisaccade task: Effects of aging and bilin-
gualism. Journal of experimental Psychology: Learning,
Memory, and Cognition, 32, 1341–1354.

Bialystok, E., & Majumder, S. (1998). The relationship
between bilingualism and the development of cognitive
processes in problem solving. Applied Psycholinguistics, 19,
69–85.

333



Bialystok, E., & Martin, M. M. (2004). Attention and inhibi-
tion in bilingual children: Evidence from the dimensional
change card sort task. Developmental Science, 7, 325–339.

Bialystok, E., & Shapero, D. (2005). Ambiguous benefits:
The effect of bilingualism on reversing ambiguous figures.
Developmental Science, 8, 595–604.

Bickel, H., Hudson, F. P., & Woolf, L. I. (1971). Phenylketon-
uria and some other inborn errors of amino acid metabolism.
Stuttgart: Georg Thiese Verlag.

Bodrova, E., & Leong, D. J. (2007). Tools of the Mind: The
Vygotskian Approach to Early Childhood Education. New
York: Merrill/Prentice Hall.

Boudikova, B., Szumlanski, C., Maidak, B., &
Weinshilboum, R. M. (1990). Human liver catechol-O-
methyltransferase pharmacogenetics. Clinical Pharmacology
and Therapeutics, 48, 381–389.

Boyce, W. T. (2007). A biology of misfortune: Stress reactivity,
social context, and the ontogeny of psychopathology in early
life. In A. Masten (Ed.), Multilevel dynamics in developmen-
tal psychopathology: Pathways to the future. Minneapolis,
MN: University of Minnesota.

Boyce, W. T., & Ellis, B. J. (2005). Biological sensitivity to
context: An evolutionary-developmental theory of the
origins and functions of stress reactivity. Development and
Psychopathology, 17, 271–301.

Bradberry, C. W., Karasic, D. H., Deutsch, A. Y., &
Roth, R. H. (1989). Regionally-specific alterations in
mesotelencephalic dopamine synthesis in diabetic rats:
Associations with precursor tyrosine. Journal of Neural
Transmission, 78, 221–229.

Brody, L. M., Nagin, D. S., Tremblay, R. E., Brame, B.,
Dodge, K. A., & Fergusson, D. E. (2003). Developmental
trajectories of childhood disruptive behaviors and adoles-
cent delinquency: A six-site cross-national study. Develop-
mental Psychology, 30, 222–245.

Budde, H., Voelcker-Rehage, C., Pietrabyk-Kendziorra, S.,
Ribeiro, P., & Tidow, G. (2008). Acute coordinative exer-
cise improves attentional performance in adolescents. Neu-
roscience Letters, 441, 219–223.

Cai, J. X., & Arnsten, A. F. (1997). Dose-dependent effects of
the dopamine D1 receptor agonists A77636 or SKF81297 on
spatial working memory in aged monkeys. The Journal of
Pharmacology and Experimental Therapeutics, 283, 183–189.

Carlson, C. L., Lahey, B. B., & Neeper, R. (1986). Direct
assessment of the cognitive correlates of attention deficit
disorders with and without hyperactivity. Journal of Psycho-
pathological Behaviour Assessment, 8, 69–86.

Carlson, C. L., & Mann, M. (2002). Sluggish cognitive tempo
predicts a different pattern of impairment in the attention
deficit hyperactivity disorder, predominantly inattentive
type. Journal of Clinical Child and Adolescent Psychology,
31, 123–129.

Casey, B. J., Castellanos, F. X., Giedd, J. N., Marsh, W. L.,
Hamburger, S. D., Schubert, A. B., et al. (1997). Implication
of right frontostriatal circuitry in response inhibition and
attention-deficit/hyperactivity disorder. Journal of the Amer-
ican Academy of Child and Adolescent Psychiatry, 36,
374–383.

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M.,
Melhem, S., et al. (2004). Functional analysis of genetic var-
iation in catechol-O-methyltransferase (COMT): Effects on
mRNA, protein, and enzyme activity in postmortem human
brain. American Journal of Human Genetics, 75, 807–821.

Chong, D. J., Suchowersky, O., Szumlanski, C.,
Weinshilboum, R. M., Brant, R., & Campbell, N. R.
(2000). The relationship between COMT genotype and the
clinical effectiveness of tolcapone, a COMT inhibitor, in
patients with Parkinson’s disease. Clinical Neuropharmacol-
ogy, 23, 143–148.

Coe, D. P., Pivarnik, J. M., Womack, C. J., Reeves, M. J., &
Malina, R. M. (2006). Effect of physical education and activ-
ity levels on academic achievement in children. Medicine
and Science in Sports and Exercise, 38, 1515–1519.

Cohn, C. K., & Axelrod, J. (1971). The effect of estradiol on
catechol-O-methyltransferase activity in rat liver. Life
Sciences, 10, 1351–1354.

Cook, E. H. Jr., (2000). Genetics of psychiatric disorders:
Where have we been and where are we going? The Ameri-
can Journal of Psychiatry, 157, 1039–1040.

Cook, E. H. Jr., Stein, M. A., Krasowski, M. D., Cox, N. J.,
Olkon, D. M., Kieffer, J. E., et al. (1995). Association of
attention-deficit disorder and the dopamine transporter
gene. American Journal of Human Genetics, 56, 993–998.

Cowie, V. A. (1971). Neurological and psychiatric aspects of
phenylketonuria. In H. Bickel, F. P. Hudson & L. I. Woolf
(Eds.), Phenylketonuria and Some other inborn errors of
amino acid metabolism. Stuttgart: Georg Thiese Verlag.

Daly, G., Hawi, Z., Fitzgerald, M., & Gill, M. (1999). Mapping
susceptibility loci in attention deficit hyperactivity disorder:
Preferential transmission of parental alleles at DAT1,
DBH and DRD5 to affected children. Molecular Psychiatry,
4, 192–196.

