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Preface to Developmental Psychopathology,

Second Edition

It has been over a decade since the first two volumes of
Developmental Psychopathology were published. These
volumes were extremely well received: They have been
highly cited in the literature and they have served as a
valuable resource for researchers and practitioners alike.
The expansion of the second edition of Developmental
Psychopathology from two to three volumes speaks to the
continued growth of the field, as well as to the ascendance
of theory and research in the area of neuroscience in-
formed by a developmental perspective.

There can be no doubt that the discipline of develop-
mental psychopathology has grown significantly in a rela-
tively short period of time. The more than 30 years that
have elapsed since the initiation of the Schizophrenia
high-risk projects (Garmezy & Streitman, 1974) have
been marked by significant contributions to the field.
Noteworthy among these are the publication of Achen-
bach’s (1974) first text, Rutter and Garmezy’s (1983)
chapter in the Handbook of Child Psychology, and the con-
tinued growth of the journal Development and Psycho-
pathology, including the Millennium Special Issue
entitled Reflecting on the Past and Planning for the Future
of Developmental Psychopathology (Cicchetti & Sroufe,
2000). A not insignificant contributor to this rapid growth
can be found in the very definitional parameters of the
discipline. Theorists and researchers in the field of devel-
opmental psychopathology use a lifespan framework to
elucidate the many factors that can contribute to the de-
velopment of mental disorders in individuals at high risk,
as well as those operative in individuals who have already
manifested psychological disturbances or who have
averted such disorders despite their high risk status. In
essence, a developmental psychopathology perspective
provides a broad, integrative framework within which the
contributions of diverse disciplines can be incorporated
and enhanced (Cicchetti & Sroufe, 2000). Thus, rather
than having to develop new theories and methods, those

xi

working within a developmental psychopathology frame-
work can build on and extend previously established tradi-
tions. The ability to incorporate knowledge from diverse
disciplines and to encourage interdisciplinary research
will expedite growth within the field of developmental
psychopathology.

As with the previous edition, the current volumes were
not organized exclusively around thematic psychiatric dis-
orders. Rather, authors were encouraged to explore devel-
opmentally relevant theories, methods of assessment, and
domains of functioning. Although many chapters do ad-
dress specific psychiatric disorders, it is the processes that
contribute to the emergence of psychopathology that are
emphasized rather than the psychiatric disorders per se.

Volume 1, Theory and Method presents various ap-
proaches to understanding developmental influences on
risk and maladaptation. As previously, the volume begins
with an explication of the discipline of developmental
psychopathology. Within this chapter, a number of signifi-
cant advances within the field are noted, including the in-
creased attention to processes and mechanisms, the use of
multiple levels of analysis, the rise of developmental neuro-
science, and the evolution of translational research para-
digms. Chapters address a range of topics, including
approaches to diagnoses of disorders, developmental epi-
demiology, diverse theoretical perspectives, various con-
textual issues, and new frontiers in statistical techniques
for developmental phenomena. The volume concludes with
a chapter on prevention and intervention.

Volume 11, Developmental Neuroscience, was added to ac-
knowledge the significant growth in this area since the pub-
lication of the first edition of this Handbook. Given the
seminal historical role that neuroscience played in the
emergence of developmental psychopathology (Cicchetti,
1990; Cicchetti & Posner, 2005), it is only fitting that de-
velopmental neuroscience has both informed and been in-
formed by developmental psychopathology theorizing.
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Neural plasticity, brain imaging, behavioral and molecular
genetics, stress and neurobiology, immunology, and envi-
ronmental influences on brain development are covered in
this volume.

Volume II1, Risk, Disorder, and Adaptation presents var-
ious perspectives on contributors to disorder. For example,
chapters address the role of social support, family
processes, and early experience on adaptation and mal-
adaptation. Other chapters address specific disorders, in-
cluding mental retardation, language disorders, Autism,
disorders of attention, obsessive-compulsive disorders,
Tourette’s syndrome, social anxiety, Schizophrenia, anti-
social disorders, substance abuse, and dissociative disor-
ders. A number of chapters on resilience despite adversity
also are included. The volume concludes with a chapter on
stigma and mental illness.

All authors were asked to conclude their chapters with
discussions of future research directions and needs. Thus,
these volumes serve not only to highlight current knowl-
edge in the field of developmental psychopathology, but
also to suggest avenues to pursue for progress to continue.
In particular, it is increasingly important to incorporate
multiple-levels-of-analysis approaches when investigating
maladaptation, psychopathology, and resilience (Cicchetti
& Blender, 2004; Cicchetti & Dawson, 2002). The exami-
nation of multiple systems, domains, and ecological levels
in the same individuals over developmental time will yield
a more complete depiction of individual patterns of adapta-
tion and maladapation. Moreover, such methods are likely
to be extremely valuable in elucidating how interventions
may affect brain-behavior relations (see, e.g., Caspi et al.,
2002, 2003; Cicchetti & Posner, 2005; Fishbein, 2000;
Goldapple et al., 2004; Kandel, 1979, 1998, 1999). Such
endeavors could result in significant progress toward under-
standing psychopathology, highlighting efficacious inter-
ventions, and ultimately decreasing the burden of mental
illness (Cicchetti & Toth, in press).

I now turn to more personal considerations. Although
Donald Cohen is no longer with us, he worked closely with
me as we developed our plans for the second edition of De-
velopmental Psychopathology. Given our collaboration on
the first edition of the volumes and our discussions leading
up to the publication of these volumes, I thought it only fit-
ting that he be listed as my coauthor. I believe in my heart
that Donald would be pleased to have his name affiliated
with these volumes and when I shared this plan with his
wife, Phyllis, she gave her enthusiastic endorsement. How-
ever, I hasten to add that, unfortunately, Donald’s illness
and untimely death precluded his active involvement in ed-
iting the chapters in these volumes. Thus, despite our many

conversations as the plan for these volumes unfolded, I
alone am responsible for the final editing of all chapters.

In closing, I want to dedicate these volumes to my dear
friend, Marianne Gerschel. Marianne is a true visionary
and she has contributed significantly to my work in the
area of developmental psychopathology. Without her belief
in the value of this field, my efforts and accomplishments
would have been greatly compromised.

Finally, as I write this preface, I am ending a significant
era in my life. After more than two decades as the director
of Mt. Hope Family Center, I am leaving Rochester to ac-
cept a position at the Institute of Child Development, Uni-
versity of Minnesota. There I will be the director of
an interdisciplinary center that will emphasize a multiple-
levels-of-analysis approach to research and intervention in
developmental psychopathology.

This transition is difficult, as Mt. Hope Family Center
and my colleagues there have contributed greatly to the
growth and development of the field of developmental
psychopathology. It is reassuring to know that Mt. Hope
Family Center will continue to build upon a solid founda-
tion under the capable directorship of my long-time collab-
orator and friend, Sheree L. Toth. Although I welcome the
new opportunities and challenges that await me, I cannot
help being a bit sad to leave. My spirits are buoyed by the
knowledge that my work at Mt. Hope Family Center will
continue and by my excitement at returning to my roots at
the Institute of Child Development where I will have both
University and community support to use the field of devel-
opmental psychopathology to extend my vision for helping
disenfranchised individuals and families throughout the
nation and the world.

DANTE CiccHETTI, PHD
Rochester, NY
July 2005
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In recent years, the criticality of undertaking collabora-
tions between scientists from diverse disciplines has in-
creasingly been noted in the literature (Cicchetti &
Blender, 2004; Cicchetti & Dawson, 2002; Pellmar &
Eisenberg, 2000; Rodier, 2002). Two fields of inquiry that
epitomize the movement toward interdisciplinary ap-
proaches to the investigation of brain-behavior relations in
normality and psychopathology are neuroscience and devel-
opmental psychopathology (Cacioppo, Berntson, Sheridan,
& McClintock, 2000; Cicchetti & Cannon, 1999a, 1999b;
Cicchetti & Posner, 2005; Cicchetti & Tucker, 1994b; Cic-
chetti & Walker, 2001, 2003; Cowan & Kandel, 2001).
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Several authors (Albright, Jessell, Kandel, & Posner,
2000; Cowan, Harter, & Kandel, 2000; Kandel & Squire,
2000) have described the unprecedented growth and
achievements in the fields of neuroanatomy, neurochem-
istry, and neurophysiology that have taken place over the
past half century. Despite the successes of research in
these discrete areas, the present-day excitement engen-
dered by neurobiological research emanates from the inte-
gration of several previously independent disciplines into
one interdisciplinary intellectual framework known as neu-
roscience (Albright et al., 2000; Cowan et al., 2000; Kandel
& Squire, 2000).
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Cowan and colleagues (2000) reviewed the historical
roots, as well as the twentieth-century phases of growth, of
neuroscience. In the latter part of the nineteenth and the
early decades of the twentieth centuries, a number of land-
mark discoveries occurred, each of which made a signifi-
cant contribution to one or another of the long-established
disciplines of neuroanatomy or neurophysiology. However,
Cowan et al. (2000) note that none of these discoveries
transcended traditional disciplinary boundaries, the defin-
ing feature of the contemporary field of neuroscience.

Kandel and Squire (2000) concluded that the modern
cellular science of the nervous system was based on two
fundamental discoveries: the neuron doctrine and the ionic
hypothesis. Wilhelm His’s description of the axon as an
outgrowth from the immature nerve cell was an important
step toward the formulation of the neuron doctrine. Evi-
dence revealing that there was a discontinuity from neuron
to neuron emanated from four scientific areas—embryol-
ogy, histology, physiology, and pathological anatomy. The
demonstration by Spanish neuroscientist Ramon y Cajal
(1959) that nerve fibers have terminal structures that con-
tact with other nerve cells but do not fuse with them—that
they are contiguous rather than continuous—provided crit-
ical support for neuronal development. Ramon y Cajal es-
tablished the neuron doctrine after demonstrating that the
brain was composed of discrete cells called neurons that
were thought to serve as elementary signaling units. In
Ramon y Cajal’s time, investigations of neurogenesis were
conducted in the field of histology. In contemporary neuro-
science, the focus has been on the molecular and cellular
mechanisms involved in neuronal development. The ionic
hypothesis, proffered by Alan Hodgkin, Andrew Huxley,
and Bernard Katz in the late 1940s, explained the resting
and action potentials of nerve cells in terms of the move-
ment of specific ions, thereby enabling the nervous system
to be comprehended in terms of physiochemical principles
common to all of cell biology (Kandel & Squire, 2000).

The 1950s and 1960s witnessed the integration of neu-
roanatomy, neuropharmacology, neurochemistry, and be-
havioral science into neuroscience (Cowan et al., 2000). In
early 1978, the inaugural issue of the Annual Review of
Neuroscience was published, heralding the next phase of a
multidisciplinary approach to the nervous system: the
emergence of molecular neuroscience, the application of
recombinant DNA technology and molecular genetics to
neurobiological problems, and the unification, within a
common intellectual framework, of neuroscience with the
rest of the biological sciences (Ciaranello et al., 1995; Lan-
der & Weinberg, 2000).

The emergence of molecular neuroscience enabled the
field of neuroscience to surmount the intellectual barri-
cades that had separated the study of brain processes,
couched firmly in neuroanatomy and electrophysiology,
from the remainder of the biological sciences, based more
in biochemistry and cellular and molecular biology (Al-
berts et al., 1994; Cowan et al., 2000; Kandel & Squire,
2000). Kandel and Squire (2000) concluded that the mod-
ern molecular era of developmental neuroscience began in
1956 when Levi-Montalceni and Cohen isolated nerve
growth factor (NGF), the first peptide growth factor to be
discovered in the nervous system. The third phase in the
evolution of neuroscience as a discipline, cognitive neuro-
science, occurred during the 1980s and was marked by its
incorporation of the methods of cognitive psychology,
thereby bringing together the investigation of mental activ-
ity with the biology of the brain (see Gazzaniga, 2004;
Kandel & Squire, 2000; Nelson & Bloom, 1997; Posner &
DiGirolamo, 2000).

Similar to the historical growth witnessed in neuro-
science, Cicchetti (1990) described developmental
psychopathology as a new discipline that is the product of
an integration of various disciplines, including genetics,
embryology, neuroscience, epidemiology, psychoanalysis,
psychiatry, and psychology, the efforts of which had pre-
viously been separate and distinct. Multiple theoretical
perspectives and diverse research strategies and findings
have contributed to developmental psychopathology. In
fact, contributions to this field have come from virtually
every corner of the biological and social sciences (Cic-
chetti & Sroufe, 2000).

GOALS OF THIS CHAPTER

Because developmental psychopathology and neuroscience
share fundamental principles, the connection between neu-
roscience and developmental psychopathology can provide
a compelling framework to support the study of normal and
abnormal neurobiological development. In this chapter,
we examine neurobiological development in normal and
illustrative high-risk conditions and mental disorders.
Moreover, we review relevant findings on neural plasticity
and their potential contributions to the understanding of
psychopathology and adaptive functioning. Additionally,
we discuss the neurobiological correlates of, and contribu-
tors to, resilient adaptation. Finally, we conclude with a
discussion of future work that can advance knowledge and
inform prevention and intervention efforts in this area.
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PRINCIPLES OF DEVELOPMENTAL
NEUROSCIENCE AND
DEVELOPMENTAL PSYCHOPATHOLOGY

One of the central tenets of the discipline of develop-
mental psychopathology—that the study of normality and
pathology are mutually informative—also is embraced by
developmental neuroscientists (see, e.g., Cicchetti, 1990;
Goldman-Rakic, 1987; Johnson, 1998). Developmental psy-
chopathologists and developmental neuroscientists both
emphasize the importance of understanding normal devel-
opmental patterns so that we can begin to investigate the
ways in which deviant development may eventuate (Cic-
chetti & Posner, 2005). In addition, a firm knowledge base
of normative biological and psychological developmental
processes is essential to establish operational criteria for
resilient functioning in individuals who have experienced
significant adversity (Luthar, Cicchetti, & Becker, 2000).

Moreover, scientists in these two fields have long argued
that one can gain valuable information about an organism’s
normal functioning by studying its abnormal condition
(Cicchetti, 1984, 1990; Luria, 1980; Sroufe, 1990). Further-
more, developmental psycholopathologists and neuroscien-
tists both contend that the investigation of “experiments
of nature” can affirm, challenge, and augment existing etio-
logical theories of normal and abnormal developmental
processes (Cicchetti, 2003; O’Connor, 2003).

Nearly half a century ago, the embryologist Paul Weiss
enunciated a view that foreshadows present-day thinking
on the importance of examining the interrelation between
normal and abnormal development: “Pathology and devel-
opmental biology must be reintegrated so that our under-
standing of the ‘abnormal’ will become but an extension of
our insight into the ‘normal,” while . . . the study of the ‘ab-
normal’ will contribute to the deepening of that very in-
sight. Their common problems should provide foci for
common orientation, so that, as they advance in joint direc-
tions, their efforts may supplement and reinforce each
other to mutual benefit” (Weiss, 1961, p. 50).

Scientists within the field of neuroscience have a long
history of investigating pathological phenomena to eluci-
date the nature of normal developmental processes (see
Cicchetti, 1990, for an illustrative review). Some contem-
porary exemplars from neuroscience regarding how the
study of atypical conditions can enhance our understand-
ing of basic normal developmental processes include: the
investigation of human microcephaly to gain insight into
normal neurogenesis (Woods, 2004); the conduct of molec-
ular genetic studies of human brain malformations in order

to aid in the discovery of molecules that regulate central
nervous system neuronal migration (Ross & Walsh, 2001);
and neuropsychological investigations that demonstrate
distinctive developmental differences following early dam-
age to diverse areas of the prefrontal cortex and that sup-
port the critical role that the prefrontal cortex plays in the
ongoing maturation of socioemotional, cognitive, and
moral development (Diamond, Prevor, Callender, & Druin,
1997; Eslinger, Flaherty-Craig, & Benton, 2004).

THE BRAIN AS A DYNAMIC, SELF-
ORGANIZING DEVELOPMENTAL SYSTEM

In present-day neuroscience, information in the brain is
viewed as being represented and processed by distributed
groups of neurons that maintain a functional interconnec-
tion based on experiential demands rather than by a strictly
predetermined scheme (Black & Greenough, 1992; Courch-
esne, Chisum, & Townsend, 1994; Johnson, 1998). Because
levels of organization and processes are reciprocally inter-
active, it is difficult, if not impossible, to impute ultimate
causation to one level of organization over another (Cic-
chetti & Cannon, 1999a; Thelen & Smith, 1998).

It has become increasingly clear that the investigation
of developmental processes, typical and atypical, often ne-
cessitates the simultaneous examination of individuals
utilizing a multiple-levels-of-analysis approach (Cicchetti
& Blender, 2004; Cicchetti & Dawson, 2002; Cicchetti &
Toth, 1991; Gottlieb, Wahlsten, & Lickliter, 1998; Pellmar
& Eisenberg, 2000; Thelen & Smith, 1998). In keeping
with the historical tradition of prior systematizers in the
field (Engel, 1977; McHugh & Slavney, 1986), explana-
tory pluralism and methodological pluralism have been con-
sidered to be the most suitable approaches to comprehend
the nature of mental disorder (Cacioppo et al., 2000; Cic-
chetti & Dawson, 2002; Ghaemi, 2003; Kendler, 2005;
Richters, 1997). Neuroscientists increasingly have shifted
their emphasis from investigating molecules, membranes,
and single neurons and tracts to examining complex neural
systems (Edelman, 1987; Kandel, 1998; Thelen & Smith,
1998). In these more contemporary theoretical conceptu-
alizations of brain-behavior relations, the brain is viewed
as operating in a plastic and dynamic, self-organizing
fashion, and as being less constrained by predetermined
“localized” boundaries than previously thought (Cicchetti
& Tucker, 1994a; Finger, 1994).

The viewpoint that the nervous system is dynamic is not
exclusively a product of modern neuroscientific principles.
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For example, in The Brain of the Tiger Salamander, C. J.
Herrick (1948) restated the point that he had made in
several prior publications spanning from 1908 through
1933—namely, that in all phylogenetic investigations of
morphogenesis, it is important to keep in mind the conser-
vative factor of stable genetic organization and the more
labile influence of the functional requirements. Herrick
(1948) contended that any morphology that overlooked the
dynamic factors of tissue differentiation in terms of physi-
ological adaptiveness lacks something and is sterile.
Systems theory approaches have historical roots in the
investigations of a number of eminent developmental psy-
chobiologists whose work occurred in the 1930s through
the 1960s (see, e.g., Kuo, 1967; Lehrman, 1953; Schneirla,
1957). In contemporary developmental psychobiology, the
system viewpoint is represented most elegantly in the writ-
ings of Gilbert Gottlieb (1983, 1992; Gottlieb et al., 1998).

SELF-ORGANIZATION

One of the main principles of systems theory (von Berta-
lanffy, 1968) is that organisms exist in a state of disequi-
librium (i.e., dynamic stability) and participate in and seek
out stimulation, thereby playing an active role in the con-
struction of their own development. Thus, organisms are
capable of self-organization—a reorganization that alters a
system in an adaptive fashion when it is subjected to new
constraints.

Similarly, several historically prominent developmental
theorists maintain that disequilibrium enables individuals
to exhibit change and flexibility throughout ontogenesis (Pi-
aget, 1971; Werner, 1957). Such nonequilibrated systems
assume a number of special properties including the ability
to self-organize into patterns and nonlinearity or sensitivity
to initial conditions (Prigogine, 1978). Cicchetti and Tucker
(1994a) suggested that the concept of self-organization
might serve as one of the mechanisms whereby individuals
function in a resilient fashion despite experiencing great ad-
versity. Furthermore, Cicchetti and Tucker (1994a) conjec-
tured that self-organization might be a mediator of neural
plasticity throughout the life course.

In self-organizing brain development, some regions of
the brain serve to stabilize and organize information for
other areas, whereas other regions utilize experience to
fine-tune their anatomy for optimal function (Singer, 1995).
In this manner, individuals can use the interaction of ge-
netic constraints and environmental information to self-
organize their highly complex neural systems. Accordingly,
each individual may follow a potentially unique and partly
self-determined developmental pathway of brain building.

Fundamental mechanisms of self-regulation are pro-
vided by brainstem neuromodulatory projection systems
(Cicchetti & Tucker, 1994a). With widespread projections
to cortical and subcortical targets, the neuromodulator sys-
tems serve as focal control points for regulating neural ac-
tivity. By directing neural activity, it is expected that the
neuromodular systems of the developing brain direct the
activity-dependent pruning of the synaptic architecture.
Each neuromodular system appears to tune neural and be-
havioral activity in a specific way and this specificity of
effect may have direct implications for the control of neu-
ral plasticity.

THE DEVELOPING BRAIN

Wilhelm His was perhaps the preeminent contributor to re-
search on the histogenesis of the central and peripheral
nervous systems in the nineteenth century. His’s discover-
ies included finding that changes in the shape of cells were
involved in the folding of tissues, such as the neural plate.
His also discovered the neural crest and the origin of the
peripheral nervous system, and demonstrated that cranial
and spinal ganglia are formed by cells that migrate from
the neural crest (Jacobson, 1991). Moreover, His found that
nerve cells originate by mitosis of stem cells near the ven-
tricle of the neural tube rather than in the cerebral cortex
itself (Jacobson, 1991). Furthermore, the concept of cell
migration in the vertebrate central and peripheral nervous
systems was discovered by His, initially through his obser-
vations on the origins of the peripheral nervous system
from the neural crest and subsequently by his discovery
that neuroblasts migrate individually from the ventricular
germinal zone to the overlying mantle layer of the neural
tube (Jacobson, 1991).

In 1904, His published a monograph in which he summa-
rized more than 3 decades of his experimental work on the
development of the embryonic nervous system of humans.
In this monograph, he delineated the basic principles of
neurogenesis for vertebrates in general. His’s ideas provide
the framework for the vast majority of subsequent studies
of the nervous system (Sidman & Rakic, 1982). The virtual
identity of the neural plate and the neural tube in all verte-
brates provided suggestive evidence for the operation of
very similar mechanisms in central nervous system devel-
opment throughout phylogenesis.

In subsequent years, important contributions have been
made by a number of investigative teams that elucidated
the extraordinary diversity, organizational complexity,
and precision of connections between cells in the nervous
system of both vertebrates and invertebrates. Among these



most prominent historical contributions to the early under-
standing of neural development were those of Ramon y
Cajal in Madrid, Hochstetter in Vienna, and scientists at
the Moscow Brain Institute (1935-1965) and the Carnegie
Institute in Baltimore (1942-1962; see review in Sidman &
Rakic, 1982).

Cowan (1979) concluded that in the development of any
part of the brain, eight major stages can be identified: (1)
the induction of the neural plate; (2) the localized prolifer-
ation of cells in different regions; (3) the migration of cells
from the region in which they are generated to the places
where they ultimately reside; (4) the aggregation of cells to
form identifiable parts of the brain; (5) the differentiation
(expression) of the immature neurons; (6) the formation of
axonal pathways and synaptic connections with other neu-
rons and the onset of physiological function; (7) the selec-
tive death of certain cells; and (8) the elimination of some
of the connections that were initially formed and the stabi-
lization of others. As Steingard and Coyle (1998) noted,
these stages proceed in a stepwise fashion following a
genetically encoded plan that is influenced by environmen-
tal events. Specifically, within each of these phases there
are parallel processes of metabolic differentiation and mat-
uration. Genes that take their regulatory cues from the im-
mediate neurochemical (and experiential) environment
regulate the onset and offset of each stage.

Moreover, each stage of brain development is dependent
on the successful completion of the preceding stages. Al-
terations in these processes can eventuate in aberrant neu-
ral development, connectivity, or function (Rakic, 1996;
Steingard & Coyle, 1998). In general, early disruption
in the neurodevelopmental process is associated with a
greater and more diffuse pathology (Nelson, 2000a; Volpe,
1995), while later disruptions in this process are associated
with less severe pathology and more discrete neurological
lesions (Steingard & Coyle, 1998). For example, if neuronal
migration is disrupted, then abnormalities in cell position
result. When this occurs, the neurons are said to be ectopic
or heterotopic (Nowakowski, 1987). Likewise, delaying,
extending, shortening, or blocking either the progressive
(e.g., synaptogenesis and neuronal maturation) or regres-
sive (e.g., cell death and synaptic pruning) events in the
neurodevelopmental process exerts varying effects on
structure-function relations, genetic regulatory processes,
and on the emergence of later neurodevelopmental events
that are dependent on earlier events (Keshavan & Hogarty,
1999; Nowakowski, 1987; Nowakowski & Hayes, 1999;
Steingard & Coyle, 1998).

In 1939, Conel suggested that most cortical neurons in
the human cerebrum were generated prenatally. More so-
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phisticated marking of cells has enabled neuroscientists to
permanently date DNA cell replication and thereby provide
direct evidence and precise time of neuron data on the ori-
gin and termination of corticogenesis in primates (Johnson,
1997; Rakic, 1996, 2002a, 2002b). By utilizing the same
marking of DNA replication technique in humans, we now
know that humans develop their full complement of neu-
rons mainly during the 4th, 5th, and 6th prenatal months
(Rakic, 1981). The onset of corticogenesis in humans is ap-
proximately at 6 prenatal weeks (Rakic, 1996). Through a
more sophisticated autoradiographic analysis, Sidman and
Rakic (1982) confirmed His’s earlier discovery that all
neurons destined for the neocortex were produced in the
proliferative zone near the cerebral ventricle.

In the proliferative zone, precursor cells divide asyn-
chronously; their nuclei move from the ventricular surface
to synthesize DNA and then return to the surface to un-
dergo another mitotic cycle (Rakic, 1996). There are two
proliferative sites: (1) the ventricular zone, which con-
tributes to cell proliferation and division in phylogeneti-
cally older brain structures and (2) the subventricular zone,
which contributes to cell proliferation and division in more
recently evolved brain structures, such as the neocortex.
These two proliferative zones generate separate glial and
neuron cell lines and give rise to different forms of migra-
tion, the process whereby neuronal cell bodies are dis-
placed from their last cell division in the proliferative zone
to their final destination in the mature brain (Johnson,
1997; Rakic, 1988a, 1988b).

In 1874, His inferred the phenomenon of neuronal cell
migration by analyzing the fixed brains of human em-
bryos; however, sophisticated autoradiographic
techniques have led to the discovery of the underlying cel-
lular and molecular mechanisms of migration (Hatten,
1999; Price & Willshaw, 2000; Sidman & Rakic, 1982).
There are two types of cell migration: tangential and ra-
dial. In tangential migration, once cells are generated they
are passively displaced and pushed further away from the
proliferative zone by more recently born cells in a so-
called “outside-in” gradient. This tangential form of mi-
gration occurs at later developmental stages of the
prenatal brain and gives rise to brain structures, such as
the thalamus, dentate gyrus of the hippocampus, and
many regions of the brain stem. In contrast, in radial mi-
gration, the most recently born cell actively moves be-
yond previously generated cells to create an “inside-out”
gradient. This radial form of migration is visible during
early stages of prenatal brain development and is found in
the cerebral cortex and in some subcortical areas that have
a laminar (layered) structure.

more
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The area-specific features in the human adult neocortex
are not evident in the immature cortical plate; rather, they
emerge gradually over ontogenesis (Rakic, 1988b). The
cells of the neocortex are not committed to differentiate the
area-specific architectural and connectional features that
distinguish neocortical areas in the adult at the time the
neocortical plate is assembled during embryogenesis
(Nowakowski, 1987; Sidman & Rakic, 1982; Steingard &
Coyle, 1998). There are two primary models of cortical
area differentiation that have been put forward in the litera-
ture (Johnson, 1997). Rakic (1988a, 1988b) has proposed
the protomap hypothesis, a model whereby future cytoar-
chitectonic areas are thought to be genetically specified in
the neuroepithelium and recapitulated in the developing
cortical plate by a point-to-point migration along a radial
glial scaffolding. In this “radial unit hypothesis,” Rakic
(1988a, 1988b) contends that the neuroepithelium is geneti-
cally programmed to generate area-specific cohorts of cor-
tical plate neurons and that the relative positions and sizes
of areas of the cerebral cortex are prespecified. Rakic’s
protomap hypothesis applies the same mechanisms of devel-
opment to areas throughout the cerebral cortex (Johnson,
1997; O’Leary, 1989). Although the programmed emer-
gence of discrete, cytoarchitectonic areas requires an inter-
action with thalamocortical afferents, the capacity of
developing cortical plate neurons to differentiate features
normally associated with other areas is conceived as being
restricted by their commitment to specific area plates.

A contrasting viewpoint of cortical area differentiation,
the protocortex model, has been proposed by O’Leary
(1989; see also Johnson, 1997, 1998). The protocortex
model emphasizes the role of epigenetic influences and ap-
plies only to the development of neocortical areas. Accord-
ing to the protocortex model, the neocortical epithelium is
not genetically programmed to generate cortical plate cells
that are committed to a particular areal fate. Rather, it is
hypothesized that the neurons of the neocortical plate have
the potential to develop the range of features associated
with diverse neocortical areas. The differentiation of the
neurons into area-specific connections and architecture re-
quires inputs from thalamic (experiential) afferents to each
region (Johnson, 1997; O’Leary, 1989).

In sum, despite their differing emphases, both the pro-
tomap and protocortex models recognize contributions from
genetic and epigenetic mechanisms in the differentiation of
neocortical areas as well as a vital role for thalamocortical
afferents in this process. Original to the protocortex model
(O’Leary, 1989) is the fact that molecular differences are
thought to exist throughout the neocortex and contribute to
the process of areal differentiation. Numerous investiga-

tions suggest that afferent inputs, especially thalamocorti-
cal afferents, have a fundamental role in regulating the dif-
ferentiation of area-specific features (see Johnson, 1997).
Thus, from the viewpoint of the protocortex model, normal
cortical development is believed to enable a considerable
amount of cortical plasticity. Cortical regions are capable of
supporting a number of different types of representations
depending on the nature of their input (Johnson, 1999).

Rakic (1996) discussed that, in the neocortex of the rhe-
sus monkey, synaptogenesis and synapse elimination occur
simultaneously and at an equal rate in all cortical regions
(see also Goldman-Rakic, Bourgeois, & Rakic, 1997).
Conversely, because there are known regional differences
in neurobiological development, including timing of maxi-
mum brain growth, dendritic arborizations, and myelina-
tion of cortical afferents and efferents (Huttenlocher &
Dabholkar, 1997; Thompson & Nelson, 2001), it is not sur-
prising that concurrent synaptogenesis does not occur in
humans. The prefrontal cortex is the last region to develop
(Huttenlocher, 1994, 2002). Thus, competition between
and correlated activity within neural networks drives the
selective stabilization of some neural connections at the
expense of others and leads to the normal parcellation of
neural systems into specific structural and functional units
(Courchesne et al., 1994).

The normal brain develops from a network of few ele-
ments, infrequent interactions among elements, less stabil-
ity, and less structural and functional differentiation, to
one of additional elements, more intricate interactions
among elements, greater stability, and increased structural
and functional parcellation and specialization (see, e.g.,
J. W. Brown, 1994; Cicchetti & Tucker, 1994a; Courchesne
et al., 1994). In Chapter 3, this Handbook, this volume,
magnetic resonance imaging studies are reviewed to pres-
ent a picture of normal and abnormal brain structural de-
velopment over time.

EXPERIENCE AND BRAIN DEVELOPMENT

One outgrowth of systems theorizing has been a growing
acceptance of the viewpoint that neurobiological develop-
ment and experience are mutually influencing (Cicchetti &
Tucker, 1994a; Eisenberg, 1995; Kandel, 1998; Nelson &
Bloom, 1997). For example, it has been demonstrated that,
just as gene expression alters social behavior (Young, Nil-
son, Waymore, MacGregor, & Insel, 1999), so, too, do so-
cial experiences exert actions on the brain by feeding back
on it to modify gene expression and brain structure, func-
tion, and organization (Francis, Diorio, Liu, & Meaney,



1999; Kandel, 1998). Relatedly, changes in the brain may
directly exert effects on mental functioning. Conversely,
alterations in mental processing can causally affect brain
functioning (Bolton & Hill, 1996; Edelman, 2004).

The concept that experience can modify brain structure
can be traced back at least to the writings of Cajal (see
Cajal, 1913/1959), who, despite his belief that the connec-
tions that occurred between neurons unfolded according to
a definite plan (i.e., the principle of connection speci-
ficity), asserted that the strength and effectiveness of these
neuronal connections were not predetermined and that they
could be altered by experience (Kandel & Squire, 2000).
Likewise, D. O. Hebb (1949) believed that experience could
alter brain structure and function and made this viewpoint
a central feature of his neuropsychological theory (see Pos-
ner & Rothbart, 2004).

In current perspectives, experience is broadly construed
to include not only external social and psychological events
but also, for example, internal events, such as the effects of
psychopathology, trauma, abuse, or injury; the actions of
hormones; and the consequences of development and aging
(Boyce et al., 1998; Cicchetti & Walker, 2003). For exam-
ple, an investigation revealed that early life experiences
could affect neurogenesis in adulthood. Mirescu, Peters,
and Gould (2004) demonstrated that early adversity affects
the regulation of adult neurogenesis in the hippocampus.
Specifically, rats who experienced maternal deprivation
when they were pups did not display the normal decrease in
cell proliferatin and immature neuron production in the
dentate gyrus. This finding was observed despite the fact
that these rats had normal hypothalamic-pituitary-adrenal
(HPA) axis activation. These results provide suggestive ev-
idence that early adverse experience inhibits structural
plasticity via a hypersensitivity to glucocorticoids and im-
pairs the ability of the hippocampus to respond adaptively
to stress that occurs in adulthood. Research with humans
has similarly demonstrated that adverse early experiences
may lead to the development of abnormal brain structures
and functioning and sensitize developing neural networks
to stressful experiences (Gunnar, 2000). Work with Ro-
manian orphans and with children who have been abused or
neglected early in life also has revealed anomalies in their
brain structure and functioning (Cicchetti & Curtis, in
press; Cicchetti & Rogosch, 2001a, 2001b; DeBellis, 2001;
Gunnar, Morison, Chisholm, & Schuder, 2001; S. W. Parker
& Nelson, 2005b; Pollak, Cicchetti, Klorman, & Bru-
maghim, 1997). Furthermore, it has been shown that alter-
ations in gene expression induced by learning and by social
and psychological experiences produce changes in patterns
of neuronal and synaptic connections and, thus, in the func-

Experience and Brain Development 7

tion of nerve cells (Kandel, 1998, 1999; Post, Weiss, &
Leverich, 1994). Such neuronal and synaptic modifications
not only exert a prominent role in initiating and maintain-
ing the behavioral changes that are provoked by experience
but also contribute to the biological bases of individuality,
as well as to individuals being differentially affected by
similar experiences, regardless of their positive or nega-
tive/adverse valence (Cicchetti & Rogosch, 1996; Depue &
Collins, 1999; Kandel, 1998).

Mechanisms of Neural Plasticity

Although brain development is guided and controlled to
some extent by genetic information (Rakic, 1988a, 1998), a
not insignificant portion of brain structuration and neural
patterning is thought to occur through interaction of the
child with the environment (Greenough, Black, & Wallace,
1987; Nelson, 1999; O’Leary, 1989). As eloquently ex-
pressed by Torsten Weisel (1994): “genes controlling em-
bryonic development shape the structure of the infant brain;
the infant’s experience in the world fine tunes the pattern of
neuronal connections underlying the brain’s function. Such
fine-tuning . . . must surely continue through adulthood”
(p. 1647). Relatedly, Nelson (1999) asserted that the fine-
tuning of the biological and behavioral systems that occurs
beyond the early years of life is more subtle and protracted
than that which is manifested in infancy. Moreover, Nelson
(1999) stated that the “dramatic changes that occur in the
brain long after the child’s second or third birthday are in
large measure brought about by the experiences the child
has with his or her environment” (p. 237).

Recognizing that mechanisms of plasticity are integral
to the very anatomical structure of cortical tissue, and that
they cause the formation of the brain to be an extended
malleable process, neuroscientists and developmental
psychopathologists are presented with new avenues for un-
derstanding the vulnerability and protective aspects of the
brain as contributors to the genesis and epigenesis of
psychopathology and resilience (Cicchetti & Tucker,
1994a). Because the mechanisms of neural plasticity cause
the brain’s anatomical differentiation to be dependent on
stimulation from the environment, it is now clear that the
cytoarchitecture of the cerebral cortex also is shaped by
input from the social environment. Since the human cere-
bral cortex is only diffusely structured by a genetic plan,
and since the eventual differentiation of the cortex is
highly reactive to the individual’s active coping and
“meaning making” in a particular environment, it is very
likely that both abnormal and resilient outcomes following
the experience of significant adversity would encompass a
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diverse range of neural, synaptic, and associative networks
that are the physiological underpinnings of many possible
individual psychological organizations (cf. Cicchetti &
Tucker, 1994a; Curtis & Cicchetti, 2003). As Luu and
Tucker (1996) have articulated: “To understand neuropsy-
chological development is to confront the fact that the brain
is mutable, such that its structural organization reflects the
history of the organism. Moreover, this structure reflects
both what is most important to the organism and what the
organism is capable of at that particular time” (p. 297).
Cortical development and organization should no longer
be viewed as passive processes that solely depend upon
genetics and environmental input. Rather, corticogenesis
and organization should be conceived as processes of
self-organization guided by self-regulatory mechanisms
(Cicchetti & Tucker, 1994a).

Black, Jones, Nelson, and Greenough (1998) have de-
scribed brain development as a complex scaffolding of
three types of neural processes: gene driven, experience
expectant, and experience dependent. Black et al. (1998)
conceptualized gene-driven processes as being largely in-
sensitive to experience. Gene-driven processes serve to
guide the migration of neurons, to target many of their
synaptic connections, and to determine their differenti-
ated functions. To protect the development of the brain,
much of the basic organization of most nervous systems
is thought to be relatively impervious to experience. The
recalcitrance to environmental influences during embry-
onic development was termed canalization by Waddington
(1966). Black and colleagues (1998) note that this canal-
ization process can be either helpful (e.g., the mini-
mization of experiential effects on embryogenesis can
aid survival) or harmful (e.g., in cases of genetic diseases,
prenatal brain development proceeds along a maladap-
tive pathway that is largely resistant to any therapeutic
interventions).

Experience-expectant processes correspond roughly to
critical or “sensitive” periods and take place in early age-
locked sensory system development (Greenough & Black,
1992; Greenough et al., 1987). During experience-expec-
tant periods, the brain is primed to receive particular
classes of information from the environment. The brain
builds an overabundance of synapses that are then pruned
back by experience to a selectively retained subset (Hut-
tenlocher, 1990; Huttenlocher & Dabholkar, 1997). The
pruning of synapses appears to be initiated by competitive
interactions between neuronal connections such that inac-
tive neural connections are eliminated and synapses that
are most actively mediated by experience are selectively
maintained (Greenough et al., 1987). In human embryol-

ogy, the pruning process applies to neurons, whereas post-
natally it applies predominantly to synapses (Edelman,
1987). In the absence of behavioral and neural activity,
cells do not die and circuits do not become pruned in an
adaptive way that aids the organism in adapting to the de-
mands of its environment.

Experience-expectant neural plasticity is usually em-
bedded in a developmental program and requires appropri-
ate timing and quality of the information stored for brain
development to be normal. Abnormal experience or depri-
vation during experience-expectant development may exert
enduring deleterious effects on brain and behavioral epige-
nesis (Black et al., 1998). Experience-expectant neural
plasticity varies widely across brain systems, eventuating
in highly specialized alterations that occur as a function of
the timing and nature of the modified experience and the
brain systems involved (Bavelier & Neville, 2002). Varia-
tions in experience-expectant neural plasticity take place
as a function of a number of existing factors, including:
(1) differences in the temporal expression of receptors that
are necessary for synaptic plasticity; (2) differences in the
molecular factors that control the development of various
neural pathways; and (3) differences in the degrees of
exuberant or redundant early connectivity (Bavelier &
Neville, 2002).

In later development, synaptogenesis seems to be gen-
erated in response to events that provide information to be
encoded in the nervous system. This experience-depend-
ent synapse formation involves the brain’s adaptation to
information that is unique to the individual (Greenough &
Black, 1992; Greenough et al., 1987). Because all individ-
uals encounter distinctive environments, each brain is
modified in a singular fashion. Experience-dependent
synaptogenesis is localized to the brain regions involved
in processing information arising from the event experi-
enced by the individual. Unlike the case with experience-
expectant processes, experience-dependent processes do
not take place within a stringent temporal interval be-
cause the timing or nature of experience that the individ-
ual engages or chooses cannot be entirely and dependably
envisioned. An important central mechanism for experi-
ence-dependent development is the formation of new
neural connections in contrast to the overproduction
and pruning back of synapses often associated with expe-
rience-expectant processes (Greenough et al., 1987).
Because experience-dependent processes can occur
throughout the life span, social interactions, psychother-
apy, and pharmacotherapy have the capacity to exert a pal-
liative influence on brains that are afflicted with
disorders (Black et al., 1998; Cicchetti, 1996; Cicchetti &



Posner, 2005; Cicchetti & Sroufe, 2000; Cicchetti &
Walker, 2001; Goldapple et al., 2004; Mayberg, 2003).

Neural Plasticity: Historical Aspect

In the denouement to his treatise entitled Degeneration and
Regeneration of the Nervous System, Cajal declared: “Once
development is completed, the sources of growth and re-
generation are irrevocably lost. In the adult brain, nervous
pathways are fixed and immutable; everything may die,
nothing may be regenerated” (Cajal 1913/1959, p. 750).

After over a decade of innovative and meticulous re-
search in which he investigated whether the brain was ca-
pable of regeneration in animals with injuries to the spinal
cord, the cerebellum, or the cerebral cortex, Cajal pro-
claimed that “the vast majority of regenerative processes
described in man are ephemeral, abortive, and incapable of
completely and definitely repairing the damaged pathways”
(Cajal, 1913/1959, p. 750). Since Cajal’s early work, it has
been known that there is some axonal regeneration subse-
quent to spinal cord injury; however, in the experimental
conditions that Cajal designed, regeneration was limited
and, therefore, not believed to have any functional signifi-
cance (Stein & Dawson, 1980). Cajal’s assertions served as
the prevailing dogma for a large portion of the twentieth
century. The widespread belief put forward by neuroscien-
tists was that because no new neuron generation was
deemed possible, rewiring of existing connections, den-
dritic branching, and elimination of synaptic connections
were the only ways whereby neural plasticity could occur.

It was not until the 1970s that regenerative capacity was
demonstrated in the adult mammalian brain. Two types of
growth were found to occur in response to nerve injury
(Stein & Dawson, 1980). The first is regenerative sprouting,
a process whereby when the axons of cells are cut and
the distal portion begins to degenerate, the remaining
stump, including the cell body, begins to form growth
cones and regenerate new terminals. In the second, known
as collateral symmetry, a number of cells innervating a
given structure are destroyed and their terminals degener-
ate. However, the remaining intact cells begin to grow addi-
tional new terminals (sprouting) that innervate the target
area evacuated by the damaged neurons. As such, the de-
generated inputs are replaced by terminals arriving from
intact neurons.

In 1975, the eminent neuropsychologist Hans-Lucas
Teuber declared that if one is going to have brain damage,
then it would be preferable to have it early rather than late
in life. Teuber based his conclusion on the findings of Mar-
garet Kennard’s experiments on the long-term effects of
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brain damage in monkeys of different ages. Kennard (1938)
discovered that damage to the adult nervous system re-
sulted in more deleterious and less reversible effects than
similar brain damage inflicted during early development.
The field’s acceptance of the so-called “Kennard princi-
ple” led to the belief that little reorganization of function
could occur after injury to the mature mammalian nervous
system and that most structure-function relations were
permanently established during the early years of life. In
fact, Teuber’s (1975) own studies with humans revealed
that improvement in traumatic head injury cases was sub-
stantially greater when the brain damage had taken place
in an early developmental period. However, scientists in
the field had differing interpretations of Teuber’s belief
that brain damage that occurred later in development
would exert more disruptive effects than damage origi-
nated earlier in life. Critics noted that the results of the ex-
perimental data of Teuber and his contemporaries in the
field could be interpreted to indicate that the maturational
status of the nervous system at the time of injury must be
considered in any explanation of recovery or sparing of
function after early brain damage (Stein & Dawson, 1980).
Commentators on the aforementioned body of work rea-
soned that if subjects were tested at a time when the sub-
strate for a particular function had not yet developed, then
the function would appear to have been compensated when,
in fact, it had never been lost (Isaacson, 1975). Depending
on the location of the lesion and the precise timing of the
injury, the developing brain can suffer from far more neu-
ronal degeneration than that evidenced in the mature brain.
For example, excessive amounts of excitatory amino acids,
such as glutamate, produce much more severe lesions in
the immature brain than in the adult brain. Thus, there are
a number of instances in which early brain damage can be
viewed as more disastrous than later brain damage because
early lesions often result in the formation of anomalous
circuitry and neural pathways as well as reduction in
brain size (Black et al., 1998; Isaacson, 1975; Steingard &
Coyle, 1998).

Kolb, Forgie, Gibb, Gorny, and Rowntree (1998), in
their programmatic enrichment studies on brain plasticity
and behavior in rats after brain injury, found that enriched
experience could have varying effects upon the brain at
different ages. They reported discovering compensatory
changes in brain plasticity following brain injury that are
similar in kind to those observed when animals learn from
experience. Kolb and colleagues (1998) found that experi-
ence alters the synaptic organization of the cortex and that
these changes in synaptic organization are associated with
behavioral changes. The similarity between plastic changes
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in the brain in response either to injury or to experience
suggests that it is conceivable that there may be basic
mechanisms of synaptic change in the mammalian cortex
that are used in many forms of neural plasticity (see also
Kolb, 1995).

Accordingly, it appears that there are not any simple
rules that govern whether neural plasticity occurs follow-
ing lesions in early life. Most of the early neuropsychologi-
cal models of the effects of brain lesions were based on
work with patients, were predominantly focused on brain
localization, and were couched within unidirectional mod-
els of causality (i.e., brain lesions were believed to affect
behavior, but not vice versa). These early models did not
take into account the dynamic interplay that occurs among
brain regions and the bidirectional impact that brain and
behavior exert upon each other. Modern-day research, con-
ducted predominantly, but not exclusively, with animals,
provides suggestive evidence that the mammalian central
nervous system possesses much greater potential for pro-
ducing new neurons and repairing damaged areas than
has heretofore been thought (Cicchetti & Tucker, 1994a,
1994b; Curtis & Cicchetti, 2003).

In the developing organism, studies conducted with a
variety of species also have revealed that positive or nega-
tive early life experiences can modify both brain structure
and function. For example, Sur and colleagues (Sur,
Garraghty, & Roe, 1988; Sur, Pallas, & Roe, 1990) trained
adult ferrets, who had one hemisphere rewired at birth, to
discriminate between auditory and visual stimuli that were
presented to the normal hemisphere. The results of these
experiments provide support for the functional equipoten-
tiality of cortical mapping. Specifically, the findings in the
Sur, Garraghty, et al. (1988) and Sur, Pallas, et al. (1990)
investigations demonstrate that it is possible to rewire sen-
sory inputs to the thalamus such that processing of auditory
stimuli takes place in the primary visual cortex and vice-
versa; that is, the cortical field that usually mediates vision
could attain a functional organization capable of process-
ing sound, and the cortical field that usually mediates audi-
tion could attain a functional organization capable of
processing sight.

Sur and colleagues (Sharma, Angelucci, & Sur, 2000)
also have demonstrated that, in ferrets whose retinal pro-
jections were routed into their auditory pathway, visually
responsive neurons in the “rewired” auditory cortex, just
as is the case with neurons in the primary visual cortex,
were characterized by orientation modules—groups of
cells that share a preferred stimulus orientation. Although
the orientation tuning of neurons within the “rewired” au-
ditory cortex was comparable to the tuning of cells in the

primary visual cortex, the orientation map was less or-
derly. Thus, the findings of this investigation reveal that
sensory afferent activity profoundly influences diverse
components of cortical circuitry.

Finally, the long-held assumption that neural reorgani-
zation following injury was restricted to the period of in-
fancy, with only modest neural reorganization possible
in the child and adult, has been challenged through re-
search with humans. Results from a number of investiga-
tions suggest that reorganization of cortical pathways can
occur in the brains of older children and adults (see, e.g.,
Merzenich, 1998; Merzenich et al., 1996; Tallal et al.,
1996). Although the majority of these neural changes to
date have been demonstrated in work on sensory or motor
pathways (see, e.g., Aglioti, Bonazzi, & Cortese’s, 1994,
work on phantom lower limb as a perceptual marker of
neural plasticity), existing research provides suggestive
evidence that cognitive systems (i.e., language) can reor-
ganize beyond infancy (see, e.g., Merzenich et al., 1996;
Tallal et al., 1996; also see discussions in Johnson, 1999).
Thus, it is becoming quite clear that under certain condi-
tions at least some regions of the brain can incorporate the
signature of experience into the structure, function, and
organization of the brain.

The process of neural plasticity is influenced by a num-
ber of neurotransmitters and growth factors. These growth
factors, including nerve growth factor and brain-derived
neurotrophic factor, stimulate a variety of cellular effects
at the structural and functional levels that eventuate in the
promotion of survival and differentiation of responsive
neurons. Adaptive alterations in neuroarchitecture may
occur throughout life as new synapses form, old ones disin-
tegrate, and new neurite outgrowth occurs. The discovery
of brain behavioral plasticity can make important contribu-
tions to the understanding of development through demon-
strating that neural representations are dynamic processes.
Moreover, experimental results that provide evidence of
plasticity can give critical insights into the actual processes
through which neurobiological development occurs.

Recovery of function following brain injury can be char-
acterized as a maturational process in which the brain is
thought to cause the formation of new structures via spe-
cialized mechanisms that were triggered by the injury (i.e.,
causal epigenesis; see Johnson, 1999). This viewpoint in-
volves the restriction of fate—that is, biological tissue that
initially had many possibilities for subsequent specializa-
tion throughout development is reduced to a subset of these
possibilities by the injury. In contrast, according to Got-
tlieb’s (1992) probabilistic epigenesis framework, brain
plasticity may be conceived as a fundamental and inherent



property of the developing brain. From this viewpoint,
plasticity is conceptualized as allowing the neural system
to retain a number of options for specialization even after
brain injury. This process is influenced by neural activity
rather than by molecular markers. In humans, neurobiolog-
ical development is a more prolonged process than in ani-
mals, extending well into postnatal life (Nelson & Bosquet,
2000; Spear, 2000; Thompson & Nelson, 2001). Critical as-
pects of neurobiological development occur after middle
childhood (Dahl, 2004; Giedd, 2004; Spear, 2000). There-
fore, some degree of functional specialization in the cere-
bral cortex is likely to be influenced by the child’s
interaction with the postnatal environment (Johnson, 1999;
Johnson et al., 2005). The extremely long juvenile period
(neotony) in humans may have evolved, in part, for the pri-
mary purpose of shifting cortical specification from ge-
netic to epigenetic control (Cicchetti & Tucker, 1994a).

During the past several decades, scientific research has
begun to reveal that, within certain limits, forms of neural
plasticity may take place throughout epigenesis and are not
limited to early development (Cicchetti & Tucker, 1994b;
Hann, Huffman, Lederhendler, & Meinecke, 1998; Kandel
& Squire, 2000). The cortex, in fact, appears to be capable
of organizational changes throughout the life course of the
organism (Cicchetti & Tucker, 1994a; Jacobs, van Praag, &
Gage, 2000). For example, Thatcher’s (1992, 1994, 1997)
work on the development of electroencephalogram (EEG)
coherence in humans suggests that cortical organization
proceeds in stages that are repeated cyclically over devel-
opment. Each stage of cortical organization reflects the on-
going and dynamic shaping of cortical circuitry throughout
an individual’s life span. These periods of EEG coherence
are thought to represent rapid synaptic growth within func-
tionally differentiated neural systems. Neural plasticity in-
volves the genetically driven overproduction of synapses
and the environmentally driven maintenance and pruning
of synaptic connections.

Neuroscientists conceive plasticity as being reflective
of anatomic, chemical, or metabolic changes in the brain.
Nelson (2000b) stated that neuroanatomic changes illus-
trate the ability of existing synapses to alter their activity
through sprouting new axons, regenerating old ones, or by
elaborating their dendritic surfaces. Thus, for example,
loss of fibers in an area of the cortex (e.g., the corpus cal-
losum) may eventuate in a reduction of synapses in the af-
fected area that is subsequently compensated for by an
influx of thalamic synapses into the vacated space that
reestablishes communication between the hemispheres.
Nelson (2000b) also defined neurochemical plasticity as
the ability of synapses to alter their activity through aug-
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menting the synthesis of neurotransmitters or enhancing
the response of the postsynaptic receptor to the neurotrans-
mitter. Additionally, Nelson (2000b) delineated fluctua-
tions in cortical and subcortical metabolic activity, for
example, at the site of an injury, as another possible sign of
neural plasticity.

In most mammalian brain regions, neuronal birth and
migration take place during a discrete period of prenatal
development, followed several days later by cell death
(Rakic, 1988a, 1996, 1998). In contrast, the granule cells
of the dentate gyrus in the hippocampus, olfactory bulb,
and cerebellum are generated predominantly during the
postnatal period (Gould & Cameron, 1996). In addition,
stem cells that reside in specialized niches in the brain of
adult mammals continuously generate new neurons. The
neurons in mammalian brains are born in two germinal re-
gions: the subventricular zone (SVZ) and the subgranular
zone (SGZ). The SVZ generates olfactory bulb neurons and
the SGZ of the hippocampal formation gives rise to granule
neurons of the dentate gyrus (Doetsch & Hen, 2005).

In the early adult, approximately 1% of the total olfac-
tory bulb interneurons are added each day. Approximately
50% of these adult-generated olfactory bulb interneurons
die within 15 to 45 days after their birth, after they have
developed elaborate dendritic morphology and spines. In
contrast to their neurogenesis, the early cell death that
characterizes the adult-generated olfactory system is activ-
ity dependent. Because olfactory cues are critical for sur-
vival, the function of the newly born olfactory neurons may
be to help enhance olfactory discrimination (Petreanu &
Alvarez-Buylla, 2002). Interestingly, environments that are
olfactory enriched enhance the length of time that adult-
generated olfactory neurons survive. The increased life
span of these neurons also is accompanied by improved
performance on olfactory memory tasks; however, it is not
known whether the improved performance was due to the
newly generated neurons or to existing cells exhibiting
enhanced activity (Rochefort, Gheusi, Vincent, & Lledo,
2002). Moreover, these adult-born immature neurons have
electrophysiological properties that differ from those of old
neurons. The unique excitability and connectivity proper-
ties may exert distinct functional consequences on the pro-
cessing of olfactory information (Doetsch & Hen, 2005).

Approximately 85% of dentate gyrus neurons are gener-
ated postnatally; however, their production begins during
the embryonic period (Gould & Cameron, 1996). A large
population of cells reaches the dentate gyrus without un-
dergoing final division; these precursor cells remain in the
dentate gyrus and become the source of granule neurons
born in the postnatal period. Granule cells are excitatory
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neurons that utilize glutamate as their primary neurotrans-
mitter. A growing body of investigations indicates that ex-
citatory input plays a prominent role in the formation of
many neuronal populations.

In fact, in the mature central nervous system pools of
progenitor cells appear to proliferate and migrate well into
adulthood. For example, Kempermann, Kuhn, and Gage
(1998) discovered that neurogenesis continues to occur in
the dentate gyrus of senescent mice and can be stimulated
when the mice are placed in an enriched environment.
Kempermann et al. (1998) found that neurogenesis de-
clined with increasing age; however, stimulation of adult
and aged mice by changing from regular housing to an en-
riched environment that provided opportunities for social
interaction, physical activity, and exploration brought
about an increased number of survival cells. Furthermore,
animals residing in enriched environments had more of
their cells differentiate into neurons than did mice housed
in standard conditions. These findings suggest that the new
neurons were generated in the hippocampal area and that
neural plasticity can take place in the aging brain in mice.

Likewise, Gould, Tanapat, McEwen, Flugge, and Fuchs
(1998) discovered that new neurons are produced in the
dentate gyrus of adult monkeys. Moreover, these investiga-
tors found that a single exposure to a socially stressful con-
dition (i.e., a resident intruder unfamiliar adult male
conspecific) inhibits the proliferation of granule cell pre-
cursors. Cortisol and glucocorticoids control the rate of the
development of these new neurons, and it is clear that the
existing neurons are not merely reorganizing their connec-
tions. Furthermore, the mature central nervous system con-
tinues to express an array of molecules that are required for
the formation of neuronal networks during embryonic
development (e.g., neurotrophic growth factors, embryonic
forms of cell adhesion molecules, axon-guidance mole-
cules). The presence of these molecules suggests that the
degree of potential network remodeling in the mature cen-
tral nervous system may be more extensive than generally
thought (Lowenstein & Parent, 1999). Thus, although there
is currently no unequivocal evidence that the fully devel-
oped central nervous system continues to generate new
neurons and glial cells everywhere, progenitor cells with
the potential to produce new cells are prevalent throughout
the mature mammalian central nervous system (Gage,
2000; Lowenstein & Parent, 1999).

Two factors, adrenal steroids and excitatory input, have
been identified that regulate the proliferation, migration,
and survival of granule neurons during the postnatal period
through adulthood. In general, increases in adrenal steroid
levels or NMDA receptor activation diminish the rate of

cell proliferation, whereas decreases in adrenal steroid lev-
els or NMDA receptor activation increase the rate of cell
production. These results also suggest that decreased neu-
rogenesis associated with increased corticosteroid levels
may contribute to age-related memory deficits. Moreover,
the finding that the neuronal precursor population in the
dentate gyrus remains stable into old age, but that neuroge-
nesis is slowed by high levels of adrenal steroids, suggests
that these memory deficits may be reversible (Cameron &
McKay, 1999). Gould (1999) also reported that activation
of serotonergic receptors enhanced neurogenesis in the
adult mammalian dentate gyrus. Because adult-generated
hippocampal neurons are affected by, and conceivably in-
volved in, learning and memory (Gould, Beylin, Tanapat,
Reeves, & Shors, 1999), serotonergic agonists that stimu-
late granule cell production may prevent memory deficits.

Cells that divide in adulthood do not die soon thereafter.
Thus, the cell death that occurs in adulthood does not sim-
ply remove cells that were generated incorrectly in adult-
hood. In fact, because granule neurons that generate in
adults survive for at least 1 month and form connections, it
is likely that their addition to the granule cell layer has sig-
nificant functional consequences. In a study that has gener-
ated a great deal of controversy in the literature, Gould et
al. (1999) discovered that stress does not alter the survival
of recently produced neurons in the dentate gyrus. Accord-
ingly, young (immature) adult-generated hippocampal cells
may make them uniquely qualified to form synaptic con-
nections rapidly and to participate in the transient storage
of information. Furthermore, Gould, Beylin, et al. (1999)
found that in order for learning to further enhance the num-
ber of new hippocampal neurons, the animal must be en-
gaged in a task for which this brain region is essential. In
addition, Gould, Reeves, Graziano, and Gross (1999) dis-
covered that in adult macaque monkeys new neurons are
added to the prefrontal, posterior parietal, and inferior
temporal cortex. These investigators stated that these new
neurons most likely originated in the subventricular zone
and then migrated through white matter tracts to the neo-
cortex, where they extended axons. Gould and colleagues
hypothesized that the new neurons added to these regions
of association cortex might play a role in such functions.
Moreover, Gould, Reeves, et al. (1999) conjectured that
these immature neurons, which continue to be added on
adulthood, are capable of undergoing rapid structural
changes and thereby serve as a substrate for learning and
memory.