Del Acro, A., Segovia, G., Garrido, P., De Blas, M., &
Mora, F. (2007). Stress, prefrontal cortex and environmental
enrichment: Studies on dopamine and acetylcholine release
and working memory performance in rats. Behavioural
Brain Research, 176, 267–273.

DeRoche, K., & Welsh, M. (2008). Twenty-five years
of research on neurocognitive outcomes in early-treated
phenylketonuria: Intelligence and executive function. Devel-
opmental Neuropsychology, 33(4), 474–504.

Deutch, A. Y., & Roth, R. H. (1990). The determinants of
stress-induced activation of the prefrontal cortical dopamine
system. Progress in Brain Research, 85, 367–403.

334



Diamond, A. (2001). A model system for studying the role of
dopamine in prefrontal cortex during early development in
humans: Early and continuously treated phenylketonuria.
In C. Nelson & M. Luciana (Eds.), Handbook of develop-
mental cognitive neuroscience. Cambridge, MA: MIT Press.

Diamond, A. (2005). Attention-deficit disorder (attention-
deficit/hyperactivity disorder without hyperactivity): A
neurobiologically and behaviorally distinct disorder from
attention-deficit/hyperactivity disorder (with hyperactivity).
Development and Psychopathology, 17, 807–825.

Diamond, A. (2006). The early development of executive
functions. In E. Bialystok & F. I. M. Craik (Eds.), Lifespan
cognition: Mechanisms of change. New York: Oxford Uni-
versity Press.

Diamond, A. (2007). Consequences of variations in genes that
affect dopamine in prefrontal cortex. Cerebral Cortex, 17,
161–170.

Diamond, A., Barnett, W. S., Thomas, J., & Munro, S. (2007).
Preschool program improves cognitive control. Science, 318,
1387–1388.

Diamond, A., Briand, L., Fossella, J., & Gehlbach, L. (2004).
Genetic and neurochemical modulation of prefrontal cogni-
tive functions in children. The American Journal of Psychia-
try, 16, 125–132.

Diamond, A., Ciaramitaro, V., Donner, E., Djali, S., &
Robinson, M. B. (1994). An animal model of early-treated
PKU. The Journal of Neuroscience, 14, 3072–3082.

Diamond, A., Prevor, M., Callender, G., & Druin, D. P. (1997).
Prefrontal cortex cognitive deficits in children treated early
and continuously for PKU. Monographs of the Society for
Research in Child Development, 62(252), 1–207.

Diatchenko, L., Slade, G. D., Nackley, A. G., Bhalang, K.,
Sigurdsson, A., Belfer, I., et al. (2005). Genetic basis for
individual variations in pain perception and development
of a chronic pain condition. Human Molecular Genetics,
14, 135–143.

DiLella, A. G., Marvit, J., Lidsky, A. S., Güttler, F., &
Woo, S. L. C. (1986). Tight linkage between a splicing muta-
tion and a specific DNA haplotype in phenylketonuria.
Nature, 322, 799–803.

Dresel, S., Krause, J., Krause, K. H., Lafougere, C.,
Brinkbaumer, K., Kung, H. F., et al. (2000). Attention defi-
cit hyperactivity disorder: Binding of [99mTc]TRODAT-1
to the dopamine transporter before and after methylpheni-
date treatment. European Journal of Nuclear Medicine, 27,
1518–1524.

Duncan, J. (1995). Attention, intelligence, and the frontal
lobes. In M. S. Gazzaniga (Ed.), The cognitive neurosciences.
Cambridge: MIT Press.

Duncan, J., Parr, A., Woolgar, A., Thompson, R., Bright, P.,
Cox, S., et al. (2008). Goal neglect and Spearman’s g:
Competing parts of a complex task. Journal of Experimental
Psychology: General, 137, 131–148.

Durston, S., Fossella, J. A., Casey, B. J., Hulshoff Pol, H. E.,
Galvan, A., Schnack, H. G., et al. (2005). Differential effects
of DRD4 and DAT1 genotype on fronto-striatal gray matter
volumes in a sample of subjects with attention deficit hyper-
activity disorder, their unaffected siblings, and controls.
Molecular Psychiatry, 10, 678–685.

Egan, M. F., Goldberg, T. E., Kolachana, B. S., Callicott, J. H.,
Mazzanti, C. M., Straub, R. E., et al. (2001). Effect of
COMT Val108/158 Met genotype on frontal lobe function
and risk for schizophrenia. Proceedings of the National
Academy of Sciences of the United States of America, 98,
6917–6922.

Evans, J. W., Fossella, J., Hampson, E., Kirschbaum, C., &
Diamond, A. (2009). Gender differences in the cognitive
functions sensitive to the level of dopamine in prefrontal
cortex. Association for Psychological Science annual
meeting, San Francisco, CA.

Filipek, P. A., Semrud-Clikeman, M., Steingard, R. J. U.,
Renshaw, P. F., Kennedy, D. N., & Biederman, J. (1997).
Volumetric MRI analysis comparing subjects having atten-
tion-deficit hyperactivity disorder with normal controls.
Neurology, 48, 589–601.

Gasparini, M., Fabrizio, E., Bonifati, V., & Meco, G. (1997).
Cognitive improvement during Tolcapone treatment in
Parkinson’s disease. Journal of Neural Transmission, 104,
887–894.

Gatterer, G. (1990). Alters-Konzentrations-Test (Akt).
Goettingen: Hogrefe.

Gibbs, S. E., & D’esposito, M. (2005). Individual capacity
differences predictworkingmemory performance andprefron-
tal activity following dopamine receptor stimulation.Cognitive,
Affective and Behavioral Neuroscience, 5, 212–221.

Gill, M., Daly, G., Heron, S., Hawl, Z., & Fitzgerald, M.
(1997). Confirmation of association between attention defi-
cit hyperactivity disorder and a dopamine transporter poly-
morphism. Molecular Psychiatry, 2, 311–313.

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M.,
Greenstein, D., Vaituzis, C., et al. (2004). Dynamic mapping
of human cortical development during childhood through
early adulthood. Proceedings of the National Academy of
Sciences of the United States of America, 101, 8174–8179.

Green, D. W. (1998). Mental control of the bilingual lexico-
semantic system. Bilingualism: Language and Cognition, 1,
67–81.

Hermans, D., Bongaerts, T., De Bot, K., & Schreuder, R.
(1998). Producing words in a foreign language: Can
speakers prevent interference from their first language?
Bilingualism: Language and Cognition, 1, 213–229.

Hillman, C. H., Buck, S. M., Themanson, J. R.,
Pontifex, M. B., & Castelli, D. M. (2009). Aerobic fitness
and cognitive development: Event-related brain potential
and task performance indices of executive control in pread-
olescent children. Developmental Psychology, 45, 114–129.

335



Hillman, C. H., Castelli, D. M., & Buck, S. M. (2005). Aerobic
fitness and neurocognitive function in healthy preadolescent
children. Medicine and Science in Sports and Exercise, 37,
1967–1974.

Hillman, C. H., Erickson, K. I., & Kramer, A. F. (2008). Be
smart, exercise your heart: Exercise effects on brain and
cognition. Nature Reviews. Neuroscience, 9(1), 58–65.

Ho, P. W., Garner, C. E., Ho, J. W., Leung, K. C., Chu, A. C.,
Kwok, K. H., et al. (2008). Estrogenic phenol and catechol
metabolites of PCBs modulate catechol-O-methyltransferase
expression via the estrogen receptor: Potenial contribution to
cancer risk. Current Drug Metabolism, 9, 304–309.

Hollar, D., Messiah, S. E., Lopez-Mitnik, G., Hollar, T. L.,
Almon, M., & Agatston, A. S. (2010). Effect of two-year
obesity prevention intervention on percentile changes in
body mass index and academic performance in low-income
elementary school children. American Journal of Public
Health, 100, 646–653.

Holtzman, N. A., Kronmal, R. A., Van Doornink, W.,
Azen, C., & Koch, R. (1986). Effect of age at loss of dietary
control on intellectual performance and behavior of children
with phenylketonuria. The New England Journal of Medi-
cine, 314, 593–598.

Hsia, D. Y. (1967). Phenylketonuria. Developmental medicine
and child neurology, 9, 531–540.

Huizinga, M., Dolan, C. V., & Van Der Molen, M. W. (2006).
Age-related change in executive function: Developmental
trends and a latent variable analysis. Neuropsychologia, 44,
2017–2036.

Hynd, G. W., Hern, K. L., Novey, E. S., Eliopulos, D.,
Marshall, R., Gonzalez, J. J., et al. (1993). Attention defi-
cit-hyperactivity disorder and asymmetry of the caudate
nucleus. Journal of Child Neurology, 8, 339–347.

Ishimatsu, M., Kidani, Y., Tsuda, A., & Akasu, T. (2002).
Effects of methylphenidate on the membrane potential and
current in neurons of the rat locus coeruleus. Journal of
Neurophysiology, 87, 1206–1212.

Jaeggi, S. M., Buschkuehl, M., Jonides, J., & Perrig, W. J.
(2008). Improving fluid intelligence with training on working
memory. Proceedings of the National Academy of Sciences
of the United States of America, 105, 6829–6833.

Jiang, H., Xie, T., Ransden, D. B., & S. L., Ho (2003). Human
catechol-o-methytransferase down-regulation by estradiol.
Neuropharmacology, 45, 1011–1018.

Johnson, K. A., Kelly, S. P., Robertson, I. H., Barry, E.,
Mulligan, A., Daly, M., et al. (2008). Absence of the 7-
repeat variant of the DRD4 VNTR is associated with
drifting sustained attention in children with ADHD but not
in controls. American Journal of Medical Genetics: Neuro-
psychiatric Genetics, 147B, 927–937.

Jucaite, A., Fernell, E., Halldin, C., Forssberg, H., & Farde, L.
(2005). Reduced midbrain dopamine transporter binding in
male adolescents with attention-deficit/hyperactivity

disorder: Association between striatal dopamine markers
and motor hyperactivity. Biological Psychiatry, 57, 229–238.

Karoum, F., Chrapusta, S. J., & Egan, M. F. (1994). 3-
Methoxytryramine is the major metabolite of released dopa-
mine in the rat frontal cortex: Reassessment of the effects of
antipsychotics on the dynamics of dopamine release and
metabolism in the frontal cortex, nucleus accumbens, and
striatum by a simple two pool model. Journal of Neurochem-
istry, 63, 972–979.

Kattenstroth, J. C., Kolankowska, I., Kalisch, T., &
Dinse, H. R. (2010). Superior sensory, motor, and cognitive
performance in elderly individuals with multi-year dancing
activities. Frontiers in Aging Neuroscience, 2, 1–9.

Klein, D., Zatorre, R., Milner, B., Meyer, E., & Evans, A.
(1995). The neural substrates of bilingual language
processing: Evidence form positron emission tomography.
In M. Paradis (Ed.), Aspects of Bilingual Aphasia, Per-
gamon, Oxford.

Koch, R., Azen, C., Friedman, E. G., & Williamson, E. L.
(1982). Preliminary report on the effects of diet discontinua-
tion in PKU. Pediatrics, 100, 870–875.

Koch, R., Moats, R., Güttler, F., Guldberg, P., & Nelson, M.
(2000). Blood-brain phenylalanine relationships in persons
with phenylketonuria. Pediatrics, 106, 1093–1096.

Kovács, A. M., & Mehler, J. (2009a). Cognitive gains in
7-month-old bilingual infants. Proceedings of the National
Academy of Sciences of the United States of America, 106,
6556–6560.