In a subsequent investigation, Gould, Vail, Wagers, and
Gross (2001) compared the production and survival of
adult-generated neurons and glia in the dentate gyrus, pre-



frontal cortex, and inferior temporal cortex. These investi-
gators found that there were many more cells produced in
the dentate gyrus than in either of the two neocortical asso-
ciation areas. Furthermore, a greater percentage of cells in
the dentate gyrus expressed a neuronal marker than was the
case for cells in either of the neocortical areas. Addition-
ally, Gould and colleagues (2001) discovered that there was
a decline in the number of cells approximately 9 weeks
after they had been labeled, suggesting that some percent-
age of the adult-generated new cells may have a transient
existence. It is believed that the short-lived nature of these
newly generated neurons may make them particularly
suited to play a role in learning and memory processes (cf.
Gould, Tanapat, Hastings, & Shors, 1999).

The finding of neurogenesis in the neocortex of the adult
primate by Gould and her colleagues (1999; Gould, Vail,
et al., 2001) astonished the scientific world because, since
the writings of His and Cajal, the brain has been considered
to be a nonrenewable organ comprised of fully differentiated
neurons (Jacobson, 1991; Rakic, 2002b). As previously
noted, numerous investigations have found that adult neuro-
genesis in mammals only occurs unambiguously in the gran-
ule cells of the dentate gyrus and the olfactory bulb
(Carleton, Petreanu, Lansford, Alvarez-Buylla, & Lledo,
2003; Gage, 2000; Kornack & Rakic, 2001b; Rakic, 1998).
Not surprisingly, a number of methodological critiques of the
findings of Gould, Reeves, et al. have appeared in the litera-
ture (Kornack & Rakic, 2001a; Korr & Schmitz, 1999;
Nowakowski & Hayes, 2000; Rakic, 2002a, 2002b). Conse-
quently, the conclusion put forth by some of the great system-
atizers in the history of developmental neurobiology, that
nerve cells that subserve the highest cortical functions are in-
replaceable under typical conditions, appears to continue to
garner strong support from contemporary neurobiologists.

Neurobiological Pathways to Psychopathology

Just as we described with respect to normal brain develop-
ment, abnormal neurobiological development also is a dy-
namic, self-organizing process. However, unlike the case
for normal neurobiological development, the final product
of abnormal brain development includes a substantial mea-
sure of misorganization (Courchesne et al., 1994). Pertur-
bations that occur during brain development can potentiate
a cascade of maturational and structural changes that even-
tuate in the neural system proceeding along a trajectory that
deviates from that generally taken during normal neurobio-
logical development (Cicchetti & Tucker, 1994a; Courch-
esne et al., 1994; Nowakowski & Hayes, 1999). Early
stressors, either physiological or emotional, may alter the
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neurodevelopmental processes of networks, in turn generat-
ing a cascade of effects through subsequent developmental
periods, conceivably constraining the child’s flexibility to
adapt to new challenging situations with new strategies
rather than with old conceptual and behavioral prototypes
(Cicchetti & Tucker, 1994a; Gunnar, 2000; Sanchez, Ladd,
& Plotsky, 2001). Accordingly, early psychological trauma
may eventuate not only in emotional sensitization
(Maughan & Cicchetti, 2002; Rieder & Cicchetti, 1989) but
also in pathological sensitization of neurophysiological re-
activity (Pollak, Cicchetti, & Klorman, 1998).

Accordingly, abnormal perturbations at one stage of
brain development hinder the creation of some new struc-
tures and functions, distort the form of later-emerging
ones, make possible the construction of ones that normally
never become manifest, and/or limit the elaboration and
usage of structures and functions that had appeared earlier
(Courchesne et al., 1994; Steingard & Coyle, 1998). Even-
tually, successively more complex, specialized, and stable
abnormal neural network configurations and operations de-
velop that differ greatly from antecedent ones (Courchesne
et al., 1994). Abnormal competition between, and abnor-
mal correlated activity within, undamaged, as well as dam-
aged, neural networks can drive the abnormal elimination
of some connections and neural elements (e.g., remote loss)
and the abnormal selective stabilization of others (e.g.,
aberrant connections are retained or created; Courchesne
et al., 1994). Such early developmental abnormalities may
lead to the development of aberrant neural circuitry and
often compound themselves into relatively enduring forms
of psychopathology (Arnold, 1999; Cicchetti & Cannon,
1999b; Nowakowski & Hayes, 1999).

Children whose gene-driven processes construct a disor-
dered brain are likely to experience the world in a vastly dif-
ferent fashion than children who do not have such a strong
genetic predisposition (Black et al., 1998). Genes often
exert different functional roles in divergent cell types at
varying developmental periods (Alberts et al., 1994; Lewin,
2004). Consequently, defects in such genes may trigger a
cascade of change that is not confined to a particular neural
structure, functional system, or behavioral domain. Even if
the subsequent experience-expectant and experience-de-
pendent processes are unimpaired, the experience distorted
by the neuropathology is not likely to be appropriately uti-
lized (Black et al., 1998). Thus, children with genetically
constructed abnormal brains must have their environments
tailored to their specific deficits. If such environmental
modifications are not introduced, then these children’s sub-
sequent experience-expectant and experience-dependent
processes manifest additional aberrations and development
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proceeds on an even more maladaptive pathway. Pathological
experience may become part of a vicious cycle, as the pathol-
ogy induced in the brain structure may distort the child’s ex-
perience, with subsequent alterations in cognition or social
interactions causing additional pathological experience and
added brain pathology (Cicchetti & Tucker, 1994a). Because
experience-expectant and experience-dependent processes
may continue to operate during psychopathological states,
children who incorporate pathological experience during
these processes may add neuropathological connections into
their developing brains instead of functional neuronal con-
nections (Black et al., 1998).

Social Experience and Brain Development
and Functioning

Empirical evidence gleaned from research with rodents and
nonhuman primates has demonstrated that the experience of
traumatic events early in life can alter behavioral and neu-
roendocrine responsiveness, the morphological characteris-
tics of the brain, and the activation of genes associated with
negative behavioral and neurobiological outcomes (Sanchez
et al., 2001). Moreover, the results of animal studies reveal
that early traumatic experiences may exert a harmful impact
on the normative developmental processes, which have been
shown to be associated with long-term alterations in coping,
emotional, and behavioral dysregulation; responsiveness of
the neuroendocrine system to stressful experiences; brain
structure; neurochemistry; and gene expression (Cicchetti &
Walker, 2001; Gunnar et al., 2001). Additionally, research
has discovered that depriving rodent infants of adequate so-
cial and physical stimulation from their mothers’ influences
the responsivity of the hypothalamic pituitary-adrenal axis
to stressors in later life (Levine, 1994; Meaney et al., 1996).
Furthermore, research with rodents has revealed that natu-
rally occurring variations in maternal care alter the expres-
sion of genes whose function is to regulate behavioral and
endocrine responses to stress, as well as to modify synaptic
development in the hippocampus (Meaney, 2001). In partic-
ular, stressors that are imposed on mothers have been shown
to increase stress reactivity in their rodent offspring. Thus,
quality of parental care is a mediator of the impact that ad-
verse environmental conditions have on neural development
in rodents.

Children who are endowed with normal brains may en-
counter a variety of negative experiences that exert a delete-
rious effect on neurobiological structure, function, and
organization, and contribute to distortions in the way in
which these children interpret and react to their worlds (Pol-
lak et al., 1998). In this Handbook, Chapter 4, Volume 3 (Ci-

cchetti & Valentino, 2006), the effect of child maltreatment
on the structure and function of neurobiological systems was
reviewed. We do not wish to restate the details of the neuro-
biological studies conducted to date, which demonstrate that
different components of brain structure and function, each
representing fairly distinct neural systems, are negatively af-
fected by experiencing child maltreatment. Work on acoustic
startle, neuroendocrine regulation, event-related potentials
(ERPs), and neuroimaging have revealed that the various
stressors associated with child maltreatment exert harmful
effects on numerous interconnected neurobiological systems.
Moreover, the neurobiological development of maltreated
children is not affected in the same way in all individuals. Fi-
nally, not all maltreated children exhibit anomalies in their
brain structure or function. Accordingly, it appears that the
effects of maltreatment on brain microstructure and bio-
chemistry may be either pathological or adaptive. Finally,
because research with rodents and nonhuman primates has
revealed that social experiences, such as maternal care giving
behaviors, maternal deprivation, and maternal separation, af-
fect gene expression, as well as brain structure and function
(Kaufman & Charney, 2001; Meaney et al., 1996; Sanchez
et al., 2001), it is highly probable that child maltreatment
affects the expression of genes that impact brain structure,
as well as basic regulatory processes (Caspi et al., 2002;
Cicchetti & Blender, 2004; Kaufman et al., 2004).

Often, the investigation of a system in its smoothly
operating normal or healthy state does not afford the oppor-
tunity to comprehend the interrelations among its compo-
nent systems (see, e.g., Caviness & Rakic, 1978; Chomsky,
1968). Because pathological conditions enable scientists
to isolate the components of the integrated system, investi-
gation of these nonnormative conditions sheds light on
the normal structure of the system. We next discuss Autism
and neurodevelopmental aspects of Schizophrenia as illus-
trations of how the examination of brain development in
mental disorder could provide insights into normal neurobi-
ological processes.

CONTRIBUTION OF BRAIN DEVELOPMENT
IN ATYPICAL POPULATIONS TO
FURTHERING INSIGHTS INTO TYPICAL
NEUROLOGICAL PROCESSES

Autism

Autism is a pervasive developmental disorder character-
ized by impairments in social communication and inter-
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action, a wide range of cognitive and executive functioning
deficits, and behavioral stereotypes (American Psychiatric
Association, 1994). Over 60 years ago, Kanner (1943), who
originally devised the term Autism, suggested that Autism
represented a biological dysfunction that reduced the ca-
pacity of children to form emotional contact with people.
However, a short time later, Kanner revised his conceptual
thinking on the etiology of Autism and, along with many
others, came to view it as environmentally caused, often
believed to be a result of emotionally distant, rejecting par-
ents (Bettelheim, 1967). Fortunately, more recent formula-
tions concerning the etiology of this disorder have
emphasized its probable neurobiological and genetic basis
(e.g., Courchesne, 1987; Rodier, 2002).

Many neurobiological theories concerning Autism have
tended to focus on possible abnormalities of individual
brain structures as underlying the observed behavioral and
neuropsychological symptoms observed in Autism. A range
of theories focused on dysfunction of the brain have impli-
cated abnormalities in nearly every brain system. For ex-
ample, some theories have been based on animal models of
medial temporal lobe dysfunction (e.g., Bachevalier, 1996;
Bachevalier & Loveland, 2003), while others have empha-
sized abnormalities in brain structures, such as the amyg-
dala (e.g., Baron-Cohen et al., 2000), hippocampus (e.g.,
DeLong, 1992), frontal cortex (e.g., Damasio & Maurer,
1978), and cerebellum (e.g., Courchesne, 1997), as well as
other cortical and subcortical regions as fundamental to the
etiology of Autism. Until recently, etiological formulations
of Autism have failed to take into account the impact of de-
velopmental processes and the probable interconnected na-
ture of multiple brain systems at multiple levels of analysis.

Many of the conceptualizations of neural-structural ab-
normalities underlying the behavioral manifestations of
Autism have been based on data obtained through neu-
ropsychological assessment of children with Autism. Such
assessments have consistently demonstrated deficits in dis-
crete areas of cognition and executive functioning. One
such commonly observed deficit is in attentional function-
ing, whereby speed of orienting to and processing novel
stimuli is reduced in those with Autism (e.g., Akshoomoff,
Courchesne, & Townsend, 1997; Townsend, Harris, &
Courchesne, 1996), as well as the ability to shift attention
(e.g., Wainwright-Sharp & Bryson, 1993). Generally, how-
ever, individuals with Autism have been found to have
widespread executive functioning impairments that are
perhaps a result of the more fundamental attentional
deficits found with this disorder (Ozonoff, 2001). Detailed
analyses of individual components of executive functioning
in those with Autism by Ozonoff and colleagues (2001)

have revealed that individuals with Autism exhibit impair-
ments in cognitive flexibility (Ozonoff, Strayer, McMahon,
& Filoux, 1994), but do not show deficits in inhibiting re-
sponses (Ozonoff & Strayer, 1997) or in working memory
functioning. In addition, Frith (2001) has proposed a some-
what controversial etiological theory of Autism linking
deficits in theory of mind (“mind blindness”) to abnormal-
ities in a network of brain regions, including the medial
prefrontal cortex, areas in the temporal-parietal region,
and the temporal poles, all of which are active in nonautis-
tic individuals during theory of mind tasks.

Courchesne and his colleagues have begun to formulate
a developmentally based theory of Autism, built upon em-
pirical evidence derived from an examination of the neu-
rodevelopmental course of the whole brain, and in
particular the cerebellum and its interconnections with
many different brain structures. Across many studies with
varying methodologies, the most consistent brain structural
abnormality in individuals with Autism occurs in various
sites within the cerebellum and limbic system structures
(Carper, Moses, Tigue, & Courchesne, 2002). The vast ma-
jority of postmortem studies have reported cerebellar
pathology, while structural magnetic resonance imaging
(MRI) studies consistently find evidence of hypoplasia in
the cerebellum (see Courchesne, 1997, for a comprehensive
review). The most common postmortem pathology of the
cerebellum is a reduction in the number and size of Purk-
inje neurons (e.g., Bailey et al., 1998; Fatemi et al., 2000;
Kemper & Bauman, 1998). Additionally, volumetric MRI
studies have consistently indicated reduced size of one or
another subregion of the cerebellar vermis (Carper &
Courchesne, 2000; Hashimoto et al., 1995). In sum, the
strongest and most consistent neuroanatomical evidence
points to structural abnormalities in the cerebellum.

However, there is not a clear consensus in the Autism lit-
erature concerning the relevance of cerebellar anomalies
for a disorder primarily characterized by cognitive, social,
and emotional deficits, given the prevailing view that the
cerebellum is primarily involved in motor function. But ev-
idence has pointed to cerebellar involvement in a number of
cognitive and emotional functions (e.g., G. Allen, Buxton,
Wong, & Courchesne, 1997; Gao et al., 1996; Paradiso, An-
dreasen, O’Leary, Arndt, & Robinson, 1997; Xiang et al.,
2003). Thus, a more current, broad view of the role of the
cerebellum in overall neurobehavioral functioning creates a
more reasonable scenario for implicating abnormalities in
this structure as having a central underlying role in Autism.

A functional MRI (fMRI) study of the cerebellum re-
vealed different patterns of cerebellar activation during a
simple motor task (pressing a button with the thumb) in a
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sample of young adults with Autism compared to a
nonautistic control group (G. Allen, Muller, & Courchesne,
2004). In the group with Autism, areas of the cerebellum
predicted to be involved in the task exhibited more activa-
tion than observed in the control group, and areas of the
cerebellum not expected to be associated with this simple
motor task were activated in the group with Autism but not
in the control group. The investigators concluded that the
pattern of functional activation found strongly suggested
that the observed functional differences were a reflection
of the anatomic abnormalities (i.e., reduced cerebellar vol-
ume) found in the persons with Autism.

These authors hypothesize that many of the motor
deficits commonly seen in individuals with Autism (e.g.,
balance problems, abnormal gait) may be related, at least in
part, to both anatomical and functional abnormalities of the
cerebellum. In addition, there also is evidence that cerebel-
lar pathology can bring about a wide range of cognitive and
affective deficits (G. Allen & Courchesne, 1998). In fact,
one published case study reported on a child who, after sur-
gical resection of a cerebellar tumor, exhibited behaviors
after the surgery that were highly characteristic of classic
symptoms of Autism, such as gaze aversion, social with-
drawal, and stereotyped movements (Riva & Giorgi, 2000).

Although the neuroanatomical and neurofunctional evi-
dence point to a clear association between cerebellar ab-
normalities and the behavioral manifestation of Autism,
the mechanism involved remains unknown. One primary
reason is that the general functional properties of the cere-
bellum in normal brains remain unknown to a large extent.
Some preliminary evidence points to anticipatory motor
deficits, given increasing evidence that the cerebellum ap-
pears to have a role in preparing many neural systems to
which it maintains connections (e.g., attention, motor, af-
fect, language) for shifts or alterations in neural respon-
siveness (G. Allen et al., 2004). G. Allen et al. hypothesize
that the cerebellum may accomplish this task by making
predictions about what might happen next based on prior
learning and may alter responsiveness in the particular
neural system(s) needed in upcoming moments. Thus, func-
tion in these diverse cognitive realms is not abolished in
those with Autism, but lacks in coordination due to a
preparatory deficit.

Another strong neuroanatomical finding in individuals
with Autism is abnormal developmental changes in overall
brain volume. Courchesne and colleagues have shown that
brain volume of those children later diagnosed with Autism
appeared to be normal at birth (according to neonatal head
circumference records), but by age 2 to 4 years, volumetric

MRI data indicated that 90% of the children with Autism
had a larger than average brain volume compared to
nonautistic children (Courchesne et al., 2001). The ob-
served excessive brain size was due primarily to increased
white matter volume in the cerebellum and cerebrum
(Courchesne et al., 2001).

Further, a study by Courchesne, Carper, and Ak-
shoomoff (2003) has yielded evidence that there is an in-
creased rate of growth of the brain in infants who later
were diagnosed with Autism compared to those who were
not, as reflected by measurements of head circumference
(HC). Although HC was similar in all infants enrolled in
the study during the first few months of life, those who
later developed Autism exhibited a marked accelerated
rate of increase in HC beginning several months after birth.
On average, between birth and 6 to 14 months of age, HC
increased from the 25th percentile to the 84th percentile
(Courchesne et al., 2003). This increase in HC was associ-
ated with greater cerebral and cerebellar volume in these
children by 2 to 5 years of age. It is striking that brain size
in young children with Autism reaches its maximum by
ages 4 to 5 years (Courchesne et al., 2001). Average overall
maximum brain size in children with Autism is statisti-
cally equivalent to that achieved by healthy children (ap-
proximately 1350 mL), but is achieved, on average, 8 years
sooner than in normally developing, healthy children
(Courchesne et al., 2001). However, in adolescence and
adulthood, brain size of those with Autism does not differ
from that of nonautisitc individuals (Aylward, Minshew,
Field, Sparks, & Singh, 2002).

Although the increases in brain volume are marked, the
specific underlying cellular components of increased brain
volumes are unknown to date. The increased volume found
in children with Autism may potentially reflect abnormali-
ties in any number of microstructural features, including
excessive numbers of neurons and/or glial cells, excessive
dendridtic arborization, and/or atypically large numbers of
axonal connections (Courchesne et al., 2003). In addition,
the cause of the increase in brain volume is not completely
understood, but clearly reflects some type of dysregulation
in one or more stages of brain developmental processes;
however, it appears that the early transient period of brain
overgrowth is an important underlying factor in the emer-
gence of many of the behavioral symptoms seen in Autism.
The observed overgrowth occurs during an important pe-
riod of brain development when normative experience-
dependent processes of neural plasticity are potentially at a
maximum. This extended period of gradual axonal and
dendritic growth and synapse refinement and elimination
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appears to occur well into the 1st decade of postnatal life.
In children with Autism, however, it appears that the phys-
ical growth of the brain is compressed into a relatively
short period of time, that may in turn result in aberrantly
rapid and disordered growth (Courchesne et al., 2003).
Such a rapid pace of growth would not allow the normal
process of experience-dependent neural plasticity to take
place.

Observations of disturbances in normal neurodevelop-
mental processes in Autism have helped to refine theory
and guide research concerning the underlying biological
mechanisms of this pervasive developmental disorder. The
accumulated (and still growing) knowledge on normal
brain development has enabled investigators in Autism to
differentiate the abnormal neurodevelopmental processes
that appear to underly this disorder.

Ultimately, it appears that the key etiological feature
of Autism is abnormality of the neurodevelopmental pro-
cess across a wide spectrum of brain regions and networks.
The emerging evidence increasingly points to abnormal
regulation of brain growth in Autism, with pathological de-
viation from normative mechanisms underlying the typical
progression through neurogenesis and synaptogenesis, fol-
lowed by axon pruning and synapse elimination.

Despite the wide range of theoretical formulations and
the relative paucity of consistent data pointing to a com-
mon underlying neurobiological “cause” of Autism, the
study of this disorder provides an excellent example of the
increasingly important role played by neuroscience in ex-
amining the potential biological contributors to a develop-
mental disorder. Examining the evolution of theory and
research in Autism also provides very useful information
concerning the developmental trajectory of this disorder,
and perhaps could provide insight into how the study of the
development of the neural substrate underlying this disor-
der could inform the study of other disorders, as well as
normal development. As we noted earlier, one of the funda-
mental tenets of developmental psychopathology is that the
study of the development of disordered outcomes can be
informed by an understanding of normal development
(Cicchetti, 1984, 1990, 1993, 2003). Ideally, the study of
normal and abnormal developmental sequelae can work
in tandem to inform each other (Cicchetti, 1984, 1993;
Sroufe, 1990). Autism is an excellent example of this prin-
ciple at work. Also, the advances in our understanding of
Autism have come as a result of close collaborations be-
tween behavioral and biological scientists working across
multiple levels of analysis (Akshoomoff, Pierce, & Courch-
esne, 2002; Rodier, 2002). The success of such collabora-

tive, cross-disciplinary efforts in the study of Autism, and
the wealth of new knowledge that has emerged as a result,
serve as an excellent example of the importance of a multi-
disciplinary, multiple levels of analysis approach to the
study of neurodevelopmental disorders.

A View from Schizophrenia

Congruent with the theoretical principles of a developmen-
tal systems approach on brain development, it is expected
that a dedifferentiation and disintegration would character-
ize the neurobiological and psychological development and
functioning of individuals with mental disorders. Much of
the contemporary research in the area of neurodevelopment
and Schizophrenia owes a significant portion of its histori-
cal roots to the formulations of Emil Kraepelin (1919), who
conceived of Schizophrenia as a deteriorating brain disease
in its natural history, albeit with an onset in early adult
life. Since the 1980s, when a resurgence of interest in initi-
ating neurobiological studies in Schizophrenia took place,
Kraepelin’s viewpoint has been challenged and radically
altered by advances from several levels of inquiry that
point to a prenatal-perinatal origin of at least some of the
brain abnormalities found in individuals with Schizophre-
nia (Cannon, 1998; Keshavan & Hogarty, 1999; Mednick,
Cannon, Barr, & Lyon, 1991; Walker & DiForio, 1997;
Weinberger, 1987). During the early 1980s, a number of in-
vestigations converged and all found evidence for increased
ventricle size in persons with schizophrenic illness (Shen-
ton et al., 2001). These enlarged ventricles were present at
the onset of the illness and did not protract in size as the ill-
ness proceeded over time, even in prospective longitudinal
studies. This finding suggested that a neurodegenerative
process was not responsible for causing the illness.

The retrospective observations of Laura Bender (1947)
and Barbara Fish (1957), as well as the follow-back study
by Norman Watt (1972), in which a pattern of abnormali-
ties in neurological and behavioral parameters dating back
to childhood were found in adults with Schizophrenia, laid
the seeds of the neurodevelopmental hypothesis of Schizo-
phrenia (Marenco & Weinberger, 2000). Moreover, a num-
ber of longitudinal studies demonstrated that some degree
of recovery was possible in some cases of Schizophrenia
(Garmezy, 1970; Tsuang, Wollson, & Fleming, 1979; Zigler
& Glick, 1986), thereby casting further doubt on the Krae-
pelinian viewpoint that Schizophrenia is a degenerative
disease of early adulthood (“dementia praecox”).

Similarly, prospective longitudinal high-risk offspring
studies have revealed that behavioral antecedents of
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Schizophrenia occurred before the disease. Fish (1977)
demonstrated that a neurobiologic disorder exists in infants
and children prior to the onset of more chronic forms of
Schizophrenia. Fish’s (1977) discovery of pandevelopmen-
tal retardation was considered an early marker of the inher-
ited neurointegrative defect (i.e., schizotaxia) postulated
to exist in Schizophrenia by Paul Meehl (1962). Impor-
tantly, Fish noted that the phenotypic manifestations of the
neurointegrative defect change over epigenesis and that the
signs of dysregulation of maturation are found in many de-
veloping systems. Specifically, Fish reported that the neu-
rointegrative disorder present from infancy disrupted the
normal timing, sequence, and overall organization of devel-
opment. Moreover, in a landmark prospective longitudinal
investigation, Fish, Marcus, Hans, Auerbach, and Perdue
(1992) discovered that the infant offspring of schizophrenic
mothers displayed greater lags in their motor development
during infancy and that a number of these infants them-
selves went on to develop Schizophrenia or schizotypal
personality disorders (see also the seminal work of Walker,
Davis, & Gottlieb, 1991, in this regard).

Relatedly, Cannon, Rosso, Bearden, Sanchez, and
Hadley (1999), in their epidemiological investigation of the
Philadelphia cohort of the National Collaborative Perinatal
Project, provide compelling evidence that adverse experi-
ences during gestation and birth, as well as deviant cogni-
tive, motor, and behavioral functioning during early
childhood, are associated with an increased risk for Schizo-
phrenia. In particular, these investigators demonstrated that
the risk for Schizophrenia increases linearly with the sever-
ity of fetal oxygen deprivation. In prior neuroimaging stud-
ies of high-risk samples (Cannon, Mednick, Parnas, &
Schulsinger, 1993; Cannon et al., 2002), a history of perina-
tal hypoxia was found to be associated with increased sever-
ity of a neuropathological indicator of Schizophrenia (i.e.,
ventricular enlargement) among individuals with an ele-
vated genetic risk for the disorder, but not among controls at
low genetic risk. Together, this evidence suggests that a ge-
netic factor in Schizophrenia may render the fetal brain par-
ticularly susceptible to the effects of oxygen deprivation
and encourages search for molecular mechanisms underly-
ing this heightened neural vulnerability.

Cannon et al. (1999) also discovered that preschizo-
phrenic individuals show evidence of cognitive, motor, and
behavioral dysfunction during the first 7 years of life (cf.
Walker, Davis, et al., 1991). Because there was not evi-
dence of significant intraindividual decline during this pe-
riod within any domain of functioning, the results argue
against the view that a deteriorative neural process under-
lies these early phenotypic expressions of liability to

Schizophrenia. Rather, the findings suggest that an in-
creasing number of diverse phenotypic signs emerge with
age as the various brain systems required for their expres-
sion reach fundamental maturity. Finally, because similar
functional disturbances were observed in the unaffected
siblings of the preschizophrenic cases, it would appear that
these cognitive, motor, and behavioral disturbances are in-
dicators of an inherited neural diathesis to Schizophrenia
(cf. Walker & Diforio, 1997).

In addition to the early and more recent work with
preschizophrenic infants and children that served as an im-
petus for modifying the Kraepelinian (1919) view of
Schizophrenia, contemporary findings have contributed to
the belief that the neurobiological foundations of Schizo-
phrenia are established, at least in part, during the develop-
ment of the brain. These include the following:

1. A number of prospective longitudinal investigations has
discovered an association between prenatal and perina-
tal complications (e.g., fetal hypoxia) and an increased
risk for the later development of Schizophrenia. These
findings suggest that the adverse effects of obstetric
complications on the developing fetal brain may play a
role in the etiology of Schizophrenia.

As Rakic (1988a, 1988b, 1996; Sidman & Rakic,
1982) and Nowakowski (1987; Nowakowski & Hayes,
1999) have concluded, during periods of rapid brain de-
velopment in which neuronal migration is occurring and
synaptic connections are formed the fetal brain is espe-
cially vulnerable. Exogenous teratogens, such as maternal
influenza (Brown et al., 2004; Mednick, Machon, Hut-
tunen, & Bonett, 1988) and maternal exposure to toxo-
plasmosis (Brown et al., 2005), along with obstetric
complications, such as perinatal hypoxia (Cannon, 1998),
in concert with the genetic predisposition to Schizophre-
nia, may exert dramatic effects on the regions of the
brain experiencing the most rapid growth. Introducing
birth complications and teratogens may also place the
cortical connections being established and refined at in-
creased risk for aberrant development.

2. A number of postmortem neuropathology studies has
found evidence of heterotopic displacement of neurons in
various regions of the brain, including the hippocampus
and the frontal and temporal cortices. These findings
suggest that there are disturbances of brain development
in utero in many schizophrenics.

3. Disturbances in neurogenesis, neuronal migration and
differentiation, synaptogenesis, neuronal and synaptic
pruning (perhaps resulting in reduced synaptic connec-
tivity; cf. McGlashan & Hoffman, 2000), and myelina-
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tion, occurring at the cellular and molecular levels, sug-
gest that Schizophrenia is a disorder that is instantiated
in brain development (Arnold, 1999; Breslin & Wein-
berger, 1990; Weinberger, 1987).

For example, the laminar distribution of cortical
neurons is displaced inward in Schizophrenia, indicating
a defect in cortical organization, suggesting that the
normal process of “inside-out” neuronal migration (cf.
Rakic, 1988a, 1988b) during the second trimester of
gestation also is likely to be anomalous, as should the
neuronal connectivity and circuitry (Arnold, 1999;
Weinberger, 1995). In addition, Lewis, Hashimoto, and
Volk (2005) concluded that there are atypicalities in
cortical inhibitory neurons (i.e., GABA neurons) in
Schizophrenia and that these abnormalities play a role in
the impairments of working memory function that are a
core feature of clinical Schizophrenia. Moreover, alter-
ations in dopamine and glutamate neurotransmission in
the dorso lateral prefrontal cortex (DLPFC) also are in-
volved in the working memory dysfunction in Schizo-
phrenia. Relatedly, Meyer-Lindenberg et al. (2005) have
discovered that hippocampal dysfunction may manifest
in Schizophrenia because of an inappropriate bidirec-
tional modulatory relation with the DLPFC.

4. A growing body of neuroimaging studies has identified
gross structural neuroanatomical changes in young, un-
treated patients in their first psychotic episode. Further,
and in contrast to a Kraepelinian (1919) neurodegenera-
tive viewpoint, these investigations also have failed
to discover evidence of deterioration in these neu-
ropathological markers with increasing length of illness
(Marenco & Weinberger, 2000).

5. A number of the unaffected first-degree relatives of
schizophrenic patients manifest the structural and func-
tional brain abnormalities observed in schizophrenics,
implying that such abnormalities may be mediated, in
part, by genetic predisposition to the disorder (Cannon
et al., 1993; Cannon, Mednick, et al., 1994). Homeobox
genes, which serve as transcription factors regulating
gene expression, represent potential candidate genes in
disorders in which a disruption of cortical neurogenesis
has been implicated, such as in Schizophrenia (Ruddle
et al., 1994; Steingard & Coyle, 1998).

We wish to underscore that the extant models linking
neurodevelopment and Schizophrenia point to a nonlinear-
ity of relations. Specifically, a significant amount of time
elapses between the gestational events hypothesized to
create a predisposition to Schizophrenia and the onset of
the symptoms of the disorder later in life. Longitudinal

follow-up of individuals who have experienced traumatic
insults to the brain at early stages of development, such as
is likely the case in many instances of Schizophrenia, en-
ables investigators to chart and observe the changing ex-
pression of these early lesions as development modifies
behavior in general.

Alternatively, for some individuals it also is conceiv-
able that the lesion directly affects later developmental
processes via cascade, propagation, and expansion (Cic-
chetti & Tucker, 1994a; Courchesne et al., 1994; Post et al.,
1994; Steingard & Coyle, 1998). These options all provide
an opportunity to discover how brain and behavior reorgan-
ize following the experience of insults at different points in
the developmental course.

Because not all persons who experience the gestational
disturbances noted in the literature go on to develop clini-
cal Schizophrenia, Gottlieb’s (1992) concept of probabilis-
tic epigenesis is evoked. Furthermore, the existing research
reveals that there are a number of pathways through which
the early neurodevelopmental anomalies may result in
Schizophrenia. The identification of these diverse path-
ways to Schizophrenia provides insight into how specificity
and differentiation into a syndrome may result from a com-
monality of initiating circumstances (i.e., equifinality; see
Cicchetti & Rogosch, 1996). These multiple pathways em-
brace a number of possible contributors that may potentiate
or mediate the links between early neurodevelopmental
anomalies and Schizophrenia in genetically vulnerable in-
dividuals. These include the normal developmental changes
that take place during late adolescence and early adult-
hood, such as: (1) synaptic pruning of the prefrontal cortex
(Feinberg, 1982; McGlashan & Hoffman, 2000), (2) puber-
tal increases in gonadal hormones during adolescence
(Spear, 2000; Walker, Sabuwalla, & Huot, 2004), (3) devel-
opmental transformations in prefrontal cortex and limbic
brain regions (Dahl, 2004; Keshavan & Hogarty, 1999;
Marenco & Weinberger, 2000), (4) continued myelination
of intracortical connections (Benes, 1989; Gibson, 1991;
Yakovlev & LeCours, 1967), (5) alterations in the balance
between mesocortical and mesolimbic dopamine systems
(Benes, 1989, 1997; Benes, Turtle, Khan, & Farol, 1994),
(6) the stress that arises during postnatal social develop-
ment (Keshavan & Hogarty, 1999; Walker & Diforio,
1997), (7) the transformations that occur in cognitive and
social-cognitive development (Keating, 1990; Noam, Chan-
dler, & LalLonde, 1995; Spear, 2000), and (8) the growing
importance of the peer group (J. G. Parker, Rubin, Price, &
DeRosier, 1995).

Such an integrative, interdisciplinary approach is neces-
sary to capture the full complexity of schizophrenic illness,
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including the multiple pathways to, and the diverse out-
comes associated with, the disorder. Thus, it appears likely
that the processes underlying the normal development and
maturation of cortical circuitry and connectivity may have
gone awry in Schizophrenia (Arnold, 1999; Benes, 1995;
McGlashan & Hoffman, 2000; Weinberger, 1987). Unrav-
eling these misorganizations in brain development should
contribute greatly to understanding the genesis and epigen-
esis of schizophrenic disorders.

As highlighted in the previous sections, advances in
neuroscience have begun to inform neurodevelopmental
theories of Autism and Schizophrenia. Other lines of
research have begun to examine other forms of psychopath-
ology (e.g., Attention Deficit/Hyperactivity Disorder,
Conduct Disorder, Bipolar Disorder) in a neurodevelop-
mental context (see Cicchetti & Cannon, 1999a; Cicchetti
& Walker, 2003). In fact, it is clear that developmental
psychopathology has made great strides in recent years to
incorporate multiple levels of analysis in its conceptual and
empirical framework, and the understanding of the devel-
opment of psychopathology generally has made great ad-
vances by employing findings from basic neuroscience and
normal brain development. As previously noted, one of the
fundamental tenets of developmental psychopathology is
that knowledge of normal development can and should in-
form the study of deviant developmental trajectories even-
tuating in psychopathology. One logical extension of this
approach is the investigation of the mechanisms and devel-
opmental pathways that eventuate in positive outcomes de-
spite the experience of significant adversity. Knowledge
from neuroscience and its associated subdisciplines has
only recently been brought to bear in preliminary theoreti-
cal discussions of a biology of resilience (Charney, 2004;
Curtis & Cicchetti, 2003), and, to date, no published em-
pirical studies have incorporated this level of analysis in
the investigation of resilience. As part of a complete inte-
gration of multiple levels of analysis (including biological)
into the developmental psychopathology framework, we be-
lieve it is critical to begin to examine the biological con-
tributors to resilient functioning.

RESILIENCE

Positive adaptation in the face of adversity has captured
the interest and imagination of humanity over the ages.
However, systematic empirical study of the phenomenon
that is today referred to as resilience began only a little
more than 30 years ago (Cicchetti & Garmezy, 1993;
Masten, Best, & Garmezy, 1990). In the early 1970s, a few

researchers investigating the development of psychopathol-
ogy began to discuss the importance of examining charac-
teristics of children who did not develop psychopathology,
despite being at risk (e.g., Anthony, 1974; Garmezy, 1971,
1974), marking an important shift in theoretical depic-
tions of the causes and consequences of psychopathology.
Previously, investigations conducted on high-risk and
mentally disordered populations across the life span had
portrayed the developmental course as deterministic, in-
evitably resulting in maladaptive and pathological out-
comes (Luthar et al., 2000). As researchers discovered that
not all high-risk children manifested the dire conse-
quences that extant theories of psychopathology predicted,
understanding the processes through which children at
risk did not develop psychopathology became viewed as
important for informing theories on the development of
maladaptation and pathology. The advent of modern neu-
roscience along with its many associated subdisciplines
represents an unprecedented opportunity to augment cur-
rent conceptual and methodological approaches to the
study of resilience (Cowan et al., 2000).

A large volume of research over the past 3 decades has
examined the psychosocial correlates of individual, inter-
personal, familial, and broader environmental contributors
to resilience (Luthar, 2003; Luthar et al., 2000; Masten,
2001). However, the empirical study of resilience, for vari-
ous historical reasons, has focused exclusively on behav-
ioral and psychosocial correlates of, and contributors to,
the phenomenon, and has not examined biological corre-
lates or contributors (Curtis & Cicchetti, 2003; Luthar
et al., 2000). Taken as a whole, the extant empirical litera-
ture on resilience has traditionally employed behavioral in-
dices of adversity and positive adaptation.

Although this research has yielded a wealth of knowledge
concerning the psychosocial correlates of, and contributors
to, resilience, early theorizing and research in resilience
(e.g., Anthony, 1974; Garmezy, 1974; Murphy, 1974), as
well as several subsequent large-scale longitudinal studies of
resilience (e.g., Garmezy, Masten, & Tellegen, 1984;
Garmezy & Tellegen, 1984; Masten & Garmezy, 1985;
Werner & Smith, 1982), were undertaken prior to the incep-
tion of modern techniques for examining the neural and bio-
logical correlates of human behavior and development. In
addition, the scientific study of resilience had its roots in
the psychodynamic and behavioral theoretical traditions,
where research was largely guided by the study
of risk and symptom treatment (Masten & Reed, 2002).
Within these conceptual frameworks, which dominated clin-
ical and developmental psychology through much of the
twentieth century, there was little interest in discovering the



biological mechanisms that could potentially contribute to a
more integrated understanding of behavioral differences
(Nelson et al., 2002). Undoubtedly, the relative neglect of
the brain and biology as relevant to developmental theoriz-
ing on the unfolding of adaptive and maladaptive behavioral
outcomes was due, in part, to the paucity of information that
existed about the structural and functional organization of
the brain (Johnson, 1998; Segalowitz, 1994). There simply
was not enough knowledge about brain development and
function to articulate its role in the genesis and epigenesis of
normal and deviant mental processes. Several cogent and ex-
tensive summaries of resilience theory and research have
been published that have explicated the need to examine the
processes contributing to resilience from multiple levels of
analysis, in particular from the level of brain and neurobio-
logical functioning. An important discussion has begun con-
cerning the incorporation of the biological level of analysis
into the theoretical framework of resilience (see, e.g., Curtis
& Cicchetti, 2003; Luthar et al., 2000; Masten, 2001; Mas-
ten & Reed, 2002; Nelson, 1999), and preliminary proposals
concerning the empirical examination of the biological foun-
dations of resilience have recently been made (Charney,
2004; Cicchetti, 2003; Curtis & Cicchetti, 2003; Davidson,
2000). At this point in the empirical investigation of re-
silience, the next logical step is to include a biological per-
spective on resilience in order to achieve a truly complete
understanding of this phenomenon.

Within the scope of this section, it is not be possible to
cover all of the areas of biological functioning that might
potentially contribute to resilient functioning. Rather, we
focus on several broad areas that directly and/or indirectly
reflect the functioning of major human biological systems
that have clear links to human behavior. In particular, we
consider the possible contributions of genetics, neuroen-
docrinology, immunology, emotion, cognition, and neural
plasticity to resilient functioning. There is evidence to sug-
gest that the environment and experience may exert an im-
pact on these areas, thus, perhaps, playing a role in resilient
functioning. Within each of these areas, we evaluate the
pertinent evidence supporting the association of that par-
ticular system with resilience and suggest possible research
methodologies that could be brought to bear to examine
general questions and hypotheses concerning the likely re-
lation between resilience and each area reviewed.

Going forward, it is critically important to keep in mind
that biological domains do not function independently, but,
more often than not, the functioning of one system influ-
ences the functional properties of one or more other
systems, through a cascade of bidirectionally influenced
processes (Cicchetti & Cannon, 1999a; Gottlieb, 1992;
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Gottlieb et al., 1998; Thelen & Smith, 1998). In addition,
based on the reality that biological systems function inter-
dependently as much as possible, the goal of future research
on resilience and biology should be to increasingly incorpo-
rate multiple biological measures as part of a multiple lev-
els of analysis approach to resilience research (Cicchetti &
Curtis, in press). With this as an ideal, admittedly the chal-
lenges involved in a true integration are great. To be com-
plete, such synthesis must involve integration at the highest
level across disciplines (i.e., neuroscience and psychology),
but also must examine multiple biological systems within
the organism (e.g., neuroendocrine and emotion) as well as
investigate different levels within the same system (e.g.,
neuroanatomical and neurochemical). Historically, concep-
tual distinctions among and within systems have been cre-
ated (e.g., higher and lower order cognition) in order to
more conveniently study the functional details of these sys-
tems. However, given the increasing recognition of the im-
portance of considering many levels of interdependent
processes simultaneously in order to advance the under-
standing of a multifaceted phenomenon, such as resilience,
it is incumbent upon resilience researchers to meet the
challenge of simultaneously incorporating multiple levels
both across and within systems.

The discussion in this section of the chapter focuses in
part on the conceptual basis for the consideration of biolog-
ical processes that may potentially yield contributions to
expanding our knowledge about resilience. In addition,
we discuss various types of neuroimaging and other tech-
nologies, such as magnetic resonance imaging (MRI), func-
tional MRI (fMRI), electroencephalography (EEQG),
event-related potentials (ERPs), assay techniques for neu-
roendocrine and immune functioning, and methods for in-
vestigating gene expression as methodological tools that
could be employed to help answer questions about the con-
tribution of biology to resilience. However, the discussion of
these tools are secondary to what we believe is the more im-
portant general discussion of biology and resilience, as well
as the research questions that should be developed to fur-
ther our understanding of the interface of these two areas.

Theoretical Approach

One of the formidable challenges inherent to examining re-
silience from a biological perspective is the need to extend
current theoretical conceptualizations about resilience in
order to incorporate the various new levels of analysis po-
tentially involved in this approach. Most investigators in
the area of resilience do not have formal training in neuro-
science or biology, whereas those investigators who do
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have such training generally have not been involved with re-
search in the area of resilience. Given the vast range of ex-
pertise that could ultimately be required to investigate the
role of biology in resilience, it is imperative that a multidis-
ciplinary approach to both theory building and empirical
investigation is brought to bear on this problem. Indeed,
given that self-righting, one of the basic mechanisms un-
derlying resilience, has its historical roots embedded in
the fields of embryology and genetics (Fishbein, 1976;
Waddington, 1957), we think that it is especially unfortu-
nate that behavioral scientists have thus far eschewed the
inclusion of biological measures in their research arma-
mentaria on resilience.

In setting forth a conceptual model of biology and re-
silience, particular attention must be paid to the relation
between the dynamic process of resilience and key compo-
nents of the central nervous system, neuroendocrine, and
other neurobiological systems. An explanatory model of re-
silience and biology will build and expand upon the extant
theoretical framework around resilience, in particular, one
that views resilience as a dynamic process that is influ-
enced by neural and psychological self-organization, as
well as transactions between the ecological context and the
developing organism (Cicchetti & Tucker, 1994a; Egeland,
Carlson, & Sroufe, 1993). Specifically, the transactional,
organizational perspective (Cicchetti & Schneider-Rosen,
1986; Cicchetti & Sroufe, 1978), one of the major theoreti-
cal approaches in the field of developmental psychopathol-
ogy, provides an orientation that inherently takes into
account multiple levels of analysis and allows for combin-
ing biological and psychological mechanisms within the
same explanatory framework (Cicchetti & Tucker, 1994a),
thus providing a ready-made structure for the integration
of a biological perspective into resilience. In addition, a
transactional, organizational perspective is useful in that it
does not ascribe ascendancy to any level of analysis over
another, and it attempts to break down the traditional re-
strictive conceptual boundaries between nature and nur-
ture and biology and psychology (Cicchetti & Cannon,
1999a; Gottlieb, 1992).

As we described earlier in this chapter, advocates of a
self-organizing systems-theory viewpoint of neurobiologi-
cal and psychological development contend that individuals
actively participate in the creation of meaning by structur-
ing and restructuring experience through self-regulated
mental activity (Cicchetti & Tucker, 1994a; Mascolo, Pol-
lack, & Fischer, 1997). Early experience and prior levels of
adaptation neither doom the individual to continued mal-
adaptive functioning nor inoculate the individual from fu-
ture problems in functioning. Change takes place in a

system as new needs and environmental challenges destabi-
lize the existing organizations, necessitating the emer-
gence of new organizations that may prove to be more
adaptive than the preexisting ones in the current context.
The reorganizations that occur both within and between
developmental domains (e.g., emotion, cognition) provide
critical opportunities for resilient adaptation (Cicchetti &
Tucker, 1994a).

Furthermore, despite the important role that genetic in-
formation plays in regulating, guiding, and controlling
brain development (Rakic, 1988a, 1988b, 1995), as we
noted earlier, a not insignificant portion of postnatal brain
development is thought to occur through interactions and
transactions of the individual with the environment (Black
et al., 1998; Cicchetti & Cannon, 1999a; Johnson, 1998;
O’Leary, 1989). This potential for structural and func-
tional reorganization of the brain in response to environ-
mental demand and afferent input shapes development in
the form of a nonlinear, dynamic feedback system (Elbert,
Heim, & Rockstroh, 2001). Such development proceeds
hand in hand with structural modifications of the brain that
can occur on both a microscopic, cellular scale with, for
example, alterations in synaptic efficiency, synapse forma-
tion, and changes in properties of dendrites, as well as at a
macroscopic level with functional reorganization of entire
neural networks (Elbert et al., 2001). Consequently, each
individual may traverse a potentially unique and partly
self-determined developmental pathway of brain building
that we believe may have important consequences for the
development of resilient adaptation (Black et al., 1998;
Cicchetti & Tucker, 1994a). Much of the underlying empir-
ical work in support of this perspective on neural develop-
ment has been in the area of sensory, language, and
perceptual organization and function (e.g., Cheour et al.,
1998; Elbert, Pantev, Wienbruch, Rockstroh, & Taub,
1995; Hubel & Wiesel, 1979). However, it is probable that
parallel processes shape the development of higher-order,
widely distributed cortical functions involved in emotion
and cognition that more directly underlie complex, behav-
iorally manifested phenomena, including resilience.

Avoiding Reductionism

In attempting to integrate a biological perspective into the
study of resilience, it is critical to avoid the potential pit-
fall of reducing the phenomenon of resilience to one that is
exclusively mediated by biology. It is possible that the dis-
cussion of the biology of resilience could lead to the mis-
taken conclusion that, if biological mechanisms were
associated with resilient outcomes, then the forces of biol-



ogy would be of primary importance in achieving positive
outcomes in the context of adversity. However, nothing
could be further from the truth.

In fact, reducing psychological phenomena to compo-
nents of neuroanatomical, neurochemical, neurophysiologi-
cal, and genetic factors dismisses the great impact that
the environment has on these processes, and demotes psy-
chology to the realm of ephemeral behavioral marker of
biological processes (see Miller & Keller, 2000). This re-
ductionism is of particular concern in the study of psycho-
pathology, where over the past decade there has been an
increasing emphasis on the neurobiology of mental disor-
ders, often attributing (reducing) the etiology of psycho-
pathology to purely innate characteristics of the individual,
such as genes, neuroanatomy, or brain function (Charney,
Nestler, & Bunney, 1999; Torrey, 1997). More broadly, the
artificial distinction between biology and behavior within
the human organism contradicts years of research indicat-
ing co-actions between all levels of analysis, from the envi-
ronment broadly construed to the molecular (e.g., Cicchetti
& Tucker, 1994a; Gottlieb & Halpern, 2002), and it also
highlights the importance of avoiding the perpetuation of
the outmoded dichotomy in developmental science between
nature and nurture (e.g., Hinde, 1992; Johnston, 1987).
Thus, in the context of the current discussion of resilience
and biology, we do not wish to convey or encourage the re-
duction of resilience to biological process. Rather, consis-
tent with a transactional, organizational, general systems
theory framework, we believe that biology is but one part of
what should be an all-encompassing systems approach to
understanding resilience, which needs to take into account
all levels of analysis, from molecular to cultural.

Equifinality and Multifinality

Diversity in process and outcome are hallmarks of the de-
velopmental psychopathology perspective (Cicchetti, 1990;
Cicchetti & Rogosch, 1996; Sroufe, 1989). The existence
of equifinality, the recognition that a diversity of paths
may eventuate in the same outcome, and multifinality,
the acknowledgment that different outcomes are likely to
evolve from any original starting point, challenges theo-
rists and researchers to entertain more complex and varied
approaches to how they conceptualize and investigate
normal development, psychopathology,
(Richters, 1997).

The application of equifinality to a biology of resilience
requires that researchers be aware that a variety of devel-
opmental progressions may eventuate in disorder or
resilience (Luthar et al., 2000). Clearly, biological and psy-

and resilience
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chological factors both can play a role in the pathways to
these diverse outcomes. Furthermore, the relative contri-
butions of biological and psychological contributors to dis-
order and resilience will vary among individuals.

Likewise, the concept of multifinality alerts resilience
researchers to the fact that individuals may begin on the
same major developmental trajectory and, as a function of
their subsequent “choices,” exhibit very different patterns
of maladaptation or adaptation (Sroufe, 1989; Sroufe, Ege-
land, & Kreutzer, 1990). The pathway to either psycho-
pathology or resilience is influenced, in part, by a complex
matrix of the individual’s level of biological and psycholog-
ical organization, experience, social context, timing of the
adverse event(s) and experiences, and the developmental
history of the individual.

Technology, Methodology, and Resilience

There is a vast array of rapidly evolving technologies in the
biological sciences that can be applied to the study of devel-
opment and psychopathology, many of which can now po-
tentially play an important role in the study of the interface
between biology and resilience. However, an important
caveat with respect to these new tools is that the utilization
of technology, without an underlying model or theoretical
framework, does not serve the advancement of science (see
also Peterson, 2003). In the absence of any specific, empir-
ically based knowledge concerning the relation between bi-
ological systems and a particular behaviorally manifested
psychological phenomenon (e.g., resilience), the initial chal-
lenge during the early stages of such research is to, at the
very least, generate a priori, testable hypotheses that have a
reasonable degree of fidelity with a clearly specified con-
ceptual model. Although the construction of an elaborate,
formal theory that specifically describes the relation be-
tween biology and resilience is overly ambitious at this
juncture, it is nonetheless critical to ground empirical en-
deavors in some framework that is based either on a viable
model or some type of functional theory.

In addition, with the continuing advances in and in-
creasing utilization of new technologies in neuroscience
and psychology, particularly neuroimaging, it is of para-
mount importance to avoid having the construction of the-
ory and subsequent generation of hypotheses driven or
constrained by the nature of the data that is attainable by
a particular measurement technology. Thus, it is important
not to exclusively conceptualize a psychological phenome-
non, such as resilience, through the lens of a partic-
ular methodology. For example, fMRI is an excellent tool
for localizing the functional aspects of brain regions and
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networks. Thus, application of this method would be ideal
for answering questions about where in the brain a particu-
lar cognitive or emotional operation is taking place. How-
ever, the types of tasks that can be administered to
individuals during the fMRI scanning procedure are, by ne-
cessity, often limited to those that can be physically adapted
to the MRI scanner environment. Thus, the questions that
can be answered by functional imaging are to a great degree
dependent upon the nature and demands of the task adminis-
tered, which may often be quite narrow in scope.

Furthermore, although fMRI affords excellent spatial
resolution (on the order of a few millimeters), it does not
provide good temporal resolution of neural activity (continu-
ing advances in technology have somewhat improved this as-
pect of the technology, however). Alternatively, ERPs are an
example of an ideal brain-imaging technology for detecting
the temporal sequence of brain processing (resolution on the
order of milliseconds), but unfortunately, the spatial resolu-
tion of ERPs is relatively poor (again, this aspect of ERP
technology is also improving due to high density electrode
arrays and improved source localization algorithms). Thus,
the particular characteristics of these two measurement
techniques in large part determine what type of data can be
derived and, more fundamentally, what types of questions
can be asked in research utilizing them. Of course, combin-
ing these two methods is an ideal solution for overcoming
their individual limitations (e.g., de Haan & Thomas, 2002).

Moreover, as technology in biologically based areas of
inquiry becomes increasingly complex and more special-
ized skills are required to carry out research employing
these tools, researchers will naturally become more knowl-
edgeable in the use of one particular methodology and
measurement technique (e.g., fMRI). This increasing spe-
cialization may have the unintended consequence of
narrowing the focus of model building and hypothesis gen-
eration. Clearly, no one individual can master all available
techniques, thus pointing to the importance of collabora-
tion across disciplines in research examining multiple lev-
els of analysis. Ideally, a comprehensive research program
would employ several measures at various levels of analy-
sis, such as molecular genetic, neuroendocrine, functional
brain imaging, neuropsychological assessment, and obser-
vational ratings of behavior.

EXPERIENCE AND THE BRAIN:
A BRIEF HISTORY

From the perspective of modern neuroscience and associ-
ated disciplines, it is a given that certain types of experi-

ence result in enduring physiological changes in the brain,
by way of a process referred to as neural plasticity. These
changes can occur and are observed on one or more levels
of analysis, including molecular, cellular, neurochemical,
and anatomical brain systems, and are manifested at the
highest order by changes in behavior. However, in fairly
recent scientific history the fundamental question of
whether experience resulted in changes in the physiologi-
cal characteristics of the brain did not have a clear answer,
and was a subject of active empirical inquiry.

In a comprehensive historical review of research on the
relationship between experience and the brain, Rosen-
zweig, Bennett, and Diamond (1972) reported that the ear-
liest recorded scientific account of physical changes in the
brain as a result of experience was written in the 1780s by
Michele Gaetano Malacarne, an Italian anatomist. He
experimented with two dogs from the same litter, as well
as pairs of parrots, goldfinches, and blackbirds, each pair
from the same clutch of eggs. He trained one member of
each pair to perform various tasks (in the case of the dogs)
and to make specific vocalizations (the birds). He did
not train the other member of the pair. After the experi-
ment ended, he examined the animals’ brains, and found
that there were more folds in the cerebellum of the animals
that had gone through the training procedure. Given that
the cerebellum is involved in motor functioning, finding in-
creased complexity in this part of the brain was consistent
with the intensive training.

In 1791, the physiologist Samuel Thomas von Soemmer-
ing wrote that anatomical measurements might demon-
strate the effects of experience on the brain, most likely in
reference to the work by Malacarne (Renner & Rosen-
zweig, 1987). Beyond this single reference to Malacarne’s
work, there is no indication that any other scientists during
this era attempted to follow up on this line of research
(Rosenzweig et al., 1972).

In the late nineteenth century, scientists became inter-
ested in the relation between intellectual ability and train-
ing and brain anatomy in humans. Darwin (1874) wrote:

I have shown that the brains of domestic rabbits are consider-
ably reduced in bulk, in comparison with those of the wild
rabbit or hare; and this may be attributed to their having been
closely confined during many generations, so that they have
exerted their intellect, instincts, senses and voluntary move-
ments but little. (p. 53)

In this passage, Darwin is pointing out not only the heredi-
tary nature of brain size, but also attributes it to the rela-



tive experiential deprivation of domestic rabbits compared
to wild rabbits.

In the early part of the twentieth century, a scientist
and inventor named Elmer Gates claimed that the results
of research he conducted, similar to that of Malacarne,
demonstrated support for his hypothesis of “brain build-
ing” (Renner & Rosenzweig, 1987). Gates theorized “that
every conscious mental operation or experience creates in
some part of the brain or nervous system new structural
changes of cell and fiber . . . producing the embodiment of
more mind” (1909, as cited in Renner & Rosenzweig,
1987). Gates apparently did not publish his research find-
ings in any scientific journals; however, some of his work
appeared as a series of articles in a publication called The
Metaphysical Magazine (Renner & Rosenzweig, 1987).

In addition, Gates did not hesitate to extrapolate his work
to humans. He is further quoted as saying: “The applications
of these principals to human education is obvious. . . . Under
usual circumstances and education, children develop less
than ten percent of the cells in their brain areas. By
processes of brain building, however, more cells can be put
in these otherwise fallow areas, the child thus acquiring a
better brain and more power of mind....” (pp. 9-10, as
cited in Renner & Rosenzweig, 1987). Although Gates did
not quite have the details of the impact of experience on
brain development correct, his bold (at the time) statements
may yet prove prophetic.

In more mainstream scientific and academic circles, re-
searchers in the last quarter of the nineteenth century
failed to show that training resulted in changes in the gross
anatomy of the brain. In 1895, Cajal speculated, based on
the assumption that the brain does not produce new neu-
rons, that cerebral exercise might lead to the establishment
of “new and more extended intercortical connections.”
This notion was not to be confirmed until many years later.
However, at the end of the nineteenth century, the hypothe-
sis of an intrinsic relationship between brain size and use
of the brain or intellectual ability was generally aban-
doned. In addition, a consensus in the scientific community
developed that such anatomical changes could not be de-
tected (if indeed there were any). Hence, scientists of this
era generally gave up looking for experientially induced
changes in brain anatomy.

In 1949, Donald Hebb published his seminal book, The
Organization of Behavior, in which he outlined a compre-
hensive theory of behavior that attempted to integrate the
physiology of the nervous system and behavioral psychol-
ogy (Hebb, 1949). A central tenet of his theory was that
experience modifies the brain. A few years before this
book was published, Hebb (1947) reported on the first
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experiment that systematically compared the problem-
solving ability of rats reared in different conditions. He
reared two litters of rats in his home as pets. They were
frequently out of their cages and had free run of Hebb’s
house (Hebb, 1949). At maturity, these home-raised rats
scored better than laboratory-reared rats on the Hebb-
Williams maze (Hebb & Williams, 1946). Hebb con-
cluded that “the richer experience of the pet group during
development made them better able to profit by new expe-
riences at maturity—one of the characteristics of the
‘intelligent’ human being” (Hebb, 1949, p. 299, italics in
the original). Subsequent replications of Hebb’s research
under more controlled experimental conditions resulted in
similar findings (e.g., Hymovitch, 1952).

However, none of the investigators in this subsequent
set of experiments discussed any role that differential
brain development may have played in the behavioral re-
sults obtained. However, the thinking of these scientists
was no doubt influenced by the prevailing dogma of the
first half of the twentieth century concerning brain devel-
opment, which held that the anatomy and physiology of the
brain was fixed by a genetic blueprint. It was believed that
development proceeded according to this fixed plan until
adulthood, after which change in the brain was not possi-
ble, except in the case of injury and/or decay from the
aging process (Renner & Rosenzweig, 1987). However,
during the 1950s, some neuroscientists began to speculate
that subtle aspects of the brain may be impacted by expe-
rience, such as connections between neurons and neuro-
chemistry (Bennett, Diamond, Krech, & Rosenzweig,
1964). Unfortunately, at this time, scientific methods did
not exist that would reliably allow detection of these types
of brain processes, and the question reverted to a more
speculative realm.

During the early 1960s, a group of scientists at the
University of California, Berkeley, began to examine the
relation between neurochemical changes in the brain and
learning in rats. The results of a series of their early ex-
periments confirmed their specific hypothesis of a linkage
between increased cortical activity of the neurotransmit-
ter acetylcholine (ACh), greater efficiency of synaptic
transmission, and successful problem solving in rats (e.g.,
Krech, Rosenzweig, & Bennett, 1960). Indeed, rats who
were good at learning mazes had higher ACh activity than
those who were not, and it was later found that stimulation
and training did, in fact, increase levels of ACh (e.g.,
Bennett et al., 1964). This early work lead to a now classic
line of research comparing the brains of rats reared in
complex environments to those reared in standard labora-
tory conditions.
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NEURAL PLASTICITY

A recent search of literature databases in medicine and
psychology by the authors yielded nearly 10,000 citations
that used the term “neural plasticity” as a key word or
phrase, with a seemingly exponential increase in the num-
ber of publications over the past 5 to 10 years. It would be a
daunting task to synthesize the knowledge that has accumu-
lated about neural plasticity generally, and in particular to
attempt to apply this knowledge systematically in order to
gain a clearer understanding of a behavioral phenomenon,
such as resilience. Nearly all of the work on neural plastic-
ity is highly technical, conveyed within specialized reports
concerning the mechanisms of neural plasticity at nearly
all levels of analysis, including neurochemical, molecular,
genetic, and neuroanatomical, intended for a highly trained
audience of neuroscientists and biologists (among others).
Being able to glean something about the relevance of neural
plasticity for resilience (or for that matter, any behavioral
phenomenon) from such a highly technical literature is a
formidable undertaking.

The study of neural plasticity in modern neuroscience
and associated disciplines has brought to bear a wide range
of empirical methodologies to describe all aspects of the ob-
served dynamic processes at the synaptic and cellular levels
that appear to underly neural plasticity. Neural plasticity is
increasingly viewed as a dynamic nervous system process
that orchestrates nearly constant neurochemical, functional,
and structural CNS alterations in response to experience. It
is possible that advances in the study of neural plasticity
could be fruitfully employed as a model to begin to hypothe-
size about the biological underpinnings of resilience. Several
authors recently have alluded to the possible relation be-
tween the principles of neural plasticity and resilience (e.g.,
Cicchetti, 2003; Curtis & Cicchetti, 2003; Davidson, 2000;
Masten, 2001; Nelson, 1999), and at the conceptual level,
there are several intriguing parallels between processes in-
volved with neural plasticity and resilience. Thus, it is im-
portant to examine resilience in the context of this vast body
of knowledge on neural plasticity, and to evaluate whether
neural plasticity may have relevance for the study of a biol-
ogy of resilience. The following sections attempt to provide
a broad conceptual overview of neural plasticity, and briefly
examine some of the fundamental mechanisms underlying
this inherent characteristic of the brain and how it may po-
tentially inform the study of resilience.

Plasticity: General Definition

Webster’s dictionary (1979) defines plasticity as “the ca-
pacity for being molded or altered.” The term plasticity is

employed in a variety of fields in modern science, and until
fairly recently has primarily been applied in engineering
and physics to index the ability of material to change char-
acteristics depending on environmental and thermody-
namic conditions. In its purest semantic sense, plasticity
simply connotes the capacity of something (e.g., a material,
an organism) to change, and does not take into account the
context (i.e., precipitating event[s]) in which this change
may come about. In practical usage, however, it is assumed
that such change takes place as a result or consequence of
an event or context in the environment (e.g., expansion of a
material due to increased temperature).

Plasticity can also be used to describe change in the
sense of “recovery,” in that the degree to which a material
or system is plastic modulates the degree to which that ma-
terial or system can return to its “original” condition prior
to some event that leads to its modification (e.g., brain in-
jury). However, the processes described by plasticity would
imply that, regardless of the degree of recovery back to an
original structural or functional state, no material (or or-
ganism) can ever return to an exact copy or duplicate of a
previous condition once that initial condition has been al-
tered. For example, a steel beam expands and contracts
without structural disruption within a specified range of
temperature. However, if the temperature goes beyond this
range (e.g., if it becomes too hot) then the beam changes
(melts), but is not able to return to its original shape after
the temperature returns to normal. Analogously, the human
brain is able to recover from some injuries through self-
repairing mechanisms in the central nervous system. How-
ever, if the structural integrity of the physical substrate is
disrupted to a great degree (e.g., a significant part of the
frontal cortex is destroyed via head injury), then the organ-
ism may survive but is permanently changed, as the brain’s
restorative mechanisms are not able to cope with the degree
of change. However, unlike the steel beam whose molecular
structure may remain unchanged in the context of the ex-
pected range of expansion and contraction due to thermal
changes in the environment, an organism may exhibit some
degree of functional and/or behavioral recovery from brain
injury, but there inevitably are differences in underlying
cellular and neuroanatomical structure.

Neural Plasticity: Fundamental Concepts
from Neuroscience

Plasticity is of particular interest in the field of neuro-
science, and is considered to be one of the fundamental
functional mechanisms of the central nervous system. In
modern neuroscience, the term neural plasticity generally
refers to modification of the component neural substrate of



the brain and other central nervous system structures as a
result of some change in conditions (generically referred to
as experience), with the assumption that such modification
is adaptive for the continued survival and optimal func-
tioning of the organism. Several decades of empirical in-
vestigation have revealed that plasticity is an inherent
property of the central nervous system, and that the mani-
festation of plasticity is part of a normative process in the
mammalian central nervous system (e.g., Kempermann,
van Praag, & Gage, 2000). Indeed, it has been suggested
that the plasticity of the human brain, which is broadly re-
flected behaviorally by learning and adaptation, is one of
the central defining mechanisms of the evolutionary suc-
cess of the human species (Hyman & Nestler, 1993).

There is evidence that all levels of the central nervous
system exhibit some form of plasticity, typically in a “bot-
tom-up” fashion, with changes at lower levels supporting
(and precipitating) changes at higher levels of the central
nervous system. Many, if not all, of the lower-level changes
in neural functioning are believed to underlie changes in
higher-level neural processes as well as neuroanatomical
structure that, in turn, are reflected in changes at higher
levels of analysis (e.g., neural networks, learning, mem-
ory), producing both short-term and long-term changes.
The manifestation of such changes in the neural substrate
takes place at varying timescales, from milliseconds to
years (Destexhe & Marder, 2004). Within neuroscience, it
is clear that the term neural plasticity is used to refer to a
multiplicity of processes occurring at many levels of analy-
sis. In addition, the study of neural plasticity must include
identifying not only what changes are to be classified as
neural plasticity (i.e., what constitutes neural plasticity),
but also the mechanisms by which these changes take place
(i.e., how does neural plasticity occur), as well as the adap-
tive, functional, and behavioral outcomes of these changes
(what are the consequences of neural plasticity) across
multiple levels of analysis. Of course, in many instances
the changes that constitute plasticity and the mechanisms
by which these changes take place must be described in
tandem in order to characterize the broad process referred
to as neural plasticity.

It also is important to consider neural plasticity broadly
in terms of a nonlinear dynamic feedback system, one that
constantly reshapes and reorganizes the organism. Previous
neuroplastic changes inevitably influence the form of, and
processes underlying, changes that might take place in the
future (e.g., Elbert et al., 2001; Johnson, 1999). Neural
plasticity takes place as a result of some event (or experi-
ence) impinging upon the organism that precipitates a
change in the central nervous system. After the change in
the system has taken place, the organism is essentially “dif-
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ferent,” and the manifestations of this change are repre-
sented at multiple levels (although at varying time scales),
including behavior (e.g., memory or learning). Finally, such
changes can potentially bring about further instances of
neural plasticity.

Neural plasticity is not only a property of the developing
brain but of the adult brain as well, although the central
nervous system is more likely to undergo changes during
early development and within certain sensitive periods of
development. Moreover, neural plasticity must be thought
of in the context of the overall developmental time course
of an organism, with neural plasticity being more or less
likely to occur at different time points along an organism’s
developmental trajectory (e.g., during sensitive periods—
see Cicchetti & Tucker, 1994a, 1994b).

In sum, neural plasticity is a multidimensional, highly
dynamic process that is strongly consistent with the princi-
ples of self-organization of the brain. The primary dimen-
sions of neural plasticity that need to be considered are
temporal (i.e., potential developmental constraints as well
as time course of neural change), level of action (i.e., cellu-
lar, genetic, neural network), precursors (i.e., precipitating
event, such as enriched experience, injury), and finally, the
resultant change in terms of modified neural structure
function and/or observable behavior (see Figure 1.1).

Such a broad systems approach to the understanding of
neural plasticity points to the necessity of a multidiscipli-
nary approach to the potential translation of a vast body of
information concerning the biochemistry of neural plastic-
ity to the level of observable behavior. The following sec-
tions provide a brief overview of some of the types of
neural plasticity, and some of the mechanisms underlying
them, and begin to identify potential candidate processes
that might inform the study of a biology of resilience.

Forms of Neural Plasticity: What Changes

Generally, neural plasticity has predominantly been
thought of as reorganization within systems or subsystems
of the central nervous system, evidenced by changes in
anatomy, neurochemistry, or metabolism, and is most typ-
ically studied in the context of several types of events im-
pinging on the central nervous system. Such measures
may include physical damage to neural structures, sensory
deprivation, normal development of the organism, and a
variety of environmental inputs generally referred to as
experience (Bavelier & Neville, 2002; Nelson, 2000b).
The neuroplastic changes that take place are often dra-
matic, and can include observable changes in the neural
substrate that are translated into changes observable at the
behavioral level. Such changes that are the hallmarks of
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Experience Level of Changes Outcomes
Sensory Genetic —_ Changes in gene expression
Motor Neurochemical —_ Altered neurotransmitter activity
Injury - Synapse —_— Increased synaptic efficiency
Social Cellular B Generation of neurons
Emotion Neuroanatomical —_ Increased dendritic branching
Changes in cortical maps
Neural System —_ Hippocampal system mediating
declarative memory
Behavior e Improved problem-solving
Enhanced adaptive functioning
Dynamic Feedback

Contextual Factors

Genetic inheritance
Developmental Period

Sensitive/Critical Periods

Figure 1.1 A general schematic of neural plastiticy.

plasticity can occur on one or more levels of analysis, in-
cluding molecular, cellular, neurochemical, neuroanatom-
ical, and at the level of brain systems (Nelson, 1999).

Neuroplastic changes can be manifested in a number of
ways, including: the characteristic behavior of single ion
channels; the generation of new neural circuitry; dendritic
outgrowth and the formation of synapses; the strengthen-
ing and weakening of some neural circuits through the
processes of synaptogenesis and synaptic removal, respec-
tively; and the sprouting of new axons, or elaborating their
dendritic surfaces (Kolb & Gibb, 2001). Advances in the
development of sophisticated molecular technologies and
sensitive brain-imaging methods have enabled scientists
to enhance their comprehension of the functional impor-
tance of dendritic spine heterogeneity (Segal, 2005).
Empirical evidence suggests that dendritic spines may un-
dergo complex alterations in both shape and number over
time following exposure to novel experiences (Segal,
2005), thereby relating these spines to neuronal plasticity
and long-term memory formation. Finally, these changes
often are exhibited through observable behavioral
changes. The following sections briefly summarize a sam-
pling of different types of neural plasticity across several
levels of analysis.

Short-term synaptic plasticity involves changes in synap-
tic activity that occur depending upon the frequency of
stimulation and the history of prior activity (Schwarz,
2003). This type of plasticity allows synaptic strength to be
modulated as a function of previous activity and can result
in large changes in responses during physiologically rele-
vant patterns of stimulation. Hebb (1949) originally sug-
gested that synaptic contacts are modified as a consequence
of simultaneous activation of the pre- and post-synaptic
neuron (hence, the oft-cited phrase from Hebb, “cells
that fire together wire together”). Long-term potentiation
(LTP) and long-term depression (LTD) are forms of use-
dependent plasticity at the synaptic level that have been the
focus of a great deal of inquiry because of their likely cor-
relation with some forms of learning and memory.

Synapses may show declines in transmission or in-
creases in synaptic efficiency over time courses ranging
from seconds to minutes to hours (in the case of LTP).
These short- and long-term modulatory effects that neuro-
transmitters exert on their target neurons by way of
changes in synaptic activity can be viewed as the funda-
mental basis of neural plasticity (Nestler & Duman, 2002),
and serve as the foundation of higher levels of change
within the central nervous system. For example, it is cur-



rently believed that LTP may be a key metabolic mecha-
nism for memory formation (e.g., Chen & Tonegawa, 1997,
Malenka & Nicoll, 1999), and it has been further suggested
that LTP and LTD are fundamental in the process of behav-
ior change based on experience (Post & Weiss, 1997).
Other forms of synaptic plasticity also have been examined
as well. For example, synaptic scaling has been examined
as a general form of use-dependent regulation of synaptic
transmission (e.g., Turrigiano, Leslie, Desai, Rutherford,
& Nelson, 1998).

Further elaboration on neural plasticity at the cellular
level is beyond the scope of this chapter. Although far re-
moved from behavior, it is important to recognize that these
molecular and cellular processes are the very building
blocks that form the scaffold for neural plasticity that even-
tuates in changes in neuroanatomy and neural networks that
are then manifested at the level of observable behavior.

Recent work has demonstrated neural plasticity in a
wide range of neuroanatomical structures in the cortex.
One example of this is reorganization that occurs in the
motor cortex, with changes in the motor homunculus (the
nonlinear map of the body across the motor cortex) ob-
served as a consequence of the acquisition of motor skills
(Steven & Blakemore, 2004). In addition, extensive train-
ing of specific limb movements in mammals leads to ob-
servable reorganization of the neural substrate of the motor
cortex (e.g., Karni et al., 1995; Pascual-Leone et al., 1995).

The somatosensory cortex also has shown evidence of re-
organization of representational zones as a result of somatic
stimulation. In a well-established line of inquiry with musi-
cians, Elbert and colleagues (e.g., Elbert et al., 1995; Pantev,
Engelien, Candia, & Elbert, 2001) have shown enlargement
in those areas of the somatosensory cortex of musicians de-
voted to the particular fingers used to play their instrument.
Similarly, the cortical representation of the reading finger in
blind Braille readers is increased compared to that of their
nonreading fingers and compared to the fingers of sighted
and blind non-Braille readers (Pascual-Leone & Torres,
1993). Also, there is evidence that extensive perceptual
learning (experience) contributed to the correction of vision
deficits in children who previously experienced visual depri-
vation (Grigorieva, 1996).

Other research has demonstrated neural plasticity in the
form of local remapping in the primary visual cortex (V1)
in animals in response to discrete retinal lesions. Most
knowledge concerning alterations of the visual cortex in
humans as a result of experience comes from studies of in-
dividuals deprived of sight. There is a large body of evi-
dence indicating that the visual cortex in persons without
sight is responsive to tactile and perhaps auditory stimula-

Neural Plasticity 29

tion (e.g., Sadato et al., 1996). Neuroimaging studies have
enabled the direct observation of neural plasticity in hu-
mans, and new findings continue to be published at an in-
creasing rate demonstrating structural and functional
neural plasticity of many areas of the human brain. For ex-
ample, a recent structural MRI study showed that learning
a second language increased the density of grey matter in
the left inferior parietal cortex, with the degree of increase
modulated by not only the degree of proficiency attained
in the language, but also the age of acquisition (Mechelli
et al., 2004).

Neural Plasticity Associated with
Environmental Enrichment

Nearly all of the classic and ongoing studies of neural plas-
ticity in animals and humans involve neuroplastic changes
that impact the structure and function of primary sensory
processes. Much less is known about the influence of expe-
rience on cognitive abilities, intellectual functioning, or af-
fective and social development. A vast body of studies
from the animal literature point to the direct impact of en-
riched rearing (relative to standard laboratory cages) on
the brain and behavior of several animal species, most
typically in rats. The enriched conditions (EC) for rats
typically involve being housed in larger-than-standard
cages, with a small maze and an assortment of toys inside,
whereas control rats are reared in cages by themselves and
do not have any contact with other rats. This extensive lit-
erature has indicated that being reared in enriched condi-
tions is associated with changes in laboratory animals in
neurochemical, physiological, neuroanatomical, and behav-
ioral systems, and has revealed not only changes in the neu-
ral substrate of rats but also in their behavior.

Early studies examined changes in neurotransmitter sys-
tems in rats in response to rearing in enriched conditions,
and these studies consistently demonstrated that the total
activity of ACh and ChE was significantly greater in the
cortex of the EC raised rats than in control rats reared
in isolation, with the greatest increase in the visual cortex
(e.g., Bennett et al., 1964; Krech, Rosenzweig, & Bennett,
1962). In addition, rats reared in enriched conditions were
shown to have a 6% greater RNA to DNA ratio, suggesting
an overall higher metabolic activity in the brains of
rats reared in enriched conditions (Bennett, 1976), and
there is evidence to suggest that rearing in complex environ-
ments enhances the efficiency of molecular transport
through axons (Grouse, Schrier, Bennett, Rosenzweig, &
Nelson, 1978). In addition, electrophysiological studies
have demonstrated that rats reared in enriched conditions
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modify their behavior more quickly in response to environ-
mental feedback (e.g., Leah, Allardyce, & Cummins, 1985),
and other evidence points to decreased nervous system ex-
citability in EC rats (Juraska, Greenough, & Conlee, 1983).

Numerous studies have demonstrated that the most obvi-
ous gross anatomical difference between EC reared rats
and those raised in isolation is in total weight of the cortex.
Replicated over 16 successive experiments, Rosenzweig
et al. (1972) reported that the total cortical weight of EC
rats was on average 5% greater than that of control rats,
with an average 7.6% increase in the occipital (visual) cor-
tex, 4% in the ventral cortex (which includes the hip-
pocampus), and a 3% increase in the somatosensory cortex.
These changes also were found in rats blinded before being
placed in the enriched condition, or even when the differ-
ential rearing took place in total darkness (Rosenzweig
et al., 1969). It thus appears that the brain effects seen in
enriched rats are due to multisensory stimulation from the
enriched environment, and is not restricted to the visual
modality. The observed increase in cortical weight has gen-
erally been attributed to, among other factors, a 20% to
30% increase in the number of glial cells in the brains of
EC rats (Diamond et al., 1966). EC rats also exhibit thicker
cortical regions, with an average increase in thickness of
5% overall (Diamond, Krech, & Rosenzweig, 1964), as
well as consistently larger neuronal cell bodies and nuclei
than control rats (Diamond, Linder, & Raymond, 1967).

Although a 5% increase in the weight of the cortex may
not seem particularly large in an absolute sense, changes of
this magnitude in such a central component of the central
nervous system can, and do, result in large behavioral
changes. For example, destruction of less than 5% of the
tissue in the rat occipital cortex can result in a functionally
blind animal (Renner & Rosenzweig, 1987), and small le-
sions in the cortex caused by stroke or injury in humans
can result in behavioral changes of great magnitude, such
as aphasia or other disorders.

Over the past 30 years, Greenough and his colleagues
have addressed how environmental complexity exerts an im-
pact on the actual organization of the brain. Initial work
from this laboratory demonstrated that rats reared in com-
plex environments consistently had more high order den-
dritic branches and more dendritic synapses per neuron in
several occipital cortical cell types and the temporal cortex,
but not in the frontal cortex (e.g., Greenough, Volkmar, &
Juraska, 1973). Environmental enrichment also appears to
actively induce synapse formation (Greenough, Hwang, &
Gorman, 1985). In addition, rats reared in enriched
environments have increased relative density of dendritic
spines, more synapses per neuron, and more multiple synap-

tic boutons (Jones, Klintsova, Kilman, Sirevaag, & Gree-
nough, 1997; Turner & Greenough, 1985). Other features in-
dicative of greater synaptic efficiency, such as larger
synaptic contacts, also have been found in EC rats (e.g.,
Turner & Greenough, 1985).

Neuroanatomical changes as a result of enriched rearing
conditions also have been found in brain regions outside the
cortex. For example, Floeter and Greenough (1979) have
demonstrated structural plasticity of Purkinje cell bodies,
critical in coordination of movement, in the cerebellum of
the Japanese macaque as a function of rearing in differen-
tial environments. Somewhat more recently, EC rats have
been shown to undergo broad structural modifications of
the cerebellar cortex as a result of complex motor skill
learning (e.g., Kleim et al., 1998).

Given the importance of the role the hippocampus plays
in memory, the influence of differential rearing experi-
ences on this brain structure would be of particular inter-
est. Rats reared in enriched environments have been
reported to have more granule cells in the dentate gyrus, a
structure adjacent to the hippocampus and a key compo-
nent of the hippocampal memory circuit, as well as in-
creases in dendritic branching and overall size of the
dendritic field (e.g., Susser & Wallace, 1982). Mice reared
in enriched conditions showed an overall 15% increase in
the depth and number of neurons in the hippocampus
(Kempermann, Kuhn, & Gage, 1997).

Behavioral Effects of Enrichment

The most consistent finding across studies is that of supe-
rior performance of EC animals in complex problem solv-
ing. For example, rats reared in enriched environments
show advantages on tasks involving reversal of previously
learned visual discrimination (Krech et al., 1962) and
other tasks requiring response flexibility (M. J. Morgan,
1973), and are superior at response inhibition in a bar
pressing task (Ough, Beatty, & Khalili, 1972) and passive
avoidance tasks (e.g., Lore, 1969).

Many studies of learning in rats reared in differential
environments have involved spatial problem-solving tasks
with various types of mazes, demonstrating improved
learning in EC rats (e.g., Brown, 1968) and mice (Kemper-
mann et al., 1997). This superior maze performance ap-
pears to be long lasting, even with a 300 day delay period
between being taken out of the complex environment and
the beginning of the testing period (Denenberg, Woodcock,
& Rosenberg, 1968). Others have demonstrated that preg-
nant rats housed in enriched conditions had offspring who
performed better on a Hebb-Williams maze than offspring



of mothers housed in isolated and control environments
while pregnant (Kiyono, Seo, Shibagaki, & Inouye, 1985).
EC rats also demonstrate more organized and complex
bouts of interactions with objects than control rats, per-
haps reflecting a higher level of exploratory behavior
(Smith, 1972). In addition, mice reared in enriched condi-
tions were less fearful, and exhibited lower levels of both
state and trait anxiety (Chapillon, Manneche, Belzung, &
Caston, 1999).

Although there are no direct human analogs to animal
studies of rearing in enriched versus impoverished condi-
tions (of course, such studies would be unethical), some
nearly analogous nonexperimental paradigms involving
human enrichment do exist. Programs, such as Head Start,
and more recently the Abecedarian Project, have at-
tempted to improve cognitive development and social com-
petence in high-risk young children (e.g., Ramey & Ramey,
1998; Zigler & Valentine, 1979). The Abecedarian Project
was designed as a research and intervention study, in order
to test whether mental retardation correlated with inade-
quate environments could be prevented by providing inten-
sive, high-quality preschool programs beginning shortly
after birth and continuing at least until children entered
kindergarten (Ramey & Ramey, 1992).

Generally, outcome studies of Head Start and other sim-
ilar programs have shown initial IQ gains followed by sub-
sequent declines, but with positive impact on general
school and social competence (Lazar, Darlington, Murray,
Royce, & Snipper, 1982). Those who participated in the
Abecedarian Project, aside from a small overall advantage
in IQ (approximately 5 points overall compared to children
not enrolled in the Abecedarian Project), at age 12 and at
age 15 also scored significantly higher on a variety of
achievement tests, with the intervention group exhibiting a
50% reduction in the rate of failing a grade during elemen-
tary school (Campbell & Ramey, 1995). This project in
particular has provided evidence that those children who
began the program with greater risk benefited the most
(Martin, Ramey, & Ramey, 1990). For example, children
whose mothers had 1Qs less than 70 had 1Qs, on average, 21
points higher than the control children at 4Y2 years of age.
This is in contrast to the mean gain of approximately 8 IQ
points for the intervention sample as a whole.

In addition to the measured behavioral and intellectual
advantages found in those children who participate in early
enrichment interventions, one study has reported the im-
pact of an early human enrichment program on the island of
Mauritius on psychophysiological measure of arousal and
orienting (Raine et al., 2001). At age 11 years, children
who were randomly assigned to an enriched nursery school
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intervention at ages 3 to 5 years showed greater skin con-
ductance amplitude, faster rise times and recovery, both at
rest and during a continuous performance task, compared
to children who received a normal preschool educational
experience. In addition, children who had experienced the
enriched preschool program showed less slow-wave EEG
activity both at rest and during a continuous performance
task. These findings suggest both better information pro-
cessing as well as a greater degree of cortical maturation in
the children who participated in the early enrichment inter-
vention (Raine et al., 2001). The results of this study are
striking in that they demonstrate a strong association be-
tween early enriched preschool experience in humans and
later direct measures of brain and psychophysiological
functioning.

In a longitudinal follow-up of this sample, the children
who participated in the environmental enrichment program
at ages 3 to 5 years had lower scores on self-report mea-
sures of schizotypal personality and antisocial behavior at
age 17 years, as well as showed lower rates of self-reported
criminal offenses at age 23 years, compared to those who
did not participate in the enrichment program (Raine,
Mellingen, Liu, Venables, & Mednick, 2003). These effects
were most pronounced in those children who showed signs
of malnutrition at age 3 years.

Mechanisms of Neural Plasticity: How Does This
Change Take Place?

The mechanism of experience-based neural plasticity begins
with the organism interfacing with its environment. Experi-
ence “enters” the brain by way of afferent inputs through the
sensory modalities. These signals are then relayed via estab-
lished neural networks to higher cortical areas where a myr-
iad of processes ensure proper disposition of these inputs.
There are many hypothesized mechanisms to account for
neural plasticity at all levels of analysis, with discrete regu-
latory mechanisms that occur at each level of neuroplastic
change. It also appears that mechanisms governing higher
levels of neural plasticity (e.g., changes in representational
maps in somatosensory cortex) build upon fundamental
processes at the cellular and molecular levels.

The fundamental processes underlying neural plastic-
ity at all levels are believed to be two mechanisms under-
lying the modulatory effects of neurotransmitters. One
of these is protein phosphorylation and the other is
the regulation of gene expression (Hyman & Nestler,
1993). It would appear that protein phosphorylation is the
major molecular mechanism of neural plasticity, and is
generally the mechanism by which the modulation of
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neuronal function is achieved, through alterations in the
functional state of many different types of neuronal pro-
teins, such as ion channels, neurotransmitter receptors,
and processes by which neurotransmitter storage and re-
lease is regulated (Hyman & Nestler, 1993). Protein phos-
phorylation regulates both presynaptic and postsynaptic
neurotransmitter receptors, with corroborative evidence
suggesting that phosphorylation alters the functional ac-
tivity of receptors (Hyman & Nestler, 1993). In addition,
protein phosphorylation plays a central role in cell growth,
differentiation, and movement.

The second primary mechanism by which neurotransmit-
ters can effect long-term changes on the function of target
neurons is by regulating gene expression within those neu-
rons. Such changes in gene expression appear to produce
quantitative as well as qualitative changes in the protein
components of neurons, including, for example, alterations in
the numbers and types of ion channels and receptors present
on the cell membrane as well as levels of proteins that regu-
late the morphology of neurons and the numbers of synaptic
connections they form (Hyman & Nestler, 1993). Further,
neurotransmitters continually regulate neuronal gene expres-
sion as a way to fine-tune the functional state of neurons in
response to many varied synaptic inputs (Hyman & Nestler,
1993). Regulation of neural gene expression by neurotrans-
mitters can, in some cases, produce quite long-lasting
changes in virtually all aspects of neuronal functioning.

Within the brain, gene expression can be activated by
both normative and nonnormative (i.e., drugs) physiologi-
cal processes and experience. Such endogenous or exoge-
nous processes initiate a cascade of events, beginning with
incoming afferent sensory information, activate increas-
ingly higher-level neural networks in the brain, eventually
resulting in activation of neurons and networks involved
with higher-order processing (e.g., language, cognition). In
turn, within each of the cells involved in this process, the
generation of action potentials as well as the activation of
second messenger systems alters the rate of expression of
specific genes and, as a result, the expression of multiple
types of neuronal proteins (Hyman & Nestler, 1993). The
altered levels of these proteins produce changes in process-
ing of subsequent synaptic information by these neurons,
thus leading to further changes in the processing of sensory
input. It is believed that such mechanisms account for many
of the longer-term consequences of experience on brain
functioning. Such a regulatory process, whereby activity in
one neuron regulates gene expression in another neuron, is
referred to as transsynaptic regulation of gene expression,
and a class of proteins termed transcription factors (e.g., c-
Fos, Zif268) plays a central role in the regulation of neural
gene expression (Hyman & Nestler, 1993).

Generally, changes to the central nervous system medi-
ated by protein phosphorylation do not involve changes
in protein synthesis and, therefore, are likely to have a
rapid onset, be more readily reversible, and have a shorter
duration compared to neural plasticity mediated by gene
expression. However, both of these processes serve to me-
diate the long-term effects of experience on the brain. The
biochemical and molecular changes brought about through
these two processes, through a cascade of intermediate
neural processes, lead to changes in the function and effi-
cacy of synapses, changes in the processing of information
by individual neurons, and ultimately to changes in the way
multicellular neural networks within the brain communi-
cate with each other (Hyman & Nestler, 1993). Protein
phosphorylation and gene expression are in some ways con-
sidered to represent a form of molecular memory within in-
dividual neurons. Likewise, learning and memory at the
level of the whole brain are mediated by accumulations of
complex combinations of the fundamental types of changes
in the function and efficacy of synapses brought about by
these two basic processes.

The challenge of future research attempting to relate neu-
ral plasticity to particular behavioral phenomenona is to find
associations between specific alterations in neural processes,
brought about by phosphorylation and gene expression and be-
havior. This challenge is great, given the probable high degree
of complexity of linkages between such distal processes, sep-
arated by multiple levels of analysis. Greenough, Black,
Klintsova, Bates, and Weiler (1999) have proposed an inte-
grative perspective on neural plasticity that may be a starting
point for building a framework that enables the large gap be-
tween molecular and genetic processes involved with neural
plasticity and the expression of behavior to be bridged. They
advocate moving beyond a focus on synapses to a considera-
tion of the process of neural plasticity occurring in surround-
ing tissue elements, cooperative regional neural networks,
and diffuse endocrine modulatory effects. As increased un-
derstanding of the cellular mechanisms of neural plasticity
accumulates, this new knowledge may prove to be fruitful for
comprehending some of the molecular processes contributing
to resilient functioning. To fully reap these potential benefits
of such understanding, it is important that multidisciplinary
collaborations take place between neuroscientists and devel-
opmental psychopathologists.

Connecting Neural Plasticity and Behavior

Greenough et al. (1993) have stressed that a necessary con-
dition for the behavioral and brain effects of enrichment to
be manifested in rats is direct physical interaction with the
environment. Animals reared inside an enriched environ-
ment but kept in cages to prevent them from physically in-



teracting with the environment do not show the brain or be-
havioral effects of their littermates who are allowed to
physically interact with the enriched environment (Ferch-
min, Bennett, & Rosenzweig, 1975). There is also evidence
that direct physical interaction with the environment may
be important for human development, as exemplified by the
work of Bertenthal, Campos, and Barrett (1984), suggest-
ing that interaction with the environment produced by self-
locomotion may be an important component of cognitive
and emotional development in early childhood.

Together, these motor and sensory processes facilitate
learning. How learning-related neuronal activity becomes
translated into changes in the structure of neurons, and the
mechanisms by which environmental experience becomes
translated into structural modifications of neuronal con-
nections, is not yet completely understood (Torasdotter,
Metsis, Henriksson, Winblad, & Mohammed, 1998). It ap-
pears that the general mechanism responsible for this
phenomenon is gene expression, which is one of the funda-
mental ways that cells adjust to changes and demands
placed upon them (Greenough et al., 1993). This process
involves the activation of genes in the nucleus of the cell,
whereby messenger RNA (mRNA) is transcribed from the
genes and codes for the proteins necessary for the forma-
tion of new synapses and dendrites. Several studies have
begun to show a direct link between gene expression
processes and the structural changes resulting from learn-
ing (e.g., Alcantra, Saks, & Greenough, 1991).

The second stage in the process of the impact of experi-
ence on the brain is in the output, or how these neuronal
changes are translated into observed changes in behavior. If
neurons have more synapses, then there is more opportu-
nity for these synapses to form or participate in networks,
leading to quicker and more efficient processing. This
would in turn manifest itself in observable behavior. For
example, the behavioral attributes that would correlate with
greater levels of neuronal connectivity are most likely the
hallmark characteristics of increased flexibility in problem
solving seen in rats exposed to complex environments. Fi-
nally, it is important to note that the cycle of modification
of an organism in an enriched environment builds upon it-
self in the form of a feedback loop from the second phase to
the first, with subsequent change building upon change re-
sulting from previous experiences with the environment.

Applications of Neural Plasticity to Resilience

Although the processes and mechanisms underlying neural
plasticity are beginning to be fairly well understood, the
difficult challenge faced by theorists and researchers in re-
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silience is to devise a model whereby mechanisms of plas-
ticity at the neural level could be linked to the behavioral
manifestation of resilience in humans. However, it is im-
portant to explicitly examine whether the principles or
processes of neural plasticity can contribute to our under-
standing of resilience. Although understanding the process
and manifestation of neural plasticity may serve as a useful
heuristic in the investigation of the biological correlates of,
and contributors to, resilience, neural plasticity, per se,
may not serve as the ultimate explanatory biological mech-
anism underlying resilience. Therefore, the primary ques-
tion to be addressed in the following sections is how
principles of neural plasticity might inform theory and re-
search on resilience.

Neural Plasticity and Resilience: Some
Potential Linkages

A multitude of studies have consistently demonstrated the
brain’s ability to recover varying degrees of functioning
after lesions and other injuries to its physical structure (for
review, see Kolb & Gibb, 2001). Kolb and Gibb outline
three ways in which the brain could manifest neuroplastic
changes in response to injury. In one scenario, there could
be reorganization of the remaining, intact neural substrate,
most likely involving the generation of new synapses in pre-
existing neural pathways. Alternatively, there could be de-
velopment of entirely new neural circuitry. Finally, new
neurons and supporting glia might be generated to replace
some of these structures lost in the injury. It is important to
consider that all of these regenerative processes most likely
occur in tandem with one another, although the exact com-
bination of processes utilized by the brain may vary de-
pending on the developmental age of the organism at the
time of injury (Kolb & Gibb, 2001). Finally, each of these
neuroplastic processes may also be influenced by other fac-
tors, such as experience (i.e., training), neuromodulators,
and hormones (Kolb & Gibb, 2001).

Analogous to neural plasticity that takes place in re-
sponse to brain injury, resilience can be viewed as the abil-
ity of an individual to recover after exposure to trauma or
adversity (Cicchetti & Rogosch, 1997; Masten et al., 1990).
In this view, adversity is thought to exert a damaging effect
on one or more neural substrates, and mechanisms of neu-
ral plasticity bring about recovery in an individual. This
might lead to the conclusion that certain individuals, classi-
fied as resilient, may have some increased innate capacity
(plasticity), above and beyond normative levels, to recover
from environmental insults that impact the brain. This view
of resilience conceives of adversity in the environment as
“bad” for the brain, with recovery as an innate property
of the brain itself. This perspective, however, does not
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consider the impact of a positive environment, or of the in-
dividual’s active attempts at coping, on such recovery (Ci-
cchetti, 2002; Cicchetti & Rogosch, 1997).

Another conceptualization of resilience would be one of
greater than normative resistance to the impact of environ-
mental adversity on the brain, such that resilient individu-
als may not succumb to the potentially damaging effects
that adversity may have on the brain and other biological
systems. This view of brain-adversity interaction would not
strictly be classified as involving neural plasticity. Thus,
for these individuals, the term recovery of function may not
apply, in that they did not “lose” function at all. Despite the
fact that this distinction may seem trivial, it may lead to
important theoretical implications when considering the
contribution of biology, and, in particular, processes de-
scribed as neural plasticity, to resilience. Although quite
general, the distinction between these two formulations of
resilience also can generate important research questions
concerning the relation of neural plasticity to resilience.
Such questions underscore the importance of utilizing lon-
gitudinal research designs that can begin to examine the
bidirectional relation between the brain’s capacity to
either resist damage from adversity versus its restorative
capabilities.

Investigating Neural Plasticity and Resilience

The rapid growth in sophisticated techniques that permit
imaging of the brain directly has resulted in the availability
of a variety of methodologies to developmental psychopath-
ology researchers, many of which could be utilized to ex-
amine neural plasticity, as well as brain structure and
function, in detail. These new tools make it possible to now
undertake empirical investigations of the relation between
neural plasticity and resilience, perhaps enabling an exam-
ination of the direct linkage of these two processes. Ques-
tions about how neural plasticity may play a role in the
development and maintenance of resilient functioning
could be addressed, as well as whether the mechanisms of
neural plasticity may operate differently in individuals
classified as resilient.

Included among these new tools are: ERPs, magnetoen-
cephalography (MEG), MRI, fMRI, positron emission
tomography (PET), single-photon emission-computed to-
mography (SPECT), and magnetic resonance spectroscopy
(MRS). Diverse information about the brain that is corre-
lated with neural structure and functioning can be ob-
tained by these various imaging techniques, including:
(1) brain metabolic processes, such as cerebral blood flow
and blood volume, and glucose metabolic rate; (2) bio-

chemical changes within brain cells, such as changes in
neurotransmitter receptors; and (3) a sharp temporal reso-
lution of brain functioning.

Among the compelling questions about resilient adapta-
tion that could potentially be addressed utilizing brain im-
aging methodologies are: (1) Is brain structure and function
different in resilient and nonresilient children matched on
experiences of adversity? (2) Is the brain structure and
function of resilient individuals who have experienced ad-
versity different from normal children reared in nonadverse
environments? (3) Are particular areas of the brain more
likely to be activated in resilient than in nonresilient func-
tioning during challenging or stressful tasks? (4) What
aspects of brain structure and function differentiate indi-
viduals who function resiliently, despite experiencing early
adversity, from those who function in a nonresilient fashion
and who encounter adversity early in life (i.e., what is the
role of early experience?) (5) Are there sensitive periods
beyond which the achievement of resilience is improbable or
is resilience possible to achieve across the life span? and (6)
Are there changes over time in brain structure and/or func-
tioning in individuals classified as resilient that may reflect
processes of neural plasticity? The inclusion of neuroimag-
ing techniques to the existing predominantly psychological
approaches to charting the pathways to resilience, along
with the biological and molecular genetic methods dis-
cussed next, results in many exciting discoveries about the
complex processes that eventuate in competent outcomes
despite the experience of significant adversity.

Aside from investigating the proximal relation between
resilience and neural plasticity, there are several neurobio-
logically mediated processes (e.g., cognition, neuroen-
docrine functioning) that may have a direct relation to
resilient outcome, some of which is described in the follow-
ing sections. Although such processes may have a clear im-
pact on resilient functioning, neural plasticity may, to some
degree, be the common, underlying mechanism that medi-
ates the relation between such processes and resilience.
The behavioral manifestations of two of these realms, emo-
tion and cognition, have been extensively investigated and
their relation to resilience documented. In the sections that
follow, possible links between the biological aspects of
these phenomena and resilience is described.

Emotion and Resilience

Emotion encompasses a wide range of behavioral expres-
sions and associated biological processes that play a vital
role in many aspects of human development and adaptation.
There are at least three primary, interrelated functional



realms of emotion in humans, including perception, expres-
sion, and regulation of emotion. The first part of this sec-
tion focuses on emotion regulation as a key factor in
resilient outcome, while the second part reviews and exam-
ines the relation between cortical EEG asymmetry, emo-
tion, and resilient functioning.

One important contributor to resilience at the level of in-
dividual characteristics, and often cited as a potential pro-
tective factor against adversity in studies of resilience, is
the ability to regulate emotion. Emotion regulation is con-
ceived as the intra- and extra-organismic processes by
which emotional arousal is redirected, controlled, modu-
lated, and modified to enable an individual to function
adaptively in emotionally arousing situations (Cicchetti,
Ackerman, & Izard, 1995; Cicchetti, Ganiban, & Barnett,
1991; Gross, 1998; Thompson, 1990). Factors, such as or-
ganizational changes in central nervous system function-
ing, the ontogenesis of neurological inhibition systems in
the prefrontal cortex, cerebral hemisphere lateralization,
the development of neurotransmitter systems, children’s
growing cognitive and representational skills, and the de-
velopment of a coherent sense of self, are some of the im-
portant intrinsic factors that shape the development of
emotion regulatory abilities (Cicchetti et al., 1991; Cole,
Martin, & Dennis, 2004; Eisenberg, 2002; Fox, 1994; Fox
& Davidson, 1984; Gross, 1998; Kelley & Stinus, 1984;
Schore, 1994; Tucker, 1981). Extraorganismic factors that
exert an influence on the ability to regulate emotion in-
clude increased parental response and tolerance of affect
and the parents’ socialization of affective displays during
interactions (Cicchetti et al., 1991). A number of charac-
teristics are often referred to in the context of emotion reg-
ulation, including emotional reactivity, stress reactivity,
temperament, or positive and negative emotionality (e.g.,
Davidson, 2000; Masten et al., 1999; Masten, 2001; Watson
& Clark, 1984). Generally, these constructs represent the
function of a diverse set of associated brain and neuroen-
docrine systems, which act in concert to produce and mod-
ulate the behavioral manifestations of an individual’s
response to emotional challenges and stressors.

There is an unfortunate paucity of empirical studies or
conceptual work directly addressing if and how emotion
and the regulation of emotion may serve as a protective
factor in resilience. One of the primary questions involves
whether individuals classified as resilient are to a large de-
gree impervious to the typically insidious effects of stress,
a view of resilient individuals as “invulnerable” (cf. Luthar
et al., 2000); alternatively, it may be more accurate to char-
acterize resilience in this context as the unique ability to
react to stress in an adaptive way. Also important is the
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question of how resilient individuals manifest adaptation in
the face of stress and adversity at the level of biology.

Resilience, Emotional Reactivity, and Startle

Davidson (2000) has suggested that the capacity for rapid
recovery from negative affective events, one specific as-
pect of emotion regulation, may constitute a critical com-
ponent of resilient functioning. Davidson (1998a) outlines
what he terms an affective chronometry, which is used to
describe the time course of affective responding during ex-
perimental paradigms investigating emotion-modulated
startle. In particular, Davidson (2000) has hypothesized
that for resilient individuals, who tend to maintain high lev-
els of positive affect and well-being in the context of adver-
sity, negative affect does not persist. Thus, in this view,
resilience does not entail never experiencing negative af-
fect, but rather involves the ability to recover more quickly
and to more easily return to a positive affective state, and
also a heightened ability to learn from the experience of
negative affect (Davidson, 2000). The specific biological
underpinnings of the ability to recover quickly from nega-
tive affect are more than likely mediated by a fairly com-
plex neural network, which has been shown to include (but
is not limited to) the amygdala, several regions of the pre-
frontal cortex, brain stem structures, the hippocampus, and
aspects of the cingulate cortex (Davidson, 2000; LeDoux,
1996, 2002).

The startle reflex is a methodological tool that has his-
torically been utilized to examine individual differences in
reaction to emotional stimuli, and is widely held to be a
measure sensitive to individual differences in emotional re-
activity. Generally, startle is an involuntary response to a
sudden and intense tactile, visual, or acoustic stimulus that
occurs across many species (Koch, 1999; Landis & Hunt,
1939). The response pattern consists of a fast twitch of fa-
cial and body muscles, which includes eye lid closure along
with contraction of facial, neck, and other muscles. It is
generally believed that this pattern of responding is a prim-
itive reflex intended as a defensive response to protect
against injury and as a preparation of a fight/flight re-
sponse (Koch, 1999). The startle response can be easily
measured in humans by recording the timing and intensity
of the eye blink, which is the typical manifestation of the
startle reflex.

The neuronal circuitry underlying the acoustic startle
reflex is well understood in rodents and is relatively
straightforward. It consists of an afferent pathway from the
cochlear root neurons in the inner ear to the neurons in the
nucleus reticularis pontis caudalis, and then to the mo-
toneurons in the facial motor nucleus or the spinal cord (in
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the case of the whole body startle; Davis, Walker, & Lee,
1999). However, other investigators have attributed the
startle reflex to a slightly more complex pathway, which
may include other brain stem structures, such as the dorsal
and ventral cohlear nucleus, the lateral superior olive, and
the ventrolateral tegmental nucleus (see Koch, 1999, for a
review). Although the neural pathway mediating the startle
reflex in humans may be somewhat more complex, it is
nonetheless analogous in function to the rodent model.

A vast body of research has consistently and reliably
demonstrated that the startle reflex can be modulated with
presentation of emotional stimuli in conjunction with the
startle stimulus (e.g., Bradley, Cuthbert, & Lang, 1993;
Cuthbert, Bradley, & Lang, 1996; Lang, 1995; Vanman,
Boehmelt, Dawson, & Schell, 1996). Consistent findings in
both animal and human research have shown that the star-
tle reflex is amplified when accompanied by negative emo-
tional stimuli and, conversely, the magnitude of the startle
reflex is attenuated when the startle-inducing stimuli are
accompanied by positive emotional stimuli.

Modulation of the startle reflex due to emotional con-
text implies that a secondary circuit modulates the primary
reflex pathway described. It appears that the central nu-
cleus of the amygdala is critically involved in some forms
of fear-potentiated startle, via a descending pathway from
this structure to the nucleus pontine reticularis in the brain
stem (Davis, 1992). Lesions of the central nucleus of the
amygdala have been shown to block the fear-potentiated
portion of the startle response, but not the baseline (e.g.,
Campeau & Davis, 1995; Vrana, Spence, & Lang, 1988). In
addition, based on anatomical and lesion data, other struc-
tures have been implicated in the potentiation of the startle
response, including the central gray and the bed nucleus of
the stria terminalis, depending on the type of startle-
enhancing stimuli employed (Davis et al., 1999). There has
been less work directly examining the mechanism for the
attenuated startle response seen with presentation of posi-
tive emotional stimuli, but it would appear likely that the
amygdala also plays a central role in this phenomenon.

Investigators have examined individual differences in
the human startle reflex in a variety of populations suffer-
ing from the sequelae of trauma or who are at risk for
anxiety, including individuals with posttraumatic stress
disorder (PTSD; e.g., Grillon, Morgan, Southwick, Davis,
& Charney, 1996; C. A. Morgan, Grillon, Southwick,
Davis, & Charney, 1996). In the context of threat, male
combat veterans diagnosed with PTSD exhibited an exag-
gerated startle response. However, there are conflicting re-
sults in studies of baseline startle response (i.e., startle
reflex, induced without a threat of aversive stimulus) in

those with PTSD, with some investigations showing exag-
gerated baseline startle (e.g., Orr, Lasko, Shalev, & Pit-
man, 1995), and others revealing normal baseline startle
(e.g., Orr, Solomon, Peri, Pitman, & Shalev, 1997). Women
with PTSD resulting from sexual assault were found to
have an exaggerated baseline startle response (C. A. Mor-
gan, Grillon, Lubin, & Southwick, 1997). However, women
with PTSD associated with childhood sexual abuse had a
normal startle response (Metzger et al., 1999). These con-
flicting results have been attributed to differences in the
aversive, threatening, or stressful context of the experiment
(Grillon, Morgan, Davis, & Southwick, 1998).

In addition to the fairly extensive literature on startle
and adults with PTSD, a few studies have examined the
startle response in children with this disorder. One such in-
vestigation examined the startle response in a small sample
of children with PTSD, aged 8 to 13 years (Ornitz &
Pynoos, 1989). These investigators found a reduced base-
line startle amplitude in both boys and girls compared to a
group of control children. These findings, which are not
consistent with findings of exaggerated startle in adults
with PTSD, suggest that the age at which the PTSD-induc-
ing trauma is experienced may have an impact on the type
of effect seen in subsequent baseline and modification of
startle responsiveness. In a startle study of adolescents,
male offspring of parents with anxiety disorders were
shown to have an increased fear-potentiated startle re-
sponse (in a contextual threat condition) compared to low-
risk control subjects (Grillon, Dierker, & Merikangas,
1998). The baseline startle magnitude was not different for
the high-risk males. However, in this study, a sex differ-
ence emerged where female offspring of parents with anxi-
ety disorders did not show elevated startle magnitude in the
threat condition but exhibited elevated baseline startle
magnitude. This is in contrast to an earlier study by Gril-
lon, Dierker, and Merikangas (1997) where both male and
female offspring of parents with anxiety disorders showed
exaggerated baseline startle magnitude compared to a
group of low-risk control children. However, the subjects in
the latter study were several years younger than those in
the Grillon, Dierker, et al. (1998) study. These authors sug-
gest that the sex difference either may be a result of differ-
ences in brain structures that underlie affective responses
to threat, or that development of those vulnerable to anxi-
ety may proceed differently for males and females. Despite
the discrepant findings obtained in these studies, which
may be attributable to methodological differences, in gen-
eral, the results of investigations with individuals diag-
nosed with PTSD or at risk for anxiety disorders have
implied that startle reactivity may reflect the impact of en-



vironmental stressors on the brain systems mediating star-
tle, and may in fact serve as a vulnerability marker for the
development of anxiety disorders (Grillon et al., 1996).

In a recent investigation, the first of its kind, Klorman,
Cicchetti, Thatcher, and Ison (2003) examined the baseline
startle response in a large sample of children maltreated by
their caregivers and a group of nonmaltreated comparison
children. In this study, physically abused boys demon-
strated a smaller startle-reflex amplitude and slower onset
latency than did demographically matched nonmaltreated
comparison children, consistent with findings in Ornitz
and Pynoos (1989). In contrast, the younger maltreated
girls in this sample demonstrated smaller startle ampli-
tudes than younger comparison girls, whereas the older
maltreated girls showed larger startle response magnitudes
than did the nonmaltreated comparison girls of similar
ages. The findings for the boys in this study are suggestive
of a generalized defensive reaction that may lead to re-
duced responsiveness to noxious stimulation and subse-
quent down-regulation of the startle response that may be
linked to reduced cortisol levels (Klorman et al., 2003).
However, the findings for the girls in this sample are more
difficult to interpret, given the relative dearth of studies
investigating startle in traumatized women with PTSD, as
well as the differences in the trauma experienced by men
(e.g., combat) and women (e.g., sexual abuse/assault) with
PTSD enrolled in most studies of startle.

Although there are some inconsistencies in the litera-
ture concerning the impact of adversity on the startle
reflex, there is evidence to indicate that exogenous environ-
mental influences do reliably effect this reflex and the un-
derlying brain stem network that modulates this response.
In particular, investigation of emotion-modulated startle
is yet another tool that could be employed to further our
understanding of the role of emotional regulation and reac-
tivity in the promotion of resilience. Basic investigations
of emotion-modulated acoustic startle could examine
individual differences in the modulation of startle reactiv-
ity in the context of positive and negative foreground
stimuli, such as emotionally toned pictures from the Inter-
national Affective Picture System (IAPS; Lang, Bradley,
& Cuthbert, 1995). Given that there is some Q-sort person-
ality data indicating that individuals classified as resilient
are more successful with emotion regulation (e.g.,
Cicchetti & Rogosch, 1997; Cicchetti, Rogosch, Lynch, &
Holt, 1993; Flores, Cicchetti, & Rogosch, 2005), one pre-
diction that could be tested would be that individuals man-
ifesting resilient functioning would display less overall
increase in magnitude of the blink response when pre-
sented with unpleasant pictures than would individuals not
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classified as resilient but with equivalent levels of exposure
to adversity.

Davidson (2000) has employed emotion-modulated star-
tle to examine the role of the time course in affective re-
sponding and has indicated that this detailed analysis may
contribute to our understanding of resilience. Davidson
(2000) has suggested that by placing the acoustic-startle
probes at various points before, during, and after the pre-
sentation of the emotional stimulus, then, in addition to the
measurement of the response itself, the anticipatory and the
recovery phases can be measured. Davidson (2000) has hy-
pothesized that a rapid recovery phase after negative emo-
tional stimuli is important in the development of resilience.
Such a scenario suggests that negative affect, although ex-
perienced by resilient individuals, does not persist, and may
be part of a ubiquitous predisposition for rapid recovery in
multiple biological systems after exposure to negative
and/or stressful experiences (Davidson, 2000).

Hemispheric EEG Asymmetry

Another area of emotion research directly involving the
brain that may hold promise for the study of resilience is ex-
amining hemispheric asymmetries in cortical EEG activity,
where a growing body of evidence has indicated differential
roles for the left and right prefrontal cortex in emotion
(Hugdahl & Davidson, 2003). In general, it appears that
the left hemisphere participates more heavily in positive af-
fect, whereas the right hemisphere mediates negative emo-
tion (see reviews by Davidson, Ekman, Saron, Senulis, &
Friesen, 1990; and Fox, 1991). Several investigators have
found that induced positive and negative affective states can
reliably shift hemispheric asymmetry (e.g., Ahern &
Schwartz, 1985; Davidson et al., 1990; Jones & Fox, 1992).
Negative affect induced by showing negatively toned stimuli
(often in the form of film clips) increases relative right pre-
frontal activation as measured by EEG, while positive affect
resulting from viewing positive stimuli is associated with in-
creased activation in left prefrontal. This effect also has
been demonstrated using PET to measure regional glucose
metabolism, a by-product of increased neuronal activity
(Sutton, Davidson, Donzella, Irwin, & Dottl, 1997; see also
Pizzagalli, Shackman, & Davidson, 2003, for a selective re-
view of PET and fMRI investigations on human emotion that
have discovered lateralized activations).

In addition, many investigations have found an associa-
tion between dispositional affective style and baseline lev-
els of asymmetric activation in the prefrontal cortex (e.g.,
Sutton & Davidson, 1997; Tomarken, Davidson, Wheeler,
& Doss, 1992). Generally, individuals with greater left
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frontal activation report more positive affect than those
with greater right frontal activation. Other work has shown
that individuals who vary in resting prefrontal EEG activa-
tion asymmetry respond differently to positive and
negative emotional stimuli (e.g., Tomarken, Davidson, &
Henriques, 1990; Wheeler, Davidson, & Tomarken, 1993).
Specifically, Wheeler et al. (1993) found that subjects with
greater relative left hemisphere activation reported more
positive affect when viewing positively toned film clips
and less negative affect after viewing negatively toned film
clips. Thus, fairly strong experimental evidence has sug-
gested that not only do negative and positive emotion exert
an impact on relative left-right activation of prefrontal re-
gions, but also that baseline anterior activation asymmetry
is associated with differences in emotional response.

Similar results concerning frontal EEG asymmetry have
been demonstrated in infants and children. For example,
studies of infants have generally reported increased right
frontal EEG activity during the expression of negative emo-
tions, such as crying and sadness, and increased left frontal
activation during the expression of what are termed ap-
proach emotions, such as happiness (e.g., Bell & Fox, 1994,
Dawson, Panagiotides, Klinger, & Hill, 1992). Hemispheric
asymmetry in EEG activity also has been observed in chil-
dren of depressed mothers, with infants and toddlers of
mothers experiencing depressive symptomatology showing
reduced left frontal EEG activation during baseline (e.g.,
Dawson, Grofer Klinger, Panagiotides, Hill, & Spieker,
1992; Dawson, Frey, Panagiotides, Osterling, & Hessl, 1997,
Dawson et al., 1999; Field, Fox, Pickens, & Nawrocki, 1995;
Jones, Field, Fox, Lundy, & Davalos, 1997). These findings
appear to be analogous with Davidson’s evidence of frontal
EEG asymmetry in normal adults suggesting that the left
hemisphere is generally involved with positive affect. It is
conceivable that the inability of mothers with depressive
disorder to provide their children with adequate positive
emotion and to facilitate their children’s self-regulation of
emotion not only affects their children’s behavioral regula-
tion capacities but also exerts an impact on the neurobiolog-
ical systems that underlie these abilities (Cicchetti et al.,
1991; Cicchetti & Toth, 1998; Dawson, 1994).

Finally, hemispheric EEG asymmetry has been observed
in adults with depression (e.g., Allen, lacono, Depue, & Ar-
bisi, 1993; Henriques & Davidson, 1991). Generally, indi-
viduals diagnosed with depression have been shown to
exhibit decreased left prefrontal EEG activation, although
some studies have failed to replicate this finding (e.g., Reid,
Duke, & Allen, 1998). However, utilizing PET to assess re-
gional glucose metabolism, Baxter et al. (1989) reported that
individuals diagnosed with depression demonstrated re-

duced left frontal activity; similar findings have been re-
ported by Drevets et al. (1997).

Resilience and Hemispheric Asymmetry

Davidson and colleagues view individual differences
in hemispheric asymmetry in prefrontal activation as a
contributing factor to the development of affective style
(Davidson, 1998a, 1998b). Further, Davidson (1998a,
1998b) characterizes such individual differences in hemi-
spheric asymmetry in the context of depression as diatheses
that might bias the affective style of an individual. In turn,
this affective style bias may act as a risk factor for, or ex-
acerbate a person’s vulnerability to, depression.

Analogously, an important consideration is that any rela-
tion between hemispheric asymmetry and resilience is more
than likely a distal one, with many intervening processes be-
tween asymmetry and the process of resilience. In addition,
discussing a phenomenon, such as hemispheric asymmetry in
the context of resilience, provides an opportunity to state
that there is certainly no one single biological characteristic
or phenomenon that is ascendant in the process of resilience
over the course of development. Across time, the relative im-
portance of various biological systems for promoting re-
silience may vary within an individual.

Given these caveats, one immediately obvious application
of findings concerning emotion and hemispheric asymmetry
for the study of resilience would be to examine individual
differences in prefrontal hemispheric EEG activation in in-
dividuals who have experienced significant adversity to dis-
cern whether or not those classified as resilient based on
their psychological profiles demonstrated a different pattern
of EEG asymmetry than those not characterized as resilient.
An often-cited group of individual characteristics predictive
of good adaptation in the context of risk includes positive
self-perception, a positive outlook on life, and a good sense
of humor (Masten & Reed, 2002). Given the importance of
these individual characteristics as protective factors, it
would be reasonable to hypothesize that resilient individuals
might show greater left frontal baseline EEG activity. More-
over, evidence of good emotion regulation skills and lower
emotional reactivity in individuals classified as resilient
could lead to the hypothesis that individuals labeled as re-
silient may display less reactivity to emotionally toned stim-
uli, as measured by changes in frontal EEG asymmetry.

Neuroendocrinology, Immunology, and Resilience

A significant amount of research with a variety of species,
including rodents, nonhuman primates, and humans, has



been devoted to examining the effects that stress and ad-
versity exert on the brain and neuroendocrine and immuno-
logical systems (for reviews, see Granger, Dreschel, &
Shirtcliff, 2003; Gunnar, 1998; Kaufman, Plotsky, Ne-
meroff, & Charney, 2000; Kiecolt-Glaser, McGuire, Rob-
les, & Glaser, 2002; Ladd et al., 2000; McEwen, 2000;
Meaney et al., 1996; Sanchez et al., 2001; Sapolsky, 1992,
1996), as well as on cognitive performance (Heffelfinger
& Newcomer, 2001). However, and more relevant to re-
silience, the important task that lies ahead is discerning the
protective processes that serve to moderate the impact of
adversity on neurobiological systems, and discovering the
mechanisms by which these palliative forces come into play
(e.g., Charney, 2004).

To date, research that has been conducted with rodents
and nonhuman primates has demonstrated that traumatic
events experienced early in life can modify typical behav-
ioral, neuroendocrine, and immunological responsiveness;
brain morphology’ gene expression; and neurochemistry
(Meaney, 2001; Meaney et al., 1996; Sanchez et al., 2001).
Work conducted with humans experiencing adversity, in-
cluding children reared in orphanages, children who reside
in lower-socioeconomic environments, and children who
have been abused or neglected, reveals similar negative
consequences on stress and brain systems, as well as gene
expression (Caspi et al., 2002; Cicchetti & Rogosch, 2001a,
2001b; Cicchetti & Walker, 2001; DeBellis, 2001; DeBel-
lis, Baum, et al., 1999a; DeBellis, Keshavan, et al., 1999b;
Foley et al., 2004; Gallo & Matthews, 2003; Gunnar et al.,
2001; Lupien, King, Meaney, & McEwen, 2001).