Kovács, A. M., & Mehler, J. (2009b). Flexible learning of mul-
tiple speech structures in bilingual infants. Science, 325,
611–612.

Kramer, U. M., Rojo, N., Schule, R., Cunillera, T., Schols, L.,
Marco-Pallares, J., et al. (2009). ADHD candidate gene
(DRD4 exon III) affects inhibitory control in a healthy sam-
ple. BMC Neuroscience, 10, 150.

Krause, W. L., Helminski, M., Mcdonald, L., Dembure, P.,
Salvo, R., Freides, D., et al. (1985). Biochemical and neuro-
psychological effects of elevated plasma phenylalanine in
patients with treated phenylketonuria, a model for the
study of phenylalanine in brain function in man. Journal of
Clinical Investigation, 75, 40–48.

Lachman, H. M., Papolos, D. F., Saito, T., Yu, Y. M.,
Szumlanski, C. L., & Weinshilboum, R. M. (1996).
Human catechol-O-methyltransferase pharmacogenetics:
Description of a functional polymorphism and its potential
application to neuropsychiatric disorders. Pharmacogenetics,
6, 243–250.

Lakes, K. D., & Hoyt, W. T. (2004). Promoting self-regulation
through school-based martial arts training. Journal of
Applied Developmental Psychology, 25, 283–302.

Lam, L. C., Chau, R. C., Wong, B. M., Fung, A. W.,
Lui, V. W., Tam, C. C., et al. (2010). Interim follow-up of
a randomized controlled trial comparing Chinese style mind

336



body (Tai Chi) and stretching exercises on cognitive
function in subjects at risk of progressive cognitive decline.
International Journal of Geriatric Psychiatry. DOI: 10.1002/
gps.2602.

Lasky-Su, J., Lange, C., Biederman, J., Tsuang, M.,
Doyle, A. E., Smoller, J. W., et al. (2008). Family-based
association analysis of a statistically derived quantitative traits
for ADHD reveal an association in DRD4 with inattentive
symptoms in ADHD individuals. American journal of medi-
cal genetics: Neuropsychiatric Genetics, 147B, 100–106.

Lehto, J. E., Juujärvi, P., Kooistra, L., & Pulkkinen, L. (2003).
Dimensions of executive functioning: Evidence from children.
British Journal of Developmental Psychology, 21, 59–80.

Lewis, D. A., Melchitzky, D. S., Sesack, S. R.,
Whitehead, R. W., Aug, S., & Sampson, A. (2001). Dopa-
mine transporter immunoreactivity in monkey cerebral
cortex: Regional, laminar, and ultrastructural localization.
The Journal of Comparative Neurology, 432, 119–136.

Lidow, M. S., Koh, P. O., & Arnsten, A. F. T. (2003). D1
dopamine receptors in the mouse prefrontal cortex: Immu-
nocytochemical and cognitive neuropharmacological ana-
lyses. Synapse, 47, 101–108.

Lidsky, A. S., Law, M. L., Morse, H. G., Kao, F. T., &
Woo, S. L. C. (1985). Regional mapping of the human phe-
nylalanine hydroxylase gene and the PKU locus on chromo-
some 12. Proceedings of the National Academy of Sciences of
the United States of America, 82, 6221–6225.

Lotta, T., Vidgren, J., Tilgmann, C., Ulmanen, I., Melen, K.,
Julkunen, I., et al. (1995). Kinetics of human soluble and
membrane-bound catechol O-methyltransferase: A revised
mechanism and description of the thermolabile variant of
the enzyme. Biochemistry, 34, 4204–4210.

Luciana, M., Sullivan, J., & Nelson, C. (2001). Associations
between phenylalanine-to-tyrosine ratios and performance
on tests of neuropsychological function in adolescents
treated early and continuously for phenylketonuria. Child
Development, 72, 1637–1652.

Malhotra, A. K., Kestler, L. J., Mazzanti, C., Bates, J. A.,
Goldberg, T., & Goldman, D. (2002). A functional polymor-
phism in the COMT gene and performance on a test of
prefrontal cognition. The American Journal of Psychiatry,
159, 652–654.

Martin-Rhee, M. M., & Bialystok, E. (2008). The development
of two types of inhibitory control inmonolingual and bilingual
children. Bilingualism: Language and Cognition, 11, 81–93.

Mattay, V. S., Goldberg, T. E., Fera, F., Hariri, A. R.,
Tessitore, A., Egan, M. F., et al. (2003). Catechol
O-methyltransferase val158-met genotype and individual
variation in the brain response to amphetamine.
Proceedings of the National Academy of Sciences of the
United States of America, 100, 6186–6191.

Matthews, M. M., & Williams, H. G. (2008). Can Tai Chi
enhance cognitive vitality? A preliminary study of cognitive

executive control in older adults after a Tai Chi interven-
tion. Journal of the South Carolina Medical Association,
104, 255–257.

Meador-Woodruff, J. H., Damask, S. P., Wang, J.,
Haroutunian, V., Davis, K. L., & Watson, S. J. (1996).
Dopamine receptor mRNA expression in human striatum
and neocortex. Neuropsychopharmacology, 15, 17–29.

Milich, R., Balentine, A. C., & Lynam, D. R. (2001). ADHD
combined type and ADHD predominantly inattentive type
are distinct and unrelated disorders. Clinical Psychology:
Science and Practice, 8, 463–488.

Miller, L., Braun, L. D., Pardridge, W. M., &
Oldendorf, W. H. (1985). Kinetic constants for blood-brain,
barrier amino acid transport in conscious rats. Journal of
Neurochemistry, 45, 1427–1432.

Miyake, A., Freidman, N. P., Emerson, M. J., Witzki, A. H.,
Howerter, A., & Wager, T. D. (2000). The unity and diver-
sity of executive functions and their contributions to com-
plex “frontal lobe” tasks: A latent variable analysis.
Cognitive Psychology, 41, 49–100.