The activation of the HPA axis in response to physical
and psychological perturbations is adaptive and critical for
the survival of challenges to the organism’s homeostasis. In
this sense, the stress response can be said to serve a protec-
tive function (McEwen, 1998). However, the chronic mobi-
lization of the stress response (i.e., hypercortisolism) also
can exert damaging, even pathogenic, effects on neurons
(e.g., neuronal atrophy, neurotoxicity, and neuroendanger-
ment; Bremner, 1999; McEwen & Sapolsky, 1995; Sapol-
sky, 1996, 2000a, 2000b). Moreover, the elimination of
glucocorticoids (i.e., hypocortisolism) also can cause dam-
age to neurons (Gunnar & Vazquez, 2001; Heim, Ehlert, &
Hellhammer, 2000).

One primary means through which hormones affect be-
havior is via their impact on gene expression (McEwen,
1994; Watson & Gametchu, 1999). Stress hormones have
been shown to exert direct effects on the genes that control
brain structure and function, including neuronal growth,
neurotransmitter synthesis, receptor density and sensitiv-
ity, and neurotransmitter reuptake (McEwen, 1994; Wat-
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son & Gametchu, 1999). The glucocorticoid receptors that
reside in a cell’s nucleus are responsible for the influence
that stress hormones exert on the expression of genes that
govern brain function (Watson & Gametchu, 1999). As
noted earlier in this chapter, it has been demonstrated that
chronic stress eventuates in a persistent inhibition of gran-
ule cell production and changes in the structure of the den-
tate gyrus, suggesting a mechanism whereby stress may
alter hippocampal function (Gould & Tanapat, 1999).

Moreover, close, interpersonal relationships that are
discordant also can be associated with the dysregulation of
the immune system (Kiecolt-Glaser et al., 2002). Social
stressors can cause neurotransmitters (e.g., the cate-
cholamines) and stress hormones to elevate substantially;
furthermore, these hormones and neuromodulators exert
multiple immunomodulatory effects on the functioning of
the immune system (Granger et al., 2003; Segerstrom,
2000). In addition, the experience of negative emotions,
such as anxiety and depression, can exert a direct impact on
the cells of the immune system by either up or down regu-
lating the secretion of proinflammatory cytokines
(Granger et al., 2003; Kiecolt-Glaser et al., 2002).

Importantly, research conducted with rodents demon-
strates that early social experiences do not exert immutable
negative consequences for the developing nervous system.
For example, the results of investigations carried out by
Francis et al. (1996; see also Meaney, 2001) have revealed
that interventions, such as providing opportunities for ma-
ternal handling, licking, and grooming to rat pups who had
experienced prolonged periods of maternal separation early
in life, alter the central circuitry of emotion that results in
these rat pups having a decreased responsivity to stress in
later life (Meaney, 2001). Thus, these early interventions
underscore the plasticity of emotion circuitry in rat pups. It
remains to be discovered whether this circuitry is capable
of being modified if interventions with rat pups who have
experienced pronounced periods of early maternal separa-
tion are not provided until childhood or in adulthood.

In research with humans, Nachmias, Gunnar, Mangels-
dorf, Parritz, and Buss (1996) found that a secure mother-
child attachment relationship buffered the functioning of
the HPA axis. Specifically, securely attached toddlers who
were behaviorally inhibited did not exhibit significant
elevations in cortisol, whereas insecurely attached tod-
dlers who were behaviorally inhibited displayed signifi-
cant elevations in cortisol. In addition, Gunnar, Brodersen,
Nachmias, Buss, and Rigatuso (1996) discovered that at-
tachment security moderated the cortisol response to the
distress of inoculation. In particular, Gunnar et al. (1996)
found that the combination of behavioral inhibition and
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insecure attachment resulted in these toddlers exhibiting
elevated cortisol levels post inoculation. Taken together,
these findings suggest that the sensitive caretaking that is
characteristic of the mothers of securely attached young-
sters may play an important role in the modulation of the
HPA axis, especially if the child possesses a behaviorally
inhibited temperament.

Gunnar and colleagues (2001) found that six and a half
years postadoption, children who had been reared in Ro-
manian orphanages for greater than 8 months in their 1st
year of life had higher morning (AM) basal cortisol levels
than did Romanian orphans who were adopted within the
first 4 months of their lives. Moreover, the longer that the
Romanian orphan children were institutionalized beyond 8
months, the higher were their AM basal cortisol levels. In-
tervention studies would help to ascertain whether the cor-
tisol levels of the orphans who had been institutionalized
greater than 8 months were modifiable, or whether such
prolonged institutionalization exerted indelible effects on
the HPA axis. Likewise, longitudinal follow-up of these
children who were reared in Romanian orphanages could
reveal whether the functioning of the HPA axis is stable
and whether those children adopted before 4 months ex-
hibit resilient functioning, whereas those who were
adopted after 8 months of institutionalization display non-
resilient functioning in middle childhood. Furthermore, as-
sessments of the quality of the parent-child relationship
and of family stress could enable the detection of some of
the mediators linking early experience and later outcome.

Despite the fact that the experience of persistent stress
is usually associated with deleterious biological and psy-
chological outcomes, not all organisms are affected in the
same fashion (Sapolsky, 1994). It is important to note, in
keeping with the general systems theory concept of multi-
finality, that similar stressful experiences may not exert
the same impact on biological and psychological function-
ing in different organisms. Furthermore, the same out-
comes, be they positive or negative, that were the result of
stressful experiences may have eventuated from different
developmental pathways (i.e., equifinality).

The confluence of a number of factors, including physi-
cal status, genetic makeup, prior experience, and develop-
mental history, determine the differential ways in which
organisms may react to a stressful event (McEwen, 1994;
Sapolsky, 1994). In particular, the combination of genetic
makeup, previous experience, and developmental history
could either sensitize or protect the organism from subse-
quent stressful challenges. Additionally, more long-term
stress responsiveness is characterized by interindividual
variability and is related, in part, to experiential influences

on gene expression (Meaney, 2001; Meaney et al., 1996).
Thus, there are multiple converging pathways—including
not only the neural networks that are activated by physical,
psychological, and immunological stressors, but also the in-
fluence of genetics, early experience, and ongoing life
events that determine the neural response to different
stressors (McEwen, 1994; Sapolsky, 1994).

The ability to measure the functioning of the HPA axis
through a variety of techniques enables researchers to more
precisely quantify the “stress” component of diathesis-
stress models of psychopathology and to examine the rela-
tion between stress and mental disorder. Moreover, the
utilization of salivary biomarkers as relatively noninvasive
measures of neuroendocrine and immune functioning
makes it feasible for a larger number of researchers, includ-
ing those investigating the pathways to, and correlates of,
resilience, to implement neuroendocrinological and im-
munological assays into their work.

Among the most widely employed existing measures of
neuroendocrine regulation are stress-reactivity paradigms
that may increase HPA axis activity. There are several such
procedures that are commonly utilized in the literature on
HPA axis regulation. These include the Cold Pressor Test
(CPT; Bullinger et al., 1984; Edelson & Robertson, 1986),
the Trier Social Stress Test (TSST; Kirschbaum, Pirke, &
Hellhammer, 1993), and maternal separation paradigms
(Nachmias et al., 1996). For such paradigms, saliva for sub-
sequent cortisol assaying is typically collected three
times—once at baseline, 25 to 30 minutes poststressor, and
once more 25 to 30 minutes after the second collection. A
number of procedures also are used to index other aspects
of HPA functioning, including assessments of the diurnal
regulation of cortisol, 24-hour circadian rhythm collec-
tions, and biochemical challenge tests (Vazquez, 1998). Re-
cently, salivary alpha-amylase, a surrogate marker of the
sympathetic nervous system component of the stress re-
sponse, has been employed to test biosocial models of
stress vulnerability (Granger et al., in press). It has been
discovered that patterns of salivary alpha-amylase stress
reactivity differ from those obtained utilizing salivary cor-
tisol measurements. These findings suggest that it is impor-
tant to integrate measurement of the adrenergic component
of the sympathetic nervous system, as indexed by alpha
amylase, into investigations of normal development and
psychopathology (Granger et al., in press). Furthermore,
scientists have begun to examine multiple salivary bio-
markers of neuroendocrine (e.g., cortisol and dehy-
droepiandrosterone [DHEA]) and immune functioning
(e.g., IgA, Neopterin, and possibly cytokines), as well as
neuroendocrine-immune system interactions (e.g., Granger



et al., 2003; Granger, Hood, Dreschel, Sergeant, & Likos,
2001; Schwartz, Granger, Susman, Gunnar, & Laird, 1998).

The incorporation of these readily obtainable salivary
biomarkers in prospective longitudinal studies that also
collect psychological indicators of resilient functioning
may serve to enhance the understanding of the pathways to
competent adaptation in the face of adverse circumstance.
For example, are individuals who function resiliently more
likely to return to baseline levels of neuroendocrine func-
tioning more quickly in stress-reactivity paradigms than
are individuals who are not functioning in a resilient man-
ner? Are individuals who function in a resilient fashion less
likely to develop negative neurobiological sequelae despite
experiencing extreme stress? When individuals who func-
tion resiliently do evidence harmful biological sequelae, do
these individuals recover their function more readily than
do nonresilient individuals (i.e., do individuals who func-
tion in a resilient manner manifest greater neural plastic-
ity)? Finally, are individuals who function resiliently better
able to regulate their allostatic load—the cumulative long-
term effects of physiological responses to stress (McEwen,
1998; McEwen & Stellar, 1993)?

Because they play critical roles in numerous adaptive
and harmful physiological outcomes, the neuroendocrine
system and the sympathetic nervous system are considered
among the major mediators of allostatic processes. Repeti-
tive social challenges in a child’s environment, such as
being reared in an institution and being abused or ne-
glected, can cause disruptions in basic homeostatic and
regulatory processes that are central to the maintenance of
optimal physical and mental health (Repetti, Taylor, &
Seeman, 2002). It is conceivable (and indeed there is some
evidence at the psychological level; see Cicchetti & Ro-
gosch, 1997) that individuals who function resiliently are
more adroit at coping with stress. Relatedly, might the abil-
ity of resilient individuals to cope successfully with stress
be associated with healthy, well-regulated immune func-
tioning? For example, can the activation of the cytokines,
effector molecules that are hypothesized to mediate our
classic sensory functions, affect developmental plasticity
via their effect on emotional, cognitive, and behavioral
processes (Granger et al., 2003)? Measures of neuroen-
docrine regulation and reactivity and of immune function
must increasingly become a part of the measurement bat-
teries used in studies on resilient adaptation.

Cognitive Processing and Resilience

A consistent finding across several studies of resilience is
that better intellectual skills are associated with more pos-
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itive outcomes in individuals reared in adverse environ-
ments (e.g., Cicchetti & Rogosch, 1997; Garmezy et al.,
1984; Luthar & Zigler, 1992; Masten et al., 1999; White,
Moffitt, & Silva, 1989). In these studies of resilience, in-
tellectual functioning is primarily measured with tradi-
tional measures of intellectual ability (e.g., the Peabody
Picture Vocabulary Test-Revised [PPVT-R]; Dunn &
Dunn, 1981), that are assumed to reflect a heterogeneous
set of underlying cognitive processes that are manifested
behaviorally as intelligence and adaptive functioning.
These processes may include, but are not limited to, mem-
ory, attention, reasoning, and behavioral inhibition. Unfor-
tunately, the global nature of most of these indices has, for
the most part, prohibited a direct examination of which (or
if ) individual components of cognition may be associated
with resilience.

However, some preliminary work has examined the
contribution of specific facets of cognitive functioning to
resilient outcomes (Curtis, 2000). This investigation was,
in part, based on previous findings indicating an associa-
tion between cognitive functioning and academic and
social competence (Pellegrini, Masten, Garmezy, &
Ferrarese, 1987). Curtis (2000) examined the relation be-
tween resilience and a set of empirically derived compo-
nents of cognition, including some aspects of attention,
problem solving, inhibition, creative thinking, and humor
in the Project Competence cohort, a longitudinal investi-
gation of the correlates and pathways of adaptive func-
tioning in the face of adversity (e.g., Masten et al., 1999).
These components were drawn from several measures of
cognitive functioning that were administered to a subset
of 90 participants in the initial assessment of this cohort
in the early 1980s, when they were approximately 8 years
of age.

Three composite scales of cognitive functioning were
derived from these measures through a process of correla-
tion, factor analysis, and reliability analyses: verbal ability,
problem solving, and attentional functioning. Performance
on these composite scales was compared across individuals
classified during adolescence into one of three groups
based on their level of competence across salient develop-
mental domains and adversity. This work demonstrated
that individuals classified as resilient (high adversity, high
competence) during adolescence had better problem-solv-
ing ability in middle childhood, and also performed better
on some aspects of attentional functioning than individuals
in the same cohort classified as maladaptive (high adver-
sity, low competence). Superior performance on the mea-
sures making up this composite may reflect good executive
functioning, which would include planning ability, logic,
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and general problem-solving skills in the context of inter-
personal relationships.

These findings suggest that good functioning on certain
cognitive processes is associated with resilience in this co-
hort, and also begin to provide a more detailed picture of
what aspects of intelligence and superior intellectual func-
tioning serve to promote resilience. However, considering
the extreme complexity of the specific operations referred
to as cognition, the problem-solving composite scale from
this study is very nonspecific. A variety of interdependent
cognitive skills involving the coordinated action of multi-
ple neural networks are required to solve the problems asso-
ciated with this scale and other traditional assessments of
higher-order cognitive processes. In general, it is difficult
to extrapolate from findings from paper and pencil mea-
sures of intellectual functioning to particular cognitive
processes and brain structures that may be involved in such
functioning; moreover, traditional tests of intellectual and
cognitive functioning have not been tied to specific func-
tional brain regions (other than the obvious linkage be-
tween the frontal cortex and higher-cognitive functioning).
Neurocognitive measures that are able to differentiate per-
formance on specific, circumscribed cognitive processes
need to be employed in order to determine in more detail
the cognitive abilities that may be associated with re-
silience, or that might serve as protective factors for good
functioning in the context of adversity. In addition, without
the application of brain-imaging techniques to determine
the structural and functional attributes of specific neural
substrates of cognitive abilities that may be associated
with resilience, or at the very least data from neuropsycho-
logical measures that include tasks that have been tied to
particular brain regions, it is impossible to determine with
any degree of certainty which specific cognitive abilities
might be associated with resilient functioning.

Assessment of Links between Cognition
and Resilience

One assessment instrument in particular, the Cam-
bridge Neuropsychological Testing Automated Battery
(CANTAB), a computer-based neuropsychological test of
nonverbal memory and executive functioning, would be
well suited to examining the relation between cognitive
functioning and resilience (Fray, Robbins, & Sahakian,
1996). Linkages between specific CANTAB tasks and
neuroanatomical systems have been established in neu-
roimaging studies of adults (Owen, Evans, & Petrides,
1996). This assessment was originally developed to mea-

sure cognitive functioning in geriatric populations, al-
though normative data on children’s performance on the
CANTAB has recently been published (Luciana & Nel-
son, 2002). This assessment instrument, while providing
only an indirect assessment of brain functioning, would
nonetheless be a relatively inexpensive and highly accessi-
ble option for examining linkages between specific as-
pects of cognition and resilience. Not only is CANTAB a
highly sensitive and well-validated measure of a wide
range of cognitive processes, but also it potentially would
allow for the investigation of the differential contribution
of a number of different types of cognitive processes to
resilient functioning. For example, the CANTAB could
be employed to examine whether superior ability in a par-
ticular type of memory process (e.g., spatial memory
span, spatial working memory, recognition memory) con-
tributed to resilient functioning, or, alternatively, whether
those who exhibit resilient functioning may exhibit
high functioning in multiple realms of memory. Also, one
could examine the possible differential contribution of
various types of executive functioning (e.g., inhibition,
logical planning, and memory) to resilient functioning.

Brain Imaging, Cognition, and Resilience

Given the consistent association between greater intelli-
gence and resilient functioning (e.g., Cicchetti & Rogosch,
1997; Garmezy et al., 1984; Luthar & Zigler, 1992; Masten
et al., 1999), previous studies examining brain functioning
in those of superior intellectual ability may have some rele-
vance for the study of resilience. A fairly well-established
body of research has directly examined brain functioning
in individuals with superior intellectual ability, and to date
most investigations directly examining brain activity and
intelligence have suggested that the brains of individuals
with superior intellectual abilities are less active during
problem solving than those of individuals with average
intellectual abilities (e.g., Haier, Siegel, Tang, Abel, &
Buschbaum, 1992; Jausovec, 2000; Jausovec & Jausovec,
2001; O’Boyle, Benbow, & Alexander, 1995). In particular,
PET studies have shown that brain metabolic activity is
lower during problem-solving tasks for individuals of
higher intelligence (e.g., Haier et al., 1988), whereas stud-
ies of EEG activity have shown that individuals with
greater intellectual ability have less complex and more
coherent EEG waveforms (Anokhin, Lutzenbeger, & Bir-
baumer, 1999; Jausovec, 2000). In addition, more intelli-
gent individuals show a decrease in the volume of activated
gray matter during an oddball task (a simple discrimina-
tion task where the participant is instructed to respond to a



low frequency event, such as the infrequent presentation,
e.g., 20% probability, of the letter x in the context of the
frequent presentation, e.g., 80% probability, of another let-
ter), as shown using a method of low-resolution brain elec-
tromagnetic tomography (LORETA; Jausovec & Jausovec,
2001; Pascual-Marqui, Michel, & Lehmann, 1994).

These findings are generally interpreted as reflecting
greater brain efficiency in those of superior intellectual
ability, whereby brain areas not needed for good perfor-
mance on a particular task are not utilized, while those
areas specifically relevant to the task are used in a more
concentrated fashion (Haier et al.,, 1992; Jausovec &
Jausovec, 2000, 2001). In effect, fewer and more specific
brain networks are activated during problem-solving tasks.

Other investigations have recently examined the loca-
tion of the neural substrate mediating intellectual function-
ing. In a PET study by Duncan et al. (2000), these
investigators found that a diverse set of tasks designed to
tap general intelligence (Spearman’s g), compared to a set
of control tasks, were associated with selective neural acti-
vation in the lateral frontal cortex. This result suggests that
general intelligence, rather than requiring the use of multi-
ple brain areas, may derive from a specific neural system
located in the frontal cortex that mediates many different
types of cognitive demands. Gray, Chabris, and Braver
(2003) employed an event-related fMRI design to examine
the hypothesis that general fluid intelligence is mediated by
brain regions that support attentional functioning. Utilizing
a relatively large number of subjects (n = 48) for an fMRI
study, Gray et al. (2003) were able to apply a multiple re-
gression analysis to localize brain functioning to primarily
the lateral prefrontal cortex during a demanding working
memory task designed to be a test of general fluid intelli-
gence. However, contradictory to many studies showing
less brain activity in those with superior intellectual ability
during problem solving, Gray et al. (2003) found that higher
fluid intelligence, indexed by performance on Raven’s Ad-
vanced Progressive Matrices (APM; Raven, Raven, &
Court, 1998), was associated with greater activity in the
lateral prefrontal cortex during a fairly difficult working
memory task. It is possible that this finding is a result of the
relatively highly challenging nature of the task adminis-
tered, in comparison to more simple tasks employed in
other studies of brain function and superior intelligence.

The ERP is an index of central nervous system function-
ing thought to reflect the underlying neurological process-
ing of discrete stimuli (Hillyard & Picton, 1987). ERPs
represent scalp-derived changes in brain electrical activity,
believed to be generated by changes in membrane poten-
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tials of nerve cells, thus reflecting activity associated with
neuronal connections (Hugdahl, 1995; Nelson & Bloom,
1997). ERP data is collected across a discrete temporal
window (typically a few seconds), obtained by averaging
time-locked segments of the EEG that follow or precede
the presentation of a stimulus. In this manner, ERPs allow
for monitoring of neural activity associated with cognitive
processing in real time (Donchin, Karis, Bashore, Coles, &
Gratton, 1986). Their particular strength lies in the high
temporal resolution they provide, allowing for a finely de-
tailed examination of the timing of cognitive operations in
the brain at the level of milliseconds.

Studies utilizing ERPs to examine brain electrophysiol-
ogy and intelligence have consistently demonstrated that
the amount of time for ERP wave forms to reach their peak
amplitude is negatively correlated with IQ, indicating that
cognitive operations may be occurring more rapidly in the
brains of individuals with greater intellectual ability (e.g.,
Barrett & Eysenck, 1994; Bazana & Stelmack, 2002;
Burns, Nettelbeck, & Cooper, 2000; Jausovec & Jausovec,
2001). In particular, it appears that this difference occurs
in the P300 ERP component, and not in earlier occurring
components associated with lower-level sensory processes
(Jausovec & Jausovec, 2001). The P300 is generally viewed
as reflecting cognitive processing related to learning as
well as the transfer of sensory information about a stimulus
into working memory, referred to as context updating
(Donchin & Coles, 1988). Latency of the P300 is associ-
ated with the amount of time it takes for an individual to
evaluate the novelty or significance of a stimulus, and is
typically prolonged in individuals with neurodegenerative
disorders (Donchin & Coles, 1988; Hugdahl, 1995).

Other investigations have measured the relation between
resting brain activity and intellectual ability. Findings
from these studies have been less conclusive, but, gener-
ally, greater EEG coherence has been shown to be associ-
ated with increased intellectual ability. It is assumed that
increased coherence again reflects more efficient utiliza-
tion of neural networks.

Unfortunately, most studies examining the relation be-
tween intelligence and brain functioning have not been de-
signed to delineate the relation between brain functioning
and particular aspects of intelligence. Hence, the tasks
employed during these studies have not been specific to
any particular cognitive process, but rather have been cho-
sen to reflect intellectual ability in general. In addition,
creativity has been controlled for in many of these stud-
ies, given that persons high on measures of creativity dif-
fer from those high only on intelligence with respect to
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brain activity during problem-solving tasks (e.g., Carls-
son, Wendt, & Risberg, 2000; Jausovec, 2000).

A major difficulty in examining the role of intelligence
in promoting resilience is the vastly complex constellation
of cognitive and executive functioning skills possibly asso-
ciated with performance on psychometric measures of in-
telligence. The association between performance on some
executive function tasks and IQ is moderate at best;
whereas some aspects of executive functioning appear not
to have a relation with IQ (e.g., Luciana & Nelson, 2002),
other studies have suggested that executive functioning,
subserved by the frontal cortex, is one of the underlying es-
sential functions of creativity (Carlsson et al., 2000). Fi-
nally, many basic cognitive processes, such as attention and
memory, are clearly associated with psychometric indices
of intellectual functioning, but exactly how is unclear.

Thus, the first step in examining the nature of the strong
association of intellectual ability with resilience would be
to determine which aspects of intellectual functioning were
more or less important in their contribution to resilient
functioning. For example, in the Curtis (2000) study, the
verbal and performance scales of an intelligence assess-
ment loaded on two different composites of cognitive
functioning, with the performance scale differentiating re-
silient and nonresilient groups, whereas the verbal scale did
not. More comprehensive neuropsychological assessment of
resilient and nonresilient individuals, such as administra-
tion of entire 1Q batteries rather than abbreviated versions,
would be useful in determining which aspects of tradi-
tional psychometric intelligence were important in promot-
ing resilience. Also, it is essential that many different
components of cognition and executive functioning be as-
sessed in order to determine what particular grouping of
skills may be associated with resilience. It seems unlikely
that any one aspect of cognition and executive functioning
alone is the critical defining feature of resilience. Rather, it
seems reasonable to hypothesize that strengths on a variety
of cognitive and executive functions, such as memory, at-
tention, flexible problem solving, and inhibition, contribute
to resilient functioning. However, it is of critical impor-
tance to ascertain which of these processes does or does
not contribute to resilience in order to inform prevention
and intervention. Utilizing instruments, such as CANTAB,
a measure of more subtle and specific aspects of neuropsy-
chological functioning, is essential in the study of cogni-
tion, executive functioning, and resilience.

Going beyond traditional neuropsychological assess-
ment, brain-imaging studies are an important methodology
to apply to investigating the role of cognition and executive
functioning in resilience. Although neuropsychological as-

sessments measure aspects of cognitive functioning and
allow inferences to be drawn about the neural substrate(s)
involved, it is essential to employ brain imaging in order to
directly determine the temporal, structural, and functional
aspects of cognition and the brain (Toga & Thompson,
2003). Brain imaging allows for the direct examination of
the neural substrate involved with cognition and executive
functioning in individuals classified as exhibiting resilient
functioning. Neuroimaging methods, such as fMRI, also
can be utilized to determine if aspects of brain functioning
in such individuals are unique in some way compared to
competent individuals not exposed to adversity.

In addition, ERPs also can be utilized to elucidate the
possible relation between cognitive efficiency and re-
silience. In particular, two questions can be addressed.
First, it would be useful to determine whether or not indi-
viduals classified as resilient demonstrate greater cognitive
efficiency in general compared to individuals not demon-
strating resilience. This could be accomplished by compar-
ing peak latencies of the P300 during cognitive tasks, such
as the oddball paradigm or a recognition memory task.

Secondly, it would be informative to compare cognitive
efficiency on a variety of tasks to ascertain whether there
is a specific type of cognitive function that resilient indi-
viduals are able to accomplish more efficiently, or if the ef-
ficiency is an overall strength, independent of the type of
cognitive operation. In this regard, it also would be inform-
ative to compare resilient individuals with those exhibiting
competent functioning but not exposed to adversity. It is
possible that competent functioning, despite exposure to
significant adversity, may be associated with cognitive ef-
ficiency in a different way than it is for individuals not ex-
posed to adversity. This approach can help to elucidate, at
the level of brain functioning, whether speed of processing
is an underlying factor in resilience, and, if so, for which
type of cognitive processes is this increased efficiency im-
portant in the context of resilient functioning.

Although ERPs are particularly advantageous in deter-
mining the chronology of neural processes, this methodol-
ogy does not lend itself to the precise localization of these
processes. FMRI, however, does enable the localization of
brain functioning with relatively great precision (see
Casey, Davidson, & Rosen, 2002 and de Haan & Thomas,
2002 for relevant reviews of this methodology). FMRI is a
rapidly evolving technology that has exciting, but as of yet
unexplored, potential in the study of resilience. In particu-
lar, application of this methodology would be extremely
useful in examining questions about the role of cognition
and executive functioning in promoting resilience. For ex-
ample, it would enable the examination of whether cogni-



tive operations of those classified as resilient took place in
the same or perhaps different brain systems than those ex-
periencing adversity but not classified as resilient.

Additionally, fMRI would allow direct examination of
the impact of adversity on brain structures, such as the hip-
pocampus, which has been shown to have decreased vol-
ume in patients diagnosed with PTSD related to war
combat exposure or childhood sexual and/or physical abuse
(e.g., Bremner et al., 1995, 1997; Gurvits et al., 1996;
Stein, Koverola, Hanna, Torchia, & McClarty, 1997; Vil-
larreal et al., 2002). Although the cause of this volumetric
reduction has not been definitively established (in fact, it is
possible that reduced hippocampal volume precedes, and is
a risk factor for, PTSD), the predominant view, proposed
by Bremner (1999), is that reduced hippocampal volume is
a result of neurotoxic effects linked to traumatic events.
This neurotoxic process appears to be due to an interaction
between elevated levels of glucocorticioids and excitatory
neurotransmitters (e.g., glutamate), with the specific, tar-
geted effect on the hippocampus due to its high concentra-
tion of glucocorticoid receptors (for review of this process,
see McEwen & Magarinos, 1997).

In the case of individuals classified as resilient who, by
definition, have been exposed to significant adversity or
trauma, it would be reasonable to formulate two hypothe-
ses: (1) As a result of this exposure to adversity over time,
such individuals may have reduced hippocampal volume
compared to controls but do not show expected behavioral
deficits in memory. Memory functioning in these individu-
als may be mediated by other neuroanatomical structures
and networks, thus compensating for possible diminished
functional capacity of the hippocampus, or (2) Resilient in-
dividuals, despite exposure to adversity or trauma, do not
have reduced hippocampal volume. In either case, volumet-
ric MRI studies to ascertain the degree to which, if any, the
hippocampus has reduced volume could be employed. In
addition, functional brain imaging studies utilizing fMRI
would be useful to ascertain what compensatory mecha-
nisms are being employed (if reduced hippocampal volume
were confirmed).

MRI diffusion tensor imaging (DTI), a relatively new
technique that allows imaging of white matter tracts that
connect neural tissue across brain areas, also holds great
promise in studying cognition and resilience. DTI has pro-
vided evidence of differences in intercortical connectivity
in individuals with neuropsychiatric disorders (e.g., Ku-
bicki et al., 2002; Lim et al., 1999). Application of this
technique to the study of resilience could potentially
demonstrate differences between resilient individuals, non-
resilient individuals exposed to adversity, and competent in-
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dividuals not exposed to adversity in connectivity between
regions of the cerebral cortex, possibly offering evidence of
neural plasticity as one of the underlying mechanisms of re-
silient outcome.

Genetics and Resilience

From a genetic perspective, resilience can be conceptual-
ized as the extent to which individuals at genetic risk for
maladaptation and psychopathology are not affected
(Garmezy & Streitman, 1974; Luthar et al., 2000; Rende &
Plomin, 1993). Additionally, there may be genetic contrib-
utors to resilient adaptation that protect some individuals in
families where there is a high genetic loading for develop-
ing maladaptation and mental disorder from succumbing to
these deleterious outcomes. Moreover, genes are equally
likely to serve a protective function against environmental
insults for some individuals. Thus, it is apparent that ge-
netic influences on maladaptation and psychopathology op-
erate in a probabilistic and not a deterministic manner.

To date, there has been a paucity of investigations that
have examined genetic contributors to resilient functioning.
Rende and Plomin (1993) have explicated the ways in
which the designs and methods of quantitative behavior ge-
netics may be utilized to uncover the genetic and environ-
mental contributions to resilience. Herein, we provide
several examples of how molecular genetic techniques may
be utilized to proffer insights into the pathways to resilient
adaptation.

Buccal swab sampling procedures provide a relatively
easy and painless method for collecting DNA from re-
search participants (Freeman et al., 1997; Plomin & Rut-
ter, 1998). The buccal swabs can be easily stored in the
laboratory; subsequently, the DNA is purified, ideally as
soon as possible, utilizing a DNA Extraction Kit. In the
particular kit used in our laboratory, the extraction solu-
tion is alloquated in 0.5 ml amounts into sterilized DNAse
and RNAse free 1.5 ml microcentrifuge tubes, which are
labeled and stored in a freezer at—80°C until usage. The
equipment needed to extract and purify DNA is relatively
inexpensive, and the methodology is not difficult to learn.
Hence, it is quite feasible for researchers without expertise
in molecular genetics to carry out DNA extraction in their
own laboratory. Alternatively, collaborations with geneti-
cists in universities or medical school settings could facili-
tate the application of these techniques.

Polymerase Chain Reaction (PCR) is a quick, fairly
cost-efficient technique for producing an unlimited number
of copies of any gene. The powerful duplication ability of
PCR enables researchers to utilize tiny amounts of cells or
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tissues (such as those obtained with the buccal swabbing
technique) to amplify or copy DNA and to subsequently un-
dertake molecular genetic analysis. Although PCR itself is
not very expensive, the equipment necessary to conduct
subsequent molecular genetic analyses, such as a gene se-
quencer, is substantially more costly. The relative ease
with which DNA can be collected enables even develop-
mental psychopathologists who are not well versed in mo-
lecular genetics to obtain DNA from participants and to
examine the relation of this genetic material to normal,
maladaptive, and resilient behavioral outcomes.

Recently, great progress has been made in the mecha-
nisms involved in the study of gene expression. These ad-
vances provide exciting new opportunities for enhancing
knowledge not only on the genesis and epigenesis of mal-
adaptive development and mental disorders, but also of re-
silience. Molecular genetic methods now exist that enable
researchers to investigate the expression of particular
genes or of large numbers of genes simultaneously (so
called “gene profiles”). Through the utilization of comple-
mentary DNA (or cDNA) microarrays, researchers can dis-
cover the type and quantity of messenger RNA (mRNA)
being produced by a given cell, thereby indicating which
genes are “turned on” (i.e., activated; Hacia & Collins,
1999; Mirnics, Middleton, Lewis, & Levitt, 2001; Ray-
chaudhuri, Sutphin, Chang, & Altman, 2001). DNA mi-
croarrays can be utilized to index changes in the expression
of genes that are essential for brain function (Greenberg,
2001; Walker & Walder, 2003). By examining the concur-
rent and longitudinal relations among environmental, gene
expression, neurobiological, hormonal, and psychological
processes in individuals who have experienced significant
adversity, researchers may be in a stronger position to
elucidate the development of resilient adaptation. Such
multiple level of analysis investigations may reveal the
mechanisms responsible for activating and inhibiting the
expression of genes that are probabilistically associated
with maladaptive developmental outcomes and psychopath-
ology. Likewise, these multidisciplinary approaches may
proffer insights into the mechanisms that “turn on” genes
that may serve a protective function for individuals experi-
encing significant adversity.

Utilizing animal models of learning and gene expres-
sion, several studies have begun to show a direct link be-
tween the gene expression process and structural changes
in the brain that result from learning. For example, Post
et al. (1998) found higher levels of mRNA and nerve
growth factor (NGF) in the visual cortex and hippocampus
of rats exposed to an enriched environment for 30 days, ev-

idence that a gene transcription process was occurring.
Training on a passive avoidance task resulted in significant
elevation of c-fos mRNA levels in the chick forebrain. A
gene expression transcription factor (Anokhin, Mileusnic,
Shamakina, & Rose, 1991) and C-fos induction also has
been found in the rat brain after shuttle-box training
(Maleeva, Ivolgina, Anokhin, & Limborskaya, 1989), as
well as in Purkinje cells in the cerebellar paramedian lob-
ule following training of rats in a reaching task (Alcantra
etal., 1991). Also, the transcription factor zif-268 has been
found in the visual cortex of rats only 4 days after being
placed in an enriched environment (Wallace, Withers,
Weiler, & Greenough, 1991).

Thus, at the level of learning and cognition, gene expres-
sion and the subsequent cascade of processes that eventuate
in structural changes in neural substrate may be one pro-
cess that could be examined as a correlate of resilience.
Gene expression in learning, which comes about as a result
of transactions with the environment, is perhaps the foun-
dation upon which positive adaptation to adversity is built.
In addition, this multilevel perspective, showing linkages
among gene expression, neurochemistry, neuroanatomy,
and experiences in the environment, again points to the im-
portance of a multiple-levels-of-analysis approach to the
study of resilience.

Other work in the area of gene expression has demon-
strated the relation of this process to the development of
psychopathology in humans. For example, changes in gene
expression due to environmental adversities have been im-
plicated in the development of affective disorders (e.g.,
Post et al., 1994; Post et al., 2003). Similar to the evocation
of gene expression through interaction with the environ-
ment in animal models of learning, Post et al. (1994) hy-
pothesized that acute events in the environment can have a
permanent impact on gene expression, thus accounting for
long-lasting changes in subsequent behavioral responses to
stressors in the environment. Thus, the interplay of early
experience and gene expression processes can potentially
lead to vulnerability, depression, posttraumatic stress dis-
order, and other disorders possibly rooted in changes in
gene expression (e.g., Schizophrenia; Post et al., 1994).
This formulation, a model based on electrophysiological
kindling and behavioral sensitization to psychomotor stim-
ulants and stress, emphasizes an active and dynamic pro-
cess of transactions between genetic vulnerabilities and
experientially mediated effects on gene expression over the
entire life span. Also, Post et al. (2003) have theorized
that, in addition to pathological changes in gene expression
that eventuate in affective disorders, there may in fact be



changes in gene expression that are adaptive and possibly
serve as endogenous antidepressant mechanisms. Post et al.
(2003) suggest that the proportion of pathological and
adaptive changes in gene expression may be a key deter-
mining factor in an individual’s propensity to have recur-
ring episodes of affective disorder. Likewise, individuals
classified as resilient may be found to have a higher propor-
tion of adaptive gene expression processes, allowing them
to maintain positive behavioral adaptation in spite of ad-
versity (see also Cicchetti, 2003).

Very recently, molecular genetic methods have been uti-
lized to examine the role that genetic factors, in interaction
with social experience, might play in the epigenesis
of maladaptive behavior. In a large, longitudinal birth co-
hort of male children who were studied from birth to adult-
hood, the investigators sought to determine why some
maltreated children grow up to develop antisocial behavior
where other maltreated children do not (Caspi et al., 2002).
It was discovered that a functional polymorphism in the
gene-encoding the neurotransmitter-metabolizing enzyme
monoamine oxidase A (MAOA) moderated the effect of
maltreatment. Polymorphisms are common variations that
occur in the sequence of DNA among individuals. Specifi-
cally, a polymorphism is a gene that exists in more than one
version (or allele), and where the rare form of the allele oc-
curs in greater than 2% of the population. Caspi and col-
leagues (2002) found that the effect of child maltreatment
on antisocial behavior was far less among males with high
MAOA activity than among those with low MAOA activ-
ity. The investigators interpreted their findings as provid-
ing evidence that a functional polymorphism in the MAOA
gene moderates the impact of early child abuse and neglect
on the development of male antisocial behavior (Caspi
et al., 2002).

Of relevance to research on resilience, it is conceivable
that the gene for high MAOA activity may serve a protec-
tive function against the development of antisocial behavior
in maltreated children (Cicchetti & Blender, 2004). Mal-
treated children grow up in highly stressful environments.
The results of the Caspi et al. (2002) investigation suggest
that some maltreated children, but not others, develop anti-
social behavior via the effect that neurotransmitter system
development exerts on stressful experiences. Specifically,
the probability that child maltreatment will eventuate in
adult violence is greatly increased among children whose
MAOA is not sufficient to render maltreatment-induced
changes in neurotransmitter systems inactive (Caspi et al.,
2002). Thus, a gene x environment interaction appears to
determine which maltreated children will, and will not, de-
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velop antisocial behavior. These findings are compelling
and this investigation is one of the first studies to document
a genetic contribution to resilience in humans. We urge re-
searchers to conduct additional molecular genetic studies
with other samples of humans who experience similar and
different types of significant adversity in order to ascertain
the mechanisms underlying resilient adaptation.

CONCLUSION AND FUTURE DIRECTIONS

Although many questions remain unanswered, a great deal
of progress has been made in our understanding of the con-
struct of resilience (Luthar, 2003; Luthar et al., 2000;
Masten, 2001). Much of the research focused on elucidat-
ing the correlates of, and contributors to, resilient func-
tioning has utilized child, family, and contextual
assessments (Luthar, 2003; Luthar et al., 2000). We have
emphasized that the time has come to incorporate biologi-
cal measures into research programs examining the deter-
minants of resilient adaptation. We also assert that the
inclusion of biological measures into the psychological re-
search armamentaria currently employed in resilience re-
search, as well as in resilience-promoting interventions,
results in a more precise understanding of the mediators
and moderators underlying resilience.

Now that the theories and neuroscience techniques are
available, and since our understanding of brain develop-
ment and functioning in both normality and psychopathol-
ogy has grown, it seems necessary to inquire as to why
there has been no research to date conducted on the biolog-
ical correlates of, and contributors to, resilient adaptation.
One impediment to the incorporation of biology into the
field of resilience research is that most investigators who
examine pathways to resilient functioning have not been
trained in the various neuroscience approaches (e.g., mo-
lecular genetics, neuroimaging, psychophysiology, neu-
roendocrinology, immunology). Regardless, this state of
affairs can be modified through a number of avenues, in-
cluding: (1) changing existing training programs and
philosophies for graduate and medical students; (2) foster-
ing interdisciplinary and multidisciplinary collaborations;
and (3) providing incentives and opportunities for faculty
to acquire knowledge and expertise in one or more new sci-
entific areas.

Perhaps an even larger reason for the absence of biologi-
cal variables in research on resilient functioning is that
evidence for the role of biology in resilience could be inter-
preted as representing a personal attribute of the individual
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and that if only the individual had this biological character-
istic, then he or she could have withstood the adversities to
which the individual was exposed. In essence, the individ-
ual could be blamed for not possessing the needed charac-
teristics to function resiliently.

However, as the theoretical underpinnings of research in
developmental psychopathology, dynamic developmental
systems theory, and developmental neuroscience illustrate,
the belief that the identification of a biological factor
would inevitably result in resilience (or maladaptation for
that matter) is fallacious. Our viewpoint does not reduce
resilience to biology, let alone to a unitary biological vari-
able. A multiple-levels-of-analysis perspective to resilience
should not be misinterpreted as equating resilience with bi-
ology. Moreover, the inclusion of a biological perspective
in resilience research should not hearken scientists back to
the time when some espoused the view that there were “in-
vulnerable” children.

To the contrary, existing theories in developmental neu-
roscience are very compatible with organizational and sys-
tems theories in the fields of developmental psychology
and psychopathology (see Cicchetti & Cannon, 1999a,
1999b; Cicchetti & Walker, 2001, 2003). The incorporation
of a biological perspective into research on resilience still
requires adherence to a dynamic, transactional view that
respects the importance of context. Omitting biology from
the resilience equation is tantamount to omitting psychol-
ogy. Biological and psychological domains are both essen-
tial to include in basic research on resilience and in
resilience-promoting interventions. If we are to grasp the
true complexity of the concept of resilience, then we must
investigate it with a commensurate level of complexity.

Regardless of whether it may be a normal or abnormal
neural system, building a brain is a dynamic, self-
organizing, genetic and epigenetic, multilevel process that
unfolds from the prenatal period throughout adulthood.
We think that it has become essential for investigators in
the disciplines of developmental neuroscience and devel-
opmental psychopathology to carry out prospective longi-
tudinal studies that examine the same individuals over
developmental time utilizing a multiple-levels-of-analysis
perspective. Research also must be conducted to elucidate
the similarities and differences in the fundamental neural
mechanisms involved in the development of various men-
tal disorders. Furthermore, additional molecular biologi-
cal investigations on the structure and function of genes
and protein involved in neural proliferation, migration,
and differentiations must be implemented (Nowakowski
& Hayes, 1999).

Moreover, it is important that investigations with
human participants be undertaken to ascertain whether,
and if so, how, specific environmental occurrences, such
as the presence of serious psychopathology in caregivers,
child maltreatment, repeated fostercare placement, resid-
ing in an orphanage, and/or having a mental disorder, se-
lectively exert a deleterious impact on the development of
children’s various neurobiological systems as a function of
the timing and duration of exposure to these adverse expe-
riences (Cicchetti, 2002; Dawson, Ashman, & Carver,
2000; Gunnar et al., 2001; Parker & Nelson, 2005a). In a
related vein, investigations must be conducted to discover
what, if any, particular aspects of parenting foster optimal
brain development and function in children (Bruer, 1999;
Nelson, 2000b).

Now that it is evident that experience can impact the mi-
crostructure and biochemistry of the brain, a vital role for
very early and continuing neural plasticity throughout epi-
genesis in contributing to the development of, and recovery
from, various forms of maladaption and psychopathology is
suggested. Research has revealed that some early lesions
may not be easily reversible, despite the historically preva-
lent belief that brain insults occurring near the beginning
of development were most amenable to reorganization and
repair. Conversely, contemporary neurobiological research
suggests that in some domains (e.g., sensory, motor, cogni-
tive, memory, and linguistic) and in some areas of the
brain, plasticity is possible, including new neuron genera-
tion, well into adulthood (Cicchetti & Tucker, 1994a,
1994b; Nelson, 2000a). Moreover, future research must be
conducted to examine the limits of plasticity in the social
and emotional domains (see Davidson, 2000; Davidson,
Jackson, & Kalin, 2000, for evidence of neural plasticity in
the central circuitry of emotion). It also is essential to dis-
cover the mechanisms whereby latent progenitor cells are
controlled and glial cell activation is modulated, in order to
elucidate the bases of the brain’s self-repair processes
across various neurobiological systems (Lowenstein & Par-
ent, 1999). If scientists can discover the mechanisms un-
derlying the neural plasticity of the circuits of specific
domains in individuals with various high-risk conditions
and mental disorders, then such information should provide
crucial insights for prevention and intervention efforts.

In this regard, prevention research can be conceptual-
ized as true experiments in altering the course of develop-
ment, thereby providing insight into the etiology and
pathogenesis of disordered outcomes (Cicchetti & Hin-
shaw, 2002). Relatedly, the time has come increasingly
to conduct interventions that not only assess behavioral



changes, but also ascertain whether abnormal neurobiolog-
ical structures, functions, and organizations are modifiable
or are refractory to intervention (Cicchetti, 1996). There is
growing evidence that successful intervention modifies not
only maladaptive behavior but also the cellular and physio-
logical correlates of behavior (Kandel, 1979, 1998, 1999).

Unlike the belief espoused by Huttenlocher (1984) that
“intervention programs, to be effective, would have to be
implemented during [the] early prenatal period, and cer-
tainly prior to school age, by which time synaptic and neu-
ronal plasticity appears to be greatly diminished, if not
totally lost” (p. 495), recent demonstrations of plasticity
across an array of developmental systems suggest that in-
terventions have promise to exert ameliorative effects long
beyond the early years of life (Bruer, 1999; Nelson,
2000b). A major implication of a dynamic developmental
systems approach is that the implementation of interven-
tion closely following the experience of trauma or an epi-
sode of mental illness should ameliorate the intensity and
severity of the response to the illness, as well as the illness
course (Toth & Cicchetti, 1999). Such interventions that
are closely timed to trauma and disorder onset also should
decrease the probability of developing, in a use-dependent
fashion, sensitized neural systems that may cascade across
development (Post et al., 1998).

As Nelson (2000b) has articulated, “the efficacy of
any given intervention will depend on the capacity of the
nervous system (at the cellular, metabolic, or anatomic lev-
els) to be modified by experience” (p. 204). Likewise,
Nowakowski (1987) asserted that “in order to understand
how a modification in a developmental process exerts its
influences, it is essential to know where the developmental
process is being modified, how the structure of the mature
brain will be changed, and how the structural changes that
are produced will change the ability of the brain to process
the information it confronts during a complex behavioral
task” (pp. 568-569). Successful psychotherapy, behavioral
therapy, or pharmacotherapy should change behavior and
physiology by producing alterations in gene expression
(transcription) that produce new structural changes in the
brain (Kandel, 1979, 1999). For example, as discussed ear-
lier, stress has been demonstrated to suppress the birth of
new neurons in adulthood (see also Sapolsky, 2000a,
2000b), and serotonin has been shown to enhance the rate
of neurogenesis in the dentate gyrus. Extrapolating from
these findings, Jacobs and colleagues (2000) hypothesized
that stress-induced decreases in dentate gyrus neurogenesis
play an important causal role in precipitating episodes of
major depressive disorder. Reciprocally, pharmacothera-
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peutic interventions for depression that increase the neuro-
transmission of serotonin work at least partly through their
role in augmenting the birth of new neurons in the dentate
gyrus, thereby contributing to the recovery from episodes
of clinical depression.

A number of antidepressants have been shown to in-
crease adult neurogenesis in the hippocampus. Santarelli
and colleagues (2003) conducted a study to ascertain the
functional significance of this phenomenon. These investi-
gators demonstrated that the disruption of antidepressant-
induced neurogenesis in serotonin 1A receptor null mice
also blocked their behavioral responses to fluoxetine, a se-
lective serotonin reuptake inhibitor. The results of the
Santarelli et al. (2003) investigation provide suggestive ev-
idence that the behavioral effects of antidepressant drugs
may be mediated by the stimulation of neurogenesis in the
hippocampus.

A substantial amount of research literature suggests that
not all individuals who have similar vulnerabilities and
who have been exposed to similar adverse experiences de-
velop in a similar fashion (Luthar, 2003; Luthar et al.,
2000; Masten, 2001). For example, although child maltreat-
ment can exert a negative impact on the structure, function-
ing, and organization of the developing brain, it does not
appear that the brains of all maltreated children are af-
fected in the same manner. Moreover, because some mal-
treated children function resiliently despite having been
exposed to significant adversity (Cicchetti & Rogosch,
1997; Cicchetti et al., 1993), it is likely that the experience
of child abuse and neglect may exert different effects on
the neurobiological structure, function, and organization in
well-functioning maltreated children than it does in the
typical maltreated child. Accordingly, there may be an en-
hanced neural plasticity in resilient individuals.

Thus, it appears that the impact of life experiences, such
as child maltreatment and mental disorder, on brain mi-
crostructure and biochemistry may be either pathological or
adaptive. In the future, neuroimaging investigations should
be conducted in order to discern whether the brain struc-
ture, functioning, and organization of individuals who are
functioning extremely well despite being exposed to signifi-
cant adversity and/or having vulnerabilities to mental disor-
der differ from those individuals with similar experience
and/or vulnerabilities who are functioning less adaptively.

Presently, we do not know if the neurobiological difficul-
ties displayed by some persons with mental disorders or in-
dividuals who have experienced significant life adversity
are irreversible or whether there are particular sensitive pe-
riods when it is more likely that neural plasticity will occur.
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Moreover, it is not known whether some neural systems may
be more plastic than other neural systems or whether there
are particular sensitive periods when it is more likely that
neural plasticity will occur. Furthermore, it is not known
whether particular neural systems may be more refractory
to change or have a more time-limited window when neural
plasticity can occur. Consequently, it is critical that re-
search investigations on the correlates and determinants of
resilient adaptation begin to incorporate neurobiological
and molecular genetic methods into their predominantly
psychological measurement armamentaria (Curtis & Cic-
chetti, 2003).

Luthar and Cicchetti (2000) concluded that research on
resilience “should target protective and vulnerability
forces at multiple levels of influence” (p. 878). The incor-
poration of a neurobiological framework and the utilization
of genetically sensitive designs into interventions seeking
to promote resilient functioning or to repair positive adap-
tation gone awry may contribute to the ability to design in-
dividualized interventions that are based on knowledge
gleaned from multiple biological and psychological levels
of analysis. For example, if an individual has the polymor-
phism for a gene that is probabilistically associated with a
particular negative behavioral outcome and if it is known
how this polymorphism affects a specific neurotransmitter
system, then psychopharmacological treatment can be
initiated (Cicchetti & Blender, 2004). Similarly, because
stressful experiences can harm the brain (e.g., Bremner,
1999; McEwen & Magarinos, 1997), biological and psycho-
logical intervention techniques can be provided to help an
individual to better understand and cope with stressful sit-
uations. The
processes may ultimately provide a basis for the formation
of pharmacological and behavioral interventions to amelio-
rate the deleterious effects of early traumatic experiences
(Kaufman et al., 2000; see also Post et al., 2003). More-
over, the inclusion of neurobiological assessments in evalu-
ations of interventions designed to foster resilience enables
scientists to discover whether the various components of
multifaceted interventions each exert a differential impact
on separate brain systems. We think that is it possible to
conceptualize successful resilience-promoting interven-
tions as examples of experience-dependent neural plastic-
ity. If assessments of biological systems are routinely
incorporated into the measurement batteries employed in
resilience-facilitating interventions, then we will be in a
position to discover whether the nervous systems have been
modified by experience.

Despite the fact that we separately described the biologi-
cal assessments that we believed would augment our knowl-

identification of stress-sensitive neural

edge base in resilience, we advocate that researchers investi-
gating basic processes contributing to resilience and those
conducting and evaluating interventions that strive to pro-
mote resilience and return function to positive levels of
adaptation incorporate a multiple-levels-of-analysis ap-
proach (see Cicchetti & Dawson, 2002). Adopting such an
approach is essential because, in actuality, biological and
psychological systems interact and transact with one another
throughout the course of development (Cicchetti & Tucker,
1994a; Gottlieb, 1992).

Furthermore, many of the biological processes that have
been discussed in this chapter as possibly being related to
resilience are in fact normative processes. For example,
neural plasticity is one such process that has clearly been
shown to be an inherent property of the central nervous
system. This highlights an interesting parallel to a sugges-
tion put forth by Masten (2001), who discusses resilience
as an ordinary phenomenon that may mostly come about
through the operation of “basic human adaptational sys-
tems.” This perspective stresses that, although resilience is
a valid, identifiable phenomenon, extraordinary individual
qualities may not be necessary in order to overcome adver-
sity. Likewise, at the biological level of analysis, normative
processes may mediate resilient outcomes, as long as these
systems are functioning within normal parameters. This
viewpoint serves to underscore the importance of the inter-
action of normative systems at all levels of analysis in the
promotion of resilience.

Several scholars have contended that the construct of re-
silience adds nothing to the more general term “positive
adjustment” (see review in Luthar, Cicchetti, & Becher,
2000). Because empirical evidence has demonstrated that
there are different patterns of positive adjustment that
occur with and without adversity and given that there are
several studies indicating that the pathways to resilience
and positive adaptation may differ, it is indeed likely that
positive adaptation and resilience reflect distinct con-
structs (Luthar et al., 2000). Moreover, the incorporation
of biological and genetic measures and methods into re-
search that strives to differentiate between individuals who
function well in adversity and those who function well
without (or with minimal) adversity may reveal differential
neurobiological and genetic correlates of, and contributors
to, resilience and positive adaptation, respectively. If dis-
tinctions between those two constructs can be made at the
neurobiological, molecular genetic, and behavioral levels,
then there would be strong evidence for the distinctiveness
of positive adaptation and resilience.

In the beginning of the twenty-first century, it is impera-
tive that the field of developmental psychopathology adopts



a multiple-levels-of-analysis approach to the study of both
deviant and adaptive functioning. New programs of research
must take into account both normal and abnormal develop-
mental processes in examining psychopathology, and inter-
vention studies must be undertaken in order to more fully
establish the characteristics of and processes underlying
brain-behaviors relations. Most importantly, beyond the
calls for research programs incorporating multiple levels of
analysis seen in recent overviews of the field (e.g., Cicchetti
& Blender, 2004; Cicchetti & Dawson, 2002), such research
must actually be supported by funding agencies, many of
which still view multiple-levels-of-analysis approaches to
research questions as too broad and risky to merit financial
support. In addition, journal editors also need to encourage
such research by increasing their willingness to publish pa-
pers that investigate a phenomenon across multiple levels of
analysis, some of which might fall somewhat outside the
purview of the particular journal. Furthermore, research in
developmental psychopathology that is driven by broadly
based theory incorporating multiple levels of analysis must
be increasingly encouraged by faculty in the context of grad-
uate training.

In order to ensure that future generations of scholars in
developmental psychopathology are exposed to a broad, dy-
namic, systems-based, multiple-levels-of-analysis perspec-
tive, graduate and undergraduate programs in clinical and
developmental psychology should encourage students to
take courses in a broad spectrum of areas (Cicchetti &
Toth, 1991; Pellmar & Eisenberg, 2000). These might in-
clude courses on basic neurobiology, neuroendocrinology,
and developmental processes, as well as courses that incor-
porate information on brain-imaging technology, molecular
genetic methods, neuroendocrine assay techniques, and
other tools involved in assessing neurobiological and ge-
netic processes. Likewise, students in basic science areas,
such as neuroscience or molecular genetics, should be en-
couraged to gain exposure to the fundamentals of basic nor-
mative and atypical developmental processes. Further,
specific interdisciplinary programs, for both students and
faculty, spanning interest areas from clinical intervention
to basic neuroscience, would help to foster communication
and collaborative research endeavors between the fields of
developmental neuroscience and development psychopath-
ology (see, e.g., Cicchetti & Posner, 2005).
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Survival depends upon two contrasting phenomena or
processes, two ways of achieving adaptive action. Evolution
must always, Janus-like, face in two directions: inward to-
ward the developmental regularities and physiology of the liv-
ing creature and outward toward the vagaries and demands of
the environment. These two necessary components of life
contrast in interesting ways: the inner development—the em-
bryology or “epigenesis”—is conservative and demands that
every new thing shall conform or be compatible with the reg-
ularities of the status quo ante. If we think of a natural selec-
tion of new features of anatomy or physiology—then it is
clear that one side of this selection process will favour those
new items which do not upset the old applecart. This is mini-
mal necessary conservatism.

In contrast, the outside world is perpetually changing and
becoming ready to receive creatures which have undergone
change, almost insisting upon change. No animal or plant can
ever be “ready made.” The internal recipe insists upon com-
patibility but is never sufficient for the development and life
of the organism. Always the creature itself must achieve
change of its own body. It must acquire certain somatic char-
acteristics by use, by disuse, by habit, by hardship, and by
nurture. These “acquired characteristics” must, however,
never be passed on to the offspring. They must not be directly
incorporated into the DNA. . .. The individual body under-
goes adaptive change under external pressure, but natural se-
lection acts upon the gene pool of the population. . .. The
acquired characteristics do not become unimportant by not
being carried in and passed on by DNA. It is still habits
which set the conditions for natural selection. And note this
converse principle, that the acquisition of bad habits, at a so-
cial level, surely sets the context for selection of ultimately
lethal genetic propensities. (G. Bateson, 1979, pp. 234-235)

EPIGENISIS OF BODY AND BRAIN FOR
HEALTH IN SOCIABILITY AND LEARNING

In previous publications, we have considered the implica-
tions of research on infants’ capacities for communication
and their developmental changes for an approach to infant
mental health (Trevarthen, 2001a; Trevarthen & Aitken,
1994). The powerful innate volitions and emotions of an in-
fant’s Self for engagement with the feelings, interests, and
intentions of an Other are adapted to establish affectionate
attachments. They motivate and regulate collaborative play
and learning in relations of companionship (Aitken & Tre-
varthen, 1997; Trevarthen, 2005c; Figure 2.1). This inter-
personal system requires efficient initiatives from the child
to attract and engage with parental responses, and it reacts
to the sensitivity and quality of those responses. If the be-
haviors and expressions of the Other are inattentive, de-

Companionship and Collaboration
Knowing/acting through communication.
Teaching/learning culture and language.

Thinking theoretically, symbolically.
Causing objects and actions to be meaningful.
Intersubjective Psychology Education.

Moral

Aesthetic f
Emotions

Emotions

Attachment and Care
Seeking or giving care
and comfort. Love. Sex.

Nurturing, being nurtured.

Creative, Practical
Consciousness

Object cognition.
Praxis, making things. Skills.
Exploring nature and existence. Therapeutic relationships.
Objective experience Physiological and Clinical

and knowledge. Bodgy Emotions Psychology.
S-R and Learning Theory. \e_eIW

Cognitive Psychology. A

Figure 2.1 Three facets of the active self, for the body (A),
for non-living objects (B), and for other subjects or persons
(C); and how they are combined in behaviors: of self-protection
by attachment to a carer, in private exploration of objects, and
when sharing experiences in companionship. Sources: From
“Intrinsic Motives for Companionship in Understanding: Their
Origin, Development and Significance for Infant Mental
Health,” by C. Trevarthen, 2001a, International Journal of In-
fant Mental Health, 22(1-2), pp. 95-131; and “Stepping Away
from the Mirror: Pride and Shame in Adventures of Compan-
ionship: Reflections on the Nature and Emotional Needs of In-
fant Intersubjectivity,” by C. Trevarthen, in Attachment and
Bonding: A New Synthesis (Dahlem Workshop Report 92), C. S.
Carter, L. Ahnert, K. E. Grossman, S. B. Hrdy, M. E. Lamb,
S. W. Porges, et al. (Eds.), 2005c, Cambridge, MA: MIT Press.

pressed, or intrusive, or if, in experimental studies, they are
briefly made noncontingent on what the infant is doing, this
causes the infant to become avoidant, withdrawn, angry,
and generally “dysregulated” (Murray & Trevarthen, 1985;
Trevarthen, 1993a, 1993b, 2005a; Tronick, Als, Adamson,
Wise, & Brazelton, 1978).