Moller, H. E., Ullrich, K., & Weglage, J. (2000). In vivo proton
magnetic resonance spectroscopy in phenylketonuria. Euro-
pean Journal of Pediatrics, 159, S121–S125.

Moller, H. E., Weglage, J., Wiedermann, D., & Ullrich, K.
(1998). Blood-brain barrier phenylalanine transport and
individual vulnerability in phenylketonuria. Journal of
Cerebral Blood Flow and Metabolism, 18, 1184–1191.

Nagin, D., & Tremblay, R. E. (1999). Trajectories of boys’
physical aggression, opposition, and hyperactivity on the
path to physically violent and nonviolent juvenile delin-
quency. Child Development, 70(5), 1181–1196.

Napolitano, A., Cesura, A. M., & Da Prada, M. (1995).
The role of monoamine oxidase and catechol
O-methyltransferase in dopaminergic neurotransmission.
Journal of Neural Transmission, 45, 35–45.

Oldendorf, W. H. (1973). Stereospecificity of blood brain bar-
rier permeability to amino acids. The American Journal of
Physiology, 224, 967–969.

O’Shaughnessy, T., Lane, K. L., Gresham, F. M., & Beebe-
Frankenberger, M. (2003). Children placed at risk for
learning and behavioral difficulties: Implementing a school-
wide system of early identification and prevention. Remedial
and Special Education, 24, 27–35.

Palmatier, M. A., Kang, A. M., & Kidd, K. K. (1999). Global
variation in the frequencies of functionally different cate-
chol-O-methyltransferase alleles. Biological Psychiatry, 15,
557–567.

Paradis, M. (1997). The cognitive neuropsychology of bilin-
gualism. Tutorials in bilingualism: Psycholinguistic
Perspectives, 331–354.

Pardridge, W. (1977). Regulation of amino acid availability
to the brain. In R. J. Wurtman & J. J. Wurtman (Eds.),
Nutrition and the brain. New York: Raven Press.

337



Pardridge, W. M., & Oldendorf, W. H. (1977). Transport
of metabolic substrates through the blood-brain barrier.
Journal of Neurochemistry, 28, 5–12.

Perani, D., Paulesu, E., Galles, N., Dupoux, E., Dehaene, S.,
Bettinardi, V., et al. (1998). The bilingual brain: Proficiency
and age of acquisition of the second language. Brain, 121,
1841–1852i.

Pradhan, B., & Nagendra, H. (2010). Immediate effect of two
yoga-based relaxation techniques on attention in children.
International Journal of Yoga, 3, 67–69.

Reinhard, J. F., Bannon, M. J. Jr., & Roth, R. H. (1982). Accel-
eration by stress of dopamine synthesis and metabolism in
prefrontal cortex: Antagonism by diazepam. Nauyn-
Schmiedeberg’s Archives of Pharmacology, 318, 374–377.

Roth, R. H., Tam, S. Y., Ida, Y., Yang, J. X., & Deutch, A. Y.
(1988). Stress and the mesocorticolimbic dopamine systems.
Annals of the New York Academy of Sciences, 537, 138–147.

Rowe, D. C., Stever, C., Giedinghagen, L. N., Gard, J. M.,
Cleveland, H. H., Terris, S. T., et al. (1998). Dopamine
DRD4 receptor polymorphism and attention deficit hyper-
activity disorder. Molecular Psychiatry, 3, 419–426.

Schmidt, E., Rupp, A., Burgard, P., Pietz, J., Weglage, J., &
De Sonneville, L. (1994). Sustained attention in adult phe-
nylketonuria: The influence of the concurrent phenylala-
nine-blood-level. Journal of clinical and experimental
neuropsychology, 16, 681–688.

Schrimsher, G. W., Billingsley, R. L., Jackson, E. F., &
Moore, B. D. (2002). Caudate nucleus volume asymmetry
predicts attention-deficit hyperactivity disorder (ADHD)
symptomatology in children. Journal of Child Neurology,
17(12), 877–884.

Seeman, P., & Madras, B. K. (1998). Anti-hyperactivity medi-
cation: Methylphenidate and amphetamine. Molecular Psy-
chiatry, 3, 386–396.

Sesack, S. R., Hawrylak, V. A., Matus, C., Guido, M. A., &
Levey, A. I. (1998). Dopamine axon varicosities in the pre-
limbic division of the rat prefrontal cortex exhibit sparse
immunoreactivity for the dopamine transporter. The Journal
of Neuroscience, 18, 2697–2708.

Shansky, R. M., Glavis-Bloom, C., Lerman, D., Mcrae, P.,
Benson, C., Miller, K., et al. (2004). Estrogen mediates sex
differences in stress-induced prefrontal cortex dysfunction.
Molecular Psychiatry, 9, 531–538.

Shenker, A. (1992). The mechanism of action of drugs used to
treat attention-deficit hyperactivity disorder: Focus on cate-
cholamine receptor pharmacology. Advances in Pediatrics,
39, 337–382.

Shephard, R. J., Lavalee, H., Volle, M., & La Barre, R. (1994).
Academic skills and required physical education: The Trois
Rivieres experience. Canadian Association for Health, Physi-
cal Education, and Recreation Research Supplements, 1, 1–12.

Shook, D., Brady, C., Lee, P. S., Kenealy, L., Murphy, E. R.,
Gaillard, W. D., et al. (2011). Effect of dopamine

transporter genotype on caudate volume in childhood
ADHD and controls. American journal of medical genetics.
Neuropsychiatric Genetics.

Shors, T. J. (2001). Acute stress rapidly and persistently
enhances memory formation in the male rat. Neurobiology
of Learning and Memory, 75, 10–29.

Shors, T. J., & Leuner, B. (2003). Estrogen-mediated effects
on depression and memory formation in females. Journal
of Affective Disorders, 74, 85–96.

Shors, T. J., & Miesegaes, G. (2002). Testosterone in utero and
at birth dictates how stressful experience will affect learning
in adulthood. Proceedings of the National Academy of
Sciences of the United States of America, 99, 13955–13960.

Sibley, B. A., & Etnier, J. L. (2003). The relationship between
physical activity and cognition in children: A meta-analysis.
Pediatric Exercise Science, 15, 246–256.

Smirnova, E. O. (1998). Razvitie voli i proizvol’nosti v rannem
i doshkol’nom vozraste. Development of will and intentional-
ity in toddlers and preschool-aged children. Moscow: Modek.

Smirnova, E. O., & Gudareva, O. V. (2004). Igra i proizvol’nost’
u sovremennyh doshkol’nikov [Play and intentionality in
today’s preschoolers]. Voprosy psikhologii, 1, 91–103.

Smith, M. L., Klim, P., & Hanley, W. B. (2000). Executive
function in school-aged children with phenylketonuria.
Journal of Developmental and Physical Disabilities, 12,
317–332.

Soliva, J. C., Fauquet, J., Bielsa, A., Rovira, M., Carmona, S.,
Ramos-Quiroga, J. A., et al. (2010). Quantitative MR
analysis of caudate abnormalities in pediatric ADHD: Pro-
posal for a diagnostic test. Psychiatry Research, 182(3),
238–243.

Stemerdink, B. A., Van Der Meere, J. J., Van Der
Molen, M. W., Kalverboer, A. F., Hendrikx, M. M. T.,
Huisman, J., et al. (1995). Information processing in patients
with early and continuously-treated phenylketonuria. Euro-
pean Journal of Pediatrics, 154, 739–746.

Swanson, J. M., Flodman, P., Kennedy, J., Spence, M. A.,
Moyzis, R., Schuck, S., et al. (2000). Dopamine genes and
ADHD. Neuroscience and Biobehavioral Reviews, 24(1),
21–25.

Tam, S. Y., Elsworth, J. D., Bradberry, C. W., & Roth, R. H.
(1990). Mesocortical dopamine neurons: High basal firing
frequency predicts tyrosine dependence of dopamine syn-
thesis. Journal of Neural Transmission, 81, 97–110.

Taylor-Piliae, R. E., Newell, K. A., Cherin, R., Lee, M. J.,
King, A. C., & Haskell, W. L. (2010). Effects of Tai Chi
and Western exercise on physical and cognitive functioning
in healthy community-dwelling older adults. Journal of
Aging and Physical Activity, 18, 261–279.

Teicher, M. H., Ito, Y., Glod, C. A., & Barber, N. I. (1996).
Objective measurement of hyperactivity and attentional
problems in ADHD. Journal of the American Academy of
Child and Adolescent Psychiatry, 35, 334–342.

338



Tenhunen, J., Salminen, M., Lundstrom, K., Kiviluoto, T.,
Savolainen, R., & Ulmanen, I. (1994). Genomic organiza-
tion of the human catechol O-methyltransferase gene and
its expression from two distinct promotors. European Jour-
nal of Biochemistry, 223, 1049–1059.

Thierry, A. M., Tassin, J. P., Blanc, G., & Glowinski, J. (1976).
Selective activation of the mesocortical DA system by stress.
Nature, 263, 242–244.

Thierry, A. M., Tassin, J. P., Blanc, G., Stinus, L., Scatton, B.,
& Glowinski, J. (1977). Discovery of the mesocortical
dopaminergic system:Some pharmacological and functional
characteristics. Advances in biomedical psychopharmacology,
16, 5–12.

Tourian, A. Y., & Sidbury, J. B. (1978). Phenylketonuria. In
J. D. Stanbury, J. B. Wyngaarden & D. Fredrickson
(Eds.), The metabolic basis of inherited disease. New York:
McGraw Hill.

Vaidya, C. J., Austin, G., Kirkorian, G., Ridlehuber, H. W.,
Desmond, J. E., Glover, G. H., et al. (1998). Selective effects
of methylphenidate in attention deficit hyperactivity disor-
der: A functional magnetic resonance study. Proceedings of
the National Academy of Sciences of the United States of
America, 95, 14494–14499.

Verghese, J., Lipton, R. B., Katz, M. J., Hall, C. B.,
Derby, C. A., Kuslansky, G., et al. (2003). Leisure activities
and the risk of dementia in the elderly. The New England
Journal of Medicine, 348, 2508–2516.

Vijayraghavan, S., Wang, M., Birnbaum, S. G., Williams, G. V.,
& Arsten, A. F. T. (2007). Inverted-U dopamine D1 receptor
actions on prefrontal neurons engaged in working memory.
Nature Neuroscience, 10, 376–384.

Volkow, N. D., Fowler, J. S., Wang, G. J., Ding, Y., &
Gatley, S. J. (2002). Mechanism of action of methylpheni-
date: Insights from PET imaging studies. Journal of Atten-
tion Disorders, 6, S31–S43.

Volkow, N. D., Wang, G. J., Fowler, J. S., & Ding, Y. (2005).
Imaging the effects of methylphenidate on brain dopamine:
New model on its therapeutic actions for attention-deficit/
hyperactivity disorder. Biological Psychiatry, 57, 1410–1415.

Volkow, N. D., Wang, G. J., Newcorn, J. H., Fowler, J. S.,
Telang, F., Solanto, M. V., et al. (2007). Brain dopamine
transporter levels in treatment and drug naive adults with
ADHD. Neuroimage, 34, 1182–1190.

Vygotsky, L. S. (1967). Play and its role in the mental develop-
ment of the child. Soviet Psychology, 7, 6–18.

Vygotsky, L. S. (1978). Mind in society: The development of
higher psychological processes. Cambridge, MA: Harvard
University Press.

Waldman, I. D., Rowe, D. C., Abramowitz, A., Kozel, S. T.,
Mohr, J. H., Sherman, S. L., et al. (1998). Association and
linkage of the dopamine transporter gene and attention-def-
icit hyperactivity disorder in children: Heterogeneity owing
to diagnostic subtype and severity. American Journal of
Human Genetics, 63, 1767–1776.