We believe the evidence shows that a young human person
should be understood to require more than external regula-
tion for emotional and autonomic equilibrium or homeosta-
sis, and that already in the first minutes after birth, a baby
can demonstrate interest for and awareness of the focused
attention of a nearby person and how that person responds
to the infant’s expressions of conscious volitions and emo-
tions (Trevarthen, 2005¢). The rhythms of engagement obey
rules that prove the movements of infant and adult are gener-
ated with matching time (Beebe, Jaffe, Feldstein, Mays, &
Alson, 1985; Stern, 1974; Stern, Speiker, & Mackain, 1982;
Trevarthen, 1974, 1986, 1999a). Within a few weeks, in the
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“primary intersubjectivity” stage (Trevarthen, 1979, 1999b;
Trevarthen & Aitken, 2001), this sharing of time sense
shows up in imitative mirroring of the forms of expressive
movements. It exhibits attunement to the affective qualities
in expressive movements (Stern, Hofer, Haft, & Dore, 1985),
in felt immediacy (Braten, 1988, 1998). It forms turn-taking
“protoconversations” (M. C. Bateson, 1975, 1979) that give
pleasure to both child and adult over joint coregulated per-
formances lasting tens of seconds (Malloch, 1999; Reddy &
Trevarthen, 2004; Trevarthen, 1993a, 1999a, 2005a; Tre-
varthen & Schogler, 2005).

As their engagements in play develop in early weeks,
the mutual regulation between a mother and her infant has
measurable properties of what we have described as com-
municative musicality (Malloch, 1999; Trevarthen & Mal-
loch, 2002). Thereafter, more elaborate games, eventually
incorporating orientation to and use of shared things in
the nearby world, strengthens the joint awareness, co-
consciousness, or what Tronick (2005) calls “dyadic states
of consciousness,” and establishes remembered routines
of gesture and action and favorite objects and tasks.
Mother and baby fabricate expressive “narrations” or
“stories of meaning” (Trevarthen & Schogler, 2005) and
build expectations for passing back and forth marked
tricks of expression in humorous ways (Reddy, 2003,
2005; Reddy & Morris, 2004). At the end of the 1st year,

the cocreated acts, made meaningful by sharing (Tre-
varthen & Hubley, 1978), lead the baby to explore vocal
utterances that imitate the words others use to name these
“acts of meaning” and their objects (Halliday, 1975; Fig-
ure 2.2).

We propose that the infant’s motives and emotions for
such a rich evolving experience in approving friendships
are capable, if developing abnormally in the child or if not
given appropriate support from the human environment,
of generating chronic stress and psychopathology that
blocks the path to pleasure in human company and the
path to meaning (Aitken & Trevarthen, 1997; Trevarthen,
2001a; Trevarthen & Aitken, 2001). The infant’s evident
psychic powers are fitted to be regulated in intimate and
lively relationships, and they can suffer disorder or
trauma from destructive events in these relationships.
They are, however, not weak adaptations and are capable
of impressive self-corrective reactions to distress. They
also respond readily to sensitive forms of therapeutic
communication, especially to any improvements in con-
tact and emotionally and practically satisfying engage-
ment with the caregiver (Trevarthen & Aitken, 2001;
Trevarthen & Malloch, 2000).

Our aim in this chapter is to consider how the vitality
and vulnerability of a young human person is adapted to
become balanced in relationships—how the stresses and
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Figure 2.2 In the first 18 months of life there are marked changes in the infant’s consciousness of other persons and in their motives
for communication, before language. Several major transitions can be observed in self-and-other awareness at particular ages. These lead
the child toward cooperative interest in actions and objects, and cultural learning. Sources: From “The Neurobiology of Early Commu-
nication: Intersubjective Regulations in Human Brain Development” (pp. 841-882), by C. Trevarthen, in Handbook on Brain and Behav-
ior in Human Development, A. F. Kalverboer and A. Gramsbergen (Eds.), 2001b, Dordrecht, The Netherlands: Kluwer Academic; “Infant
Intersubjectivity: Research, Theory, and Clinical Applications—Annual Research Review,” by C. Trevarthen and K. J. Aitken, 2001,
Journal of Child Psycholology, Psychiatry and Allied Disciplines, 42, pp. 13—48; and “Regulation of Brain Development and Age-Related
Changes in Infants’ Motives: The Developmental Function of Regressive Periods” (pp. 107-184), by C. Trevarthen and K. J. Aitken, in
Regression Periods in Human Infancy, M. Heimann (Ed.), 2003, Mahwah, NJ: Erlbaum.
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energy costs as well as the gains and opportunities of life
are regulated in the first particularly active period of
development. From the beginning of an individual human
life, the power of action and range of understanding are re-
peatedly transformed from within the child’s brain and
body and through engagement with a responsive human en-
vironment (Trevarthen & Aitken, 2003). Each change
brings new needs for the energy of adventurous action to be
balanced against nurturant care. Failure in these regula-
tions at any stage can bring stressful and unhappy conse-
quences (Cicchetti, 1993; Cicchetti & Cannon, 1999;
Korte, Koolhaas, Wingfield, & McEwen, 2005).

We start at the beginning, with conception. A human
life begins as one cell resulting from intensely emotional
behavior of a man and a woman, who bring the feelings
and regulations of their bodies together. This act, which
involves collaborative actions of a male and a female
body, and of a sperm, the woman’s body, and an egg, can
create a new and lasting commitment between those adults
as affectionate parents of the child, two different persons
who are motivated to share the future life of that
child and its joys and problems. To understand this emo-
tional commitment, and the child’s active responses to it,
we must explore the processes of human sympathy that
build functional bridges between the processes and mo-
tives in different bodies at many levels of organization,
from the cellular and anatomical to the intuitively psycho-
logical and the consciously contrived (Cicchetti & Daw-
son, 2002).

We summarize developmental changes in the embryo,
observing the cooperative interdependency of cells during
pattern formation of tissues and morphogenesis of organs
in the body and brain. We follow the growing activity and
awareness of the fetus in intimate vital contact with the
mother’s body, communicating with her in adaptive ways.
Then we observe the changing motives in attachments and
companionship of infancy in the family, to the beginning
of language.

The inquisitive sociability of the child also brings en-
gagements with an increasing range of persons beyond the
family. Soon it is prompting the infant and toddler to learn
the historical social system of meanings that governs life in
community. The child is becoming more involved, by its
own activity, in soliciting both biological and physiological
partnerships and in discovering behavioral or psychological
two-way friendships—frontiers of communication and
learning in which purposes, experiences, and feelings are
shared or emotional constraints on intimacy are set up. At
every stage there are new opportunities and risks, new
openings and new barriers (Figure 2.3).

We discover a history of mutual regulations within and
between bodies and a kind of engagement of motives and
emotions, of neurochemical, hormonal, and behavioral ad-
justments, that has evident human features from midcon-
ception, all of which may be viewed as adaptations for
cooperative cultural life. An infant is an animal being
evolved to become part of a universe that has been shaped
by the thoughts, actions, beliefs, and moral attitudes of past
generations of human adults and children, and his or her
fate depends on the ways the society of adults manages life
and work in the whole community, with its language, tech-
nology, and many conventions of belief and social conduct
(McEwen, 2001). The causes of child psychopathology, and
their potential for creating suffering in adult life, cannot be
understood without relating them, not just to the regula-
tions or disorders of the child as an individual organism,
but also to his or her impulses as a person who wishes to
share the emotions and practicalities of life intimately with
other persons (Cicchetti, 2002; Trevarthen, 2004b).

THE IMPORTANCE OF THE CHILD’S
VOLITION IN HUMAN COMPANY

In contrast to the customary emphasis in current behavioral
science on the uptake, processing, and retention of forms of
information for intelligence of the individual—in cognitive
psychology, cognitive neuropsychology, and developmental
cognitive neuroscience—we place emphasis on the anticipa-
tory and adaptive volitional agency of the child (von Hofsten,
2004), the autopoietic (self-making) vital activities of the
human body and especially the motives and emotions of the
young brain that cause and evaluate actions and impel con-
scious experience and that seek human company (Cicchetti
& Rogosch, 1997; Cicchetti & Tucker, 1994; Trevarthen,
1993a, 1993b, 1997). We give a fundamental causal role to
the emotional qualities in movements that become socially
necessary expressions of how motive impulses change in
relation to experience and how they regulate how the child
moves in contractual engagements with other persons and
their motives (Trevarthen, 1998b, 2005a). We take the
prospective control of brain-generated movement (Jeannerod,
1999; Lee, 2004), along with subtle manifestations of physi-
ological regulations that are made apparent to the senses of
other persons, to be the source of awareness and of learning
about the human world. This leads to a conception of the de-
velopment of the infant’s awareness that differs from the
constructivist theory of Piaget (1954), who, though he
sought to emphasize the role of the child’s actions in con-
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Figure 2.3 As a fertilized human egg develops into a child, it passes through different environments to which it must be adapted,
first within the mother’s body, then in parental care, and eventually in an increasingly wide companionship of parents, siblings, other
family, and the wider society. In each environment the vitality of the child is dependent on regulations across a succession of “fron-
tiers” with the human world, first physiological or amphoteronomic, then by the special direct psychological communications which we
define as synrhythmic, and finally by sharing symbolic awareness of culture and language.

structing experience, described the infant’s sensorimotor
initiatives leading to imitative tracking or “accommodation”
in response to unexpected present events, and to playful “as-
similation” of previously mastered phenomena onto cogni-
tive “schemas” or conceptual models of them as objects of
particular future actions. This epistemological approach, to
explain the genesis of knowledge, sees emotions as “mere
energetics” and does not recognize the potentiality of the
emotional qualities in rhythmic expressions of volition for
intersubjective sympathy of purposes.

We propose that the development of prospective control
of moving is the generator of imagination, thinking, and
event-mastering “personal narrative” in music and language
(Trevarthen & Schogler, 2005) and that a regeneration
of motor impulses or “images of acting” prompts retrospec-

tive, imaginative awareness and the formation of memories.
And all generative motor processes are coupled with and
regulated by emotions that express and assess the potential
risks and benefits of the actions to be executed. Motor im-
pulses and emotions are, from the start, shared between the
child and other persons (Trevarthen, 1986). They share one
another’s experience of action. It follows that, if there has
been dysregulation by stress or trauma, all recovery of well-
being in the face of acquired psychopathology involves re-
cruitment or reactivation of these motive processes and
their emotional regulations in communication. It must start
with sensitivity by others for the child’s volitions.

We see the growing brain as mediating intentionally be-
tween the vital self-sustaining needs of the child’s active
body and the material objects and events of the world, and
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therefore that the emotional systems of the central nervous
system (CNS) are not only responsible for the develop-
ment of attachments to persons who minister to the bodily
needs of the infant, but also for the intense intersubjective
engagements of companionship that make human collabora-
tive life and the transmission of meanings possible (Tre-
varthen, 2001b, 2004a; Figure 2.1).

In the embryo, homeotic gene complexes, which help
link genetic science to the older science of embryology
(E. B. Lewis, 1994) and which are challenging theories
of evolutionary change (Robert, 2001), pattern cell differ-
entiation and tissue formation in the emerging central
nervous system and impress them with the same map
of morphological bisymmetry, polarity, and segmentation
as for the rest of the body, anticipating the ways the body
will move (Chisaka, Musci, & Capecchi, 1992; Tre-
varthen, 1985; Trevarthen & Aitken, 1994). These gene
complexes also appear to determine the way new tissues
are added to the cerebral cortex in mammalian evolution
(Rakic, 1991). A division between sensory and motor
parts is established, and a visceral nervous systems is
defined that is adapted to ensure metabolic health of
the “internal environment” of the body. The brain devel-
ops integrative cell networks that are adapted to become
regulators of the behavioral activities of the whole indi-
vidual self, and it couples with circulatory, digestive, and
hormonal systems that mediate in the balance between
energy-expending action, conservative and self-nurturing
processes, and stress control.

As has been indicated, we are particularly concerned
not to regard the interpersonal competence of the child,
which is so important in preserving his or her well-being
and in supporting vitality of action, experience and learn-
ing, as just the product of an acquired intelligent “social
cognition” or as a consequence of the impressing of ra-
tional rules for life and control of emotions from the adult
to the child. Viewing human cooperative life from the adult
position, one can be led to assume that rational and linguis-
tically mediated thought and communication must “con-
struct” the child’s capacities to understand or theorize
about what others know and do. Research with infants has
proved the inadequacy of this position (Reddy & Morris,
2004). There is a primary adaptive process of sympathetic
mirroring that engages motives between the brains of any
species of animal that lives in societies, and this sympa-
thetic sociability defies reduction to a cognitive informa-
tion-processing system with plastic learning capacities.
Human intersubjective awareness and understanding are
founded on detection of an exceptional fluency of tem-
porospatial features of body movement between individu-

als, and infants are born with the required sensory, motor,
and integrative functions to participate in this (Trevarthen,
1986, 2001Db).

Understanding human sympathy of motives requires
recognition of the importance of the innate parameters of
central neural action that regulate the periodicity and in-
tensity of integrated body movements (Trevarthen, 1999a)
and that generate the prospective function of the whole
“self as agent” who, with specialized sensory capacities,
picks up information as perceptual “affordances” to guide,
check, and correct movements of the body and its parts so
they will, as one integrated system, attain their intended
goals effectively and efficiently. We import a new term
from Greek, synrhythmisis, to signify the process, and we
describe the motoric engagement between subjects as syn-
rhythmia. Sympathy in motives and emotions is made pos-
sible by the coalescence of their regularities or rhythms,
implied by this term, which means “mutual regulation.”
Tronick (2005) describes the awareness part of this mutual
regulation as “dyadic states of consciousness.”

With regard to the regulation of the vital economy of the
child’s body, to withstand or benefit from moderate stress or
exercise and to resist the damage of excessive stress or
trauma, we also need a new term in addition to the tradi-
tional autonomics that defines regulation of the physiologi-
cal state of the individual by the individual, to distinguish
not self-regulation, but the mutual regulation between indi-
viduals, to define the intimate engagement with motives and
emotional signals between the child and another who is act-
ing in ways that may affect the child’s life processes in
beneficial or damaging ways. The term we introduce is am-
photeronomics, to signify “ruling together” in a two-way
relationship or “containment.” This is the process of physio-
logical coupling, or “dyadic regulation of psychobiological
states” (Tronick, 2005), that causes the goals and processes
of regulation and stress to be shared and, in the beneficial
case, leads to a more effective autonomic state or “allostatic
balance” (McEwen, 1999) in the child, with likely benefits
to the emotional health of the caregiver as well. Allostasis
describes the dynamic adaptive changes in behavior and au-
tonomic state that reset the goals for stress management
(McEwen & Stellar, 1993). Innate adaptation to seek am-
photeronomic care, we must not forget, leaves the child open
to damage by neglect or abuse if the adult is incompetent to
respond helpfully.

There is growing evidence that early life experiences in
stressful parental care, of neglect, intrusiveness, and physi-
cal abuse, can have a lasting influence, increasing “allosta-
tic load” throughout life and predisposing affected adults
to a variety of emotional disorders, such as depression,
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anxiety, hostility, suicidal feelings, and substance abuse
(McEwen, 2001, 2003). It is not just the pain of abuse or se-
vere punishment that causes ill effects, but the learned an-
ticipations of stress, which activate autonomic defenses,
precipitating effects that may leave functional disorder in
many regulatory systems of the brain, changing motives
and awareness.

In our consideration of the situations and factors that
predispose a child to psychopathology, we seek to under-
stand what every child needs, what the universal require-
ments are for well-being in childhood relationships, but
we must also allow for the changing needs of different
ages and of different individuals whose epigenesis or con-
stitutional adaptations may predispose them to different
ways of acting, communicating, and learning. Individual
differences of morphology and character are exception-
ally large between human beings, as compared to other
species, evidently in adaptation to the many different
roles and responsibilities to be taken up by individuals in
the elaborately cooperative communities we have to live
in. These differences, especially those of personality or
character, are not only due to the species-specific differ-
ences in genetic constitution of human beings, as study of
the intrauterine development and postnatal psychology
of homozygotic twins makes clear (Piontelli, 2002). Pre-
natal experience can leave lasting effects on individuals’
emotional life and their dispositions to act, communicate,
and learn.

Care and therapy, too, can be interpreted usefully only
from an understanding of the nature of intrinsic regulations
that assist development of a child at a given stage toward
new awareness and skills, and to a different state of vital
well-being, in the care and companionship of family and
friends. In this intricate process of change in biological or-
ganization, genes are just one kind of player.

As Gregory Bateson (1979, see chapter epigraph) ex-
plains, survival depends on a two-way epigenetic negotia-
tion with the environment, but it is “the developmental
regularities and physiology of the living creature” that set
the project. “Always the creature itself must achieve
change of its own body. It must acquire certain somatic
characteristics by use, by disuse, by habit, by hardship, and
by nurture” (G. Bateson, 1979, p. 235).

REGULATION: BALANCING THE ENERGY
BUDGET OF THE BODY IN ACTION

Life is work. A moving animal expends energy and must
recuperate and hoard it (Schrodinger, 1944). As animals

have evolved large multicellular bodies they have devel-
oped adaptations for survival in ecological communities
of many species, and in societies where they collaborate
and compete with members of their own species. The
regulation of their life becomes more dependent on psy-
chological appraisal of their own activities, on learned
understanding of how to use the resources of the environ-
ment to benefit their well-being, and how this intelligence
may be communicated.

Life on Different Scales, from the Single Cell to
Society and the Global Culture

Even a single-celled organism requires adaptive processes
that select resources, that are “environment-expectant” on
the molecular level, and that place the cell advantageously
within the motions and changes of composition or physical
state of the media in which the cell lives. The cell has a
surface with complex macromolecular structure that func-
tions as a barrier and selective transport system. Its inter-
nal substance or cytoplasm contains other macromolecular
structures, such as energy-producing mitochondria and
protein-synthesizing Golgi bodies, each with a surface
across which internal energy and material transactions are
controlled. The nucleus is just one vital compartment with
a surface membrane that mediates exchanges to and from
the cytoplasm. This cell system is the minimal dynamic
unit of any life form.

The cell as a living unit maintained by macromolecular
processes has limited size, typically about 10 to 20 mm,
which restricts the power of its action and its mobility.
These limits are overcome by cells coalescing in multicell
organisms, in which life functions are distributed in spe-
cialized cell groups or organs that collaborate and sum
their actions. Multicellular organisms, built by a complex
pattern of division, differentiation, and migratory arrange-
ment of cells that start with the same complement of genes,
exhibit distribution of work between cells and have a body
form adapted to house that cooperation. In the process of
cell multiplication, the actions of genes are changed by
transforming their structure and especially by regulating
their transcription through engagement with activating and
repressing factors.

Cells reproduce by division. The linear sequence of
chromosomal DNA molecules in the nucleus is replicated
and, in principle, the genetic structure is allocated in equal
measure to the single nuclei in each new cell. Genes confer
one key source of continuity of vital adaptive structures
and processes from each cell generation to the next, and
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from parent to offspring, but they are not the only one.
There is also, from the beginning, transmission of adaptive
elements through the cytoplasm and cell membrane, which
is also reproduced as cells divide.

Asymmetric division, generating cell differences, is ap-
parent in the first cell division of the fertilized zygote
(Schneider & Bowerman, 2003). In the cell division cycle
of a vertebrate brain, there are reciprocal interactions
among genes, gene products, and molecules that regulate
the expression or suppression of future gene transcription
(Cayouteet & Raff, 2002; Roegiers & Jan, 2004). There are
also mechanisms for the transformation of gene action in
reaction to stimuli from the environment of the cell, such as
in the case of dorsoventral positional information in the de-
veloping neural tube provided by graded Sonic hedgehog
(SHH) molecules and then interpreted by transcription fac-
tors (Kobernick & Pierler, 2002). Sexual reproduction en-
sures that genetic material from different cells is combined
to create new variants of cell activity that may have adap-
tive advantage in relation to a varying environment.

The cells, as they segregate and adhere in selective
assemblies, develop different roles in collective action,
generating morphogenesis of the body and its organs
(Edelman, 1988), transforming the power of the organism
to use the environment with benefit. There are cells, tis-
sues, and organs that mediate in relations of the whole or-
ganism and the environment (nervous system), others that
regulate the balance of functions between vital metabolic
processes and action of the whole (endocrine system), and
still others that retain a capacity for reproduction of that
life form by production of gamete cells (sexual system).

Mobile animals have a body form adapted to move in
service of a set of vital functions: They exhibit locomotion
to search out conditions for well-being in a supportive en-
vironment and to move from potentially harmful places;
they make movements of orientation, focusing receptors
to select sensory information to guide their actions; they
carry out acts of consummation to discover and assimilate
resources for respiration and digestion, movements to
eliminate waste products; and they transfer sex cells for
reproduction. They have nervous systems that integrate
action of different muscles, both visceral and somatic, to
serve all these purposes.

Social animals sense one another’s internal states
through external changes in appearance of the body and
from the quality or expression of movements made to reg-
ulate vital activities. They form communities in which in-
dividuals assume complementary roles that are adapted to
benefit the group; they move together in migrations and
systematic relationship to the geography of their habitat,
learning and passing on habits that regulate the time and

extent of movements; and they collaborate in foraging, in
mating and sexual activity, and in the care of offspring.

The whole range of these behaviors, from cells to soci-
eties, participates in regulatory processes to protect, sus-
tain, and vary the life activities of an animal species. The
integration of processes in each body is mediated by
circulatory and neural systems that are adapted to trans-
port or transmit hormones, growth substances, and neuro-
transmitters that raise or lower the activities of receptive
tissues and organs. Internal regulation between cells, be-
tween tissues, and between physiological systems shares
functions with the interpersonal regulation we experience
in our growth and development and in everyday life.

Autonomic, Neurohumoral, and Immunological
Protection of Vital State

Regulation of living concerns the whole moving animal,
integrating muscular action patterns of all body parts
in concert. These patterns are initiated by “motor images”
synthesized in widespread neuronal assemblies, with
prospective reception of sensory information about envi-
ronmental resources and affordances (Bernstein, 1967,
Jeannerod, 1994). The CNS is organized to couple vis-
ceral and somatic processes and is transformed during de-
velopment to increase the efficiency of the process.

The autonomic nervous system (ANS; Langley, 1921)
consists of peripheral nerves and ganglia connected to reg-
ulatory systems of the brain stem and spinal cord that
control smooth muscles and glands of the viscera. It origi-
nates in the embryo from neural crest cells that migrate
from the margin of the neurectoderm to form a variety of
cell types (including sense organ primordia, bipolar neu-
rons of the dorsal sensory ganglia, sympathetic neurons,
and the precursor of the adrenal gland) that become im-
portant in mediating between the environment and inter-
nal vital functions.

The ANS is responsible for automatically maintaining
the internal environment by regulating blood chemistry,
circulation, respiration, digestion, and the immune system
responses (Bernard, 1878; Cannon, 1939). Its visceral
motor outflow, divided into the sympathetic nervous sys-
tem (SNS) and the parasympathetic nervous system (PNS),
both of which innervate smooth muscles throughout the in-
terior of the body and the skeletal muscles of the respira-
tory system in the diaphragm and chest. Their function is
dynamic and adaptable, because the demands of life for a
free-moving animal are constantly changing, and the sys-
tem must be sensitive to plans for motor initiative and per-
ceptuocognitive appraisal of environmental opportunities
or threats. CNS structures, including forebrain limbic and
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neocortical tissues, are in reciprocal relation with the
brain stem and diencephalic nuclei and interneuronal sys-
tems that receive input from and send output to the ANS.

The PNS has its central efferent neurons in the inter-
mediolateral (visceral) column at the anterior and poste-
rior ends of the spinal cord. Its function is primarily
trophotropic, promoting energy uptake (in feeding and
respiration), reducing energy expenditure (by vasocon-
striction), and preserving energy resources. The principal
brain stem nucleus of the cranial PNS is the dorsal motor
nucleus of the vagus (DMX). The second PNS nucleus,
the nucleus ambiguous (NA), innervates the heart and
trachea, as well as skeletal muscles of the upper esopha-
gus and pharynx via the vagus (X) and glossopharyngeal
(IX) nerves. The ganglia of the parasympathetic system
are in close relation to the peripheral target organs. Its
preganglionic and postganglionic axons employ acetyl-
choline (ACh) via nicotinic receptors for the former and
muscarinic receptors for the latter. Peripheral ANS ac-
tion has complex variants of neurotransmitter, neuromod-
ulation, and neurohumoral interactions.

The genital and urinary viscera are controlled by the
sacral PNS, which originates in cell bodies in the posterior
spinal cord and are located in the intermediolateral cell
column of second, third, and fourth sacral segments. These
neurons send preganglionic nerve fibers via the pelvic
nerve to ganglia located close to or within the pelvic vis-
cera. Postganglionic fibers are relatively short and supply
cholinergic terminals to structures involved in excretory
(bladder and bowel) and reproductive (fallopian tubes and
uterus, prostate, seminal vesicles, vas deferens, and erec-
tile tissue) functions.

The output to the SNS originates from the intermediolat-
eral (visceral) thoracic and lumbar spinal cord, which con-
nects by ACh synapses to sympathetic chain ganglia and
thence to visceral organs in which the synapses are nora-
drenergic. Its function is ergotropic—to mobilize motor ac-
tivity and its supporting metabolism to meet challenging
circumstances—and it depends on expending energy re-
serves. A major sympathetic output is to the medulla of the
adrenal gland, exciting its cells to release catecholamines
noradrenaline (norepinephrine) and adrenaline (epineph-
rine) into the circulatory system and thus to the brain and
many other organs. “Autonomic neuroendocrine activation
in response to stresses serves to mobilise visceral resources
in support of the requirements of ‘fight and flight,” and of
the attentional and cognitive demands of adaptive chal-
lenges” (Berntson, Sarter, & Cacioppo, 2003a, p. 306).

The ANS also acts as a sensory system (Dworkin, 2000).
Thus, 75% of the nerve fibers in the vagus nerve are afferent,
carrying information from dorsal roots of the spinal cord on

the internal state of the body, from baroceptors responding to
changes in blood pressure, from chemoceptors, and from
other interoceptors in various tissues of the body, and these
sensory inputs can influence other systems. These sensory
afferents terminate in the nucleus of the tractus solitarius
(NTS) in the brain stem, which is a major relay from visceral
nuclei sending input to modulate rostral neural systems that,
in turn, project to autonomic nuclei in the brain stem.

Through its connections with the locus coeruleus and
raphe nucleus, the NTS exerts widespread effects in most
of the brain by serotonergic, adrenergic, and noradrenergic
projections. Baroceptor input reduces cortical arousal, sup-
presses spinal reflexes, and attenuates pain (Dworkin,
2000). Vagal projections to the medial reticular formation
could be responsible for the effect of vagal nerve stimula-
tion (VNS) on sleep and alertness.

The adrenal gland is the major link between the auto-
nomic and endocrine systems and further expands the re-
sponse repertoire of both arms of the ANS. The adrenal
cortex, which is largely regulated by the hypothalamic-pitu-
itary-adrenocortical axis (HPA), and the adrenal medulla,
which is primarily under neural control from the SNS, have
shared responsibilities in responding to stress and meta-
bolic aberrations. The coordinated response during stress
of elevated plasma cortisol (from the adrenal cortex) and
the catecholamines norepinephrine and epinephrine (from
the adrenal medullary cells) indicate that central limbic
and hypothalamic centers exert combined influences to en-
sure the needed neurohumoral adaptations.

The ultimate integration of autonomic functions and be-
havior, including learned activities, is coordinated through
the hypothalamus and limbic system. The whole motivating
mechanism of the brain is implicated. The ANS functions

at the interface of the vegetative and voluntary human life,
maintaining and controlling homeostasis (stability of the
internal environment) and such life and species-sustaining
functions as circulation, digestion, excretion and reproduction
as well as normal metabolic and endocrine physiology, and the
adaptive responses to stress (flight or fight response). ... In
the broadest sense the “central and peripheral” ANS underlies
the most complicated of human behavior—energy and excite-
ment, joy and sadness, pleasure and pain; ANS activation, or
lack thereof, identifies the significance and quality of behav-
ior. These most human expressions underlie the conduct of
human behavior and thus society itself. (Hamil, 2004)

Neurotransmitters in Regulation of
Action and Awareness

The central nervous system carries out its integrative and
regulatory functions by means of intercellular transmission,
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at cell junctions or synapses, of impulses that eventually ex-
cite motor activity. The patterning of behavior and its adap-
tation to what the environment is offering depends on how
sensory information is sought for and assimilated for direct-
ing movements. Processes of behavioral coordination and
attention to the environment are mediated at very different
rates, even within the few seconds of immediate conscious
engagement with the world—the psychological present.
Changes in synaptic function lead to learning and retention
of memories and the creation of different motives and emo-
tional evaluations for dealing with experiences.

An important distinction must be made between slower
changes of emotional states or interest and level of activ-
ity and the extremely rapid whole-brain assimilation of
sensory information and the fine coordination of muscu-
lar excitations throughout the body in immediate adapta-
tion to the environment (Bradford, 2004; McGeer, Eccles,
& McGeer, 1978).

Neurotransmitters are chemicals released in small
amounts from a nerve cell when action potentials (nerve
impulses) reach a synapse attached to another nerve cell
or to a muscle or gland cell (Bradford, 2004; Iversen,
2004; Thompson, 2000). They excite changes in the re-
ceptor cell that stimulate action potentials, thus propagat-
ing nerve activity, or their effect may be to inhibit cell
activation. The excitatory or inhibiting effects of trans-
mitters depend on other factors in the synaptic gap and
on the surface state of the receptor cell. Neurons are spe-
cialized in their capacities to synthesize, activate, and
inactivate transmitters, which are of many types with dif-
ferent functions in the chemical coding of intercellular
messages. The efficiency of a transmitter depends on its
affinity for a wide range of receptor types on the surface
of the receiving cell, which vary in their molecular struc-
ture and response to the transmitter.

Until the 1970s, only six types of neurotransmitters
were known in the brain: noradrenaline (NA), dopamine
(DA), serotonin or 5-hydroxytryptamine (5SHT), gamma-
aminobutyric acid (GABA), acetylcholine (ACh), and glu-
tamate (GLU). Since then, not only have other types of
neurotransmitters been identified, including gases such as
nitrous oxide (NO), but also the so-called neuromodula-
tors, which modulate the effect of the neurotransmitters.

The main types of neurotransmitters are now classified
as follows:

Monoamines (ACh, adenosine, DA, histamine, NA, SHT).
ACh released from motor nerves excites muscle contrac-
tion, and it is also released from autonomic nerves to
smooth muscle activity and gland secretions. NA medi-
ates in the excitation of smooth muscle, heart muscle, and

glands, often in opposition to ACh. Monoamines are dif-
fuse in their effects and act to modulate the activities of
the more precise functions of sensory response and motor
activation; that is, they are essential in the motivational
and emotional regulation of psychological functions.
Amino acids (aspartate, GABA, glycine, glutamate)
performing fast, high-precision chemical signaling in
the CNS in volitional and perceptual control of behav-
ior. GABA is inhibitory and serves in focusing neural
communication, increasing its differentiation and pre-
cision. Glycine is the inhibitor of the spinal cord, regu-
lating reciprocal reflex functions. Glutamate is the
main excitatory agent in the CNS, its functions being
patterned by a range of transporter factors and many
receptor types.

Neuropeptides (nNRNA, B-endorphin, cholecystochinin, dy-
morphin, enkephalins, oxytocin, somatostatin, substance
P, neuropeptide Y, vasopressin, and many others). They
appear to be modulators concerned more with trophotropic
self-regulatory functions of the body, including states of
pain and pleasure (Panksepp, 1993).

Neurotransmitters and neuromodulators act on two dif-
ferent kinds of receptors on the surface of postsynaptic
cells: ionotropic and metabotropic (Bradford, 2004; Herle-
nius & Lagercrantz, 2004). The metabotropic receptors are G
and N proteins in the bilipid layer of the cell membrane, and
their effect is slow, lasting tens of milliseconds. They are
essential in the preparatory modulation of integrative sys-
tems so they can efficiently and selectively respond to the
environment with appropriate levels of action. Adrenergic,
muscarine, and peptidergic receptors are often metabotropic
and play a more modulatory role in the mature CNS.

In contrast, ionotropic receptors are part of ion transport
gates and act very fast, in less than a millisecond. Acetyl-
choline, GABA, glycine and serotonin act on ionotropic re-
ceptors, and they carry out the instantaneous transactions
of sensory motor coordination in the active and prospective
control of behavior.

Volitions and Their Effects Mapped in the Brain

All active organisms, growing plants or moving animals,
have adaptive processes that formulate viable prospects for
their actions. Animals move with short- and long-term
prospective control in space and through time (Bernstein,
1967; Lee, 1998). Each motor step in space taking a certain
time must estimate effects that should follow an event of
that duration and in that space, and regulate its expression
accordingly. Elaborated sequences of movement must have
ways of dealing with eventual risks and benefits at each and
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every step along the way, and this regulation requires setting
desirable states or goals in advance (Jeannerod, 1999).

Some consequences of acting can be dealt with online by
sensory stimulation of immediate adaptive approach or
avoidance movements, but in general, the processes of life
on the move require an imaginative system that maps out
behavior in the future, prospecting ahead in space and time,
and that, moreover, is capable of retaining information, in
memory, about the consequences of acts made in the past.

A large animal’s movements are guided from within a
central brain. Even the most elementary neural net of a
worm-like creature must represent the relationship between
the form changes its output excites in the body by regimented
muscular contractions, as well as the effects of stimuli that
are detected by the sensory receiving organs, at the interface
of the net with the world, or in the body. This relationship is
constituted as “experience,” which means “from acting”: It
has a rudimentary self-experience (Merker, 2005; Sperry,
1950; von Holst & Mittelstaedt, 1950).

L—Tectum

Orienting Consummatory
Responses

For larger, more complex and forcefully active animal
bodies that challenge the media in which they move in
more powerful and risky ways, the anteroposterior polar-
ity, bilateral symmetry, and dorsoventral differentiation
of the body form adapted to forward progression must be
represented in many systems of the brain, all of which
map both the output and the sensory information the mov-
ing body will receive, looking ahead to how movements
must be coordinated and regulated in consciousness
(Bernstein, 1967; Paillard, 1960; Sherrington, 1906). Ac-
tivation of the interlinked somatotopic (body-charting) or
telotopic (direction-charting) maps of the body in the
brain creates a unified behavior field, defined by the po-
larized, bisymmetric, and dorsoventrally differentiated
form of the body and how that form may move and turn
(Trevarthen, 1968a, 1968b, 1985; Figure 2.4). All the
risks and benefits of acting in and against the outside en-
vironmental media or of ingesting components of it must
also be regulated by the brain in motives that control the

Figure 2.4 Left: The map of the visual field on the midbrain roof (tectum) of vertebrates ‘plots’ events outside the body in relation to
the form of the body and its movements. Objects that attract interest are oriented to, which brings them into the central field, in front
of the head, that is into the midline structures of the brain. These are connected to brain structures that evaluate the object, for exam-
ple identifying it as food. Then “consummatory” behaviours (such as eating), make appropriate use of the object. Sources: From “Two
Mechanisms of Vision in Primates,” by C. Trevarthen, 1968a, Psychologische Forschung, 31, pp. 299-337; and “Vision in Fish: The
Origins of the Visual Frame for Action in Vertebrates” (pp. 61-94), by C. Trevarthen, in The Central Nervous System and Fish Behav-
iour, D. Ingle (Ed.), 1968b, Chicago: University of Chicago Press. Right: A newborn infant, less than 30 minutes old, shows awareness
of the changing place of a red ball being moved by a nurse, and the baby orients all arts of the body to the object. This behavior depends
upon the precise mapping of the visual “image” in the brain onto the neural maps of motor coordination. Photo by Kevan Bundell.
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whole interface between body and environment (Jean-
nerod, 1994; Trevarthen, 1998b). Consciousness is the
function that regulates this motor unity of motivated pur-
pose in a multisensory space (Merker, 2005).

Cerebral Mechanisms of Human
Imagination and Memory

In the human case, these preconditions for intelligent nerv-
ous control of an active life are set up in the anatomy of an
exceptionally large and complex brain by processes of cell
multiplication and interneuronal tissue formation that is
well advanced in the embryo stage, before there is any
nervous excitation of body movement and before any of the
sensory systems can transmit their excitation into the brain
(Trevarthen, 1985, 2004a).

Long-term behavioral initiatives require the human
agent to anticipate dangers to the substance and organiza-
tion of life that might occur after many intermediate
actions have been performed and to plan exploitation
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of beneficial encounters with objects and events. This
record and program for action requires an exceptionally
large cerebral neocortex, which records a “personal nar-
rative history” of the single conscious agent or self, the
mobility and sentience of which is unified in subcortical
regions (Merker, 2004, 2005; Panksepp, 1998b, 2000; Fig-
ure 2.5).

Most of all, human actions are social. They require that
an individual’s actions engage with, and discover ways of
cooperating with, what other individuals do (Decety &
Chaminade, 2003; Hari & Nishitani, 2004). For this to suc-
ceed, the internal motives that precipitate initiatives in ac-
tion, and their autonomic regulations, of one have to be
detectable to and motivating for the other. This is what is
meant by “
between volitional selves and others (Aitken & Trevarthen,
1997; Trevarthen, 1998a, 1999b; Trevarthen & Aitken,
2001). The regulation of this requires what amounts to a
duplication of the self in each individual; this is what
Braten (1998) calls a “virtual other.”

intersubjective” or “interagentive” engagement:
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Figure 2.5 Left: Brain structures implicated in emotions and communication in the adult human. Right: Map indicating the flow of
functions between brainstem and the hemispheres and between different regions of the cerebral cortex. Sources: From “The Neurobi-
ology of Early Communication: Intersubjective Regulations in Human Brain Development” (pp. 841-882), by C. Trevarthen, in Hand-
book on Brain and Behavior in Human Development, A. F. Kalverboer and A. Gramsbergen (Eds.), 2001b, Dordrecht, The Netherlands:
Kluwer Academic; and “Brain Development” (pp. 116—127), by C. Trevarthen, in Oxford Companion to the Mind, second edition,

R. L. Gregory (Ed.), 2004a, Oxford, NY: Oxford University Press.
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Emotion Expression and Communication of
Motives and Thought: The Special Visceral Efferent
System of the Parasympathetic Nervous System

The parasympathetic nerves of humans include the special
visceral efferents of the head, which not only exert immedi-
ate dynamic regulation of vital functions of blood circula-
tion, respiration, digestion, and excretion, but also, as an
elaboration of a trend seen in other social species, express
emotional states in control of intersubjective contacts and
relations, that is, in communication with other subjects
(Porges, 1997; Table 2.1). All the muscles of human commu-
nication, of the eyes, face and mouth, vocal system, head and
neck, which are constantly active in natural human conver-
sation, and which have disproportionate representation in
the sensory and motor maps of the neocortex (Penfield,
1958; Figure 2.6), receive their efferents from the cranial
nerves (Aitken & Trevarthen, 1997; Trevarthen, 2001b). In
less sociable, primitive animals, these efferents are almost

exclusively concerned with visceral, self-regulatory func-
tions (Table 2.1).

It is of special interest that human hands, in addition to
their extraordinary dexterity in manipulation, have become
associated with the organs of communication as supremely
efficient and adaptable organs of communication, capable
of conveying sensitive interpersonal feelings by touch and
rhythmic caresses as well as of acquiring a language ability
equal to that of speech.

We note that infants are born with a capacity to imitate
not only the dynamics and expressive forms of vocaliza-
tions and facial movements (such as tongue protrusion),
but also isolated and apparently arbitrary gestures of the
hands (such as index finger extension; Heimann, 1998;
Kugiumutzakis, 1998). Neonatal hand movements are in-
vestigative, self-stimulatory, and regulative for the infant,
as well as communicative, and “neoplay” with touch by
the hands appears to build a self-awareness from which
an awareness of objects remote from the body may be

TABLE 2.1 Cranial Nerve Nuclei, Special Visceral Sensory and Motor Functions, and Systems for Expression and

Receptions of Emotion

Communication
Movements

Visceral and
Somatic Movements

Cranial Nerves

Visceral and
Somatic Senses

Communication Senses

Looking at other, directing gaze,
pupil changes

Looking at other, directing gaze

Face expressions; vocalizing,
sucking, kissing

Looking at other, eye expressions,
crying

Face expressions, speech; listening
to speech

Vocalizing, laughing; expression
in voice; coughing

Vocal expression; circulatory
signs; panting, gasping

Head expressions; vocalizing;
laughing, coughing

Vocalizing, speaking; licking,
sucking

Eye rotation, lens and pupil
movements

Eye rotation

Mastication

Eye rotation, lifting eyelids,
tears

Eating, control of middle ear
muscles

Coughing, biting, salivating,
swallowing

Heart and gut activity,
vomiting, fainting, breathing

Head and shoulder
movements, swallowing

TOIlg ue movements

1 Odor, taste Smelling/tasting other
Olfactory
2 Light sense, vision Seeing other
Optic
3 Eye-muscle sense
Oculomotor
4 Eye-muscle sense
Trochlear
5 Facial feelings Feeling other’s touch,
Trigeminal feeling own face
6 Eye-muscle sense
Abducent
7 Taste; tongue, mouth Tasting/feeling other
Facial
8 hearing, balance Hearing other, hearing self
Auditory
9 taste Tasting/feeling other
Glossopharyngeal
10 Taste; heart, lungs, gut  Feeling own emotion
Vagus
11
Accessory
12
Hypoglossal

Sources: From “Emotion: An Evolutionary By-Product of the Neural Regulation of the Autonomic Nervous System,” by S. W. Porges, 1997, Annals
of the New York Academy of Sciences, 807, pp. 62-78; and “The Neurobiology of Early Communication: Intersubjective Regulations in Human Brain
Development” (pp. 841-882), by C. Trevarthen, in Handbook on Brain and Behavior in Human Development, A. F. Kalverboer and A. Gramsbergen
(Eds.), 2001b, Dordrecht, The Netherlands: Kluwer Academic.
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Figure 2.6 Left: Motor and perceptual systems of the cerebral cortex adapted for communication by facial expression, gesture and
speech. Sources: From “Brain and Language,” by A. R. Damasio and H. Damasio, 1992, Scientific American, 267, pp. 63-71; The Ex-
citable Cortex in Conscious Man, by W. Penfield, 1958, Liverpool: Liverpool Press; and “Language Development: Mechanisms in the
Brain,” by C. Trevarthen, in Encyclopedia of Neuroscience, second edition, with CD-ROM, G. Adelman and B. H. Smith (Eds.), 2004d,
Amsterdam: Elsevier Science. Right: Brain of a 7-week human embryo showing the locations of visceral sensory and motor nuclei in-
volved in the sensory or motor processes of communication. These nuclei have added expressive and receptive communicative functions
to their more primitive adaptations for regulation of visceral functions, such as blood circulation, heart activity, breathing, eating and
digestion. Sources: “Emotion: An Evolutionary By-Product of the Neural Regulation of the Autonomic Nervous System” (pp. 62-78),
by S. W. Porges, in The Integrative Neurobiology of Affiliation: Vol. 807. Annals of the New York Academy of Sciences, C. S. Carter, L. L.
Lederhendler, and B. Kirkpatrick (Eds.), 1997, New York: New York Academy of Sciences; and “The Neurobiology of Early Communi-
cation: Intersubjective Regulations in Human Brain Development” (pp. 841-882), by C. Trevarthen, in Handbook on Brain and Behav-
ior in Human Development, A. F. Kalverboer and A. Gramsbergen (Eds.), 2001b, Dordrecht, The Netherlands: Kluwer Academic.

conceived and their affordances explored (Adamson-
Macedo, 1998, 2004). All of the expressive movements of
the infant’s voice, face, and hands appear to be adapted
for interpersonal transmission of the impulse to know and
do in dialogue (Trevarthen, 1986, 2001b, 2004d, 2005c¢),

ticipating a meal (Dworkin, 2000), in conditioned fear re-
actions (Ohman, Flykt, & Lundqvist, 2000), and in anxiety
states that are characterized by hyperattention to threat-
related stimuli (Berntson, Sarter, & Cacioppo, 1998).
Stimuli that are both interoceptive (sensed inside the body)

and all are potent vehicles for transmission of emotions
and states of sympathetic motivation.

Homeostasis and Allostasis in the Integration of
Autonomic and Emotional Regulations in
Engagements with the World and with Society

The ultimate integration of autonomic functions and behav-
ior, including learned activities, is coordinated by the hypo-
thalamus and limbic system. In the broadest sense one can
view the limbic system as the cortex of the autonomic nervous
system. (Kalia, 2004)

The classical reflex homeostatic model of the ANS is
too restrictive and does not reflect the flexible adaptability
of autonomic regulation (Berntson, Sarter, & Cacioppo,
2003b). Homeostasis requires anticipatory ANS responses,
which can arise by learning, as in the salivary response of
dogs trained by Pavlov, in the insulin release of a person an-

and exteroceptive (sensed from the outside world) can con-
trol the ANS with anticipation, and this anticipation is
changed by learning. The ANS, being in intense reciprocal
relationship with many other regions of the brain and in ac-
cord with its role as regulator for the whole organism, is co-
ordinated not only with the humoral mechanisms that
control visceral functions through its connections with the
hypothalamus, but also by way of the forebrain systems that
mediate volitional behavior and learning.

Mental (cognitive) imagery can trigger autonomic re-
sponses, and human imaginative expectancy is fluent, dy-
namic, reliant on memory, and, as in dreaming, rich in
prospects of dramatic, artistic, and musical experiences
or activities and in language, all of which may be coupled
with prospective changes in ANS activity. Conversely, so-
matovisceral feedback may affect cognitive and emotional
processes (Berntson et al., 1998). Vagal afferents to the
NTS enhance emotional memory in animals (McGaugh,
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Roozendall, & Cahill, 2000), and stress hormones affect
memory.

The locus coeruleus and the nucleus paragigantocellu-
laris carry ascending visceral afferents to the basal fore-
brain cortical cholinergic system and cortex. Autonomic
feedback can trigger panic attacks (see Bechara, Dama-
sio, & Damasio, 2000). ACh enhances cortical processing
(Sarter & Bruno, 2000) and may produce confused cogni-
tive activity, as in the irrationality and hyperattention of
anxiety states.

In the opposite sense, from processes of intentional ac-
tion and engagement with experience to autonomic state,
the medial frontal cortex, especially of the right hemi-
sphere and most conspicuously in early childhood, plays
a major role in affect and autonomic control, regulating
both positive attachment relations and anxiety reactions
(Schore, 2001a, 2003a). Research with animals has clari-
fied this function. When the inhibitory influence of the
ventromedial prefrontal cortex is absent, the instinctive
fear response of the amygdala remains unchecked and
triggers overwhelming aversive responses. Without pre-
frontal feedback regarding the level of threat, a rat re-
mains in a maladaptive state of defensive arousal (Morgan
& LeDoux, 1995). This may be compared with the
speechless fear of Posttraumatic Stress Disorder (PTSD;
van der Kolk, 2003).

The adaptive process that actively maintains functional
stability through change is defined as allostasis: change
of internal state set points to meet anticipated adaptive
demands, for example, when one has the intention to exer-
cise vigorously or when a threat to survival is expected
(McEwen, & Stellar, 1993; McEwen, & Wingfield, 2003).
Plans for active behavior include regulation over autonomic
states to achieve this flexibility (Berntson & Cacioppo,
2000; McEwen, 1999). Allostasis restores homeostasis or
well-being by adaptive change of motives and regulations for
behavior. It functions to control the balance of effort or en-
ergy expenditure against energy and regulatory gains from
rest and recuperation. It can incur a cost to the strength and
health if regulations demand too much change.

Literally, allostasis means “achieving stability, or home-
ostasis, through change” (Sterling & Eyer, 1988), and a
damaging or weakening response is referred to as allostatic
load. Maladaptation to modern urban life, where people
have to suppress the flight-fight responses of somatovis-
ceral activation evolved for transient challenges (Dworkin,
2000) while they are subjected to prolonged somatovisceral
activation with chronic psychological stresses, may have
long-term health costs (McEwen, 1999, 2001).

The Function of Emotions as the Currency
of Social Regulation

To understand how the integrated intelligent and passion-
ately felt behavior of the animal can control its engage-
ments with the external world, how it can direct movements
to have desired effects, and how it can anticipate or re-
spond to beneficial or stressful outcomes, it is helpful to di-
vide the aims or adaptive functions of behavior into two
kinds by adopting and extending the terminology of Hess
(1954; Figure 2.7 and Table 2.1), who pioneered intracere-
bral stimulation studies of innate emotional motor systems
in the diencephalon of mammals:

1. Active ergotropic or energy-expending efforts of the an-
imal engage with the environment and change how the
animal’s body contacts, receives stimulation from, takes
in, and changes external matter, how the matter is used
to support the body and allow the animal to move about
and steer its progress, and how potentially harmful
events or situations are avoided.

2. Trophotropic or energy-obtaining or -conserving states
increase the potential for action, either by storing en-
ergy sources from food and oxygen or absorbed heat, by
taking in necessary water and nutrients, or by allowing
restorative processes such as sleep. This type of restora-
tion can be taken to include learning processes that in-
crease the efficiency and versatility of movements.

Animal action is guided by prospective “plans” that
specify environmental benefits or risks and that are se-
lected with reference to expected outcomes of changes in
the direction and goals of movement. If these aims and ex-
pectations accurately detect and anticipate the changes in
contact and relationship to external objects and events con-
sequent on moving, then the movements achieve their pur-
pose. If the anticipations are inaccurate, then behavior may
have unwanted consequences.

In the evolution of the vertebrates, a set of structures have
evolved in the forebrain that amplify and extend the capaci-
ties of the regulatory mechanisms for controlling and ex-
pressing internal regulatory processes in movement. These
include the limbic structures (Swanson, 2004), identified by
Broca (1878), Papez (1937), and MacLean (1952, 2004), and
extensive structures of the emotional motor system through-
out the CNS (Holstege, Bandler, & Saper, 1996). Key limbic
structures of the cerebral hemispheres identified in modern
accounts of the brain mechanisms of emotional regulations
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and their pathologies are the amygdala, the hippocampus,
and the anterior cingulate gyrus (see later discussion).

Planned allostatic regulations drawing on experience
are acquired, accessed, and modified by emotions.
Panksepp (1998a) has classified emotions and affective
neural systems according to their regulatory functions
(Table 2.2). Unplanned stress is met by mobilization of
active defensive behaviors (fight with the emotion of
RAGE), or by action-reducing withdrawal (flight with the
emotion of FEAR). Energetic exploration and exploitation
of environmental resources is served by the inquisitive
emotional behavior of SEEKING. Self-energizing and re-
warding emotions of JOY/PLAY/SOCIAL AFFECTION
in well-being are shared with affiliative emotions of
SEXUALITY, NURTURANCE/MATERNAL CARE,
and SEPARATION DISTRESS/SOCIAL BONDING.

Understanding the emotional life of children requires
interpretation of the intricate forms of expressions of
emotion by which even newborn infants are capable of
communicating their states of purpose and their concerns
for comfort and security to other human beings (Darwin,
1872/1998). Vocal expressions, which change during de-
velopment in their range and power, give subtle expression
to muscle actions and tensions within the body (Scherer,
1986; Zei Pollermann, 2002). Eye movements signal the
direction of interest and its changes with exceptional clar-
ity in humans, because we have a white sclera (Kobayashi
& Kohshima, 2001), and movements of the lower face ex-
press feelings of joy and sadness, of wonder and anger,
and of liking or loathing (Darwin, 1872/1998). There is
still uncertainty about how to classify facial movements
and what psychological functions to attribute to them, de-
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TABLE 2.2 Emotion Systems

81

Affective Behavior

Distributed Neural Networks

Neuromodulators

Ergotropic

Seeking
Exploratory behavior

Play, joy, social affection

Rage
Affective Attack

Fear

Trophotropic

Sexuality

Nurturance, maternal care

Separation distress, social
bonding

Ventral tegmental area (VTA) to dorsolateral hypothalamus to
periaqueductal gray (PAG), with diffuse mesolimbic and mesocortical
“extensions.” Nucleus accumbens as basal ganglia processor for
emotional “habit” systems.

Parafascicular/centromedian thalamus, dorsomedial thalamus,
posterior thalamus, projecting to more dorsal PAG (the septum is
inhibitory for play; the role of other basal forebrain and hypothalamic
systems is not clear).

Medial amygdala to bed nucleus of stria terminalis (BNST) to
anterior and ventromedial and perifornical hypothalamic to more
dorsal PAG.

Central and lateral amygdala to anterior and medial hypothalamic
to more dorsal PAG to nucleus reticularis pontine caudalis.

BNST and corticomedial amygdala to preoptic and ventromedial
hypothalamus to lateral and more ventral PAG.

Anterior cingulate to BNST to preoptic hypothalamic to VTA to
more ventral PAG.

Anterior cingulate/anterior thalamus to BNST/ventral septum to
midline and dorsomedial thalamus to dorsal preoptic hypothalamic

DA (+), glutamate (+), many neuropeptides
including opioids, neurotensin, CCK.

Glutamate (+), opioids (+ in modest amounts,
— in large amounts), ACh (muscarinic +), ACh
(nicotinic —) DA, NE and 5HT all appear to

be (-).

Substance P (+) (ACh, glutamate + may act as
nonspecific modulators).

Glutamate (+), ACTH, and neuropeptides (DBI,
CRF, CCK, alpha MSH, NPY).

Steroids (+), vasopressin and oxytocin. LH-RH,
CCK.

Oxytocin (+), prolactin (+), DA, opioids (both
+ in modest amounts).

Opioids (1) oxytocin (), prolactin () CRF
(+) for separation distress, ACh (-).

to more dorsal PAG (close to circuits for physical pain).

Source: Adapted from Panksepp (1998).
Notes: + = Excitatory; — = Inhibitory.

spite the fact that they are so rich in variety with such im-
mediate emotive effects on other persons (Oster, 2005).

STRESS: NATURE, PSYCHOLOGICAL
FUNCTIONS, AND STRESS DISORDERS

The term “stress” is used to describe a host of events affect-
ing an organism’s relationship with the external or internal
environment. Because stress in ordinary language is often
thought of as an effect or force, as in physics or engineering,
rather than a cause or an adaptive process, as implied in the
original use in medical science by Hans Selye (1956), there
may be confusion about the definition and meaning of the
word (Dunn, Swiergeil, & Palamarchouk, 2004; Pacak &
Palkovits, 2001). Nevertheless, the concept of a stress pro-
cess has proved indispensable for guidance of clinical prac-
tices that seek to protect or repair individual well-being.

Stress as an Adaptive Response

All organisms, from bacteria to mammals, have evolved
self-protective mechanisms of response to taxing or threat-
ening life events. Such events are often unpredictable in

their occurrence and may have effects that are uncontrol-
lable, traumatic, or life-threatening. Stress triggers a wide
range of adaptation processes, implicating a complex of
physiological, cognitive, and emotional responses (Huether,
1996), eventually leading to the general adaptation syn-
drome, through the phases of alarm, resistance, and exhaus-
tion (Rozman & Doull, 2003).

When we experience a situation as stressful, physiologic
and behavioral responses are initiated, leading to allostasis
and adaptation (McEwen, 1999). Anticipated and well-
controlled stress can exercise and reinforce adaptive life
activities, leading to improvements in efficiency and effec-
tiveness of vital functions and behavior. Development is
stimulated and strengthened by adaptive response to stress.
However, damaging stress or trauma and pain reduces life
effectiveness and requires recuperation and repair. Imme-
diately effective defenses against fatigue, illness, and pain
may incur long-term costs to the organism’s physiological
and psychological resources and thus lead to a need for rest
and processes of recovery, or, in the most socially advanced
species, for protective and therapeutic care from other in-
dividuals (de Waal, 1996; Preston & de Waal, 2002).

Responses to stress may result in important changes
to the body; they may replenish energy by promoting fat
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deposition, which can result in heart disease when the body
does not burn off the energy it obtains from food. They
stimulate immune cells to move to sites in the body where
they are needed to fight an infection (McEwen, 2003).
Stress responses can be powerful and their effects lasting.
In animal studies, it has been found that even an hour-long
stress can result in detectable structural changes in the
brain, with a recovery period lasting for many months.
Clearly, the stress response can have long-term impact on
the behavior and the health of the organism and on the
adaptive responses to subsequent stress events. This is rele-
vant to the effects of child maltreatment on subsequent
physical and emotional development, an area of investiga-
tion that has been termed developmental traumatology
(DeBellis, 2001; DeBellis et al., 1999a, 1999b).

Basic stress reactions include automatic physiological
adjustments; these are manifested in signs such as a greater
release of stress hormones (glucocorticoids), a rise in pulse,
respiration, and blood pressure, and contraction of the
pupils. These reactions are in general beneficial changes
that help to control or eliminate dangers to the body or the
mind, to improve an organism’s level of performance, and
to regulate the inevitable cost of defensive responses to
protect the vital resources of the organism. If not too in-
tense, stressful situations may stimulate neuronal differen-
tiation in slow-maturing parts of the brain with benefit to
future learning processes, such as those that help a person
discover ways to cope with stress or how to avoid its causes
(Greenough & Black, 1992).

Corticosteroids, at high circulating levels, enhance ac-
quisition, conditioning, and consolidation of an inescapable
stressful experience. After fight-or-flight responses, corti-
costeroids reestablish homeostasis via feedback mecha-
nisms (Korte, 2001). The organism needs to consolidate its
memories of the predator’s appearance, location, smell,
and sound. This information may predict the occurrence
and nature of the next encounter and thereby maximize the
likelihood of survival.

Uncontrollable chronic, high-intensity stress, how-
ever, destabilizes established neural pathways and bio-
chemical homeostasis, or compromises allostasis, the
active autonomic control that adjusts psychological mo-
tives to anticipated adaptive demands (McEwen, 1999),
with consequences that might endanger the integrity of a
young individual directly and have indirect effects later in
life, even to adulthood.

The term hormesis (meaning an “urging on” or “activa-
tion”) is employed to designate the potential beneficial or
“encouraging” effects of mild stress when it enhances the
organism’s future reactions to similar stress—by increas-

ing catabolic energy-mobilizing processes, enhancement of
immune reactions, faster and more effective motor re-
sponses, reinforcement or reward from a subjective feeling
of increased well-being, all of which help the organism to
survive and adapt or learn. Hormesis in various forms is
widespread among living organisms, from the Drosophila to
humans. Studies of stress induced by radiation, heat, or
chemical stimuli demonstrate that exposure to mild stress
early in life frequently results in increased stress resist-
ance later in life, increased longevity, and even retarded
aging (Kristensen, Sorensen, & Loeschcke, 2003). The ef-
fect of a mild stress is likely to be mediated by alterations
in gene regulation and/or gene expression and by subse-
quent, permanent metabolic changes. Mild stress may also
increase the rate of gene mutation, permitting the popula-
tion of the organism to successfully adapt to a changed en-
vironment (Goho & Bell, 2000).

The social facilitation effect of mild stress on human
behavior has been investigated by social psychologists
since the nineteenth century, and the facilitative effect of
cognitive, somatic, and emotional anxiety on the achieve-
ment of athletes has also been widely investigated and
confirmed (Hardy, 1996; Jones, Hartmann, Blaschitz, &
Desoye, 1993).

In summary, early stress can lead to a cascade of re-
sponses, either adaptive, in the form of hormesis, or mal-
adaptive, and the latter can pave the way to different paths
of development and different capacities for stress resist-
ance in prenatal and early postnatal life. Traumatic experi-
ences early in life impress confused paths of experience
and expectation, with sidetracks that are felt to lead
nowhere (Siegel, 1999).

The Hypothalamus-Pituitary-Adrenal System

The stress response involves activation of the two major
regulatory systems: the sympathetic nervous system and
adrenal medulla (SAM) and the hypothalamo-anterior pitu-
itary-adrenal cortical system (HPA).

The SAM, the effort or fight-flight and system, is most
strongly engaged in connection with such strong and active
emotional states of fear and anger as are manifested in
traumatic anxiety. Its activity results in an increase of the
level of the glucocorticoids adrenaline (epinephrine) and
noradrenaline (norepinephrine), with effects both in the
periphery and in the brain.