Weglage, J., Wiedermann, D., Denecke, J., Feldmann, R.,
Koch, H., Ulrich, K., et al. (2001). Individual blood-brain
barrier phenylalanine transport determines clinical outcome
in phenylketonuria. Annals of Neurology, 50, 1–5.

Weinshilboum, R. M., Otterness, D. M., & Szumlanski, C. L.
(1999). Methylation pharmacogenetics: Catechol O-
methyltransferase, thiopurine methyltransferase, and hista-
mine N-methyltransferase. Annual Review of Pharmacology
and Toxicology, 39, 19–52.

Weiss, M., Worling, D., & Wasdell, M. (2003). A chart review
study of the inattentive and combined types of ADHD.
Journal of Attention Disorders, 7, 1–9.

Welsh, M. C., Pennington, B. F., Ozonoff, S., Rouse, B., &
Mccabe, E. R. B. (1990). Neuropsychology of early-treated
phenylketonuria: Specific executive function deficits. Child
Development, 61, 1697–1713.

Winterer, G., Musso, F., Vucurevic, G., Stoeter, P.,
Konrad, A., Seker, B., et al. (2006). COMT genotype
predicts BOLD signal and noise characteristics in prefrontal
circuits. Neuroimage, 32, 1722–1732.

Woo, S. L. C., Lidsky, A. S., Güttler, F., Chandra, T., &
Robson, K. J. H. (1983). Cloned human phenylalanine
hydroxylase gene allows prenatal diagnosis and carrier
detection of classical phenylketonuria. Nature, 306, 151–155.

Wood, G. E., Beylin, A. V., & Shors, T. J. (2001). The contri-
bution of adrenal and reproductive hormones to the oppos-
ing effects of stress on trace conditioning in males versus
females. Behavioral Neuroscience, 115, 175–187.

Wood, G. E., & Shors, T. J. (1998). Stress facilitates classical
conditioning in males, but impairs classical conditioning in
females through activational effects of ovarian hormones.
Proceedings of the National Academy of Sciences of the
United States of America, 95, 4066–4071.

Xie, T., Ho, S. L., & Ramsden, D. (1999). Characterization
and implications of estrogenic down-regulation of human
catechol-o-methyltransferase gene transcription. Molecular
Pharmacology, 56, 31–38.

Yang, B., Chan, R. C., Jing, J., Li, T., Sham, P., & Chen, R. Y.
(2007). A meta-analysis of association studies between the
10-repeat allele of VNTR polymorphism in the 3’-UTR
dopamine transporter gene and attention deficit hyperactiv-
ity disorder. American journal of medical genetics: Neuro-
psychiatric genetics, 144, 541–550.

Zahrt, J., Taylor, J. R., Mathew, R. G., & Arnsten, A. F. T.
(1997). Supranormal stimulation of D1 dopamine receptors
in the rodent prefrontal cortex impairs spatial working
memory performance. The Journal of Neuroscience, 17,
8528–8535.

Zubieta, J. K., Heitzeg, M. M., Smith, Y. R., Bueller, J. A.,
Xu, K., Xu, Y., et al. (2003). COMT val158met genotype
affects mu-opioid neurotransmitter responses to a pain
stressor. Science, 299, 1240–1243.

339


	Front Cover
	Gene Expression to Neurobiology and Behavior: Human Brain Development and Developmental Disorders
	Copyright
	List of Contributors
	Preface
	The developing brain: From developmental biology to behavioral disorders and their remediation
	Visual processing
	Social perception
	Language
	Concluding remarks
	Acknowledgments

	Contents
	Section I: Overview of brain development
	Chapter 1: Brain development and the nature versus nurture debate
	Psychological models of inheritance
	Biological perspective on inheritance
	The brain as a model of biological development
	Five milestones in the development of the areal organization of neocortex
	Early intrinsic signaling and the development of the embryonic central nervous system
	Extrinsic signaling and the organization of neocortical areas
	The dynamics of brain development: Exuberance and constraints
	Nature v Nurture or Nature X Nurture
	Acknowledgments
	References

	Chapter 2: The dynamics of ontogeny: A neuroconstructivist perspective on genes, brains, cognition and behavior
	Introduction
	The biological (im)plausibility of modular assumptions
	Neuroconstructivism
	Developmental cognitive psychology
	Developmental fMRI
	Developmental cognitive genetics
	Concluding thoughts
	References


	Section II: Processes of brain development
	Chapter 3: Molecular bases of cortico-cerebral regionalization
	Pallial regionalization and cortical arealization: Generalities and methodologies of investigation
	Regionalization/arealization models: Protomap versus tabula rasa
	Molecular players of the canonical protomap model: Secreted ligands (SLs) and transcription factors (TFs)
	Patterning activity of SLs: Fgfs, Wnts, Bmps, Egf-like ligands
	Feedforward information flow: Control of TFs by patterning edges
	Patterning activities of TFs: Lhx2, Foxg1, Pax6, Couptf1, Emx2, Emx1, Sp8
	Functional complexity of the system
	Modulation of the cortical areal blueprint by CR cells
	Digitizing an analog pattern: How may it work?
	Concluding remarks
	References

	Chapter 4: Development and evolution: Two determinants of cortical connectivity
	Introduction
	The axonal phenotype in evolution and development
	The computational properties of axons
	Development and evolution of axon diameters
	Environmental control of differentiation
	Conclusions and perspectives
	Acknowledgments
	References

	Chapter 5: Postnatal brain development: Structural imaging of dynamic neurodevelopmental processes
	Introduction
	Changes in brain morphology during postnatal development
	Diffusion-weighted imaging of postnatal brain development
	Brain morphological correlates of behavioral differences in children
	Diffusion imaging correlates of behavioral differences in children
	Intrinsic and environmental factors linked to variability in neural architectural features
	Important remaining questions
	Acknowledgments
	References