The HPA is the distress or conservation-withdrawal sys-
tem. Corticotropin-releasing hormone (CRH) released
from the paraventricular nucleus of the hypothalamus stim-
ulates the pituitary gland to produce adrenocorticotropin
hormone (ACTH). These two hormones stimulate the adre-



nal gland to release cortisol, the principal glucocorticoid
hormone. When the stressor is terminated, glucocorticoids
inhibit subsequent ACTH release from the adrenal cortex.

There are several studies supporting the hypothesis that
hypersecretion of CRH is a crucial factor in depression and
anxiety disorders (Nemeroff et al., 1984). It has been
shown that when CRH was injected into the brains of rats,
it produced many of the signs and symptoms seen in pa-
tients with depression and/or anxiety orders (Arborelius,
Owens, Plotsky, & Nemeroff, 1999; Dunn & Berridge,
1990; Korte, 2001).

Limbic Mechanisms and Varieties of Stress Response

Activation of the amygdala, the anterior cingulate cortex,
the hippocampus, the bed nucleus of the stria terminalis,
and several brain stem regions responsible for regulating
basic homeostatic functions of the individual and commu-
nication in social engagements can directly or indirectly af-
fect the HPA circuit. The hippocampus and the anterior
cingulate cortex are in a negative feedback relationship
with the HPA axis, and the activation of the amygdala en-
hances fearful states and the stress response (Price, 2004).
Research with animals, particularly rats and monkeys, has
shown how these parts of the forebrain are essential for the
emotional regulation of activity and experience and for ac-
tive social relationships, and this knowledge has found im-
portant applications in child psychopathology (Allman,
Hakeem, Erwin, Nimchinsky, & Hof, 2001; Amaral, 2003;
Isaacson, 2004).

The Amygdala and the Cingulate Gyrus

Two components of the limbic system, the amygdala
and the cingulate gyrus, are especially responsive to
stress hormones. The amygdala is central in what are be-
lieved to be predominantly negative emotionally arousing
processes affecting learning (Cahill, McGaugh, & Wein-
berger, 2001; Markowitsch, 1998; Price, 2004; Siebert,
Markowitsch, & Bartel, 2003). In confrontation with in-
formation of a dangerous situation or a threatening social
partner, the amygdala becomes active, and this is associ-
ated with manifestations of fear and anxiety, which lead
the organism into a state of alertness, getting ready
for flight or fight in the service of self-preservation
(Adolphs, Tranel, Damasio, & Damasio, 1995; Aggleton,
1993; LeDoux, 2000). The high concentration of recep-
tors for corticotropin-releasing factor in the amygdala,
which are responsible for the release of corticosterone and
ACTH, makes the amygdala especially sensitive to the in-
fluences of stress hormones (Gabrieli et al., 1995). Atro-
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phy and vulnerability of neurons in this area may have se-
vere consequences for the adaptive processing of life-
threatening experience, emotional self-regulation, and the
social consequences of a defensive attitude. In human
adolescence, especially, attachment and the regulation of
emotions of sympathy depend to a large degree on proper
functioning of this part of the limbic system. Individuals
with disorders of this system that cause them to display
avoidance, fear, and aggression become more emotionally
and also socially “blind,” unable to perceive, process, or
respond in a normal fashion to social and emotional stim-
ulation (Cicchetti, 1989; Joseph, 1999).

The cingulate cortex has many cortisol receptors. To-
gether with parts of the prefrontal cortex, it mediates
in executive or coordinated goal-directed motor activity
(C. S. Carter et al., 1998; Stuss et al., 2002), which re-
quires effortful behavior, highly efficient attention, and
control of inhibitory acts (Fletcher, Frith, Frackowiak, &
Dolan, 1996; Markowitsch, Vandekerckhove, Lanfermann,
& Russ, 2003; Nieuwenhuis, Yeung, van den Wildenberg,
& Ridderinkhof, 2003; Vandekerckhove, Markowitsch,
Woermann, & Mertens, in press), as well as arousal of con-
scious action, excitation of visual imagery, reexperienc-
ing, and emotional processing of experiences (Cabeza &
Nyberg, 1997; Fletcher et al., 1996; Markowitsch, Thiel,
et al., 2000; Markowitsch et al., 2003).

In a study of preschool-age children who have high lev-
els of cortisol, Gunnar, Tout, de Haan, Pierce, and Stans-
bury (1997) found that glucocorticoids affect self-control
and self-regulation, requiring strenuous effort. This is pos-
sibly due to the stress hormones acting on the cingulate
cortex. Brain mapping studies confirm that there is a di-
minished response of the anterior cingulate cortex in
the presence of emotionally relevant stimuli in PTSD
(Bremner et al., 2004; Shin et al., 2001). Dysfunctional re-
cruitment of this region in PTSD may, in part, mediate
symptoms such as distress and arousal on exposure to re-
minders of trauma.

The Hippocampus

The hippocampal formation also has an important role in
recording the circumstances of stress (Bremner et al., 2000;
Bremner & Vermetten, 2004), as well as in the functions of
spatial learning and memory that may be affected by stress
(Piefke, Weiss, Zilles, Markowitsch, & Fink, 2003; Tulving
& Markowitsch, 1998; Vandekerckhove, in press; Vargha-
Khadem et al., 1997), that is, in mapping a story of places,
events, and persons that have brought fear or pain. With
the temporoparietal neocortex, the hippocampus functions
in the acquisition of an awareness of the environment as a
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place in which to live. Stress experienced before birth and
extending through the postnatal period influences the slow
increase in volume and the maturation of the hippocampus.
The dentate gyrus of the hippocampus continues to develop
after birth by neurogenesis (Malberg, 2004; McEwen,
2002; Van Praag et al., 2002).

Animal studies show that a chronic influence of gluco-
corticoids on the hippocampus leads to the loss of pyram-
idal neurons and decreased dendritic branching, and a
massive acute production of glucocorticoids changes and
reorganizes synaptic connectivity. Stress to the mother
decreases the number of stress hormone receptors in rat
pups, reducing the inhibition of the release of stress hor-
mones, finally leading to hippocampal cell death. Prenatal
exposure to stressful restraint or unavoidable electric
shocks in rats led to elevated plasma ACTH and corticos-
terone levels and lower mineralocorticoid and glucocorti-
coid densities in the hippocampus (C. Henry, Kabbaj,
Simon, Le Moal, & Maccari, 1994). Loss of function of
mineralocorticoid (type I) receptors affects the capacity
for selective attention and integration of sensory stimuli,
whereas the impairment of glucocorticoid receptors (type
IT) affects consolidation and retrieval of information.

Prenatally stressed rats also showed more anxiety-like
behavior in the elevated plus-maze test as adults than their
nonstressed controls, and this behavior was positively
correlated with stress-induced corticosterone responses
(Korte, Buwalda, Meijer, de Kloet, & Bohus, 1995). If
rats are separated from the mother after birth, they can
develop extreme distress reactions (de Kloet, Korte, Rots,
& Kruk, 1996). Longer periods (24 hours) of separation
cause a rise in corticosterone. Rats deprived of their
mother’s attentions at the postnatal age of 3 days demon-
strated hypercorticism (Rots et al.,, 1996). Stimulation
from the mother protects against all these stress effects.
High levels of maternal care (licking, grooming, arched-
back nursing) decreased corticotropin receptor density
and reduced fear of novelty in the offspring when they
reached adulthood (Caldji et al., 1998).

Strong correlations have been found in humans be-
tween hippocampal volume and numbers of years of abuse
or maltreatment (Bremner, 2002; Bremner & Vermetten,
2004). Severe stress causes a greater reduction in cell pro-
liferation from adolescence to senescence, and early
stress exposure accelerates a developmental reduction in
hippocampal plasticity. In women, a significant correla-
tion between total lifetime duration of depression and
smaller hippocampal volumes has been found (Sheline,
Sanghavi, Mintun, & Gado, 1999).

DEVELOPMENT: MUTUAL REGULATIONS IN
MORPHOGENESIS OF A HUMAN MIND

In dealing with such a complex system as the developing em-
bryo, it is futile to inquire whether a certain organ rudiment
is “determined” and whether some feature of its surround-
ings, to the exclusion of others, “determines” it. A score of
different factors may be involved and their effects most intri-
cately interwoven. (Harrison, 1933)

Clinical evidence and information from research
with animals confirms that stress responses can occur
early in interuterine development. In some cases, fetal
stress changes the course of postnatal development and has
lasting effects. To interpret these better we need to relate
them to the unique timetable and sequence of intrauterine
human development, to the special environment in which
developments occur, and, above all, to the maturation of
adaptive structures and processes between the embryo and
fetus and the mother’s body. Communication between
them, and regulation of states of activity and of stress, is
two-way from the start and acquires psychological attri-
butes months before birth.

The human organism and its constituent systems and
processes—at all levels, from the single cell to a culture
sustained by its customs and history of beliefs—have
evolved with adaptations to live and change in communities
of like systems and processes (Figure 2.3). The fertilized
ovum arises from a cluster of maternal cells and divides
after fertilization to form a differently organized group.
This fuses with the tissues of the wall of the mother’s
uterus to create a closely integrated living assembly, a tis-
sue with elements from the two bodies. Vital functions of a
child’s body and the developing brain and behavior require
interaction with a mother’s body in prenatal stages and
with intimate parenting through infancy and early child-
hood. Essential features of this development are shared
with other mammals, but human childhood is long and has
additional needs for sharing activity and experience.

Fetus and mother, both in adaptive states of calm in-
wardness, interact by way of muscular activity—of the
fetal body and of the mother’s uterine contractions, heart-
beat, breathing, and her whole-body movements—and by
various senses. In the last trimester, they respond to one
another and learn.

The human infant at birth is more helpless than a new-
born monkey or chimpanzee and much more developed
than a newborn rat or kitten. Above all, the human infant is
born with unique powers of expression and intersubjective
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communication of thinking (Hobson, 2002). A young baby
tries to communicate self-generated purposes and inter-
ests, with emotional evaluations of experiences, including
remembered or imagined ones. This condition is the adap-
tation of a species that employs psychological abilities of a
highly evolved consciousness (Donald, 2001). This con-
sciousness grows in a long period of dependence not only
on maternal nurturance and paternal protection, but also
on communication of interests and meanings in affection-
ate relationships with other family members and on learn-
ing with companions of all ages in play.

Both body and brain of a newborn baby have anatomical
and functional adaptations for social support that lead to
cultural learning. This requires, besides the linking in of
systems that regulate the metabolism and energetics of be-
havior, affective coordination of motive processes for the
acquisition of new intelligence and skills. These processes
can be understood only if the proactive, motor aspects of
engagement of the human organism with the environment
and their motivating initiatives and emotions in prospective
processes of intending and imagining are recognized, not
just the sensory and perceptual processes that take in
forms of information for experiences and categorizes them.

The cerebral circuits of innate human sociability
adapted for this communion are founded on systems of the
brain stem that were set out in the embryo (Trevarthen &
Aitken, 1994). The exceptionally long human fetal period
augments these structures with great cerebral and cerebel-
lar extensions that will make it possible for a child to as-
similate the skills and knowledge of the parental culture.
Far from being a blank slate, the newborn infant’s brain is a
waiting apprentice, primed to gain competence through in-
tent participation in the purposes, experiences, and emo-
tional concerns of other people (Rogoff, 2003), but ready to
be resistant or challenging, too.

A child has to make efforts to find and make use of the
experience of intimate care and affection. Problems with
development arise when the child does not seek care in a
normal way, as well as when the human environment is un-
responsive or in some measure abusive, rejecting, or failing
to perceive the child’s motivation.

Body, Brain, and Mind: Prenatal Stages and Infancy

The life of any organism has come about through the slow
process of evolution, a process of transformation of whole
life histories (de Beer, 1945), and an evolution of social
impulses and sensibilities that find their adaptations in
whole communities. The inherent features are adaptive in

each case to the extent that their functions and develop-
ment enable the living individual and the group to sustain
well-being and gain advantage from acting in an “ex-
pected” environment.

We have set ourselves the task to examine how the de-
veloping human body and brain change through embryo,
fetal, and infant stages, attempting to identify age-related
periods of change and potential vulnerability and their ef-
fects in later life of that individual. This is, of course, not a
new endeavor, but we believe that there is need for a fresh
look to find more integrative concepts that might guide
more effective diagnosis and treatment of neurodevelop-
mental disorders.

In human brain development, there is a long phase of
prenatal growth of adaptive systems within the mother’s
body. This is succeeded by 2 years of infancy when the
child is totally dependent on maternal care, or its equiva-
lent provided by a mother substitute. Within the mother’s
body, there are few ways that the embryo or fetus can act
to seek changes. Nevertheless, research on twins in utero
with ultrasound shows that fetuses past midterm can act
and react through contacts with one another, as well as
with the mother’s body (Piontelli, 2002). In the Ilast
trimester, the fetus learns the sound of the mother’s voice
and can move in response to the movements and tonus of
her body, as well as react actively to chemical elements in
the media shared with her (Lecanuet, Fifer, Krasnegor, &
Smotherman, 1995).

After birth, there is a greatly expanded scope for action,
for moving, and for sensing the effects. Infancy is a period
in which most of the intelligent strategies for living and
learning in a human world become effective, including the
all-important maturation of activities of communication
that engage the child’s consciousness with the awareness,
purposes, and emotions of other persons. After no more
than 2 years, a normal child is well on the way to being a
cooperative member of the community, starting to master
language and a host of other cultural skills that depend on
understanding and engaging with the minds of others (Tre-
varthen, 2004b).

The Limits of Gene Theory for
Explaining Psychopathology

Just as King John was deluded to imagine a baby could
produce language with no human company, so a modern
behavioral scientist is misguided if he believes a gene
can determine either a normal psychological function or a
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specific and consistent disorder. Metabolic, hormonal,
neural, and other factors of the organism condition gene
expression. In the end, a person’s genetic constitution is
just one factor in how he or she will appear, how he or she
will act, know, and think, and how well his or her health
will be.

The genetic constitution of a human being has its ef-
fects in critical developmental phases that are associated
with specific processes that require input from the envi-
ronment. Experience-expectant processes occur during pe-
riods when the brain is primed by its motivating or
seeking activities and selective attentions to receive spe-
cific information from the environment (Cicchetti, 2002;
Greenough & Black, 1992). In such periods, the brain is
also producing an overabundance or “exuberance” of
nerve tracts and synapses, which initiates a pruning or se-
lective retention of elements by competitive interactions
between neuronal connections for supportive or trophic
factors (Edelman, 1987).

However, during sensitive learning periods, the brain is
actively regulating the effects of input, and the most signif-
icant epigenetic constraint that determines what a human
child’s genes can accomplish after birth is that child’s
communicative and collaborative relationship with other
persons. At the heart of this regulation of a human life
course are the emotions, systems of neural and neurohu-
moral activity that keep the exploratory and executive
functions of human agency on track and that regulate the
moral quality of social commitments, thereby influencing
every adaptive change in memory that the plasticity of the
vastly retentive forebrain cortex permits.

Abnormal experience of parenting or social deprivation
during experience-expectant phases of development may
have enduring deleterious effects on neurobiological and
behavioral epigenesis (Black, Jones, Nelson, & Greenough,
1998; Cicchetti, 2002). In the science of developmental
psychopathology, a crucial principle is that the developing
individual takes an active autopoietic role in the construc-
tion of a life course and in comprehending the meaning of
life events (Cicchetti, 2002; Cicchetti & Tucker, 1994).
The principle of experience-dependent synapse formation,
and the neural plasticity or adaptive self-organization that
mediates between nature and nurture throughout the life
span, imply that each child’s adaptation will be unique to
that individual (Cicchetti & Tucker, 1994).

To appreciate the adaptive power of the epigenetic pro-
cess described by Gregory Bateson (1979), we must survey
how the structures that guide the assimilation of experi-
ence grow and become integrated in more and more elabo-
rate self-regulatory systems of an organism, and how the

regulations of different individuals who are adapted to act
together may collaborate at different stages to benefit this
elaboration.

Prenatal Stages and Adaptations for
Interdependency with the Mother

In the early development of a child, the cell mass generated
by division of the fertilized egg is dependent for its life on
intimate fusion with tissues of the mother. The immobile
embryo stage, with its integrated body form, differentiated
physiological organs and humoral and central nervous sys-
tems, begins to regulate its own vitality while attached to
the mother’s circulatory system by the placenta. Birth will
be a sudden transition to a far more independent life, and
in the final weeks of gestation there are preparations for
this event, and for the new communications with other
persons that will be needed. At every stage there is both a
dependency on the living environment, and a new life pro-
cess advancing its autonomy with the support of that same
environment.

From the Beginning, There Is Collaboration between
Organisms at Many Levels

Individuation, the making of a human being, begins with
sex. Two unique gene arrays are brought together through
engagement of two adults with their complementary repro-
ductive systems. The process of mating and copulation
between a man and a woman requires a delicate social in-
terplay on many levels of communication. The same is
true for the couple’s sexual cells. Gamete cells work to-
gether with the physiology of the sexual organs to meet
and combine.

Sperm motility is probably a minor factor in the fertil-
ization process. Sperm are found in the oviduct within 30
minutes of deposition, a time “too short to have been at-
tained by even the most Olympian sperm relying on their
own flagellar power” (Storey, 1995). Rather, the sperm ap-
pear to be carried to the oviduct by the woman’s uterine
muscular activity. The activity of the female genital sys-
tem working together with the male ejaculate sets the stage
for fertilization.

A similar reciprocity of action is found near the am-
pullary region of the oviduct, where fertilization takes
place. Fewer than 1 in 10,000 sperm get close to the egg re-
gion (Ralt et al., 1991). Those that do must pass through a
process of capacitation, where the sperm cell membrane is
altered by loss of cholesterol (Cross, 1998) and carbohy-
drates (Wilson & Oliphant, 1987), and its membrane po-
tential becomes more negative through loss of potassium
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ions. These and other negotiations of the sperm with the fe-
male genital tract are required before fertilization can take
place (Topfer-Peterson et al., 2002).

The egg is a remarkable storehouse of life-sustaining cy-
toplasmic molecules accumulated through oogenic matura-
tion. The molecular supplies of energy and amino acids it
holds support the early development of the embryo until it
implants and fixes itself into the uterine lining. Ribosomes,
RNAs, and morphogenetic factors are in place inside the
egg to organize the many complex reactions of protein and
nucleotide synthesis for the early cell divisions.

The sperm, in contrast, arrives with little more than its
half of the genetic material and the necessary enzymes to
digest the outer coverings of the egg for fusion and delivery
of the genetic material. Its primary features are the motor
organelle, or flagellum, the cell nucleus containing the hap-
loid chromosomes, and an acrosomal cap that houses the di-
gestive enzymes needed to lyse the egg’s membrane for
fusion. On reaching the egg, a sperm lines up parallel to its
surface, the zona pellucida, and is actively tethered there
(Baltz, Katz, & Cone, 1988). Egg sperm-binding proteins
crosslink with receptors on the sperm surface, which ap-
pear to be responsible for the release of the acrosomal en-
zymes that dissolve the zona pellucida, causing the sperm
cell membrane to fuse with the membrane of the egg (Ley-
ton, Leguen, Bunch, & Saling, 1992). The process of sperm
and egg fusion and subsequent gene delivery is an interac-
tive process contributed to by both parties.

The Autopoiesis of an Individual Animal Agent

The fertilized cell, or zygote, with its new genetic potential
and its new arrangement of cytoplasm, now produces a mul-
ticellular animal. Cleavage of the fertilized egg gives rise
to 2, 4, 8, and 16 cells in the first few days after fertiliza-
tion. Each cell has the capacity to become any cell type in
the mature body; they are totipotent and can be extracted
to form embryonic stem cells. From the 16-cell morula
stage forward, however, they take courses of specialization
that will eventually give rise to every diverse cell type in
the human body.

At the 16-cell morula stage, cells on the inside develop
into the embryo, but those on the outside become trophecto-
derm and give rise to the embryonic portion of the pla-
centa, the chorion, which produces regulators of immune
response so the mother does not reject the embryo. Chorion
cells also cause the mother’s uterus to retain the fetus and
develop into a mingling of circulatory systems in the pla-
centa that enables the fetus to get oxygen and nourishment
from the mother (Figure 2.8). At the 32-cell stage, the tro-
phectoderm has become distinct from the embryo proper.
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Figure 2.8 Early fetus to show the attachment between the
mother’s tissues and those of the fetus by the placenta. The pla-
centa constitutes an elaborate frontier for amphoteronomic regu-
lation of the vital state of both fetus and mother. Sources: From
Human Embryology: Prenatal Development of Form and Function,
third edition, by W. J. Hamilton, J. D. Boyd, and H. W. Mossman,
1962, Cambridge: Heffer.

Interestingly, the cells of the embryo actively support this
structure, secreting proteins that cause the trophoblast
cells to divide (Tanaka, Kunath, Hadjantonakis, Nagy, &
Rossant, 1998).

The cells of the embryo become organized into three
lines with different potential functions: (1) The ectoderm
will give rise to the outer layer of the embryo and its brain
and central nervous system; (2) the endoderm becomes the
innermost layer and produces the digestive tube and its asso-
ciated organs; and (3) the mesoderm will form the muscles,
bones, blood, connective tissue, and the rest of the somatic
organs. It was recognized by the early anatomists that the
germ layers do not develop on their own. As the embryolo-
gist Pander said, “. .. each layer is not yet self-sufficient
enough to create what it is destined to be; it needs the help of
its companions, and therefore, although destined for differ-
ent roles, all three of them collaborate . . .” (Pander, 1817,
p- 12, original translation).

Reciprocity of relations between cells and between tis-
sues drives embryological processes of body shaping. For
example, the marking out of the anteroposterior embryonic
axis depends on the inductive properties of two signaling
centers: the node and the anterior visceral endoderm
(AVE), which together determine the front end of the em-
bryo (Bachiller et al., 2000); this will become the head, the
lead center of the behaving individual with special recep-
tive and signaling powers (Gans & Northcutt, 1983). The
positions of the node and AVE themselves appear to be ini-
tiated by signals from the extraembryonic ectoderm, which
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Figure 2.9 (a) Early embryos showing formation of the body and CNS. (b) Late embryo. On right, growth of the integrative tracts of
the brainstem. Source: From “Brain Development” (pp. 116-127), by C. Trevarthen, in Oxford Companion to the Mind, second edition,

R. L. Gregory (Ed.), 2004a, Oxford, NY: Oxford University Press.

also induce the patterning of the visceral endoderm (Bren-
nan et al.,, 2001), and by trophoblast Arkadia protein
(Episkopou et al., 2001). Thus, cells from the extraembry-
onic trophoectoderm and embryonic mesoderm and ecto-
derm work together in shaping the initial body pattern of
the early embryo in anticipation of an active life.

Embryos develop three axial gradients of molecular
constitution as foundations of the body plan: the anteropos-
terior axis extending from head to tail, the dorsoventral axis
from the back to the belly, and the right-left or mediolateral
axis (Figure 2.9). An important group of genes in the de-
velopmental network are the homeotic genes that contribute
to the control of specification and cell fate (W. Bateson,
1894; E. B. Lewis, 1994; Robert, 2001). Homeotic genes
guide the formation of the integrative systems of the body
and brain (Boncinelli et al., 1988; E. B. Lewis, 1998). Sig-
naling elements map the body and its segments. Hedgehog
genes produce morphogens in very early stages of the em-

bryo that appear to be crucial to the regulation of whole
CNS polarity, with effects on nerve cell multiplication and
axon growth at subsequent stages (Echelard et al., 1993).
One of the most well-researched signaling molecules is
the small protein Sonic hedgehog (SHH). Patterning by SHH
from the notochord specifies dorsoventral polarity in the
neural tube; SHH signaling in the brain rhombencephalon,
mesencephalon, and telencephalon is thought to perform
similar functions leading to somatotopic mapping in brain
nuclei and the molecular fields of cell surface and diffusible
proteins that guide patterning of nerve tracts (Marti &
Bovolenta, 2002). SHH in developing limb buds specifies
anteroposterior arrangement of digits, and SHH shapes the
external genitalia. Of particular importance, the SHH sig-
naling centers work in feedback relationships with gene
products from neighboring induced tissue and are them-
selves induced, forming dynamic developmental systems
(e.g., see Scherz, Harfe, McMahon, & Tabin, 2004). They
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induce and interact with other signaling centers, forming
complex overlapping spatiotemporal developmental fields.

Morphogenesis of functional adaptive systems in the
embryo is driven by cyclic processes of cell multiplication,
migration, adhesion, selective cell survival or death, and
epigenetic differentiation of cell functions into organs spe-
cialized for different regulatory roles, all dependent on re-
ciprocal interactions between molecular cell surface events
(determined by cell- or substrate-adhesion molecules) and
activation or repression of gene activity (Edelman, 1988).
Gene-regulating processes organize both the polarized and
segmented body form and differentiation and integration
of a coherent system of organs specialized for different
vital roles. They define the ectodermal and endodermal
surfaces of the body and the intermediary mesodermal
sources of the skeletomuscular mechanisms of body action
as well as the visceral, glandular, and circulatory systems
and the fluid tissue of the blood.

A subdivision of the ectoderm, the neurectoderm, forms
the CNS adapted to integrate volitional behavior of the
whole body, its perceptuocognitive guidance, and its core
regulatory emotional states that mediate between vital
maintenance and adventurous engagement with the world.
Neural crest cells, which proliferate at the margin of the
neurectoderm, give rise to the autonomic nervous system.
These neural control systems develop and connect with
each other in interdependent concert with the somatic or-
gans, musculature, and skeletal systems that develop from
meso- and endodermal tissues. The hypothalamus and pitu-
itary, which arise near the tip of the notochord in the loca-
tion of the organizer region of the body (the node), are
important centers responsible for production of hormones
that will regulate processes of feeding, reproduction, and
social affiliation in the developed individual.

We give here a brief account of how the tissues of
the embryo are formed into a whole and coherent organ-
ism adapted not only for a future active life as an individ-
ual, but also for communication in the society of other
human beings (Table 2.3). For more detail on the follow-
ing summary of the formation of mechanisms for move-
ment and perception in prenatal stages, see Trevarthen
(1985), and for an outline of human brain development,
see Trevarthen (2004a). Fetal activity, awareness, and
learning are reviewed in Lecanuet et al. (1995).

Embryo: Vital Integration with the Mother’s
Body and Development of Human Form

An embryo human resembles the embryo of a lower verte-
brate, such as a fish or a salamander. It has a central nerv-
ous system that mediates between the internal visceral

systems and the soma. The latter will become the active
agent for a life of free mobility, with special sensory sys-
tems for perception of the outside world. After 2 months,
when the body has a distinctively human form, the cerebral
hemispheres are just starting to develop.

Early Embryo (0 to 30 days)

In the first 10 days, the fertilized egg develops a protective
amniotic cavity and a nutritive yolk sac and joins with the
mother’s life support system by means of an elaborate
chorionic sac with many selective functions (Figure 2.9;
Table 2.3). The body axis of the embryo is determined, the
notochord appears, and mesoderm cells migrate between
the ectoderm epithelium facing the amnion chamber and
the endoderm epithelium facing the yolk sac. The embryo
may divide in two to create homozygous twins, which, in
spite of their genetic likeness, rarely develop into twins
that are identical in character (Piontelli, 2002). The time of
division, between 3 days and 2 weeks, determines whether
the two embryos will have separate placentas and amniotic
and chorionic membranes (as in all dizygotic twins), or if
some or all of these structures will be shared. Division
after 14 days leads to fused, or Siamese, embryos.

By 20 days, the body is polarized with left-right symme-
try, the neural plate is defined, and the head process forms.
A simple circulatory system appears between the embryo,
the yolk sac, the connecting stalk, and the chorion and
brings a rich food supply from the mother’s blood. As the
chorion develops, the yolk sac shrinks. Distances in the
embryo are now too large for nutrition by diffusion; blood
must circulate between the embryo and chorion, which de-
velops rapidly from the 9th to the 20th day, when the pla-
centa is established. It will enlarge with growth of the
fetus. The placenta is an important endocrine regulator for
the fetus, functioning as a barrier to maternal cate-
cholamines and other substances, filtering out stressors, in-
cluding cortisol (Jones, 1993). Melathonin does pass over
the placenta and seems to be the agent that informs the
fetus about the mother’s day-night cycle, thus preparing for
them to have synchronized circadian rhythms (Yellon &
Longo, 1988).

In the next 10 days, the neural tube closes, body seg-
ments form with muscle somites, and rudiments of special
sense organs of the head and at the tips of the digits appear.
The neurectoderm develops either brain or cord tissue de-
pendent on induction from the ectoderm/mesoderm ratio in
the cell masses. The hypothalamus develops in the organ-
izer region at the end of the notochord, the first motor
nerve axons grow from the spinal cord, and dorsal sensory
ganglia form. At this stage, somatic and visceral columns
are defined in the CNS. The locus coeruleus differentiates.
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TABLE 2.3 Developments in Embryo and Fetus

Early Embryo Late Embryo Early Fetus Midfetus Last Trimester
Days from conception 0-30 30-60 60-100 100-200 200-280
Body length, mm 0.03-5 5-30 30-100 100-270 270-340

Body form and CNS
development

Movements

Sensory systems and
perception

Embryo linked to
mother’s body by pla-
centa. Germ layers and
body form defined.
Neural tube forms and
body segments appear.

Hypothalamus, somatic

and visceral columns in
CNS, and locus
coeruleus differentiate.
Seratonin is present.

Main brain centers,
special sense organs,
and brain stem tracts
and nuclei. First nora-
drenergic, then
dopaminergic systems
appear. Seratonergic
neurons appear in the
forebrain. Amygdala
and hippocampus dif-
ferentiate, with the
basal ganglia.

Axial twisting move-
ments start at 50 d.

Neocortex develops
afferent and efferent
tracts. Seratonin
assists cortical cell
differentiation and
network formation.
Neuroblasts develop
first in hippocampus
and pyriform cortex.
Sexual differentiation
is initiated and HPA
system matures.

Head and arm move-
ments, respiratory,
jaw, and swallowing
movements appear
after 80 d.

Touch responses appear Responses to the

at 50 d.

mother’s body move-
ments, or movements
of a twin, are possible.

Right hemisphere more
advanced than left.
Autonomic system suf-
ficient to allow viabil-
ity in incubator from
170 d. Cholinergic acti-
vation of cortex from
140 d. Axons and den-
drites of necortex cells
start growth from 180
d. Brain waves start
170 d. Habituation to
vibratory stimuli devel-
ops from 160 to 210 d.

Arm and hand move-
ments increase and are
guided by touch to
explore body of fetus
and surrounding
objects. Postural and
gestural movements
show asymmetries.
Heart rate changes
coupled to movements
from 170 d.

Vestibular responses
by 100 d., auditory
from 150 d., and visual
from 180 d.

Neocortical cell den-
dritic fields grow.
Axons extend to brain
stem and commissures
grow between hemi-
spheres. Visual cortex
cells functional from
250 d. EEG develops
rapidly, but is unreac-
tive to stimuli. Sleep-
wake cycle starts 260 d.
Dopamine turnover
high, GABA and
glycine switch from
excitatory to inhibitory
function. Glutamate
and aspartate increase
with noradrenaline and
neuromodulator
galanin.

Respiratory movements
increase. Body move-
ments decrease. Face,
tongue movements
smiling, eye move-
ments and hand ges-
tures increase. Fetus
sleeps, but wakes easily
from 230 d. At term,
spontaneous, automatic
movements respond to
perceptual guidance.
Eyes open and active
from 230 d.

All sensory-perceptual
systems are active
before term, excepting
the cortical visual sys-
tem, which undergoes
rapid development
postterm. Fetus inter-
acts with maternal
movements and uterine
contractures and learn
mother’s voice.

Sources: From Human Embryology: Prenatal Development of Form and Function, third edition, by W. J. Hamilton, J. D. Boyd, and H. W. Mossman,
1962, Cambridge, England: Heffer; “Development of Neurotransmitter Systems during Critical Periods,” by E. Herlenius and H. Lagercrantz, 2004,
Experimental Neurology, 190(Suppl. 1), pp. S8-S21; “Neuroembryology and the Development of Perceptual Mechanisms” (pp. 301-383), by C. Tre-
varthen, in Human Growth, second edition, F. Falkner and J. M. Tanner (Eds.), 1985, New York: Plenum Press; and “How Infants Learn How to
Mean” (pp. 37-69), by C. Trevarthen, 2004b, in A Learning Zone of One’s Own (SONY Future of Learning Series), M. Tokoro and L. Steels (Eds.),

Amsterdam: 10S Press.

At 30 days, the cerebral hemispheres are small, thin-walled
sacs with undifferentiated neuroblasts.

Late Embryo (30 to 60 days)

In the second half of the embryo period, the main compo-
nents of the brain have been formed, and eyes, vestibular
canals, and cochlear, nose and mouth, and the hands are rap-

idly differentiating their distinctive forms, each dedicated
to the picking up of a particular kind of physical informa-
tion from the environment in selective ways (Figure 2.9;
Table 2.3). For most of this period, the nervous system has
no electrical activity and generates no movements, and the
cerebral hemispheres and cerebellum are rudimentary. In
comparison, the brain stem cell groups and tracts are well
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formed (O’Rahilly & Miiller, 1994). They will function as
the intrinsic motive formation (Trevarthen & Aitken,
1994), activating the behavior of the whole organism.

The pathways that will supply input from the environ-
ment and excite movements now develop. First, descending
efferent, then ascending pathways grow from the brain
stem to the spinal cord, and the first monoamine pathways
grow from the brain stem into the primordial cerebral
hemisphere. Retinal fibers grow to the midbrain optic tec-
tum, and other sensorimotor circuits of brain stem and
spinal cord are formed. Noradrenergic neurons, later to be
involved in arousal and attention, fear and anxiety, and
learning and memory, appear in the CNS around 35 to 40
days. Dopaminergic neurons appear a little later, at a gesta-
tional age of 40 to 55 days. They will become important
after birth in motor and cognitive or executive programs
(Herlenius & Lagercrantz, 2004).

Throughout the development of the central nervous sys-
tem, synaptic activity, with interneuronal transmitter
activity, is required for the survival of the synapses. Inac-
tive neurons suffer selective loss, or apoptosis. Very early
synapses are special, however, because they require neither
generation of action potentials nor the calcium ion trans-
portation and vesicle fusions for their maintenance.

Neurotransmitters appear as the integrative systems of
the CNS are forming. Enzymes to synthesize the cate-
cholamines, noradrenaline (norepinephrine) and dopamine,
appear in the first 2 days in the chicken embryo. In pri-
mates, catecholaminergic neurons appear in the midem-
bryo period, at the time when the telencephalic vesicle
is forming.

Neurons producing noradrenaline appear at 35 to 40
days in the human embryo (Sundstrom et al., 1993). They
influence the generation, migration, and maturation of the
cortical neurons. The birth of the first cortical neurons, the
Cajal-Retzius cells, is regulated by the noradrenergic sys-
tem (Naqui, Harris, Thomaidou, & Parnavelas, 1999).

Dopamine appears at around 40 to 60 gestational days in
humans and is produced in the fetus at a very high level
compared to adults (Sundstrom et al., 1993). Dopamine
acting on the D1 receptors, which are abundant prenatally
(Boyson & Adams, 1997), can directly affect gene tran-
scription. Experimental research shows that even subtle
changes in the neurotransmitter systems can directly influ-
ence early brain development. Dopamine antagonists dur-
ing the prenatal period can prevent apoptosis, and lesioning
noradrenergic projections prevents glia cell proliferation
and in the perinatal period leads to abnormal cortical dif-
ferentiation (Berger-Sweeney & Hohmann, 1997; Herle-
nius & Lagercrantz, 2004).

Serotonin (5-HT) can be detected in the fertilized egg
and already affects the development of various organs and
structures. Serotonin in the early prenatal period is also
transported through the placenta from the mother. Seroton-
ergic neurons of the forebrain appear at about 35 to 80 days
in humans. The population of serotonergic receptors peaks
in midgestation, precisely at the time of a very active neu-
rogenesis, including maturation of the hippocampus. By
birth, these receptors are present throughout the cortex,
then are reduced rapidly at around 3 weeks after birth. De-
creased serotonin levels during the early fetal period may
lead to later neurodevelopmental disorders, such as Autism
(D. C. Chugani, 2002). The postnatal peak followed by a
subsequent decline in the level of serotonin typical of chil-
dren without Autism is not seen in the brains of children
with Autism.

The amygdala and hippocampus begin rapid differentia-
tion around 50 days, with fiber connections through the lat-
eral forebrain bundle, and the septum develops cholinergic
nuclei. The corpus striatum, a central coordinating mecha-
nism for adaptive movement routines, is a conspicuous
swelling at 40 days. The neostriatum, caudate, substantia
nigra, and globus pallidus establish mechanisms of basic in-
stinctive motor functions.

The oculomotor nucleus differentiates and the cerebel-
lum and cochlear nucleus receive cells from the prolifera-
tive zone in the hindbrain roof (rhombic lip) as the
hindbrain visceral sensory nuclei develop. Brain develop-
ment is linked with differentiation of the gonads and sex
organs. The special sense organs (eyes, nose, and mouth,
vestibular canals, and cochlear, fingers, and foes) are now
miniatures of their final form (Figure 2.10). The fetus is
hunched, hands up in front of mouth and eyes, the right
hand higher than the left in most.

The wall of the cerebral hemisphere (neocortex) begins
differentiation at about 60 days. Cortical neuron cell types
(stellate cell, pyramidal cell, etc.) are determined before
cells reach their place in the cortex, grow dendrites, and re-
ceive afferents. Brain stem afferents to the cortex are
guided by position-specific molecules and influence corti-
cal cell development. Efferent fibers do not grow from cor-
tical cells until about 60 days.

Fetus: Preparing the Body and Brain for
Intelligent Activities and a Sociable Life

The mammalian brain, with its large neocortex, gains its
distinctive form in the fetus. Activated and directed by the
core motivating processes of the brain stem, the cortex
will assimilate a complex consciousness by engaging with
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Figure 2.10 Early fetus, 60 days, with well differentiated spe-
cial sense organs—eyes, nasal passages and mouth, hands, feet,
semicircular canals of the vestibular system, and cochlear—at
a stage when movements are just beginning and sensory terminals
in the CNS have not formed. Source: From “Brain Development”
(pp. 116-127), by C. Trevarthen, in Oxford Companion to the
Mind, second edition, R. L. Gregory (Ed.), 2004a, Oxford, NY:
Oxford University Press.

physical and social worlds. In the final weeks of fetal life
the expressive organs and receptors that will couple the
emotions of the child to those of parents as teachers are
readied for action, and the unborn infant starts to learn an
attachment to the mother’s person.

Early Fetus (60 to 100 days)

Throughout its development, the neocortex is intimately and
reciprocally connected with the earlier formed nerve sys-
tems of the brain stem and cerebellum that will control ac-
tions of the body and generate autonomic self-regulations
and the emotions of social signaling (Holstege et al., 1996;
Panksepp, 1998a; Figure 2.10; Table 2.3). Neurogenesis of
the cerebral cortex begins.

Serotonergic (SHT) cells appear at about 35 to 84 days in
the human (Herlenius & Lagercrantz, 2004). These cells
send axons to the forebrain and may be of importance in

the differentiation of neuronal progenitors (Gaspar, Cases,
& Maroteaux, 2003). Miswiring problems due to excess or
inadequate activation of specific SHT receptors during de-
velopment may be involved in the genesis of psychiatric
problems, such as anxiety disorders, drug addiction, and
Autism (for review, see Gaspar et al., 2003).

Neocortical neuroblasts begin to accumulate in the pri-
mordial hippocampus and pyriform cortex (paleopallium).
The latter receives olfactory axons and is a vestige of the
main object-identifying and social response system of prim-
itive vertebrates (MacLean, 1990). The neocortex is com-
mitted to receive ordered input of sensory information from
the body surface and special distance receptors.

The special sense organs that formed in the late embryo
become effective in exciting responses in a fixed sequence:
touch to some parts at 50 days, vestibular sense at 100 days,
auditory response at 150 days, and vision at 180 days (Ronca
& Alberts, 1995). But the receptor surfaces are protected
from stimulation before this, while the forebrain cortex cells
are rapidly proliferating and thalamocortical projections are
forming. The eyelids fuse at 50 days and reopen at about 170
days. Transmission of sound by the ear is blocked during the
same period, the mouth is closed, and there are skin pads
over the tips of the fingers.

Efferent fibers now grow from neocortical cells to thal-
amus, midbrain, and cerebellum. Subthalamic visual and
auditory centers (superior and inferior colliculi) develop
their circuits. Long corticocortical axons grow within and
between the hemispheres, molding cortical folds that mul-
tiply throughout the fetal stage.

Control of sexual differentiation by steroid hormones is
related to regulation of gene expression in the CNS. At 60
to 80 days, the hypothalamus with the medioventral reticu-
lar formation and the endocrine system of gonads and
adrenals regulates development of the body and its second-
ary sexual features.

Now the fetus begins to move. Simple axial twisting
movements of the body can be detected from around 60
days. Movements increase as axodendritic and axosomatic
synapses form in the cortex from this time, and the number
of arm movements increases from about 70 days. Move-
ments influence development of tactile and vestibular sys-
tems and the face; respiratory movements affect lungs;
swallowing affects formation of the mouth; and joint devel-
opment benefits from limb movements (Ronca & Alberts,
1995). Fetal movements also begin to communicate with
the mother through stimulating her body.

Many hand and head movements are made by 90 days,
when there is a second phase of synaptogenesis, and gen-
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eral, cyclic movements remain throughout gestation, resem-
bling movements of the neonate.

Nerve cells form in the cortex from 60 to 120 days, and
cortical cell death (apoptosis) starts. Cell numbers are es-
sentially stable from 140 days, but there is cell loss later in
development. Rapid growth in the fetal cerebral wall and
folding of the cortical mantle is due to neuron enlargement
and dendrite growth.

Midfetus (100 to 200 days)

Postural and gestural movements of the fetus show asym-
metries, and a preference observed in self-stimulatory
thumb-sucking in individual fetuses of 15 weeks gesta-
tional age correlates with hand preferences seen in the 2nd
year after birth (Hepper, 1995; Table 2.3). The right hemi-
sphere is more advanced than the left from about 170 days
to the 2nd postnatal year, apparently due to asymmetric
input from subcortical systems. It is more involved in
trophotropic regulations than the left hemisphere, which is
richer in dopaminergic systems (Trevarthen, 1996; Tucker,
2001) and will take the lead in regulation of early commu-
nicative responses to maternal care (Schore, 1994).

At 140 days, fetuses are active approximately 25% of
the time, moving about once per minute, and can actively
regulate their nutrition and protein metabolism by swallow-
ing amniotic fluid. From this stage until term, fetal heart
rate slows appreciably and becomes more variable due to
increasing parasympathetic maturation. At 170 days, the
neurological and metabolic machinery for self-maintenance
without placental support is sufficiently advanced for an
infant to be viable in an incubator. The change is a sudden
one, the 6-month-old fetus having achieved a characteristic
state of relative functional readiness or autonomous regula-
tion (Als, 1995).

The motor activity of the fetus is due to the maturation
of neuroneuronal and neuromuscular transmission systems.
The cholinergic activation in the human brain starts at
around the 20th week of gestation (Herlenius & Lager-
crantz, 2004).

Last Trimester (200 to 280 days): Preparation for Birth

Axons and dendrites grow from cortical cells between
180 and 260 days, following the order of the formation
and migration of the cells into the cortex: first those that
project to subhemispheric sites, then those that project
within the hemispheres or across the commissures between
them (Table 2.3). Visual cortex cells show changes antici-
pating thalamic input from the retina from about 250 days.
Around 200 days, inspiratory movements of the chest and

responsiveness to vibroacoustic stimuli increase, related to
cortical regulation of autonomic processes. Body move-
ments decrease, and simple movements of the mouth and
the tongue increase and rhythmic mouthing movements are
present from 240 days in healthy fetuses. Facial expres-
sions, tongue movements, scowling, eye and mouth opening,
blinking, yawning, smiling are present in third trimester fe-
tuses, as in neonates. Fetuses learn and are able to habitu-
ate to vibratory stimuli and “remember” them even 24
hours later.

At 230 days, the fetus is more alert and better coordi-
nated, waking easily to stimulation, and showing the first
spontaneous eye movements with lids wide open. The infant
may raise hands to face, place them in the mouth, and suck
them actively and rhythmically. Exploratory grasping oc-
curs. For most of the last trimester the fetus is in a sleepy
state, however.

The brain stem reticular formation, which will regulate
sleep, spontaneous orienting, and consciousness after birth,
exhibits patterned electrical activity first in the pons, at 70
days. The activity then advances through the midbrain
reticular formation and basal ganglia, spontaneous rhyth-
mic brain waves appearing in scalp electrodes at 170 days.
At the time the fetus becomes viable, the electroencephalo-
gram (EEG) becomes more regular, with bursts of theta
waves (4 to 6 cps) synchronized within each hemisphere.
Within a week or 2, this isosynchronism diminishes. At
210 days, higher-frequency bursts become more common
(10 to 14 cps), this being the period of most rapid develop-
ment of the EEG (170 to 250 days). There are still no elec-
troencephalic reactions to stimuli and no sleep-wake
differences. Activities at this time are probably of subcor-
tical origin.

A distinction between sleep and waking tracings appears
at 260 days. The waking EEG is similar to that of the full-
term infant, but the sleep record differs, characteristics of
the much younger (210 days) EEG reappearing in light
sleep. Habituation to a vibratory stimulus has been studied
to test responsiveness and regulation in fetuses. It is ob-
served from about 160 days and finishes development at
about 210 days, females being approximately 3 weeks ear-
lier than males (Hepper, 1995).

The dopamine turnover is relatively high during the
perinatal period, compared to adults. Extremely high levels
of D1 receptors have been reported in the pallidum during
the perinatal period (Boyson & Adams, 1997). D1 receptor
stimulation regulates transcription of other genes, and it is
possible that abnormal perinatal stimulation can result in
long-term consequences (Herlenius & Lagercrantz, 2004).
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Twenty-five to 40% of neurons contain gamma-aminobu-
tyric acid (GABA), which switches from a prenatal excita-
tory function to an inhibitory function after birth with the
appearance of the K+4/Cl-KCC2 cotransporter at around
1 week of age (Miles, 1999). Glycine, another inhibitory
amino acid neurotransmitter, similarly switches from excita-
tory to inhibitory function in the spinal cord and the brain
stem. The disappearance of the automatic regulatory neona-
tal reflexes is related in part to the switch to inhibitory func-
tions of these neurotransmitters (Fitzgerald, 1991).

Almost half of the synapses in the brain contain gluta-
mate or aspartate, the main excitatory neurotransmitters
that are most abundant around 1 to 2 years after birth in the
human brain (Benitez-Diaz, Miranda-Contreras, Mendoza-
Briceno, Pena-Contreras, & Palacios-Pru, 2003). Various
other amino acids also show peaks and pre- or perinatal
surges. They are abundant in the brain with slow trans-
portation and slow effect and are often cosynthesized and
stored with various other neurotransmitters. Many have a
neuromodulatory function; that is, they assist in regulation
of the synthesis and expression of the principal neurotrans-
mitter molecules. For example, approximately 80% of the
noradrenergic neurons contain galanin, a neuromodulator,
which may control the rapid increase of noradrenergic re-
lease at birth (Herlenius & Lagercrantz, 2004).

Production of several neurotransmitters is activated
around birth. The surge in the production of noradrena-
line may contribute to the development of affectionate
bonding between the mother and infant by increasing so-
matosensory attention (awareness of touch and tempera-
ture stimulation) and the interpersonal communication of
motives of the newborn child (Sullivan, Wilson, Lemon,
& Gerhardt, 1994). On the other hand, neonatal stress, in-
cluding pre- and perinatal hypoxia, affects the expression
and level of neurotransmitters and their receptors, and
such changes could be a factor in the future mental health
of the child.

Research on the behavior, psychology, and physiology
of the fetus indicates that in the last trimester, functions
are established in anticipation of an active postnatal life,
and especially for assimilating and collaborating with ma-
ternal care (Lecanuet et al., 1995). Motor coordinations
exist that are obviously adapted for visual exploration,
reaching and grasping, walking, and expressive communi-
cation by facial expression and gesture (de Vries, Visser,
& Prechtl, 1984, 1988; Prechtl, 1984). Respiratory move-
ments and amniotic breathing appear several weeks before
birth, and heart rate changes have been coordinated with
phases of motor activity from 24 weeks (James, Pillai, &

Smoleniec, 1995). This is indicative of the formation of a
prospective control of autonomic state coupled to readi-
ness for muscular activity on the environment, a feature
of brain function, which Jeannerod (1994) has cited as ev-
idence for the formation of cerebral “motor images” un-
derlying conscious awareness and purposeful movement.
Both heart function and respiratory movements are stimu-
lated by maternal hormones and contractures of the uterus
that are both spontaneous and stimulated by oxytocin
(Nathanielsz, 1995). Contractures can alter the oxygen
level of the fetus by affecting placental circulation and se-
cretion of cortisol and other hormones that might be both
cause and effect of brain developments. Unlike a mature
brain, which reacts to deoxygenation by a panic response,
a fetal brain reacts to a drop in oxygen by protective with-
drawal into inactivity.

Birth and Infancy: Regulations with a Growing Body
and Brain and Development of Shared Experience

A normal birth is a highly collaborative process, the
mother’s body being influenced by her own hormonal sys-
tem and by stimuli from the infant. In turn, the infant re-
ceives stimulation and mechanical effects from delivery
that assist the onset of breathing, the transition from um-
bilical to pulmonary respiration. “Fetal brain expectation,”
readying for postnatal life, is evident in developments of
prematurely born infants (Als, 1995).

Newborns with a well-integrated regulation of activity
and awareness as measured by EEG sleep patterns have
more successful interactions with the mother and fewer
problems in later childhood and adolescence (Parmelee
et al., 1994). Quiet sleep, which is a state of restful disen-
gagement from the environment, is related to cognitive
functions from early infancy through childhood, but not so
consistently to attention measures. Active sleep of the
neonate, which is more easily disrupted or distracted by
stimuli, correlates with vigilant attention in childhood, and
it correlates with regulation of norepinephrine in the
frontal cortex and wakefulness. What are called indetermi-
nate sleep patterns of the newborn indicate poor state orga-
nization and are prognostic of poorer performance on both
cognitive and attention measures in childhood. Left hemi-
sphere EEG power spectrum analysis confirms other indi-
cations that the left hemisphere is adapted for vigilance
rather than recuperation, which correlates with evidence
that the role of the right hemisphere, and especially the
right orbitofrontal system, is complementary for establish-
ing close regulatory affective links with the mother in in-
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fancy (Schore, 1994) and perhaps for more sustained rather
than shifting vigilance (Posner & Petersen, 1990). “Poor
social interactions and general socioeconomic circum-
stances amplify the negative effects of poor state organiza-
tion, and good social interactions and socioeconomic
circumstances diminish the effect confirming state organi-
zation as important for the biological environmental inter-
face” (Parmelee et al., 1994, p. 550).

Adaptations for Mothering, on Both Sides

Newborn infants, like young of other mammalian species,
are prepared for state regulation within maternal care (C. S.
Carter, Lederhendler, & Kirkpatrick, 1997). They respond
to the touch, movement, odor, and warmth of a mother, and
sleeping with the mother may help the development of
cardiac and respiratory self-regulations (McKenna &
Mosko, 1994). With regard to the regulatory importance of
skin contact, it is of great interest that human hair follicles
can synthesize cortisol, and this is regulated by hypothala-
mic and pituitary hormones, including ACTH, B-endorphin,
and CRH. Thus, hair follicles assist in the coordination
stress response and integrating with changing metabolic de-
mands and neuroimmune signaling circuits (Ito, Ito, & Paus,
2005). There are positive effects of gentle massage and
other forms of tactile stimulation for premature infants
(Field, 2003), and these can be related to how normal moth-
ering of the newborn involves much gentle touching of the
baby (Kennell et al., 1974). Rat pups gain regulatory benefit
from maternal stroking or licking, and very small preterm
human neonates given tactile-kinesthetic stimulation gain
more weight per day, spend more time awake and active,
and show more mature habituation, orientation, motor, and
range of state behaviors on the Brazelton assessment
(Schanberg & Field, 1987).

Infant’s arousal and expressions of distress are immedi-
ately responsive to stimulation from breast-feeding, in-
cluding responses to the sugar and fat content of breast
milk (Blass, 1996), and this physiological response is al-
ready linked with a sympathetic psychological or interper-
sonal awareness; it is facilitated if the newborn has sight of
the mother’s eyes (Zeifman, Delaney, & Blass, 1996). Full-
term newborns show not only orienting to the nipple by
so-called rooting reflexes, but an impressive control over
the complex movements of suckling and swallowing for
breast-feeding (Craig & Lee, 1999), and the mother has, of
course, many adaptations of body, behavior, and hormonal
control of milk production, stimulated by the hormones
oxytocin and prolactin, that help her feed the baby.

Getting Ready to Communicate Thought and
Learn Signs of Thought

The remarkable, and only recently adequately explored,
abilities of newborn infants to imitate communicative ex-
pressions of adults in many forms is but part of a highly
coordinated adaptation to regulate or negotiate intersub-
jective contact (Hobson, 2002; Trevarthen, 2005a; Figure
2.11). The attempts of the infant to imitate are accompa-
nied by efforts to “invite” or “provoke” return imitations
form the partner. Moreover, these behaviors are associ-
ated with heart rate changes that indicate imitating is car-
ried out in an energetic excited phase, marked by HR
acceleration, whereas provocations are accompanied by an
oriented and attentive or watchful state and HR slowing
(Nagy & Molnar, 2004).

The regulatory mechanisms of the infant brain are reac-
tive to endocrine steroids and other hormones (McEwen,
1989, 1997a, 1997b; Suomi, 1997), but they are also ready at
birth to formulate and express motivated behaviors, includ-
ing coherent emotions. An intricate mutual psychobiological
dependency is set up between a newborn infant and the care
of a mother or mother substitute (DiPietro, Irizarry, Costi-
gan, & Gurewitsch, 2004). Modern perinatal medicine finds
evidence that this system of regulation cannot be fully re-
placed by artificial clinical mechanisms (Als, 1995), and
there are concerns that the increase of elective or medically
advised cesarean births may violate the principles or mutual
hormonal regulation between fetus and mother in the pro-
cess of natural birth (Nissen et al., 1996).

Newborns, and possibly fetuses, too, react to and gain
regulation from the rhythms of maternal breathing and
heart beat (McKenna & Mosko, 1994), and fetuses and in-
fants are also supremely sensitive to maternal vocal pat-
terns (DeCasper & Fifer, 1980; Fifer & Moon, 1995;
Hepper, 1995). These emotional responses to caregivers
must play a crucial role in the regulation of early brain de-
velopment (Als, 1995). They are likely to guide differenti-
ation of perceptual discrimination, cognitive processing,
memory, voluntary deployment of attention to environmen-
tal objects, and executive functioning or problem solving
(Schore, 1994; Tucker, 1992).

Long before the oral-vocal system is skilled in imitating
speech and using it, or the hands can use symbols in a sign
language or writing, the eyes, hands, face, and voice of an
infant may move in coordinated exchanges of expressions
of feeling with an attentive and sympathetic partner. The
mechanisms for vocal expression of emotion and those for
speech that develop around midgestation (de Vries et al.,
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Figure 2.11 Infants communicating in the first year. a: Mutual imitations with mother or hospital nurse, less than one hour after
birth (Photographs by Kevan Bundell). b: Infant in family at 3 months and in the Psychology Laboratory of Edinburgh University at 6
weeks, in protoconversation with her mother. c: Infants at 5 and 6 months enjoying practice of nursery action songs, Leanne shares
“Round and round the garden” with her mother; Emma shows “Clappa clappa handies.” d: One-year-olds share interests; Basilie reads
with mother in Edinburgh; Adegbenro show his toy in Lagos. (Photos John and Penelope Hubley). Source: From “How Infants Learn
How to Mean” (pp. 37-69), by C. Trevarthen, in A Learning Zone of One’s Own (SONY Future of Learning Series), M. Tokoro and
L. Steels (Eds.), 2004b, Amsterdam: IOS Press; “Action and Emotion in Development of the Human Self, Its Sociability and Cultural
Intelligence: Why Infants Have Feelings like Ours” (pp. 61-91), by C. Trevarthen, in Emotional Development, J. Nadel & D. Muir
(Eds.), 2005a, Oxford: Oxford University Press; and “Stepping Away from the Mirror: Pride and Shame in Adventures of Companion-
ship: Reflections on the Nature and Emotional Needs of Infant Intersubjectivity,” by C. Trevarthen, in Atrachment and Bonding: A
New Synthesis (Dahlem Workshop Report 92), C. S. Carter, L. Ahnert, K. E. Grossman, S. B. Hrdy, M. E. Lamb, S. W. Porges, et al.

(Eds.), 2005¢, Cambridge, MA: MIT Press.

1988; Piontelli, 1992; Prechtl, 1984) are organized around
nuclei of the brain stem and the basal ganglia, thalamus,
and limbic cortex (Ploog, 1992; Trevarthen, 2001b). These
are structures that Paul MacLean (2004) identifies with the
reptilian instinctive motor complex (R-complex) important
in the evolutionary background of communicative behav-
ioral routines in mammals, and which are greatly elabo-
rated in humans.

Multimodal brain stem circuits would seem to be crucial
to communication with neonates and for their first imita-
tions, which develop into well-controlled protoconversa-
tional abilities by 6 weeks, before visual awareness has
undergone rapid development in the first 6 postnatal
months. Developments in the mesolimbic cortices of the
temporal and frontal lobes in infants and toddlers trans-

form autonomic self-regulation, emotions in communica-
tion, and the motives for action and experience (Schore,
1994, 1998). At all stages, limbic and neocortical circuits
emerge in reciprocal, dynamic, and increasing involvement
with the multimodal core regulatory systems of the intrin-
sic motive formation (Trevarthen & Aitken, 1994) formed
in utero (O’Rahilly & Miiller, 1994; Panksepp, 1998a; Rob-
bins, 1992; Tucker, Derryberry, & Luu, 2000).

Brain Events in the 1st Year

There are major transformations in brain structure and
function during the 1st year of infancy: in electrical activ-
ity and EEG coherence, cortical cell anatomy and connec-
tions, myelinization, brain metabolism, neurochemistry,
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synaptogenesis and synaptic activity, receptor site multi-
plication and activation or deactivation, and gene activity
(Dawson & Fischer, 1994; Nelson & Luciana, 2001).
Charting of these changes with infants at accurately known
ages after birth and with fine enough discrimination of dif-
ferent brain systems is not far advanced at present, in spite
of spectacular development of noninvasive techniques.

The newborn brain is a different shape from the adult’s:
Frontal, parietal, and temporal lobes are relatively small.
There is a conspicuous enlargement of the frontal region
around the end of the 1st year. Measurements of head cir-
cumference apparently demonstrate significant age-related
peaks of rate of growth at 3to 4, 7to 8, 10to 11, and 15 to
18 weeks (Fischer & Rose, 1994). There are no other meas-
urements that discriminate possible transitional events as
well as these data appear to do.

Myelinization studies show that some cortical and subcor-
tical structures undergo extensive functional development.
In the first 3 months, the greatest change is observed in
motor pathways, sensory roots of the spinal cord, and visual
projections to the midbrain tectum, thalamus, and cortex
(Barkovich, Kjos, Jackson, & Norman, 1988). Subthalamic
auditory pathways are more mature than visual ones at birth,
but postthalamic auditory projections develop much more
slowly than the visual over the first few years. Thalamocorti-
cal tracts for touch also develop slowly.

At birth, a rapid proliferation of dendritic branches of
cortical cells and synaptogenesis, which began just before
term, is continuing. After 3 months, growth of major den-
dritic branches ceases, but synapse density continues to in-
crease until 6 months (Bourgeois, 2001; Huttenlocher,
1990). Synaptogenesis occurs at different times in different
areas of the human cortex but is largely complete by the
end of the Ist year. In the visual cortex, synaptic mecha-
nisms of layer 4 neurons undergo rapid maturation at the
same time as binocular stereopsis develops (Held, 1985;
Held, Birch, & Gwiazda, 1980). The first 3 months is a
time when sleep regulations that were set up prenatally,
and associated processes of respiration and circulatory
control undergo extensive consolidation (Kohyama, 1998).
These changes are linked most obviously with develop-
ments in the body’s motor capacity and in visual alertness
and discrimination. The infant is becoming more open to
the world and more adept at social exchanges.

Itis likely that a large selective elimination of interhemi-
spheric axons of the corpus callosum takes place during the
first 6 months, before the callosal axons start myelinating
(Innocenti, 1983). EEG coherence studies show that differ-
ent corticocortical tracts between pairs of locations in the
cortex are changing in their efficiency at particular ages,

and comparisons between locations in the two hemispheres
indicate that cycles of development swing between left and
right cortex throughout childhood (Thatcher, 1994).

PET scan evidence showing regional glucose utilization
in infants’ brains (H. T. Chugani, 1994, 1998) indicates
that in the newborn in the primary sensory and motor cor-
tices, thalamus, brain stem, and the vermis of the cerebel-
lum are undergoing intense development, and the basal
ganglia, hippocampus, and cingulate gyrus are also active.
Parietal, temporal, and primary visual cortices, basal gan-
glia, and the cerebellar hemispheres are found to be devel-
oping during the first 3 months. The lateral and inferior
frontal cortex shows increase of glucose consumption after
6 to 8 months, and the dorsal and medial frontal cortices
show comparable increases only between 8 and 12 months.
At 1 year, the infant’s pattern of glucose utilization resem-
bles that of an adult.

Foresightful Motives and Sociability: The
Prefrontal Cortex

The prefrontal cortex (PFC) is now understood in cogni-
tive psychology to be especially responsible for executive
functioning, that is, with processes that program, control,
and verify sensory information processing in the planning
and organizing of behaviors (Figures 2.5 and 2.6). It is ac-
tive in the selection or inhibition of specific behaviors, in
initiating them and anticipating the effects. In short, from
this perspective, the PFC performs complex cognitive
functions integrating memory and imagination (D. A.
Lewis, 1997). It is understood to have an essential role in
the integration of information in future time (Fuster,
1989; Goldman-Rakic, 1987), a mastery of “time in the
mind” (Poppel & Wittmann, 1999) that accords with the
close reciprocal anatomical relationship between the PFC
and the cerebellum, which regulates the sensorimotor co-
ordination of fast movements. The dorsolateral PFC is be-
lieved to retain transient memory traces that link the
temporal discontinuities between recent events and future
responses. The whole of the frontal part of the brain seems
to “think ahead,” and it is crucial for the integration and
control of elaborate action plans and associated acts of se-
lective attention and learning. But the ventromedial PFC,
in association with the insula and limbic cortices, is also a
regulator of emotion and of the motivation for efficient
mental functioning in the pragmatics of social life, includ-
ing the self-regulation of agency and goal-directed activity,
social self-awareness, and moral behavior (Anderson,
Bechara, Damasio, Tranel, & Damasio, 1999; Damasio,
1999; Damasio et al., 2000; Schore, 1994).
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The frontal lobe undergoes important developments in
infancy as a child becomes more active in collaborative
awareness and learns to share meaningful experience with
other persons (Diamond, 1991; Schore, 1994). In the last
3 months of the 1st year, when an infant is increasingly at-
tentive to a parent’s purposes (Hubley & Trevarthen,
1979; Trevarthen & Hubley, 1978) and performing ex-
pressive acts of protolanguage (Halliday, 1975), conspicu-
ous developments in the prefrontal cortex correlate with
advances in crawling and in the comprehension required
for object-permanence tests of strategic attention, and for
cognitive processes of executive intelligence (Bell & Fox,
1996). Evidently, brain mechanisms for action plans and
locomotor maturation share common regulatory factors
with motive systems that mediate in interpersonal atten-
tion and response to others’ communicative expressions.
Both phylogenetic and ontogenetic or developmental con-
siderations would lead to the conclusion that this anterior
part of the brain has evolved to integrate intrinsic emo-
tional regulations with environmental information in
the production of adaptive movements (Damasio, 1994;
Luciana, 2001).

In the social world, the PFC appears to perform the
most elaborate regulations of expressive communication.
Complex cross-modal, or multisensory, integrations are
required to match the underlying intentions and feelings
in behaviors of other subjects (Diamond, 1990; Goldman-
Rakic, 1987; Schore, 1994). In both monkeys and humans,
parts of the PFC have a key role in the postnatal develop-
ment of imitative communication skills, and in humans
Broca’s area mediates in the acquisition of all productive
aspects of language, including speech (Damasio & Dama-
sio, 1992). Research in monkeys has shown that the exci-
tation of “mirror” neurons in frontal areas homologous
with or adjacent to Broca’s area “imitates” hand actions.
Activation of these cells can specify either a gesture by
the subject or visual perception of the same gesture in an-
other individual (Rizzolatti & Arbib, 1998). They are part
of what is now recognized as an extensive set of person-
recognizing “sympathy” mechanisms distributed through-
out associative and motivating regions of the cortex,
including regions that mirror actions and others that are
specifically involved in sympathetic reactions to viscero-
motor regulations and the emotional expressiveness of
communication (Decety & Chaminade, 2003; Gallese,
Keysers, & Rizzolatti, 2004).

Given the relative immaturity of the frontal cortex in
early infancy, it is likely that unidentified subcortical
motor mirror neuron components of a “sympathy system”
are responsible for imitation in the 1st year, at least for the

many imitations of discrete and arbitrary expressions that
neonates may perform. Mirroring actions involves trans-
modal sensory recognitions, and there are many multi-
modal neural populations in the brain stem, for example, in
the superior colliculus and periaqueductal gray. These are
integrated with systems that formulate motor images for
action and expression (Holstege et al., 1996; Panksepp,
1998a). It should be recalled that lower vertebrates that
lack a neocortex are capable of communicating by emitting
and perceiving stereotyped motor routines (action pat-
terns) that are made more salient by various signs stimuli
on the body of the emitter (MacLean, 1990; Tinbergen,
1951). However, it has been demonstrated that regions of
the frontal and temporal cortices that become essential for
face recognition and for the understanding and production
of speech in adults are already active in young infants when
they are presented with a picture of a person (Tzourio-
Mazoyer et al., 2002).

The frontal lobes depend on receptive and regulatory
functions of other cortical regions and on extensive recip-
rocal relations with the brain stem emotional mechanisms
(Schore, 1994). Structures that have a comparativel

long development in humans and that are involved in the

elaboration of new functions from fetal stages to adulthood
include the reticular formation, hippocampus, dorsomedial
temporal lobe, and parts of the cerebellum (Gilles,
Shankle, & Dooling, 1983; Yakovlev & Lecours, 1967).
These all mediate in collaboration between intrinsic moti-
vating activities and acquisition of new organization under
environmental instruction.

Children with Autism show abnormalities in the
anatomy and function of PFC, as well as in medial tempo-
ral and parietotemporal cortices, which correlate with
their difficulties in expressive communication and aware-
ness of other persons’ feelings and intentions (Dawson
et al., 2002).

Sensing Others’ Feelings and States of Mind from
Their Movements and Building Memories of
Relationships: The Temporal Lobes

Understanding others’ speech and all other forms of com-
municative expression involves the superior temporal cortex
(STC), the fusiform gyrus on the ventral surface of the
temporal lobe, and the left temporoparietal cortex (Wer-
nicke’s area; Damasio & Damasio, 1992; Figures 2.5 and
2.6). Emotions of interpersonal awareness, which perform
the essential regulations of affective and intersubjective
contact, are mediated by the entorhinal cortex, amygdala,
and hippocampus of the temporal lobes.
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Development of language is governed by principles of per-
ception and motor expression that motivate conversational
interactions between infants and their parents (Trevarthen,
1990, 2004b, 2004c, 2004d). Preverbal communication in-
volves both limbic and neocortical mechanisms in temporal
and prefrontal parts of the hemispheres, as well as many sub-
cortical structures of forebrain, diencephalon, midbrain, and
hindbrain. The orbitofrontal cortex, linked to the mediolat-
eral temporal cortex, has a key role in regulation of the bal-
ance between psychobiological state and transactions with
the environment, including affective transactions with a
caregiver (Field, Fox, Pickens, & Nawrocki, 1995), and it
undergoes important elaboration in infancy (Schore, 1994,
1998, 2001).

The hippocampal system (hippocampus, parahippocam-
pus, entorhinal cortex, and perirhinal cortex) is important
for forming a coherent set of memories of persons and so-
cial events and for recalling them in understanding engage-
ments in the present (Cohen et al., 1999).

EARLY STRESS AND PSYCHOLOGICAL
DEVELOPMENT: PROCESSES THAT CAUSE
OR RESIST PATHOLOGY

We understand psychophysiological stress to be a product
of the tension or balance between motive impulses to act on
the environment and challenge it (ergotropy) and restora-
tive processes that sustain vital integrity and capacity for
action (trophotropy). The central nervous system, closely
coupled to endocrine mechanisms that control essential
cellular processes of organs that regulate the metabolism of
the body and its internal environment, has a key role. It co-
ordinates the balance of action and restoration and is itself
both responsive to beneficial stimulation and vulnerable to
excessive stress.

Developmental Neuropathology

Developmental psychopathology and developmental neu-
ropathology have the task of explaining how the long and
elaborate preparation for human intersubjective existence
may go wrong at any stage of the formation of the brain’s
systems of motivation and prospective control of action,
with the aim of improving both recognition and treatment of
problems (Cicchetti, 1984, 1990; Cicchetti & Tucker, 1994).

Throughout the development of the brain, the balance of
effects in a child’s engagement with the outside world, and
especially with other persons, determines the processes
that promote further and more elaborate action and re-

sponse. Developments in the brain and body and in their
genetic and epigenetic regulations undergo intrinsically
regulated, age-related changes and respond to environmen-
tal stimuli and demands. Links between persons and their
brains, mediated by transmitted effects of vital activities
and movements of their different bodies, have importance
at every stage.

Developing Autonomy in the Regulatory System of
the Fetus and Coregulation before Birth

The ability of the embryo and fetus to respond adaptively
to stress develops early in gestation. The most important
parts of the future stress circuit, the hypothalamic region
and the primordium of the hippocampus, are present in the
human embryo at approximately 30 days after conception.
Forebrain systems (such as the amygdala, stria terminalis)
that will in future activate the HPA axis to socioemotional
stressful events, are developing at the same time. The func-
tion of the HPA axis fluctuates throughout pregnancy, with
a temporary suppression period in midpregnancy.

After early fetuses react to sensory stimulation around
the 7th week of gestation, repeated stimulation results in
an apparent hyperexcitability. This might correspond more
with the development of the motor capacity of the fetus
than with any experience of pain. It is also possible that the
brain may react to stress earlier, when movements can-
not occur. From the 16th week of gestation, increased
blood flow in the fetus has been shown to follow invasive
procedures (Teixeira, Glover, & Fisk, 1999), and from the
18th week, a rapid increase of the level of noradrenaline
and a slower increase of the cortisol and beta-endorphin in-
dicate the presence of a fully functioning stress response
to painful invasive procedures (Gitau, Fisk, Teixeira,
Cameron, & Glover, 2001). Fetuses show complex reac-
tions to noxious stimuli long before there are thalamocorti-
cal projections to the cortex at around 26 weeks, and these
reactions include stress responses that are likely to affect
development (Vanhatalo & van Nieuwenhuizen, 2000).

Stress responses of the mother lead to increased gluco-
corticoid levels by activation of her HPA system. The fetus,
however, possesses protective mechanisms to filter the ef-
fects of maternal hormones. The placenta can block the
transport of glucocorticoids into the fetal circulation, par-
tially protecting the fetus from the maternal stress response
(Jones, 1993). The 11-beta-hydroxysteroid-dehydrogenase
enzyme of the fetus provides another level of protection by
breaking down the cortisol to inactive cortisone.

Higher circulating cortisol level leads to the HPA axis
becoming suppressed to prevent the production of further
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cortisol, which could be damaging to the organism. How-
ever, between the 18th and 40th weeks of gestation, the
negative feedback from the circulating cortisol to the HPA
axis is itself reduced, which means that a high level of glu-
cocorticoids could in fact have negative effects on fetal
growth and development as the fetus opens this potential
transmission of strong effects from the mother.

Although the level must be modulated, prenatal expo-
sure to glucocorticoids in the fetus is necessary for normal
growth and development. The production by the placenta of
the 11-beta-hydroxysteroid-dehydrogenase enzyme, which
protects the fetus from the high level of glucocorticoids, is
in fact regulated by the maternal glucocorticoids. This col-
laborative regulation is one of the most important mecha-
nisms to protect the fetus from too high levels of maternal
glucocorticoids (van Beek, Guan, Julan, & Yang, 2004).
The same enzyme is important in the development of sur-
factant in the fetal lung, the compound that makes the lung
surface able to absorb oxygen and thereby makes the fetus
independently viable (Hundertmark et al., 2002).

Measurement of fetal heart rate (FHR) acceleration to
vibroacoustic stimulation (VAS) can be used from week 28
to detect the capacity of the fetus to respond and to self-
regulate (habituate; Groome, Bentz, & Singh, 1995; Hep-
per, 1995). VAS by a vibrator applied to the mother’s belly,
though artificial, might be considered to act like a mother’s
voice to attract the readiness of the fetus to engage with
her. There appears to be a change after 32 weeks, when
VAS causes FHR deceleration, possibly indicative of a new
alerting response (Jensen, 1984). The subthalamic brain
stem auditory system is well-developed from the second
trimester. Maternal emotional state can have effects on the
fetal response. Fetuses of depressed mothers, but not those
with anxiety disorders, have a higher baseline FHR, show a
greater response to VAS, and return to their baseline levels
more slowly (Allister, Lester, Carr, & Liu, 2001; Monk
et al., 2004).

Winnicott (1960) identified a “primary maternal preoc-
cupation” of expectant and new mothers. Pregnancy is as-
sociated with a dampening of the mother’s physiological
reaction to stressors or exercise and a temporary reduction
of cognitive capacities (Barron, Mujais, Zinaman, Bravo,
& Lindheimer, 1986; Buckwalter, Stolley, & Farran, 1999;
deGroot, Adam, & Hornstra, 2003; Kammerer, Adams, von
Castleberg, & Glover, 2002; Matthews & Rodin, 1992). All
these changes reflect sympathetic activation of the mother
by the fetus.

The fetus is an active agent (Smotherman & Robinson,
1987) and can stimulate labor (Challis et al., 2001). DiPi-
etro et al. (2004, p. 518) offer evidence that the relation-

ship between the fetus and mother is bidirectional from the
start, and they propose that the capacity of the fetus to in-
fluence the mother’s psychophysiological
midgestation has been underestimated: “The observed phe-
nomenon of maternal sympathetic activation by the fetus
may serve a signal function to the pregnant woman in
preparation for the consuming early demands of child rear-
ing and redirecting maternal resources directed at compet-
ing but less relevant environmental demands.” Moreover,
the same research group (DiPietro, Hodgson, Costigan,
Hilton, & Johnson, 1996) found that a stable synchrony of
regulation is characteristic of individual maternal-fetal
pairs. A mutually adapted pair of individuals forms a single
integrated system with its own synchrony.

state from

The Relationship after Birth

Clearly, the mother-child mutual regulation is active and
functioning to assist development before birth, but all sys-
tems that have been linking a developing embryo and fetus
with regulatory systems of the mother’s body are trans-
formed after birth by maturation of attachment systems
that sustain parental care and that lead to the development
of regulations of emotional companionships and shared ac-
tivity that will foster the learning of knowledge and skills
throughout life. The “evolutionary based dyad” of the
mother and the infant (Dugdale, 1986) provides a level of
protection against the negative effects of the glucocorti-
coids on the developing brain, just as close contact between
the mother and the rat pup lowers the reactivity of the HPA
axis of the pup to stressful events (Suchecki, Rosenfeld, &
Levine, 1993), and offspring of more experienced rhesus
monkey mothers show significantly reduced stress re-
sponse and cortisol level (Kalin, Larson, Shelton, & David-
son, 1998). Evidently, rhesus mothers learn from their
offspring to be better regulators of future juveniles.

The human mother’s role in buffering physiological
stress responses is demonstrated by a study of 18-month-
old infants’ cortisol levels when they were approached by a
stranger in the presence of their mother; infants with se-
cure attachment did not show a rise, but others who were
insecurely attached did show a significant cortisol eleva-
tion (Gunnar, 1998). Salivary cortisol levels of human in-
fants awaiting inoculation did not rise if the child was left
with a friendly and sensitive babysitter compared to an un-
friendly and insensitive one (Gunnar, Larson, Hertsgaard,
Harris, & Brodersen, 1992). Evidently, the relationship
with the caregiver can provide a powerful “sociobiological
buffer” or psychobiological coregulation for an infant. Re-
duction in the level of cortisol indicates a more effective
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down-regulation of the stress process by the hippocampus
and the prefrontal cortex (Schore, 1996, 2003a, 2003b).

Stress and Early Psychopathology

Although abnormalities in the motivating and emotional
systems in the embryo brain are mainly of genetic origin
(Lyon & Gadisseux, 1991) or caused by severe pathogens
interfering with the action of genetic mechanisms, there is
little evidence for simple, consistent effects of mutations
in single genes. None of the developmental psychopatholo-
gies of socioemotional life that are recognized in diagnos-
tic systems, including dyslexia, specific language
impairment, Autistic Spectrum Disorders, and Attention-
Deficit/Hyperactivity Disorder (ADHD), appears to be a
direct effect of an inherited genetic fault (Dawson et al.,
2002; Tager-Flusberg, 1999; Trevarthen, 2001b). All re-
flect the cumulative effect of stresses and traumas that in-
terfere with the expression and development of inherent
capacities relationships that benefit self-
motivations and their development (Cicchetti & Dawson,
2002; Cicchetti & Rogosch, 1996). It follows that any psy-
chopathological conditions, and perhaps all, may be sus-
ceptible to amelioration by adjustment of the demands of
the environment, especially, in many cases, by transform-
ing the quality and availability of human care and sup-
port—that is, by forms of treatment that act through the
intersubjective route rather than, or in addition to, direct
interventions with intraorganismic functions by chemical
means. Communicative interactions may rebuild vital
functions and self-regulatory states, mitigating the effects
of early stress and posttraumatic disorders later in life.

Damage to the brain in early stages of development, es-
pecially in sensitive periods, may be linked many years
later to unusual sensitivity to trauma and may be a cause of
psychopathology of understanding and behavior that ap-
pears as a new problem in a child or adult. There are clini-
cal studies indicating that prenatal stress is associated with
development of ADHD in children (Weinstock, 1997). Evi-
dence from the self-regulatory and socioemotional prob-
lems of adolescence indicates that all levels of regulation,
from the physiological to the social, can carry problems
from infancy that emerge in this critical period of life
when the brain is undergoing a second period of acceler-
ated growth and differentiation in adaptation to changing
interpersonal and social circumstances (Cicchetti & Ro-
gosch, 2002).

Schizophrenia is associated with pregnancy and birth
complications (Stefan & Murray, 1997), and mothers of
schizophrenic patients suffered more often from severe in-

to form

fections during pregnancy, possibly affecting cytokines
and indirectly the development of monoaminergic circuits
in the fetal brain (Jarskog, Xiao, Wilkie, Lauder, &
Gilmore, 1997).

Increased Reactivity of the Brain Following Stress
to the Fetus

Stress during critical periods of intrauterine development
of mammals alters the brain’s biochemistry as a result of
activation of the ANS (Davis, Suris, Lambert, Heimberg,
& Petty, 1997; de Kloet et al., 1996; J. P. Henry &
Stephens, 1977). Biochemical changes following release of
stress hormones are manifested by structural and meta-
bolic alterations in specific areas of the brain (Bremner,
2002; Sapolsky, 1996). Cortical thickness may be reduced
in regions important for functions of emotion and memory.
Stress is also associated with reduced neuroplasticity, and
this later facilitates the development of psychopathological
conditions and functional disturbances that are difficult to
characterize within standard medical and psychological
criteria or diagnostic classification systems for psychologi-
cal disorders. Fetal brain development is changed and may
be retarded by high levels of maternal stress hormones
(Glynn, Wadhwa, & Sandman, 2000). This can be reflected
in premature delivery or low birthweight for gestational
age and smaller head circumference (Hedegaard, 1999;
Huizinck, Mulder, & Buitelaar, 2004).

The concept of “fetal and neonatal programming”
(Sayer, Cooper, & Barker, 1997) also applies to the on-
togeny of the neurochemical system (Herlenius & Lager-
crantz, 2004). Prenatal or perinatal stress can disturb the
timetable of the expression of neurotransmitters and neuro-
modulators and their receptors (Johnston, 1995).

Disruption of the normal timing or intensity of neurotrans-
mitter signaling can lead to permanent changes in prolifera-
tion differentiation and growth of their target cells during
critical phases of development of the nervous system, thereby
possibly providing the underlying mechanisms for neurobe-
havioral or neurophysiological abnormalities associated with
developmental exposure to neuroactive drugs and environ-
mental toxins. (Herlenius & Lagercrantz, 2004, p. S18)

Research on animals has shown that brain areas dense in
glucocorticoid receptors, such as the hippocampus, pre-
frontal cortex, and septum pellucidum, respond with struc-
tural changes even to a very brief exposure to a stressor.
Dendrites of the pyramidal neurons in the CA3 region of the
hippocampus become shorter, with fewer branches, and the
production of the granular cells will be reduced (McEwen,
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1999, 2001) as a response to the increased level of glucocor-
ticoids. High levels of prenatally administered dexametha-
sone (a cortisol derivative) in monkeys cause cell death
(apoptosis), with an approximately 30% reduction of the
volume of the hippocampus; this structural change is de-
tectable even at 20 months after birth (Uno et al., 1994).
Corticosteroids have deleterious effects on the brain and be-
havior of developing primates, causing inhibition of neural
stem cells, neurogenesis, and migration and leading to irre-
versible decrease in brain weight (Edwards & Burnham,
2001; Matthews, 2001).

Prenatal stress can also cause changes in the structure
of the corpus callosum, and the hemispheric laterality can
be modified. Handedness in rhesus monkeys can be associ-
ated with the level of stress reactivity (Westergaard,
Byrne, & Suomi, 2000). Atypical asymmetry of the
dopaminergic pathways in the prefrontal cortex as a re-
sponse to prenatal stress can lead to behavioral inhibition,
disturbances of working memory, or inattention, and chil-
dren with ADHD have been reported to exhibit an in-
creased left prefrontal activity dominance instead of the
right dominance typical of children without ADHD, that is,
a deficit of right hemisphere attention and motor control
(Castellanos et al., 1996).

The effects of stress hormones on affective and cogni-
tive functioning vary, and not all are damaging (de Kloet,
Oitzl, & Joels, 1999; McEwen, 1997b, 2003; Roozendaal,
de Quervain, Ferry, Setlow, & McGaugh, 2001; Vandeker-
ckhove, in press). Depending on the intensity and duration
of stress, the effects may be beneficial or destructive
to the adaptive functions of the developing brain and in be-
havior: Brief periods of stress can potentiate psychological
functions, such as memory formation, whereas chronic or
sustained high-intensity stress may disturb the brain to
the extent of a total blockade of the retention of experience
by the brain (“mnestic block syndrome”; Markowitsch,
Kessler, Kalbe, & Herholz, 1999; Markowitsch, Kessler,
Russ, et al., 1999). On the neuronal level, moderate dura-
tion of stress causes reversible atrophy of apical dendrites
on pyramidal neurons, but basal dendrites remain un-
changed. Thus, chronic stress is more dangerous than acute
stress for the young brain (Garmezy & Masten, 1994). Pro-
longed high concentrations of glucocorticoids may lead to
suppression of the immune system, hypertension, an al-
tered vesicle distribution pattern in the brain, and irre-
versible brain cell death (Maccari et al., 2003; Magarinos,
Verdugo, & McEwen, 1997; Sapolsky, 1993, 1996, 2000).

In rats, unpredictable stress during gestation (such as re-
peated loud and unanticipated noises) increases fear re-
sponses of pups, and the effects may be expressed in adult

animals as behavioral problems in conflict-rich situations
(Fride & Weinstock, 1988). The affected rat pup is more
easily frightened, while exhibiting less exploratory behav-
ior and heightened tendencies of behavioral and social inhi-
bition (Fride & Weinstock, 1988; Maccari et al., 2003;
Takahashi & Kalin, 1991).

Short prenatal exposure of the sheep fetus to cortisol at
the end of the 1st month of gestation (considered a critical
stage of development) programmed high blood pressure in
the adult female and male offspring, and there were effects
on regulation of gene expression in the hippocampus
(Dodic et al., 2002).

A longitudinal study examining prenatal disturbance in
about 10,000 women demonstrated that anxiety in late preg-
nancy increased behavioral/emotional problems in the child
at 4 years of age (O’Connor, Heron, Golding, Beveridge, &
Glover, 2002). Similarly, mothers’ prenatal and postnatal
stressors are correlated with temperament of their 3-year-
olds (Susman, Schmeelk, Ponirakis, & Gariepy, 2001). In a
population-based study of more than 3,000 women in
Copenhagen, of which 70 were identified as experiencing
moderate to severe stressful life events and compared with
50 nonstressed women with an intact social network, found
that stress and smoking adversely affected birthweight and
head circumference. The findings support the concept of a
fetal stress syndrome with adverse effects on fetal develop-
ment, including deficient brain development (Lou et al.,
1995).

The fetus and the newborn react differently to various
forms of stress. In general, fetuses tend to react by immobi-
lization, decreased heart rate, and decreased breathing,
with slowed metabolism caused possibly by inhibited neu-
rotransmission (Lagercrantz, 1996). Neuromodulators,
such as adenosine, neuropeptide Y, somatostatine, and opi-
oids, may mediate this effect. At birth, the increased so-
matosensory input, increased level of arterial oxygen, and
mechanical stimulation of the baby results in a down-regu-
lated inhibitory and up-regulated excitatory neurotransmit-
ter level in the brain mediated by the increased expression
of the immediate early genes (Ringstedt, Tang, Persson,
Lendahl, & Lagercrantz, 1995).

Stress Effects on the Brain after Birth

Prolonged and repeated separations from a contact-aver-
sive, nonattuning mother may cause an infant to develop a
state of enhanced corticotrophic activity, sympathetic-
dominant agitated hyperarousal, and general hypervigi-
lance for critical information (Perry, Pollard, Blakley,
Baker, & Vigilante, 1995). Field and coworkers (Field,
1998, 2005; Field et al., 1988) found that infants of de-
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pressed mothers vocalized less, displayed increased gaze
aversion, fussiness, and helplessness, and at the same time
had higher heart rates and decreased vagal tone. They also
show delays in growth and development at 12 months of age
(Field, 1995, 1998). Dawson and her colleagues (Hessl
et al., 1998) have reported slightly higher midmorning cor-
tisol levels at home among 3-year-old children whose moth-
ers were clinically depressed compared to children of
emotionally healthy mothers. Neurophysiological signs,
such as elevated salivary cortisol and disturbed sleep,
might be important early indicators of risk for the develop-
ment of psychopathology for children who show no clear
manifestations of distress in their behavior.

The developing intelligence, memory, and imagination
of a child transforms the effects stress can have in the
brain and on the mind and may bring new disorders that
affect life with other human beings. The classical physio-
logical understanding of stress focuses on the peripheral
neuronal and hormonal mechanism and neglects the role
of the central nervous system (Dunn et al., 2004). Many
neurochemical changes occur in the brain itself during or
after various forms of experimental stress, notably the
activation of cerebral catecholaminergic systems. Activa-
tion of cerebral noradrenergic neurons may represent a
central counterpart to the peripheral ANS activation.
Dopaminergic and adrenergic systems also respond, as
well as endorphin systems and CRF-containing neurons.
Thus, stress-related events in the CNS appear to parallel
those in the periphery. The down-regulation of adrenergic
receptors that occurs in chronic stress presumably repre-
sents an adaptation of the brain to deal with excess
norepinephrine (NE) release, and this could explain the
behavioral adaptation.

NE is known to play a role in regulating cerebral blood
flow and perhaps regulates blood-brain barrier permeabil-
ity. The noradrenergic projections from the locus coeruleus
to the forebrain have been shown to cause the cortical de-
synchronization associated with arousal, and it has been
suggested that this enables selective attention to novel
stimuli by decreasing signal-to-noise ratios for the re-
sponses to such stimuli. NE has been postulated to play a
role in neuroplasticity and has long been implicated in
higher nervous functions such as learning and memory. The
CRF family of peptides appears to play a critical role in
anxiety and/or stress responses.

Posttraumatic Stress Disorder is the most deeply de-
structive consequence of severe stress on brain function;
PTSD is a “physioneurosis,” a mental disorder based on the
persistence of biological emergency responses (van der
Kolk, 2003), affecting the limbic structures that govern the

most basic social responses (MacLean, 1990). As a trauma-
tized child grows older in a disorganized, high-stress envi-
ronment, he or she might encounter traumatic situations or
trauma-related narratives. When older children are ex-
posed to stimuli that are associated with or that remind
them of the original trauma—witnessing violence, being
abused, or being kidnapped—critical neural pathways re-
lated to the previous experience of the threat might become
reactivated, and the children may be prone to symptoms of
PTSD, including poor impulse control, self-destructive be-
havior, phobias, anxieties, and depressive states (Cicchetti
& Toth, 2000; Cytryn, McKnew, & Bunney, 1980; Kendall-
Tacket, Meyer-Williams, & Finkelhor, 1993).

Traumatic memories are characterized by retention of
sensory and emotional impressions that are stable and unal-
terable and that are likely to return vividly throughout life
if triggered by reminders. The victim cannot articulate the
feelings and thoughts brought back and cannot formulate a
“storyline” for experiences. Such problems seriously im-
pair the ability of a child to engage in sustained activities
without distraction or to learn a range of alternatives with-
out being disorganized or acting too impulsively on one of
them. Both compliance with complex social rules and un-
derstanding of schematic representations of reality are im-
paired. There is evidence of atrophy of specific brain
regions, in particular the hippocampus and the amygdala,
which are important in cognition, memory, and emotion,
and a heightened vulnerability of the self (McEwen, 1999;
O’Keefe & Nadel, 1978; Starkman et al., 1999). In re-
sponse to frequent chronic or massive stress situations,
both children and adults may display significant reductions
in emotional and social processing, in ability to learn, and
in perceptual, intellectual, and memory capacities (van der
Kolk, 2003).

Attachments and Shared Experience in Infancy
and How Dysregulations of Interpersonal
Regulations Affect Human Learning

In the half-century since Bowlby (1958) presented his the-
ory that the infant is born with innate behavior-releasing
mechanisms adapted to engage with and attract care from a
loving mother, a great body of research has confirmed his
insight. He was finding an explanation for the withdrawal
and despair he saw in infants and toddlers who had been or-
phaned by war and similar behavior of infants separated
from their mother for hospital care (Bowlby, 1969). There
was, however, skepticism from both medical and psycho-
logical professions at first, both doubting that human na-
ture could be so complex at birth, and that there was a
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specific and exclusive need for the biological mother was
“disproved.”

In recent decades, Bowlby’s ethological model has been
extended by the findings of psychobiological research on
mechanisms that cause a rat pup or nursling monkey to ex-
press distress when isolated (Hofer, 1987; Kraemer, 1992).
The benefits to the physiological systems of the offspring
of maternal stimulation that regulate neurohumoral stress
reactions have been proved. An emphasis has been placed
on the plasticity of the infant brain and on the mother as a
regulator of states of motivation that affect function and
growth of brain structures that are critical for future regu-
lation of social emotions and learning. In both Bowlby’s
ethological attachment theory and the new psychobiologi-
cal attachment theory of stress regulation, the task of the
newborn mammal is to commence a process of internaliz-
ing a module: a cognitive internal working model of the
mother as a support for living in the world, or an internal
regulator of stress-resisting neurohumoral states.

Bowlby’s theory was made empirically testable by
Ainsworth’s Strange Situation (Lamb, Thompson, Gardner,
Charnov, & Estes, 1984). Consistent differences were
found between groups of 1-year-olds who were subjected to
this temporary stress in the absence of their mother and
then reunited with her. The classification of different at-
tachment types—A (avoidant), B (secure), and C (resistant;
Ainsworth, Blehar, Waters, & Wall, 1978)—was extended
by identification of a seriously disturbed D (disorganized)
group (Main & Solomon, 1986). In correlation studies to
detect relationships between these infant attachment
groups and mother’s behaviors in populations, highly sig-
nificant consistencies and some systematic cultural differ-
ences were found between maternal characteristics and
their infants’ approach behaviors and emotional signals to-
ward them in the Strange Situation. The basic assumption
has been that these correlations represent effects of mater-
nal care on the development of regulatory ‘“representa-
tions” of emotions and investigative impulses in the infant.

Now the weight of evidence is showing that infants have
more complex and more variable volitions and emotions
and much richer inherent capacities to perceive the motives
of companions—that they play an active “mothering-
expectant” part from birth in eliciting and regulating ma-
ternal behaviors. A healthy baby is, from the start, also
adapted with motives for building joyful shared experience
in play, with seeking emotions that explore the world with
all sense, in addition to the need for receiving regulation of
autonomic and HPA states and protection against brain
damage from the effects of cortisol.

Because the dispositions of an infant at birth depend on
unique paths of prenatal maturation of motives for both
mutual regulation of vital state and stress control and mo-
tives for gaining experience from exploratory activity,
there are emerging individual differences in personality,
temperament, and cognitive development between children,
which are affected by many prenatal factors, from genes to
the nurturant support and physiological health of the
mother’s body. The rich variety of responses and initiatives
observed in a detailed neonatal assessment (Brazelton &
Nugent, 1995) proves this variability of potential in human
nature at birth. A distinction must be made at the two ex-
tremes, between psychopathologies that may afflict the life
of children when they are severely mistreated by neglect or
abuse, and when in addition they lack adequate present psy-
chosocial support (Lyons-Ruth, Connell, Grunebaum, &
Botein, 1990), from those differences, evident in different
ways at different ages, but already detectable in neonates or
even before birth (Field, 1985; Piontelli, 1992), in self-
confidence, adventurousness, and sociability. These should
be seen as variations in adaptive motives for sustaining col-
laborative relationships and forms of mutual emotional
support in the full course of each life.

A model is required that grants the infant a brain organi-
zation that can anticipate and immediately recognize human
company in complex dynamic ways—an intersubjectivity
system that is ready for intense intimate exchanges with a
wide range of caregivers’ states of emotional availability
and willingness to share activities (Aitken & Trevarthen,
1997). Functional imaging of activity in the brain of an in-
fant that reflects awareness of another person, as well as a
fund of evidence from developmental brain science, con-
firms the existence of such a mechanism (Tzourio-Mazoyer
et al., 2002), one evolved from the affective neural systems
that regulate social encounters and cooperative behaviors in
other vertebrates (MacLean, 1990).

Evidence from psychophysiology, developmental brain
science, and genetics concerning how the infant-caregiver
system may work to support growth of this complex endow-
ment for regulation of intermental life and for collaboration
in conscious voluntary activities converges to support the
idea that there is an adaptive mutual regulatory system for
interest and purposes and one for affective interpersonal
emotional states that assess and direct the subconscious re-
lationship. Developmental studies of age-related changes in
normal development of securely supported infants prove
that the infants’ motives and the caregivers’ responses are
aimed, together, toward the goal of having compatible ex-
periences so the child can acquire both a well-received and
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happy social personality and culturally valued knowledge
and skills (Trevarthen, 2005b, 2005¢).

By enriching both the situations for observation of be-
haviors of parents and infants and their siblings, or of in-
fants in peer groups and in groups of children and a range
of other adults inside and outside the family, and by more
sensitive analysis of forms of behavior and their functions,
it has been made clear that infants are truly sociable. They
seek to form friendships, to protect themselves from being
misunderstood and intruded upon, and to learn in “intent
participation” with others in games where meanings for ac-
tions and objects are fabricated, tested, and learned (Fia-
menghi, 1997; Nadel & Tremblay-Leveau, 1999; Selby &
Bradley, 2003). They can cope in communication with sev-
eral members of the family at once (Fivaz-Depeursinge &
Corboz-Warnery, 1999; Hay, 1985).

Maternal health is critically important for these needs
for sociability, of course. Bowlby was not wrong in giving
the mother a privileged place, a place prepared for by the
events of her pregnancy when her stimulation of and re-
sponses to her infant were already building a relationship.
But the developing child is adaptable for more than one rela-
tionship, and the place of a mother can be taken by someone
who is ready to build a new relationship of intimate famil-
iarity and responsivity, one willing to pick up on the in-
fant’s capacities for regulating both self and a companion.

If the infant is in the care of a mother who has signifi-
cant clinical postnatal depression (PND) and no other per-
son can replace her, this is likely to depress the infant,
reducing the capacity to develop self-regulation and enjoy-
able play with a parent (Beebe et al., in press; Field, 1984,
1992, 2005; Field et al., 1988; Murray, 1988, 1992), and in
some cases the effects persist to compromise a child’s ca-
pacities to take an active part in a wider social world and to
profit from education (Hay & Kumar, 1995; Murray &
Cooper, 1997; Murray, Woolgar, Briers, & Hipwell, 1999).
However, it is also true that infants born irritable and diffi-
cult for a mother to relate to or care for, and who exhibit
differences in neonatal assessment, can predispose a
mother to PND (Murray, Stanley, Hooper, King, & Fiori-
Cowley, 1996). PND affects all aspects of a mother’s ex-
pression of affection for and interest in her infant: her
holding, her attention to her infant’s interests and emo-
tions, the emotions in her voice, her responses to calls for
care or for play, in addition to her capacity to give psy-
chobiological support (Bettes, 1988; Breznitz & Sherman,
1987; Murray, Kempton, Woolgar, & Hooper, 1993; Reiss-
land, Shepherd, & Herrera, in press-a, in press-b; Robb,
1999; Tronick & Weinberg, 1996).

The liveliness and availability of a mother is affected by
her social situation, security, and relationships with the fa-
ther or other partner and the wider family. Recollections
from her own childhood influence how she sees the baby
(Main & Goldwyn, 1984). The cultural context for mother-
ing has powerful effects; this is a factor that gives cause for
concern in the unstable present state of human communi-
ties (Nugent, 2002). A migrant mother displaced from her
extended family and, perhaps most important, separated
from her own mother may also be unable to respond to her
infant and participate in well-regulated playful communi-
cation with shared pleasure: The experience of belonging is
of fundamental importance (Gratier, 2003).

PTSD is a serious threat to the mother-infant system and
a cause for special attention (Schechter, 2004). A woman
who has experienced trauma, including abuse when a child,
may find her infant’s expressions of need frightening. They
may precipitate pathological anxiety and emotional insta-
bility that can lead her to be insensitive or abusive to her
child. An infant in the care of a mother suffering PTSD is
at risk of developing frantic attempts to find contentment
and disorganized attachment (Ornitz & Pynoos, 1989; Pol-
lak, Cicchetti, & Klorman, 1998), which predisposes the
child to develop serious emotional problems later in life,
with the parent or in adoption. A cycle of fear and confu-
sion can develop that disrupts all attempts of the family to
function as a mutually supportive group (Archer & Bur-
nell, 2003).

Despite the abundant evidence that childhood psycho-
pathology can be related to emotional illness in the mother,
the recognition that there is a strong set of adaptations in
an infant to solicit, relate to, and benefit from communica-
tion with other persons helps explain the evidence that even
badly neglected and mistreated infants can demonstrate
impressive resilience and rediscover a path in childhood,
adolescent, and adult relationships that is rewarding and
productive of a proud life story (Luthar, Cicchetti, &
Becker, 2000; Masten, 2001; Rutter, 1987; Sander, 1964).

Methods of molecular genetics
searchers to discover factors that explain infant self-
regulatory and behavioral differences and communication,
as well as the different ways adults regulate their relation-
ships with infants. Male and female infants differ in their
psychologies and communicative behavior, as do the par-
enting behaviors of mothers and fathers. The differences
between infants affect their expressions of sociability and
sharing of interest in object-directed activities. In tod-
dlers, these differences appear to be significant in social
experience and learning with peers. These differences

have enabled re-
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cannot all be explained as consequences of cultural beliefs
and practices that lead to different treatment of boys and
girls. It has been mentioned that seeking genetic explana-
tions for such differences in motivation or temperament is
complicated by clear evidence that epigenetic factors usu-
ally make the personalities of homozygous twins different
(Piontelli, 2002), Whatever effect genes have in determin-
ing differences between male and female infants, or be-
tween those of the same sex, they will be mediated by
differences arising in the hormonal systems that regulate
sexual and other differentiations of bodies and brains both
before and after birth. Male infants show a greater suscep-
tibility to disturbance of their development by interper-
sonal stresses, including being in the care of a mother with
PND (Murray et al., 1993).

It has been emphasized that confusion in the literature
concerning genetic factors certainly arises from a failure of
many studies to give sufficient attention to powerful inter-
actions between socioemotional or ecological factors and
the expressions of gene-related changes in basic regulatory
mechanisms. None of the neurohumoral stress-regulating
systems and none of the neural systems of emotion is insu-
lated from changes due to environmental circumstances.
These have evolved both to regulate and to be regulated by
the risks and benefits of the behaviors they control.

In summary, a baby with neurohumoral systems of self-
regulation that are partly protected from effects of stress
in the caregiver’s life is born ready to be actively part of
intimate human relations that are regulated by sympathetic
tenderness and the vitality of play (Veldman, 1994). The
development of this system of mutual regulation depends
on the availability and vitality of adult care, and thus on
the situation of the family in relation to the wider society.
Infants need available, regular, and responsive company,
and all these can be weakened by fear and deprivation in
the community where the caregivers make their lives. But
the infant is resourceful, and some, at least, can protect
themselves when parental care is deficient in sensitivity
but adequate for survival. With good fortune, a young in-
fant becomes a catalyst to a better life for the family and
not an extra burden to carry (Gomes-Pedro, Nugent, Young,
& Brazelton, 2002).

Especially poignant are the life stories of children who,
because their biological parents have neglected or abused
them, or because their homes and families have been de-
stroyed in violent circumstances, are taken into foster care
or adoption. Adoptive parents are often couples who have
had a long, difficult period of waiting for children of their
own. They undertake to care for and support the develop-
ment of damaged children who are confused, fearful, and

angry, carrying memories they can regulate in no other
way. The experience of the adults and the children, and of
the social services and clinicians who support their efforts
to find relief from stress and a happy future, can teach
much about the fragility and resourcefulness of human mo-
tives and the regulation of feelings and new experiences in
attachment relationships (Archer & Burnell, 2003; Hughes,
1997, 1998).

FUTURE DIRECTIONS FOR INFANT MENTAL
HEALTH: FOSTERING MOTIVES FOR
CONFIDENT REGULATION OF EXPERIENCE
IN AFFECTIONATE COMPANIONSHIP

In the case of an animal, the mental states enter into the plan
of the total organism and thus modify the plans of successive
subordinate organisms until the ultimate smallest organism,
such as electrons, are reached. (Whitehead, 1926/1953, p. 98)
There are thus two sides to the machinery involved in the
development of nature. On the one side there is a given envi-
ronment with organisms adapting themselves to it. ... The
other side of the evolutionary machinery, the neglected side,
is expressed by the word creativeness. The organisms can cre-
ate their own environment. For this purpose the single organ-
ism is almost helpless. The adequate forces require societies of
cooperating organisms. But with such cooperation and in pro-
portion to the effort put forward, the environment has a plas-
ticity which alters the whole ethical aspect of evolution.
(Whitehead, 1926/1953, p. 140; emphasis added)

Mutual Regulations and Change in the Mother-
Child Relationship

We focus our analysis of early psychosocial development
and its emotional regulations on the side of the “machinery
of nature” that Whitehead calls creative. We have defined
two levels of mutual regulation in the development of a
human mind that function from prenatal stages, both of
which undergo major developments in infancy. We propose
that recognition of these is essential both for understanding
and diagnosing causes of psychopathology, for developing
helpful parental support, for improving social support for
the families, and for corrective treatments to counter risks
of future psychopathology due to stress.

The amphoteronomic level brings the life systems of two
organisms and their individual autonomic regulations into a
mutually beneficial relationship that accomplishes more
than either organism can do on its own. In the case of a
human fetus, the growing organism is inside the mother’s



body and connected to her through tissue frontiers that ex-
ercise control over the passage of substances between them
(Figure 2.7).

The placenta (Figure 2.8) is the main collaborative
organ at this stage (Jones, 1993). It conveys essential nutri-
ents and oxygen to the fetus and takes out CO2 and other
waste. For other substances, the placenta is highly selective
and acts as a barrier to the large molecules that serve as
hormones in the separate autonomic regulations of both
fetus and mother (Figure 2.7). The developing autonomic
system (HPA, SNS, and PNS) of the fetus, with the neuro-
chemical transmission systems that mediate between their
relations with the developing sensorimotor organs of the
fetal brain, act as an increasingly competent regulation for
the fetus itself, but there are essential interactions with the
mother, which we have reviewed here.

The synrhythmic level of regulation comes into full effect
after birth. It couples the volitional and experiential func-
tions of the minds of infant and mother through sympathetic
response of their brains to the anatomical forms and dynam-
ics of movement in structures of the body activated by the
special visceral efferents of the cephalic SNS (Figures 2.6
and 2.7). The frontier for this regulation is in the living so-
cioemotional space between the expressive actions of the
two human beings and their minds (Figure 2.12). The effi-
ciency of mutual psychological engagement at birth can be
seen when an alert newborn free of distress is in reciprocal
imitative contact with a mother or other sensitively respon-
sive and patient adult.

We find evidence that the beginning of synrhythmic reg-
ulation begins earlier, at least by the beginning of the last
trimester of gestation. In this period, mother and infant can
interact not only by hormonal amphoteronomic means, but

Emotions Exchanged
at Synrhythmic
“Frontier”

Figure 2.12 Protoconversation between mother and infant.
Synrhythmic regulation of mutual psychological engagement by
exchange of expressions of interest and emotional feelings.

Future Directions for Infant Mental Health 107

also by tactile, auditory, and vestibular stimulation of the
fetus from the mother’s body displacements, uterine con-
tractures, and vocalizations and by the mother receiving
stimuli from periods when the fetus is active and making
limb and body movements (Veldman, 1994). Their cycles of
activity interact and may become mutually entrained. This
minimal communication of activities is assisted by am-
photeronomic hormonal coupling, for example, by the pas-
sage of melathonin from the mother to the fetus, which
helps synchronization of their day-night cycles.

At term, the fetus is expectant of a much richer traffic
across the synrhythmic frontier with the mother, traffic that
will be carried by an intensely active and rapidly developing
visual system, as well as by the more precociously developed
systems of touch and hearing. This regulation of emergent
intermental or psychological capacities complements new
amphoteronomic regulations between mother and newborn
made active in breast-feeding and other caregiving activi-
ties, which are mediated by sensations of taste, olfaction,
and body contact on both sides.

Synrhythmic regulations undergo conspicuous devel-
opments after birth as all modalities and new motor ca-
pacities become active in engaging motives and emotions
between the infant and caregiver (Figure 2.9). We see the
development of intimate protoconversations at 2 to 3
months and more testing negotiations of play and affec-
tionate teasing from 3 months as preparatory for the
person-person-object games that emerge after 6 months.
These, in turn, are predictive of competence in the infant
for acquisition of knowledge and skills concerning the
uses of familiar objects that frequently occupy the inter-
est of the infant’s companions and for the imitation of
words to name the more significant and sharable things
and actions. This introduces a sociocultural level of regu-
lation that begins the education of the child in meanings
that have become essential to the life of a large society
and its artifacts. We have not contrived a word for the
regulation of this level, which falls outside the period of
infancy, but the word “symbolic” conveys the sense of its
essentially sociocultural nature.

The core of our account is that human psychological de-
velopment begins in coregulated vital and volitional rela-
tionships that make significant changes to the power of
communication before language begins. We affirm that
support of this coregulation is critical for infant mental
well-being. The basic concept is one of an agency-generat-
ing and stress-controlling system between two organisms,
the developing child and the mother, who, for at least half
of the period we have considered, is the sole partner of the
infant in mutual development.
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Theories of Infant Mental Health and Its
Needs and Risks

The past century has seen significant changes in the con-
cept of the infant mind and infant mental health, concepts
that can be said to have not existed at all in most of the
early decades of this time (Fraiberg, 1980). It is still the
case that developmental and medical scientists question
the idea that a young infant has mental capacities. There
have also been changes in the kinds of society that children
are born into. It is likely that the threats to the well-being
and sanity of young children are greater than a century
ago. Certainly, a large proportion of the world’s families
are struggling with hunger and dangerous situations, and
their children are at risk of developing socioemotional ill-
ness later in life and, in consequence, contributing to the
hardships of the community—all these problems being not
least in the richest countries (Brazelton, 2002). The threat-
ened families live in communities that lack appropriate
human support for their infants and for their mothers
(Gomes-Pedro et al., 2002; Raphael-Leff, 2005).

It would appear urgent for medical attention to be given
to more than the diagnosis and treatment of disorders of
early development that have identifiable physiological,
neurological, or molecular causes (or correlates), to ac-
cept remedies that are based on acceptance that the child
is a source of regulatory principles that can benefit not
just the body and mind of the mother, but the family and
society. Children activate intrinsic forces of emotional
and behavioral self-regulation in adults and their collabo-
rative systems and organizations. But these social systems
and organizations tend, by their own autopoiesis, to be-
come endlessly extended and elaborated and overly com-
plex in the sense that they cease to work in a creative way,
like the excess of components that proliferate in the neo-
cortex before motivated experience has pruned them.
We need, perhaps, a selective apoptosis of laws, institu-
tional management, and curricular goals to potentiate this
source of social well-being. This will have to be guided by
respect for the inherent motives and sympathies or “devel-
opmental principles” (Bronfenbrenner, 2002) that create
human knowledge and collective understanding, not by
even more quick-fix draconian measures for ‘“national
security” or “prosperity,” which, driven by an excessive
political anxiety, promote division and mistrust in com-
munities and weaken families, as well as threatening the
balance of relationships between human communities and
the natural world (Gore, 1992).

There is abundant evidence of the damage done to the
lives of infants and parents in both the richest and poorest

communities of the modern world by social disadvantage,
disease, deprivation, and war and how these destructive
effects are motivated by greed, mistrust, and envy and by
materialistic detachment, the seductive pressure of techno-
logical advances, and religious bigotry. Unfortunately,
human collaborative awareness, which grows so impres-
sively in early childhood, is capable of creating a prison of
institutions, laws, and beliefs, as well as powerful methods
of science that forget how they originated and what moti-
vated their more imaginative beginnings (Whitehead,
1926/1953).

The human sciences, too, will have to learn to adopt a
more coherent, multilevel view of human nature by consid-
ering the whole child in his or her family. The increasing
specialization of those working on the molecular level of
vital processes has led to acceptance of a reductive model
of developmental causes. However, as the potential mecha-
nisms at a genetic level of analysis are continually being re-
vised and replaced (e.g., Pescucci, Meloni, & Renieri,
2005), we are seeing hypotheses about mechanisms coming
full circle to recognize the idea that environmental factors
affect the epigenetic regulation of gene expression. This
will include factors “ranging from developmental progres-
sion and aging to viral infection and diet” (Jaenisch &
Bird, 2003, p. 251) and inevitably, as argued here, the ef-
fects of the infants’ initiatives in interactions with the
human world.

Finally, we must recognize the other tendency of both
psychological and scientific explanation to gravitate toward
complex rational and linguistic models, which are favored
by literacy and computational technology. This tendency
pulls attention and explanation to the opposite pole of ab-
straction from the physical-reductive one. The two poles of
scientific enterprise leave the middle ground of live, emo-
tionally regulated communication in the dark.

Darwin’s Legacy: Curiosity about Origins and
Processes of Life Forms and an Integrative
Evolutionary Biology, with Implications for
Human Nature

Darwin’s lasting contribution to the human sciences is a
persuasive respect for origins in the prehuman past. He
turned ambitious Victorian thinking about the values of
human society away from elaborate artificial urgencies of
imperial power and rigid adherence to scriptural explana-
tions of human obligations, toward acceptance of forces of
vitality that regulate and guide the preverbal habits and
emotions of animals and infants in their evolved fitness for
an ancient environment. He argued for the power of cre-



ative motives to support life and its survival. In his note-
books he wrote, “Motives are the units of the universe
(1998).” He knew nothing of gene molecules or neurons.

In the early part of the twentieth century, natural sci-
ence, driven by a century of discovery by explorers in every
habitat, was animated by a profound curiosity about and
admiration for the patterns and functions of life forms and
by a comparative approach that attempted to see coherent
trends and homologous adaptive structures and strategies
for survival across species in the “tree of life.”

The first years of the twenty-first century have pro-
duced a very different science of nature. We journey in a
bewildering sea of facts and correlations—about the mo-
lecular intricacies of the genome, about varieties of cell
surface architecture and the chemical instabilities of cyto-
plasm, about the technology of stem cells and manufactur-
ing individuals, about neuron assemblies and the capacity
of the brain to process information and to change in plastic
ways. Language sciences and artificial intelligence serve a
brilliant technology of global electronic communication.
There are changes in human industry and mobility: Em-
ployment makes mothers and fathers busy out of the home,
and a global rapid transport system carries workers and
their families out of their historical communities and
tempts them to vacations in foreign lands away from in-
clement weather, where they purchase exotic objects and
activities. This exuberance of production and movement
can be seen as a wonderful display of human inventiveness
and play, but it draws heavily on human energies, creates
social divisions, and, in disadvantaged sectors, drives great
numbers of children and their parents to a distracted
poverty that generates forms of self-abuse and/or antago-
nism to society.

There are, of course, active forms of understanding in
contemporary science that moderate and correct this over-
rich, overconfident but narrow vision of reality and sense
of mastery over nature, with recognition of regulatory
homeotic processes that exercise a directive restraint on
acquired diversity of genetic actions among life forms and
that favor their cooperation. Among the most important of
these are, first, the recognition that emotions of animals
and humans operate on similar principles to guide social
collaboration and development of the young (Panksepp,
2004), and second, a growing acceptance that the motives
of children assist their own growth of well-being and un-
derstanding by attracting affectionate attentions from their
parents and by stimulating playfulness and imaginative
projects for their vitality in a growing company of peers
and adult friends (Trevarthen, 1998b, 2005b, 2005¢). The
good health and progress of children in any world, and in
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any education, depends on this display of natural enthusi-
asm for social life. It is the principal factor restraining the
industrious compulsions of the adult world, with its intri-
cate commercial, legal, and political fabrications. Chil-
dren’s needs bring human motivations back to their origins.

Here are some recent calls by respected scientists for
new ideas on how science should seek a balanced view of
mental life:

A neuropsychologist, introducing discoveries on the
sympathetic brain, writes,

We need a theoretical vocabulary that bridges three domains:
our intuitive “folk” conceptions of other people, the explana-
tions offered by social psychology, and the explanations of-
fered by cognitive neuroscience. And we need a method that
can extract common patterns across multiple studies, to com-
plement strict hypothesis testing of individual studies. These
issues can be addressed, in part, by giving theory and experi-
ment equal time, and by fostering an interdisciplinary ap-
proach that includes neuroscience, psychology, philosophy,
anthropology and allied disciplines. (Adolphs, 2003, p. 119)

A comparative behavioral scientist who has pioneered
affective neuroscience says:

Now that the cognitive revolution is gradually giving way to
an emotion revolution, investigators are gradually exhibiting
a new taste for the pursuit of what was once deemed scien-
tifically unpursuable—an understanding of what affective
processes really are, even in nonhuman animals. ... Only
through the integration of human and animal approaches can
deep knowledge in this field be achieved. If we conflate emo-
tions and cognitions too much in our thinking . . . we may re-
tard a fundamental understanding of affective processes and
thereby, a real understanding of how cognitive activities are
modified by emotional states. (Panksepp, 2003, p. 5)

and

We should be under no illusion that as neuroscientists clarify
the parts of the brain, they have grasped the whole. In general,
science is better at dissecting and analyzing the parts of nature
than reconstructing them into wholes. Psychology is still the
best tool we possess to capture the global capacities of the
neuro-mental apparatus. Without psychology we cannot make
sense of the dynamic functional organization of the brain.
Neuroscientists that do not respect and understand psychology
and dynamic principles have little chance of understanding the
functional organization of the brain. (Panksepp, 2004, p. 57)

A leader in research on the causes of emotional disorder
from the molecular level up expresses his perspective thus:

Genes, early development, adult experiences, lifestyle, and
stressful life experiences all contribute to the way the body
adapts to a changing environment; and these factors all help
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to determine the cost to the body, or “allostatic load.” Studies
of these processes involve the disciplines of biology and psy-
chology, but they are incomplete without the input from other
fields, such as cultural anthropology, economics, epidemiol-
ogy, political science, and sociology. These fields provide a
description and analysis of the social and cultural institutions
and economic forces that affect individual human health.
(McEwen, 2001, p. 42)

These opinions clarify the limitations of both rigorously re-
ductive theories constructed to accommodate the data from
experimentation and elaborate intellectual models that are
detached from spontaneous life activities. Experiments in
behavioral science often appear designed primarily not just
to test hypotheses, but to generate reports of novelty in pro-
fessional scientific journals, which apply restrictive stan-
dards of presentation and empirical support and require
statistical analysis of correlations in measurement. Model-
ing of cognitive processes in artificial intelligence is driven
by mathematical rules to define interactions between factors
in systems that have no bodies and that do not move.

In the field of child psychology, such approaches, how-
ever well-intentioned, have seemed to confirm that infants
need to learn or introject a sense of emotional restraint and
to acquire an articulate image or representation of another
person and their states of mind to become aware of them-
selves and their communicative impulses, and that the
mother’s role is to supply a sensitively responsive pattern-
ing of movements and feelings of moving before the infant
can have a self of his or her own. The mechanism of attach-
ment of infant to the mother has been interpreted as one of
instinctive appeals for a caregiver’s body contact, support,
calming, and nourishment. The psychobiological version of
the theory, based on research to test the effects of with-
holding maternal stimulations on rat pups and nursling
monkeys, is articulated in terms of stress reduction and the
building up of a physiological system that will serve as an
internal regulator and free the young animal of the need to
be in such intimate dependence on maternal instincts. In
attempts to find an explanation for developmental disor-
ders of the brain that handicap communication as a child
grows to adulthood, special importance has been given to
verbal analysis of feelings to assist the assumed mastery of
interpersonal realities.

In child psychotherapy and psychoanalysis, however,
new concepts have grown, informed by infant developmen-
tal research, and by psychobiological and neuroscientific
advances. These assist the interpretation of severe pathol-
ogy in children, and how to deal with it (Alvarez, 1992,
1999, 2000; Edwards, 2001; Fonagy, 1998, 2001; Fonagy &
Target, 2003; Maiello, 2001; Schore, 2003c). Acceptance

of the interpersonal nature of unconscious and conscious
processes has always been at the heart of psychotherapeutic
endeavour, now increasingly viewed from an evolutionary
perspective integrating attachment theory and neurobiol-
ogy (Fonagy & Target, 2003; Liotti, 1999; van der Kolk,
1994; van der Kolk, McFarlane, & Weisaeth, 1996). We
find a new appraisal of intersubjective ‘“sympathy” in
psychoanalytic epistemology. Core affective states, the
visceral experiencing of emotions in the therapeutic rela-
tionship, are accepted as central to the process of psy-
chotherapeutic change.