	Section III: Application of new techniques for studying the typical and atypical developing brain
	Chapter 6: VERP and brain imaging for identifying levels of visual dorsal and ventral stream function in typical and preterm infants
	Introduction
	The visual processing hierarchy
	Visual event-related potentials
	Selectivity of visual cortical neurons
	Global cortical responses
	Multichannel ERPs
	VERPs as indicators of early atypical development
	"Dorsal-stream vulnerability"
	Conclusion
	Acknowledgments
	References

	Chapter 7: Neurodevelopment of the visual system in typically developing children
	Introduction
	General development of the nervous system and its implications for neuroimaging
	Development of the visual system during infancy (between 0 and 1 year)
	Development of the visual system during childhood
	Summary
	Acknowledgments
	References


	Section IV: Neurobiology of brain development and plasticity
	Chapter 8: Perinatal brain damage in children: Neuroplasticity, early intervention, and molecular mechanisms of recovery
	Introduction
	Perinatal brain damage and timing and mechanisms of the insult
	Early neuroplasticity: Differential mechanisms in various functional systems
	Taking advantage of early neuroplasticity: The concept of environmental enrichment
	Conclusions
	References

	Chapter 9: The impact of perinatal stress on the functional maturation of prefronto-cortical synaptic circuits: Implications...
	Introduction
	Sensitive time windows during brain development
	Adaptive structural brain plasticity
	Impact of perinatal stress on the development of prefronto-limbic synaptic circuits
	Relevance of perinatal stress for the pathophysiology of ADHD
	Can stress- and deprivation-induced synaptic changes be "reversed" or normalized?
	Acknowledgments
	References


	Section V: Typical and atypical development of the social brain
	Chapter 10: The processing of social stimuli in early infancy: From faces to biological motion perception
	Introduction
	Mechanisms to detect faces at birth
	Biological motion: Introduction
	Conclusion
	Acknowledgments
	References

	Chapter 11: Social and attention factors during infancy and the later emergence of autism characteristics
	Modeling interactions in the developing brain
	Infants at risk for autism as a model for studying developmental interactions
	Infant precursors for autism characteristics: An overview
	Infants at risk for autism: Implications for typical and atypical development
	Acknowledgments
	Appendix
	Procedure and data processing
	References

	Chapter 12: How special is social looking in ASD: A review
	Introduction
	Hypotheses related to face scanning alterations in ASD
	About this review
	The age of the subjects
	Mouth looking as a normative process linked to language development
	The nature of the stimuli
	Attending to social versus nonsocial objects and events
	Predicting social events
	General discussion
	Acknowledgments
	References


	Section VI: Language and its disorders
	Chapter 13: Developmental disorders of speech and language: From genes to brain structure and function
	Introduction
	The KE family: A genetic disorder affecting speech and language development
	Developmental stuttering: A specific neural system deficit
	Discussion: The role of the basal ganglia in speech disorders
	Acknowledgments
	References

	Chapter 14: Precursors to language in preterm infants: Speech perception abilities in the first year of life
	Introduction
	Speech perception abilities in early infancy
	Preterm birth as a risk factor for language development
	Data from a prospective experimental research: Overview
	Early native-language recognition and discrimination
	Early word-form segmentation: Monosyllabic words
	The link between early speech/language perception tasks and expressive vocabulary in the second year of life
	Conclusion
	Acknowledgments
	References


	Section VII: Genetic developmental disorders: neurocognitive effects
	Chapter 15: From genes to brain development to phenotypic behavior: "Dorsal-stream vulnerability" in relation to spatial...
	Introduction: Williams syndrome
	Brain mechanisms for vision, attention, and action
	Models of visual and linked visual attentional systems in infancy
	Development of early stages of the dorsal and ventral streams in typically developing infants
	Milestones for action systems in the dorsal streams in early childhood
	Tests of global motion and form coherence as "signatures" of dorsal- and ventral-stream function in young children
	"Dorsal-stream vulnerability": Comparative study of form and motion processing in WS and other disorders
	Dorsal-stream deficits seen in WS related to planning and generating actions
	Motor control and planning in everyday tasks
	Studies of attention in WS and other neurodevelopmental disorders
	Control processes in spatial and nonspatial tasks
	Component subsystems of attention: Typical development
	The Early Childhood Attention Battery
	Components of attention in WS and DS children
	Remembering and transforming spatial information
	Conclusions
	Acknowledgments
	References

	Chapter 16: Neurocognitive development of attention across genetic syndromes: Inspecting a disorder's dynamics through the lens of another
	Introduction
	Neurocognitive mechanisms of attention: Adult end states and their developmental origins
	Attention across syndromes: Dissociations and associations in neurocognitive profiles
	Adding the developmental dimension: Earlier trajectories of attentional processes
	Future directions: Understanding attention development through its constraints on learning
	Conclusions
	Acknowledgments
	References

	Chapter 17: Connectivity and the corpus callosum in autism spectrum conditions: Insights from comparison of autism and callosal agenesis
	Introduction
	Fractionating the "triad"
	Neuroanatomy and connectivity in ASD
	Agenesis of the corpus callosum
	Conclusions
	Acknowledgments
	References

	Chapter 18: Biological and social influences on cognitive control processes dependent on prefrontal cortex
	Introduction
	Special properties of the dopamine system serving Prefrontal Cortex
	Consequence of the relative dearth of DAT in PFC for understanding differences among subtypes of attention deficit hyperactivity disorder (ADHD)
	Consequence of the higher rate of dopamine turnover in PFC for understanding why dietary treatment for phenylketonuria (PKU),...
	Consequences of the relative dearth of DAT, and hence dependence on COMT, for PFC
	Environmental conditions and interventions that enhance the development of the cognitive control processes dependent on PFC
	Acknowledgments
	References


	Subject Index