The Role of Social Play in Development of
Cooperative Awareness

Gradually, in both the human attachment literature and that
concerned with maternal care of other young mammals, it
has been necessary to admit that inarticulate young have
powers to stimulate and guide adult affections and parent-
ing behaviors, and that what infants require is company of a
willful, aware, and emotional person who is playfully ready
to gently tease, or be teased, and extend a reaching out for
fun (Reddy, 1991, 2005). But, because the primary motiva-
tion for all work on early emotional development and social
skills is to find an explanation for emotional and behavioral
problems that cause concern through childhood to adoles-
cence, and to investigate effects of insensitive or inconsis-
tent or cruel mothering, there has been a current of theory
that discourages attempts to observe healthy and happy be-
havior in detail. We do not understand well how joy affects
the brain and what it contributes to the formation of satis-
fying and effective child-parent relations, how it fosters
further child development, and how it motivates the kind of
learning that makes the life of a young person in society
full of emotional rewards and achievements and secure and
realistic hopes and ambitions, though there have been clear
calls for a quest (Emde, 1992; Panksepp & Burgdorf, 2003;
Reddy, 2001; Stern, 1990).

We believe that the account of how human capacities for
being consciously active and for becoming aware of and ex-
pressive to other persons emerge prefunctionally in forma-
tion of the bodies and brains of a human embryo and fetus,
and the ways brain systems are engaged at all stages in cir-
cular regulatory relations by neurohumoral systems with
the vital process of the whole body should encourage a
greater faith in the powers of the infant to communicate
richly. Careful observation of mutually pleasurable engage-
ments has brought remarkable evidence of such an inborn
ability. Such observations help explain the conviction of a
healthy mother, who has passed through a satisfactory preg-



nancy and been well prepared in her neurohumoral state for
love of the baby, that she is greeting a little person. The fa-
ther, too, indeed all the close family and even indulgent out-
siders can share this experience of engagement with a
human vitality.

The developments of infancy lead to cooperation in
habits and acquired understandings and emotional evalua-
tions. The participation in shared experience is propelled
forward by imitative negotiations and trickery in affection-
ate and carefully moderated conflicts full of enjoyment
(Reddy, 2003; Reddy & Morris, 2004; Trevarthen, 2005a).
Here the findings of research on animal play are of great in-
terest (G. Bateson, 1955, 1956; Bekoff & Byers, 1998;
Panksepp & Burgdorf, 2003). It seems that the joy of exu-
berant rivalry and immediate imitation of extravagant ex-
pressions in moving has benefit for the regulation of the
positive use of near-stressful flow in activity, and above all
in joint or collaborative activity. At the center of all such
celebratory behaviors are rhythmic rituals of action modu-
lated by cycles of energy expenditure and recovery (Turner,
1982). So there is a dance of life joined in every form of col-
laborative awareness, even one that seems to have a most se-
rious practical purpose.

Prosocial behaviors (Bierhoff, 2002) are not merely
democratic but must be guided by sympathies and “moral
sentiments” (Smith, 1759/1976), such as are evident in
young children. These principles are needed in assessment,
therapy, and education of any person of any age who is suf-
fering from the fear, anger, anxiety, and confusion of emo-
tional disorder. Varieties of child emotional disorder can be
related to how a child needs to develop, and is equipped by
his or her nature to develop, through attachments, friend-
ships, and a lifetime of sociability.

Understanding problems children have when the support
from their mother or other caregiver is not normally re-
sponsive is, we believe, better served by research on the
course of developmental change when a healthy infant is in
control of actions and experiences well supported by a
sympathetic and happy partner—on what can be missing.
The drive to study pathology comes from a reduced or pes-
simistic perception that the child is a passive vessel, a re-
ceiver of developmental training.

Fitting New Brain Science to Human Needs

The final decade of the twentieth century, the “decade of
the brain,” brought more detailed, more accurate informa-
tion about processes in living brains (Cicchetti & Cannon,
1999). New methods of anatomical investigation, of molec-
ular neurobiology and genetics, of functional imaging, and
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of standardized interrogation of mental processes by cog-
nitive tests changed the picture. The classical theory had
chains of neurons taking in sensory information and pro-
cessing it into features and object schemes, then activating
motor responses and inscribing categories of memory ac-
cording to rewards and punishments felt in the body. That
theory is gone, replaced by one that expects to find wide-
spread patterns of activity originating in regions involved
in emotional states and once thought secondary to those
presumed to assemble perceptions and memories. The cor-
tex is no longer seen as the supreme integrator of cognitive
processes and language, but more like a multifaceted crys-
tallization of impressions illuminated by arousing im-
pulses of subcortical origins: by attentions, intentions, and
above all by emotional states that evaluate the risks and
benefits of the whole enterprise in subtle, adaptive ways
(as emphasized by Damasio, 1994, 1999; Merker, 2005;
Panksepp, 1998b, 2000; Tucker, 2001). In short, the brain
has become a little more comprehensible as the organ that,
with the body, moves a person, one who has a conscious-
ness of the body and the world it is in, a consciousness that
serves the skill of movements prospectively and who has
emotions and memories that assist in the imagining of the
potentialities and values of that future experience.

Resuscitation of interest in the neural correlates of emo-
tional states has led to a new approach to both conscious
awareness and memory, both of which had become codified
in Byzantine models by one-sided adherence to experimen-
tal procedures in which subjects whose freedom of action
has been severely constrained make selective responses to
express judgments about questions posed by the experi-
menter in far too limited periods of time (Donald, 2001).
The unconscious intentional preparation for rational under-
standing, and for its articulation in language, has returned
to center stage, no longer treated as outside any possible
rigorous scientific attention.

Much has been made of the discovery that brain
anatomy is plastic to experience (Johnson, 1998), with
classical maps of function showing disturbing instability
under the influence of practice or the focus of motivation.
This switch of interpretation owes much to a straw man
built of exaggerations about the claims of anatomists and
embryologists regarding the prefunctional mapping of sys-
tems in the neural net. But principles of somatotopy map-
ping between body and brain do apply and are essential to
how the brain functions coherently in regulation of the time
and space of behavior. Genetic mechanisms do instill adap-
tive programs of morphogenesis that impose crucial con-
straints on what the environment can do to change the rules
of intelligence.
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Moreover, the epigenetic process is regulated to produce
age-related transformations in the enterprise of intelli-
gence. A child’s mind is not just the consequence of envi-
ronmental programming and not just a history of emotive
events. The abstract mathematics of dynamic systems the-
ory makes cogent criticism of linear causal explanations of
motor coordination, conscious conceptions, and memory.
But no metaphor of emerging order in patterns of neural en-
ergy or their behavioral consequences can explain the ini-
tial coherence of an intention, or the emotions that evaluate
its prospects. The age-related transitions depend on intrin-
sic transformations in constraints on brain activity that
originate in motive systems that have evolved to regulate a
life cycle of changes (Trevarthen & Aitken, 2003).

All these issues, no matter how much their resurgence in
scientific psychology may owe to elaborate methods of
brain science or molecular biology of nerve cell differenti-
ation and communication, can be addressed and assessed
by accurate investigation of the behaviors of an infant in
lively engagement with the world and human society. The
integrated purposefulness and awareness of newborns’
movements, their emotional expressiveness and their im-
mediate responses to the expressions of another person,
and their qualities of contingent response in intimate com-
munication prove that the human brain is designed to do
the job of generating and sharing acquired mental states.
Infants are born learning; they are profoundly affected in
their experience and understanding by the emotions that
arise between themselves in their own body and the body
and mind of those who take on the responsibility of being
caretakers and companions. These adaptations, with their
miraculous power to absorb meanings and to create inven-
tions of play in affectionate partnerships, carry destructive
energy if the human world gives no support or imposes un-
supportable stresses.

Scientific Guidelines for Care of Stressed Young
Children and Their Families

Effective child psychopathology has to be multilevel and
transdisciplinary (Cicchetti & Dawson, 2002; Cicchetti &
Rogosch, 1996). A whole person psychology is needed to
begin a useful science of infant mental states and to under-
stand how stresses in relationships may predispose a child
to fear and anger that will color relationships in later years.
Knowing that the hippocampus or orbitofrontal cortex of
the right hemisphere grows throughout life and can be
stunted or deformed by emotional stresses can help focus
our awareness and sympathy for the young child’s plight,
but it cannot replace the need for sensitive awareness of the

face, voice, and expressive gestures of the real individual
child that the parents and persons offering clinical or so-
cial support have to respond to and guide. It is important
that infants are born genetically different in complex ways
that give them different initial strengths and fragilities, but
this much should be obvious to any sensitive parent or ther-
apist. The genes that correlate with a child’s behaviors, or
behaviors of family members, can give only very approxi-
mate evidence of what that child’s motives are and how
they will change.

Care for children at risk of pathology in consequence of
neglect or abuse cannot be effective if it bypasses the in-
trinsic capacities of the child for sympathetic engagement
with other persons’ actions and feelings and for playful ex-
perimentation with the joys and risks of shared activity.
Decades of experience in the recovery of happy lives from
circumstances where infants have been deprived of proper
human care supports the message of Bowlby’s attachment
theory, which has had a profound effect on medical and ed-
ucational care of troubled children and on parental aware-
ness of children’s needs (Greenspan, 1981). However,
Bowlby (1958) imagined the child as acquiring a cognitive
internal working model of what Winnicott (1960) called a
“good enough” mother. We know now, through research on
the intricate signals of touch, vocalization, and eye contact
in mother-infant protoconversations and games, that the in-
fant’s motives for relationships go beyond those that attract
and sustain mothering (Beebe et al., 1985; Stern, 1974,
2000; Trevarthen, 1979; Tronick et al., 1978).

The lively intersubjective imagination of a child needs
to participate in a generous play with meanings to make
sense of the cultural world, with all its arbitrary under-
standings of reality. The infant is seeking to interact with
intentions and interests from early weeks (Trevarthen &
Aitken, 2001). The motives for this play are dynamic and
rooted in the rhythmic impulses and expressive gestures of
unconscious human volition. Therapy must base its effort at
this level, sensitive to those rhythms and expressions (Cald-
well, 2005; Nafstad & Rodbroe, 1999; Schore, 2003b).

The efficacy of improvised music therapy for achieving
sympathetic communication with emotionally disturbed or
mentally handicapped human beings of any age both de-
pends on and proves this intrinsic “communicative musical-
ity” (Bunt, 1994; Elefant, 2001; Gold, Vorachek, &
Wigram, 2004; Malloch, 1999; Merker & Wallin, 2001;
Nordoff & Robbins, in press; Pavlicevic, 1997; Trevarthen
& Malloch, 2000, 2002; Wigram, 2004). With people whose
sense of self is fragile, where meaning is lost or not easily
found, music has unique powers which the resourceful
music therapist can use to support integrative and self-



restorative processes (Montello, 1999; Robarts, 2003, in
press). We have little knowledge of how the brain mediates
engagement with musicality of human expressive body
movement (Panksepp & Bernatzky, 2002), but the power of
this level of intersubjectivity, one that corresponds with the
natural engagements of vocal and gestural play and touching
with infants, is confirmed (Burford & Trevarthen, 1997).

Attachment-Based Therapy for Neglected or Abused
Children and Parents Who Foster or Adopt Them

The experience of those who offer support for disturbed
children and their families, and in particular those rebel-
lious or resistant children who have been removed from
their biological parents for their own protection, is that it is
necessary to get into immediate responsive engagement
with the child by the same kind of intuitive forms of com-
munication as are used by affectionate and happy parents
with infants and toddlers everywhere (Archer & Burnell,
2003; Hughes, 1997, 1998). In this communication, sympa-
thy for what the child is feeling, genuine emotional re-
sponse that is accepting and flexible, and good humor in
play are as essential as calm attentiveness in listening to
the child, and firmness in setting clear boundaries, both
physical and emotional. A scientific or clinical detachment
is to be avoided. For the severely abused child the recovery
of joy in play requires a longer, more complex therapeutic
treatment; PTSD associated with trauma distorts normal
patterns of interpersonal engagement, triggering an over-
load of confusing sensations that frequently lead to disso-
ciative or out of control reactions, so that the sensory and
dynamic experiences of play have to be treated with clini-
cal perception, understanding and skill (Robarts, in press;
Rogers, 1995; Schore, 2001b, 2003c; Siegel, 2003; Sutton,
2002; van der Kolk et al., 1996).

Play means interaction with any impulses for adventur-
ous and enjoyable movement and experience. It means
sharing expressions of joy and surprise (Panksepp &
Burgdorf, 2003). It taps a basic emotion in social sharing,
one that is close to and supportive of the basic emotions for
pleasure in attachment. As the ethologists have discovered
by studying the instinctive movements of young animals’
chasing and pretend fighting, play is affiliative (Bekoff &
Byers, 1998). It strengthens and develops social bonds
while sorting out social hierarchies. Play therapy draws on
these psychobiological principles in a systematic way
(Jernberg & Booth, 2001). For a troubled child, making
happy and trusting friendships in playful and intimately af-
fectionate responsive ways is a key to positive learning and
emotional security.
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Video-recorded evidence of the emotional nature and
patterning of this kind of communication is beneficial not
only for therapists and teachers, but also for parents at-
tempting to guide a child to better emotional health
(Beebe, 2003; Forsyth, Kennedy, & Simpson, 1995; Gut-
stein & Sheely, 2002; Jansen & Wels, 1998; Juffer, Baker-
mans-Kranenburg, & van Ijzendoorn, 2005; Schechter,
2004). This is how video feedback is employed as a de-
tailed record of interacting behaviors and a prompt for
more supportive and constructive communication.

Spontaneous and creative art therapies in dramatic act-
ing, dance, or music all engage with the timing and
expressiveness of direct intuitive communication in
the present. They engage the aesthetic dynamic forms of
non-verbal and verbal in expressions that are the basis of
creative-constructive therapeutic change (Gilroy & Lee,
1995; Levine, Knill, & Levine, 2003; Robarts, 2003, in
press). The play of communication is creative by means of
an interpersonal improvisation in which partners are at
the same time free to be expressive in themselves and in-
stantly reactive to what others do, and therefore open to
guidance and learning. Real intuitive engagement is nec-
essary for the emotions between them to flourish, as with
infants (Reddy & Trevarthen, 2004).

Specific memories and verbal explanations guide aware-
ness and direct interests. In normal life, these cognitive
components, built up through experiences in established re-
lationships, strengthen the prospective control of attentions
and intentions and lead to more knowledgeable and skillful
action. In psychopathology, the cognitive contents of mem-
ory intrude in imagination and carry affective material that
blocks effective consciousness and action. Therapy for
adults requires work with these contents. At the same time,
engaging with the emotions and a clear focus on the inter-
personal motives that direct movements in the present can
regulate disturbing or inhibiting material from memory and
imagination, finding a path to more rewarding and creative
purposes in relationships that are affectionate and trusting
(Kerr, 2005; Kohut, 1984). A therapist aiming to help a
child with developmental psychopathology by intersubjec-
tive or interpersonal means has responsibility to stay with
the child through periods of resistance or rejection to find
this path (Archer & Burnell, 2003).

ACKNOWLEDGMENTS

We would like to thank Dr. Jacqueline Robarts of the Nord-
off Robbins Music Therapy Centre, London for her expert
advice on therapy for traumatized children.



114 Collaborative Regulations of Vitality in Early Childhood

REFERENCES

Adamson-Macedo, E. N. (1998). The mind and body of the preterm
neonate. International Journal of Prenatal and Perinatal Psychology
and Medicine, 10(4).

Adamson-Macedo, E. N. (2004). Neo-haptic touch. In R. L. Gregory
(Ed.), Oxford companion to the mind (2nd ed., pp. 637-639). Oxford,
England: Oxford University Press.

Adolphs, R. (2003). Investigating the cognitive neuroscience of social
behavior. Neuropsychologia, 41, 119-126.

Adolphs, R., Tranel, D., Damasio, H., & Damasio, A. R. (1995). Fear and
the human amygdala. Journal of Neuroscience, 15, 5879-5892.

Aggleton, J. P. (1993). The contribution of the amygdala to normal and
abnormal emotional states. Trends in Neurosciences, 16, 328-333.

Ainsworth, M. D. S., Blehar, M. C., Waters, E., & Wall, S. (1978). Pat-
terns of attachment: A psychological study of the Strange Situation.
Hillsdale, NJ: Erlbaum.

Aitken, K. J.,, & Trevarthen, C. (1997). Self-other organization in
human psychological development. Development and Psychopathol-
0gy, 9, 651-675.

Allister, L., Lester, B. M., Carr, S., & Liu, J. (2001). The effects of ma-
ternal depression on fetal heart rate response to vibroacoustic stimu-
lation. Developmental Neuropsychology, 20(3), 639-651.

Allman, J. M., Hakeem, A., Erwin, J. M., Nimchinsky, E., & Hof, P.
(2001). The anterior cingulate cortex: The evolution of an interface
between emotion and cognition. In A. R. Damasio, A. Harrington, J.
Kagan, B. S. McEwen, H. Moss, & R. Shaikh (Eds.), Annals of the
New York Academy of Sciences: Unity of knowledge—the convergence
of natural and human science, 935, 107-117.

Als, H. (1995). The preterm infant: A model for the study of fetal brain
expectation. In J.-P. Lecanuet, W. P. Fifer, N. A. Krasnegor, & W. P.
Smotherman (Eds.), Fetal development: A psychobiological perspec-
tive (pp. 439-471). Hillsdale, NJ: Erlbaum.

Alvarez, A. (1992). Live company: Psychoanalytic psychotherapy
with autistic, borderline, deprived and abused children. London:
Brunner-Routledge.

Alvarez, A. (1999). Addressing the deficit: Developmentally informed
psychotherapy with passive, “undrawn” children. In A. Alvarez & S.
Reid (Eds.), Autism and personality (pp. 49—-61). London: Routledge.

Alvarez, A. (2000). A developmental view of “defence”: The borderline
psychotic child. In T. Lubbe (Ed.), The borderline psychotic child: A
selective integration. London and Philadelphia: Routledge.

Amaral, D. G. (2003). The amygdala, social behavior, and danger detec-
tion. Annals of the New York Academy of Sciences, 1000, 337-347.
Anderson, S. W., Bechara, A., Damasio, H., Tranel, D., & Damasio, A. R.
(1999). Impairment of social and moral behaviour related to early dam-

age in human prefrontal cortex. Nature Neuroscience, 2, 1032—-1037.

Arborelius, L., Owens, M. J., Plotsky, P. M., & Nemeroff, C. B. (1999).
The role of corticotropin-releasing factor in depression and anxiety
disorders. Journal of Endocrinology, 160, 1-12.

Archer, C., & Burnell, A. (2003). Trauma, attachment and family perma-
nence: Fear can stop you loving. London: Jessica Kingsley.

Bachiller, D., Klingensmith, J., Kemp, C., Belo, J. A., Anderson,
R. M., May, S. R., et al. (2000). The organiser factors chordin and
noggin are required for mouse forebrain development. Nature, 403,
658-661.

Baltz, J. M., Katz, D. F., & Cone, R. A. (1988). The mechanics of sperm-
egg interaction at the zona pellucida. Biophysical Journal, 54, 643—-654.

Barkovich, A. J., Kjos, B. P. O., Jackson, D. E., Jr., & Norman, D. (1988).
Normal maturation of the neonatal infant brain: MR Imaging at 1.5 T.
Radiology, 166(1), 173-180.

Barron, W., Mujais, S., Zinaman, M., Bravo, E., & Lindheimer, M.
(1986). Plasma catecholamine responses to physiologic stimuli in
normal human pregnancy. American Journal of Obstetrics and Gyne-
cology, 154, 80-84.

Bateson, G. (1955). A theory of play and fantasy. Psychiatric Research
Reports, 2(Series A), 39-51.

Bateson, G. (1956). The message “This is play.” In B. Schaffner (Ed.),
Group  processes:  Transactions of the second conference
(pp. 145-242). New York: Josiah Macy Foundation.

Bateson, G. (1979). Mind and nature, a necessary unity. London: Wild-
wood House.

Bateson, M. C. (1975). Mother-infant exchanges: The epigenesis of con-
versational interaction. In D. Aaronson & R. W. Rieber (Eds.), Devel-
opmental psycholinguistics and communication disorders: Annals of
the New York Academy of Sciences (Vol. 263, pp. 101-113). New York:
New York Academy of Sciences.

Bateson, M. C. (1979). The epigenesis of conversational interaction: A
personal account of research development. In M. Bullowa (Ed.), Be-
fore speech: The beginning of human communication (pp. 63-77).
Cambridge, England: Cambridge University Press.

Bateson, W. (1894). Materials for the study of variation treated with special
regard for discontinuity in the origin of species. London: Macmillan.
Bechara, A., Damasio, H., & Damasio, A. R. (2000). Emotion, decision

making and the orbitofrontal cortex. Cerebral Cortex, 10(3),295-307.

Beebe, B. (2003). Brief mother-infant treatment using psychoanalyti-
cally informed video microanalysis. Infant Mental Health Journal,
24(1), 24-52.

Beebe, B., Jaffe, J., Buck, K., Chen, H., Cohen, P., Feldstein, S., et al. (in
press). Six-week postpartum maternal depressive symptoms predict
4-month mother-infant self- and interactive regulation. Infant Mental
Health Journal.

Beebe, B., Jaffe, J., Feldstein, S., Mays, K., & Alson, D. (1985). Inter-
personal timing: The application of an adult dialogue model to mother-
infant vocal and kinesic interactions. In F. M. Field & N. Fox (Eds.),
Social perception in infants (pp. 217-248). Norwood, NJ: Ablex.

Bekoff, M., & Byers, J. A. (1998). Animal play: Evolutionary, comparative
and ecological approaches. New York: Cambridge University Press.

Bell, M. A., & Fox, N. A. (1996). Crawling experience is related to
changes in cortical organization during infancy: Evidence from EEG
coherence. Developmental Psychobiology, 29(7), 551-561.

Benitez-Diaz, P., Miranda-Contreras, L., Mendoza-Briceno, R. V., Pena-
Contreras, Z., & Palacios-Pru, E. (2003). Prenatal and postnatal con-
tents of amino acid neurotransmitters in mouse parietal cortex.
Developmental Neurosciences, 25, 366-374.

Berger-Sweeney, J., & Hohmann, C. F. (1997). Behavioral consequences
of abnormal cortical development: Insights into developmental dis-
abilities. Behavioral Brain Research, 86, 121-142.

Bernard, C. (1878). Le¢ons sur les phénomenes de la vie communs aux an-
imaus et aux végétaux (Vol. 1). Paris: Bailliere.

Bernstein, N. (1967). Coordination and regulation of movements. New
York: Pergamon Press.

Berntson, G. G., & Cacioppo, J. T. (2000). From homeostasis to allody-
namic regulation. In J. T. Cacioppo, L. G. Tassinary, & G. G.
Berntson (Eds.), Handbook of psychophysiology (pp. 459-481). Cam-
bridge, England: Cambridge University Press.

Berntson, G. G., Sarter, M., & Cacioppo, J. T. (1998). Anxiety and car-
diovascular reactivity: The basal forebrain cholinergic link. Behav-
ioural and Brain Research, 94, 225-248.

Berntson, G. G., Sarter, M., & Cacioppo, J. T. (2003a). Autonomic
nervous system. In L. Nadel (Ed.), Encyclopedia of cognitive sci-
ence (pp. 301-308). Basingstoke, England: Nature Publishing
Group, Macmillan.



Berntson, G. G., Sarter, M., & Cacioppo, J. T. (2003b). Ascending vis-
ceral regulation of cortical affective information processing. Euro-
pean Journal of Neuroscience, 18, 2103-2109.

Bettes, B. (1988). Maternal depression and motherese: Temporal and in-
tonational features. Child Development, 59, 1089-1096.

Bierhoff, H.-W. (2002). Prosocial behaviour. Hove, England: Psy-
chology Press.

Black, J., Jones, T. A., Nelson, C. A., & Greenough, W. T. (1998). Neu-
ronal plasticity and the developing brain. In N. E. Alessi, J. T. Coyle,
S. I. Harrison, & S. Eth (Eds.), Handbook of child and adolescent psy-
chiatry (pp. 31-53). New York: Wiley.

Blass, E. M. (1996). Mothers and their infants: Peptide-mediated physio-
logical, behavioral and affective changes during suckling. Regulatory
Peptides, 66, 109-112.

Boncinelli, E., Somma, R., Acampora, D., Pannese, M., Desposito, M.,
Faiella, A., et al. (1988). Organization of human homeobox genes.
Human Reproduction, 3, 880-886.

Bourgeois, J.-P. (2001). Synaptogenesis in the neocortex of the new-
born: The ultimate frontier for individuation. In C. A. Nelson &
M. Luciana (Eds.), Handbook of developmental cognitive neuro-
science (pp. 23-34). Cambridge, MA: MIT Press.

Bowlby, J. (1958). The nature of the child’s tie to his mother. Interna-
tional Journal of Psychoanalysis, 39, 1-23.

Bowlby, J. (1969). Attachment: Vol. 1. Attachment and loss. New York:
Basic Books.

Boyson, S. J., & Adams, C. E. (1997). D1 and D2 dopamine receptors in
perinatal and adult basal ganglia. Pediatric Research, 41, 822-831.
Bradford, H. F. (2004). Neurotransmitters and neuromodulators. In R. L.
Gregory (Ed.), Oxford companion to the mind (2nd ed., pp. 657-673).

Oxford, New York: Oxford University Press.

Briten, S. (1988). Dialogic mind: The infant and adult in protoconversa-
tion. In M. S. Cavallo (Ed.), Nature, cognition and system
(pp. 187-205). Dordrecht, The Netherlands: Kluwer Press.

Briten, S. (1998). Intersubjective communion and understanding: Devel-
opment and perturbation. In S. Braten (Ed.), Intersubjective commu-
nication and emotion in early ontogeny (pp. 372-382). Cambridge:
Cambridge University Press.

Brazelton, T. B. (2002). Strengths and stresses in today’s families: Look-
ing toward the future. In J. Gomes-Pedro, J. K. Nugent, J. G. Young,
& T. B. Brazelton (Eds.), The infant and family in the twenty-first
century (pp. 23-30). New York: Brunner-Routledge.

Brazelton, T. B., & Nugent, J. K. (1995). Neonatal Behavioural Assess-
ment Scale (3rd ed.). London: MacKeith Press.

Bremner, J. D. (2002). Neuroimaging studies in posttraumatic stress dis-
order. Current Psychiatry Reports, 4(4), 254-263.

Bremner, J. D., Narayan, M., Anderson, E. R., Staib, L. H., Miller, H. L.,
& Charney, D. S. (2000). Hippocampal volume reduction in major de-
pression. American Journal of Psychiatry, 157, 115-117.

Bremner, J. D., & Vermetten, E. (2004). Neuroanatomical changes asso-
ciated with pharmacotherapy in posttraumatic stress disorder. Annals
of the New York Academy of Sciences, 1032, 154-157.

Bremner, J. D., Vermetten, E., Vythilingam, M., Afzal, N., Schmahl, C.,
Elzinga, B., et al. (2004). Neural correlates of the classic color and
emotional Stroop in women with abuse-related posttraumatic stress
disorder. Biological Psychiatry, 15(6), 612-620.

Brennan, J., Lu, C. C., Norris, D. P., Rodriguez, T. A., Beddington, R. S.,
& Robertson, E. J. (2001). Nodal signalling in the epiblast patterns
the early mouse embryo. Nature, 411, 965-969.

Breznitz, Z., & Sherman, T. (1987). Speech patterning and natural dis-
course of well and depressed mothers and their young children. Child
Development, 58, 395-400.

References 115

Broca, P. (1878). Anatomie comparée des circonvolutions cérébrales: Le
grand lobe limbique et la scissure limbique dans la série des mam-
miferes. Revue Anthropologique, 1(2), 385-498.

Bronfenbrenner, U. (2002). Preparing a world for the infant in the twenty-
first century: The research challenge. In J. Gomes-Pedro, J. K. Nu-
gent, J. G. Young, & T. B. Brazelton (Eds.), The infant and family in
the twenty-first century (pp. 45-52). New York: Brunner-Routledge.

Buckwalter, K. C., Stolley, J. M., & Farran, C. J. (1999). Managing cog-
nitive impairment in the elderly: Conceptual, intervention and
methodological issues. Online Journal of Knowledge on Synthetic
Nursing, 11, 6-10.

Bunt, L. (1994). Music therapy: An art beyond words. London: Routledge.

Burford, B., & Trevarthen, C. (1997). Evoking communication in Rett
syndrome: Comparisons with conversations and games in mother-
infant interaction. European Child and Adolescent Psychiatry, 6, 1-5.

Cabeza, R., & Nyberg, L. (1997). Imaging cognition: An empirical re-
view of PET studies with normal subjects. Journal of Cognitive Neu-
roscience, 9, 1-26.

Cahill, L., McGaugh, J. L., & Weinberger, N. M. (2001). The neurobiol-
ogy of learning and memory: Some reminders to remember. Trends in
Neurosciences, 24(10), 578-581.

Caldji, C., Tannenbaum, B., Sharma, S., Francis, D., Plotsky, P. M., &
Meaney, M. J. (1998). Maternal care during infancy regulates the
development of neural systems mediating the expression of fearful-
ness in the rat. Proceedings of the National Academy of Sciences,
USA, 95, 5335-5340.

Caldwell, P. (2005). Creative conversations: Communicating with people
with profound and multiple learning disabilities. Brighton: Pavilion
Publishing.

Cannon, W. B. (1939). The wisdom of the body (Rev. ed.). New York: Norton.

Carter, C. S., Lederhendler, I. I., & Kirkpatrick, B. (Eds.). (1997). The
integrative neurobiology of affiliation: Annals of the New York Acad-
emy of Sciences, 807. New York: New York Academy of Sciences.

Carter, C. S., Perlstein, W., Ganguli, R., Brar, J., Mintun, M., &
Cohen, J. D. (1998). Functional hypofrontality and working memory
dysfunction in Schizophrenia. American Journal of Psychiatry,
155(9), 1285-1287.

Castellanos, F. X., Giedd, J. N., March, W. L., Hamburger, S. D.,
Vaituzis, A. C., Dickstein, D. P, et al. (1996). Quantitative brain
magnetic resonance imaging in attention-deficit hyperactivity disor-
der. Archives of General Psychiatry, 53, 607-616.

Cayouteet, M., & Raff, M. (2002). Asymmetric segregation of Numb: A
mechanism for neural specification from drosophila to mammals. Na-
ture Neuroscience, 5, 1265-1269.

Challis, J. R., Sloboda, D., Matthews, S. G., Holloway, A., Alfaidy, N.,
Patel, F. A., et al. (2001). The fetal placental hypothalamic-pituitary-
adrenal (HPA) axis, parturition and post natal health. Molecular and
Cellular Endocrinology, 185(1, 2), 135-144.

Chisaka, O., Musci, T. S., & Capecchi, M. R. (1992). Developmental
defects of the ear, cranial nerves and hindbrain resulting from tar-
geted disruption of the mouse homeobox gene Hox-1.6. Nature,
355, 516-520.

Chugani, D. C. (2002). Role of altered brain serotonin mechanisms in
Autism. Molecular Psychiatry, 7(Suppl. 2), S16-S17.

Chugani, H. T. (1994). Development of regional brain glucose metabo-
lism in relation to behavior and plasticity. In G. Dawson & K. W. Fis-
cher (Eds.), Human behavior and the developing brain (pp. 153-175).
New York: Guilford Press.

Chugani, H. T. (1998). A critical period of brain development: Stud-
ies of cerebral glucose utilization with PET. Preventive Medicine,
27, 184-188.



116 Collaborative Regulations of Vitality in Early Childhood

Cicchetti, D. (1984). The emergence of developmental psychopathology.
Child Development, 55, 1-7.

Cicchetti, D. (1989). Developmental psychopathology: Some thoughts on
its evolution. Development and Psychopathology, 1, 1-4.

Cicchetti, D. (1990). An historical perspective on the discipline of devel-
opmental psychopathology. In J. Rolf, A. Masten, D. Cicchetti, K.
Nuechterlein, & S. Weintraub (Eds.), Risk and protective factors in
the development of psychopathology (pp. 2-28). New York: Cam-
bridge University Press.

Cicchetti, D. (1993). Developmental psychopathology: Reactions, reflec-
tions, projections. Developmental Review, 13, 471-502.

Cicchetti, D. (2002). The impact of social experience on neurobiological
systems: Illustration from a constructivist view of child maltreat-
ment. Cognitive Development, 17, 1407-1428.

Cicchetti, D., & Cannon, T. D. (1999). Neurodevelopmental processes in
the ontogenesis and epigenesis of psychopathology. Development and
Psychopathology, 11, 375-393.

Cicchetti, D., & Dawson, G. (Eds.). (2002). Multiple levels of analysis.
Special Issue. Development and Psychopathology, 14(3), 417-666.
Cicchetti, D., & Rogosch, F. A. (1996). Equifinality and multifinality in
developmental psychopathology. Development and Psychopathology,

8, 597-600.

Cicchetti, D., & Rogosch, F. A. (1997). The role of self-organization in
the promotion of resilience in maltreated children. Development and
Psychopathology, 9, 797-815.

Cicchetti, D., & Rogosch, F. A. (2002). A developmental psychopathol-
ogy perspective on adolescence. Journal of Consulting and Clinical
Psychology, 70, 6-20.

Cicchetti, D., & Toth, S. L. (2000). Developmental processes in mal-
treated children. Nebraska Symposium of Motivation, 46, 85-160.
Cicchetti, D., & Tucker, D. (1994). Development and self-regulatory struc-
tures of the mind. Development and Psychopathology, 6, 533-549.
Cohen, H., Ryan, J., Hunt, C., Romine, L., Wszalek, T., & Nash, C.
(1999). Hippocampal system and declarative (relational) memory:
Summarizing the data from functional neuroimaging studies. Hip-

pocampus, 9, 83-98.

Craig, C. M., & Lee, D. N. (1999). Neonatal control of nutritive sucking
pressure: Evidence for an intrinsic tau-guide. Experimental Brain Re-
search, 124(3), 371-382.

Cross, N. L. (1998). Role of cholesterol in sperm capacitation. Biology of

Reproduction, 59, 7-11.

Cytryn, L., McKnew, D. H., Jr., & Bunney, W. E. (1980). Diagnosis of de-
pression in children: A reassessment. American Journal of Psychiatry,
137(1), 22-25.

Damasio, A. R. (1994). Decartes’ error: Emotion, reason and the human
brain. New York: Grosset/Putnam.

Damasio, A. R. (1999). The feeling of what happens: Body, emotion and
the making of consciousness. London: Heinemann.

Damasio, A. R., & Damasio, H. (1992). Brain and language. Scientific
American, 267, 63-71.

Damasio, A. R., Grabowski, T. J., Bechara, A., Damasio, H., Ponto,
L. L. B., Parvizi, J., et al. (2000). Subcortical and cortical brain ac-

tivity during the feeling of self-generated emotions. Nature Neuro-
science, 3, 1049-1056.

Darwin, C. (1998). The expression of the emotions in man and animals
(3rd ed.). New York: Oxford University Press. (Original work pub-
lished 1872)

Davis, L. L., Suris, A., Lambert, M. T., Heimberg, C., & Petty, F.
(1997). Post-traumatic stress disorder and serotonin: New directions
for research and treatment. Journal of Psychiatry and Neuroscience,
22, 318-326.

Dawson, G., & Fischer, K. W. (1994). Human behavior and the develop-
ing brain. New York: Guilford Press.

Dawson, G., Webb, S., Schellenberg, G. D., Dager, S., Friedman, S., Ayl-
ward, E., et al. (2002). Defining the broader phenotype of Autism:
Genetic, brain, and behavioral perspectives. Development and
Psychopathology, 14, 581-611.

de Beer, G. (1945). Embryos and ancestors. London: Oxford Univer-
sity Press.

DeBellis, M. D. (2001). Developmental traumatology: The psychobiolog-
ical development of maltreated children and its implications for re-
search, treatment, and policy. Developmental Psychopathology, 13(3),
539-564.

DeBellis, M. D., Baum, A. S., Birmaher, B., Keshavan, M. S., Eccard,
C. H., Boring, A. M., et al. (1999a). A. E. Bennett Research Award—
Developmental traumatology: Pt. I. Biological stress systems. Biolog-
ical Psychiatry, 15, 1259-1270.

DeBellis, M. D., Keshavan, M. S., Clark, D. B., Casely, B. J., Giedd,
J. N., Boring, A. M., et al. (1999b). A. E. Bennett Research Award—
Developmental traumatology: Pt. II. Brain development. Biological
Psychiatry, 15, 1271-1284.

DeCasper, A. J., & Fifer, W. P. (1980). Of human bonding: Newborns
prefer their mother’s voices. Science, 208, 1174-1176.

Decety, J., & Chaminade, T. (2003). Neural correlates of feeling sympa-
thy. Neuropsychologia, 41, 127-138.

deGroot, R. H., Adam, J. J., & Hornstra, G. (2003). Selective attention
deficits during human pregnancy. Neuroscience Letters, 340, 21-24.

de Kloet, E. R., Korte, S. M., Rots, W. Y., & Kruk, M. R. (1996). Stress
hormones, genotype, brain organization: Implications for aggression.
Annals of the New Academy of Sciences, 94, 179-191.

de Kloet, E. R., Oitzl, M. S., & Joels, M. (1999). Stress and cognition:
Are corticosteroids good or bad guys? Trends in Neurosciences,
22(10), 422-426.

de Vries, J. I. P., Visser, G. H. A., & Prechtl, H. F. R. (1984). Fetal motil-
ity in the first half of pregnancy. In H. F. R. Prechtl (Ed.), Continuity
of neural functions from prenatal to postnatal life (pp. 46—64). Ox-
ford: Blackwell.

de Vries, J. I. P., Visser, G. H. A., & Prechtl, H. F. R. (1988). The emer-
gence of foetal behaviour: Pt. III. Individual differences and consis-
tencies. Early Human Development, 16(1), 85-103.

de Waal, F. (1996). Good natured. Cambridge, MA: Harvard Univer-
sity Press.

Diamond, A. (1990). The development and neural bases of memory func-
tions as indexed by the A-not-B and delayed response task in human
infants and infant monkeys. In A. Diamond (Ed.), The development
and neural bases of higher cognitive functions (pp. 394—426). New
York: New York Academy of Sciences.

Diamond, A. (1991). Frontal lobe involvement in cognitive changes dur-
ing the first year of life. In K. R. Gibson & A. C. Petersen (Eds.),
Brain maturation and cognitive development: Comparative and cross-
cultural perspectives (pp. 127-180). New York: Aldine de Gruyter.

DiPietro, J. A., Hodgson, D. M., Costigan, K. A., Hilton, S. C., & John-
son, T. R. B. (1996). Fetal neurobehavioral development. Child Devel-
opment, 67, 2553-2567.

DiPietro, J. A., Irizarry, R. A., Costigan, K. A., & Gurewitsch, E. D.
(2004). The psychophysiology of the maternal-fetal relationship. Psy-
chophysiology, 41, 510-520.

Dodic, M., Hantzis, V., Duncan, J., Rees, S., Koukoulas, I., Johnson, K.,
et al. (2002). Programming effects of short prenatal exposure to cor-
tisol. FASEB Journal, 16(9), 1017-1026.

Donald, M. (2001). A mind so rare: The evolution of human conscious-
ness. New York: Norton.



Dugdale, A. E. (1986). Evolution and infant feeding. Lancet, 1(8482),
670-673.

Dunn, A. J., & Berridge, C. W. (1990). Physiological and behavioral
responses to corticotropin-releasing factor administration: Is CRF
a mediator of anxiety or stress responses? Brain Research Review,
15, 71-100.

Dunn, A. J., Swiergeil, A. H., & Palamarchouk, V. (2004). Brain cir-
cuits involved in corticotropin-releasing factor: Norepinephrine in-
teractions during stress. Annals of the New York Academic Sciences,
1018, 25-34.

Dworkin, B. R. (2000). Interoception. In C. T. Cacioppo, L. G. Tassi-
nary, & G. G. Berntson (Eds.), Handbook of psychophysiology
(pp. 482-405). Cambridge, England: Cambridge University Press.

Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J., McMa-
hon, J. A., et al. (1993). Sonic hedgehog, a member of a family of pu-
tative signalling molecules, is implicated in the regulation of CNS
polarity. Cell, 75(7), 1417-1430.

Edelman, G. M. (1987). Neuronal Darwinism: The theory of neuronal
group selection. New York: Basic Books.

Edelman, G. M. (1988). Topobiology: An introduction to molecular em-
bryology. New York: Basic Books.

Edwards, H. E., & Burnham, W. M. (2001). The impact of corticosteroids
on the developing animal. Pediatric Research, 50, 433—440.

Edwards, J. (Ed.). (2001). Being alive: Building on the work of Anne Al-
varez. London & New York: Brunner-Routledge.

Elefant, C. (2001). Speechless yet communicative: Revealing the person
behind the disability of Rett syndrome through clinical research on
songs in music therapy. In D. Aldridge, G. Di Franco, E. Ruud, & T.
Wigram (Eds.), Music therapy in Europe. Rome: ISMEZ.

Emde, R. N. (1992). Positive emotions for psychoanalytic theory: Sur-
prises from infancy research and new directions. In T. Shapiro &
R. N. Emde (Eds.), Affect: Psychoanalytic perspectives (pp. 5-54).
Madison, CT: International Universities Press.

Episkopou, V., Arkell, R., Timmons, P. M., Walsh, J. J., Andrew, R. L., &
Swan, D. (2001). Induction of the mammalian node requires Arkadia
function in the extraembryonic lineages. Nature, 410, 825-830.

Fiamenghi, G. (1997). Intersubjectivity and infant-infant interaction:
Imitation as a way of making contact. Hokkaido University, Annual
Report, Research and Clinical Centre for Child Development, 19,
15-21.

Field, T. M. (1984). Early interactions between infants and their post-
partum depressed mothers. Infant Behavior and Development, 7,
527-532.

Field, T. M. (1985). Neonatal perception of people: Maturational and in-
dividual differences. In T. M. Field & N. Fox (Eds.), Social percep-
tion in infants (pp. 31-52). Norwood, NJ: Ablex.

Field, T. M. (1992). Infants of depressed mothers. Development and
Psychopathology, 4, 49-66.

Field, T. M. (1995). Infants of depressed mothers. Infant Behaviour and
Development, 18, 1-15.

Field, T. M. (1998). Maternal depression effects on infants and early in-
tervention. Preventative Medicine, 27, 200-203.

Field, T. M. (2003). Stimulation of preterm infants. Pediatrics in Review,
24(1), 4-11.

Field, T. M. (2005). Prenatal depression effects on fetus and neonate. In
J. Nadel & D. Muir (Eds.), Emotional development (pp. 317-340). Ox-
ford: Oxford University Press.

Field, T. M., Fox, N. A., Pickens, J., & Nawrocki, T. (1995). Right frontal
EEG activation in 3-to-6 month old infants of depressed mothers. De-
velopmental Psychology, 31, 358-363.

References 117

Field, T. M., Healy, B., Goldstein, S., Perry, S., Bendall, D., Schanberg,
S., etal. (1988). Infants of depressed mothers show “depressed” be-
havior even with non-depressed adults. Child Development, 59,
1569-1579.

Fifer, W. P., & Moon, C. M. (1995). The effects of fetal experience with
sound. In J.-P. Lecanuet, W. P. Fifer, N. A. Krasnegor, & W. P. Smoth-
erman (Eds.), Fetal development: A psychobiological perspective
(pp. 351-366). Hillsdale, NJ: Erlbaum.

Fischer, K. W., & Rose, S. P. (1994). Dynamic development of coordina-
tion of components in brain and behaviour: A framework for theory
and research. In G. Dawson & K. W. Fischer (Eds.), Human behavior
and the developing brain (pp. 3-66). New York: Guilford Press.

Fitzgerald, M. (1991). The development of descending brainstem control
of spinal cord sensory processing. In M. A. Hanson (Ed.), The fetal
and neonatal brain stem: Developmental and clinical issues
(pp. 127-136). Cambridge, England: Cambridge University Press.

Fivaz-Depeursinge, E., & Corboz-Warnery, A. (1999). The primary tri-
angle: A developmental systems view of mothers, fathers and infants.
New York: Basic Books.

Fletcher, P., Frith, C., Frackowiak, R., & Dolan, R. (1996). Brain activ-
ity during memory retrieval: The influence of imagery and semantic
cueing. Brain, 119, 1587-1596.

Fonagy, P. (1998). Moments of change in psychoanalytic theory: Dis-
cussion of a new theory of psychic change. Infant Mental Health,
19, 346-351.

Fonagy, P. (2001). Changing ideas of change: The dual components of
therapeutic action. In J. Edwards (Ed.), Being alive: Building on the
work of Anne Alvarez (pp. 14-31). London: Brunner-Routledge.

Fonagy, P., & Target, M. (2003). Psychoanalytic theories: Perspectives
from developmental psychopathology. London and Philadelphia: Whurr.

Forsyth, P., Kennedy, H., & Simpson, R. (1995). An evaluation of video
interaction guidance in families and teaching situations (SOED Pro-
fessional Development Initiatives, 1993-1994). Edinburgh, Scotland:
Scottish Office.

Fraiberg, S. (1980). Clinical studies in infant mental health: The first
year of life. London: Tavistock.

Fride, E., & Weinstock, M. (1988). Prenatal stress increases anxiety re-
lated behavior and alters cerebral lateralization of dopamine activity.
Life Science, 42, 1059-1065.

Fuster, J. M. (1989). The prefrontal cortex: Anatomy, physiology and neu-
ropsychology of the frontal lobe. New York: Raven Press.

Gabrieli, J. D., McGlinchey-Berroth, R., Carrillo, M. C., Gluck, M. A.,
Cermak, L. S., & Disterhoft, J. F. (1995). Intact delay-eyeblink classi-
cal conditioning in amnesia. Behavioural Neuroscience, 109, 819-827.

Gallese, V., Keysers, C., & Rizzolatti, G. (2004). A unifying view of the
basis of social cognition. TRENDS in Cognitive Sciences, 8(9),396-403.

Gans, C., & Northcutt, R. G. (1983). Neural crest and the origin of verte-
brates: A new head. Science, 220, 268-274.

Garmezy, N., & Masten, A. S. (1994). Chronic adversities. In M. Rutter,
L. Herzov, & E. Taylor (Eds.), Child and adolescent psychiatry (3rd
ed., pp. 191-208). Oxford: Blackwell.

Gaspar, P., Cases, O., & Maroteaux, L. (2003). The developmental role of
serotonin: News from mouse molecular genetics. Nature Reviews Neu-
roscience, 4, 1002-1012.

Gilles, F. H., Shankle, W., & Dooling, E. G. (1983). Myelinated tracts:
Growth patterns. In F. H. Gilles, A. Leviton, & E. G. Dooling (Eds.),
The developing brain: Growth and epidemiological neuropathology
(pp. 117-183). Boston: John Wright.

Gilroy, A., & Lee, C. (Eds.). (1995). Art and music: Therapy and re-
search. London: Routledge.



118 Collaborative Regulations of Vitality in Early Childhood

Gitau, R., Fisk, N., Teixeira, J. M., Cameron, A., & Glover, V. (2001).
Fetal HPA stress responses to invasive procedures are independent of
maternal responses. Journal of Clinical and Endocrinological Metabo-
lism, 86, 104—109.

Glynn, L. M., Wadhwa, P. D., & Sandman, C. A. (2000). The influence of
corticotropin releasing hormone on human fetal development and partu-
rition. Journal of Prenatal and Perinatal Psychic Health, 14, 243-256.

Goho, S., & Bell, G. (2000). The ecology and genetics of fitness in
Chlamydomonas: IX. The rate of accumulation of variation in fitness
under selection. Evolution, 54, 416-424.

Gold, C., Vorachek, M., & Wigram, T. (2004). Effects of music therapy
for children and adolescents with psychopathology: A meta-analysis.
Journal of Child Psychology and Psychopathology, 45(6), 1054—-1063.

Goldman-Rakic, P. S. (1987). Development of cortical circuitry and cog-
nitive function. Child Development, 58, 601-622.

Gomes-Pedro, J., Nugent, J. K., Young, J. G., & Brazelton, T. B. (Eds.).
(2002). The infant and family in the twenty-first century. New York:
Brunner-Routledge.

Gore, A. (1992). The earth in balance: Forging a new common purpose.
London: Earth Scan Publications.

Gratier, M. (2003). Expressive timing and interactional synchrony be-
tween mothers and infants: Cultural similarities, cultural differ-
ences, and the immigration experience. Cognitive Development, 18,
533-554.

Greenough, W. T., & Black, J. E. (1992). Induction of brain structure by
experience: Substrates for cognitive development. In M. R. Gunnar &
C. A. Nelson (Eds.), Minnesota Symposium on Child Psychology: Vol.
24. Developmental behavioral neuroscience (pp. 155-200). Mahwah,
NJ: Erlbaum.

Greenspan, S. I. (1981). Psychopathology and adaptation in infancy and
early childhood. New York: International Universities Press.

Groome, L. J., Bentz, L. S., & Singh, K. P. (1995). Behavioral state orga-
nization in normal human term fetuses: The relationship between pe-
riods of undefined state and other characteristics of state control.
Sleep, 18, 77-81.

Gunnar, M. R. (1998). Quality of early care and buffering of neuroen-
docrine stress reactions: Potential effects on the developing human
brain. Preventive Medicine, 27, 209-210.

Gunnar, M. R., Larson, M. C., Hertsgaard, L., Harris, M. L., & Broder-
sen, L. (1992). The stressfulness of separation among nine-month-old
infants: Effects of social context variables and infant temperament.
Child Development, 63, 290-303.

Gunnar, M. R., Tout, K., de Haan, M., Pierce, S., & Stansbury, K.
(1997). Temperament, social competence, and adrenocortical activity
in preschoolers. Developmental Psychobiologist, 31, 65-85.

Gutstein, S. E., & Sheely, R. K. (2002). Relationship development inter-
vention with young children: Social and emotional development activ-
ities for Asperger syndrome, Autism, PDD, and NLD. London:
Jessica Kingsley.

Halliday, M. A. K. (1975). Learning how to mean: Explorations in the de-
velopment of language. London: Edward Arnold.

Hamil, R. W. (2004). Autonomic nervous system: Nature and functional
neuroanatomy. In G. Adelman & B. H. Smith (Eds.), Encyclopedia of
neuroscience (3rd ed., Article 646). Amsterdam: Elsevier Science.

Hamilton, W. J., Boyd, J. D., & Mossman, H. W. (1962). Human embryol-
ogy: Prenatal development of form and function (3rd ed.). Cambridge,
England: Heffer.

Hardy, L. (1996). A test of catastrophe models of anxiety and sports per-
formance against multidimensional anxiety theory models using the
method of dynamic differences. Anxiety, Stress and Coping: An Inter-
national Journal, 9, 69-86.

Hari, R., & Nishitani, N. (2004). From viewing of movement to imitation
and understanding of other persons’ acts: MEG studies of the human
mirror-neuron system. In N. Kanwisher & J. Duncan (Eds.), Func-
tional neuroimaging of visual cognition: Attention and performance
XX (pp. 463-479). Oxford: Oxford University Press.

Harrison, R. G. (1933). Some difficulties of the determination problem.
American Naturalist, 67, 306-321.

Hay, D. F. (1985). Learning to form relationships in infancy: Parallel
attainments with parents and peers. Developmental Review, 5,
122-161.

Hay, D. F., & Kumar, R. (1995). Interpreting effects of mothers’ postna-
tal depression on children’s intelligence: A critique and re-analysis.
Child Psychiatry and Human Development, 253, 165-181.

Hedegaard, M. (1999). Life style, work and stress, and pregnancy out-
come. Current Opinion in Obstetric Gynecology, 11, 553-556.

Heimann, M. (1998). Imitation in neonates, in older infants and in chil-
dren with Autism: Feedback to theory. In S. Braten (Ed.), Intersub-
Jective communication and emotion in early ontogeny (pp. 89—-104).
Cambridge, England: Cambridge University Press.

Held, R. (1985). Binocular vision: Behavioral and neuronal development.
InJ. Mehler & R. Fox (Eds.), Neonate cognition: Beyond the blooming
buzzing confusion (pp. 37-44). Hillsdale, NJ: Erlbaum.

Held, R., Birch, E., & Gwiazda, J. (1980). Stereoacuity of human in-
fants. Proceedings of the National Academy of Sciences, USA, 77,
5572-5574.

Henry, C., Kabbaj, M., Simon, H., Le Moal, M., & Maccari, S. (1994). Pre-
natal stress increases the hypothalamo-pituitary-adrenal axis response
in young and adult rats. Journal of Neuroendocrinology, 6, 341-345.

Henry, J. P., & Stephens, P. M. (1977). Stress, health and the social envi-
ronment. New York: Springer.

Hepper, P. G. (1995). The behavior of the fetus as an indicator of neural
functioning. In J.-P. Lecanuet, W. P. Fifer, N. A. Krasnegor, & W. P.
Smotherman (Eds.), Fetal development: A psychobiological perspec-
tive (pp. 405-417). Hillsdale, NJ: Erlbaum.

Herlenius, E., & Lagercrantz, H. (2004). Development of neurotrans-
mitter systems during critical periods. Experimental Neurology,
190 (Suppl. 1), S8-S21.

Hess, W. R. (1954). Diencephalon: Autonomic and extrapyramidal func-
tions. Orlando, FL: Grune and Stratton.

Hessl, D., Dawson, G., Frey, K., Panagiotides, H., Self, H., Yamada, E.,
et al. (1998). A longitudinal study of children of depressed mothers:
Psychobiological findings related to stress. In D. M. Hann, L. C.
Huffman, K. K. Lederhendler, & D. Minecke (Eds.), Advancing re-
search on developmental plasticity: Integrating the behavioral sciences
and the neurosciences of mental health. Bethesda, MD: National In-
stitutes of Mental Health.

Hobson, P. (2002). The cradle of thought: Exploring the origins of think-
ing. London: Macmillan.

Hofer, M. A. (1987). Early social relationships: A psychobiologist’s
view. Child Development, 58, 633—-647.

Holstege, G., Bandler, R., & Saper, C. B. (Eds.). (1996). The emotional
motor system. Amsterdam: Elsevier.

Hubley, P., & Trevarthen, C. (1979). Sharing a task in infancy. In I. Uz-
giris (Ed.), Social interaction during infancy: Vol. 4. New directions
for child development (pp. 57-80). San Francisco: Jossey-Bass.

Huether, G. (1996). The central adaptation syndrome: Psychosocial
stress as a trigger for adaptive modifications of brain structure and
brain function. Progress in Neurobiology, 48(6), 569-612.

Hughes, D. (1997). Facilitating developmental attachment: The road to
emotional recovery and behavioral change in foster and adopted chil-
dren. New York: Aronson.



Hughes, D. (1998). Building the bonds of attachment: Awakening love in
deeply traumatized children. Northvale, NJ: Aronson.

Huizinck, A. C., Mulder, E. J. H., & Buitelaar, J. K. (2004). Prenatal
stress and risk for psychopathology: Specific effects of induction of
general susceptibility? Psychological Bulletin, 1, 115-142.

Hundertmark, S., Dill, A., Ebert, A., Zimmermann, B., Kotelevtsev,
Y. V., Mullins, J. J., et al. (2002). Foetal lung maturation in 11beta-
hydroxysteroid dehydrogenase Type 1 knockout mice.Hormone and
Metabolic Research, 34(10), 545-549.

Huttenlocher, P. R. (1990). Morphometric study of human cerebral cor-
tex development. Neuropsychologia, 28, 517-527.

Innocenti, G. M. (1983). Exuberant callosal projections between the de-
veloping hemispheres. In R. Villani, I. Papo, M. Giovanelli, S. M.
Gaini, & G. Tomei (Eds.), Advances in neurotraumatology. Amster-
dam: Excerpta Medica.

Isaacson, R. L. (2004). Hippocampus. In G. Adelman & B. H. Smith
(Eds.), Encyclopedia of neuroscience (3rd ed., Article 58). Amster-
dam: Elsevier Science.

Ito, N., Ito, T., & Paus, R. (2005). The human hair follicle has established
a fully functional peripheral equivalent of the hypothamalic-
pituitary-adrenal axis (HPA). Experimental Dermatology, 14, 158.

Iversen, L. L. (2004). Neurotransmitters. In G. Adelman & B. H. Smith
(Eds.), Encyclopedia of neuroscience (3rd ed., Article 59). Amster-
dam: Elsevier Science.

Jaenisch, R., & Bird, A. (2003). Epigenetic regulation of gene expression:
How the genome integrates intrinsic and environmental signals. Na-
ture Genetics, 33, 245-254.

James, D., Pillai, M., & Smoleniec, J. (1995). Neurobehavioral devel-
opment in the human fetus. In J.-P. Lecanuet, W. P. Fifer, N. A.
Krasnegor, & W. P. Smotherman (Eds.), Fetal development: A psy-
chobiological perspective (pp. 101-128). Hillsdale, NJ: Erlbaum.

Jansen, R., & Wels, P. (1998). The effects of video home training in fam-
ilies with a hyperactive child. In G. Forrest (Ed.), Psychopathology
and developmental disorders (Occasional papers, Series No. 15,
pp. 63-73). London, England: Association for Child and Adolescent
Mental Health.

Jarskog, L. F., Xiao, H., Wilkie, M. B., Lauder, J. M., & Gilmore, J. H.
(1997). Cytokine regulation of embryonic rat dopamine and sero-
tonin neuronal survival in vitro. International Journal of Developmen-
tal Neurosciences, 15(6), 711-716.

Jeannerod, M. (1994). The representing brain: Neural correlates of motor
intention and imagery. Behavioral and Brain Sciences, 17, 187-245.

Jeannerod, M. (1999). To act or not to act: Perspectives on the represen-
tation of actions—The 25th Bartlett Lecture. Quarterly Journal of
Experimental Psychology: Section A. Human Experimental Psychol-
ogy, 52(1), 1-29.

Jensen, O. (1984). Fetal heart rate response to controlled sound stimuli
during the third trimester of normal pregnancy. Acta Obstetrics et Gy-
necologica Scandanavica, 63, 193—-197.

Jernberg, A. M., & Booth, P. B. (2001). Theraplay: Helping parents and
children build better relationships through attachment-based play (2nd
ed.). San Francisco: Jossey-Bass.

Johnson, M. H. (1998). Developmental cognitive neuroscience: Looking
ahead. Development and Parenting, 7, 163—169.

Johnston, M. V. (1995). Neurotransmitters and vulnerability of the devel-
oping brain. Brain Development, 17(5), 301-306.

Jones, C. T. (1993). Endocrine and metabolic interaction between pla-
centa and fetus: Pathways of maternal-fetal communication. In
C. W. G. Redman, I. L. Sargent, & P. M. Starkey (Eds.), The human
placenta: A guide for clinicians and scientists (pp. 527-557). Oxford:
Blackwell Scientific.

References 119

Jones, C. T., Hartmann, M., Blaschitz, A., & Desoye, G. (1993). Ultra-
structural localization of insulin receptors in human placenta. Amer-
ican Journal of Reproductive Immunology, 30(2, 3), 136—145.

Joseph, R. (1999). Environmental influences on neural plasticity, the
limbic system, emotional development and attachment. Child Psychi-
atry and Human Development, 29, 187-203.

Juffer, F., Bakermans-Kranenburg, M. J., & van Ijzendoorn, M. H.
(2005). The importance of parenting in the development of disorgan-
ized attachment: Evidence from a preventive intervention study in
adoptive families. Journal of Child Psychology and Psychiatry,
46(3), 263-274.

Kalia, M. (2004). Vagus nerve and control of the autonomic nervous sys-
tem. In G. Adelman & B. H. Smith (Eds.), Encyclopedia of neuro-
science (3rd ed., Article 910). Amsterdam: Elsevier Science.

Kalin, N. H., Larson, C., Shelton, S. E., & Davidson, R. J. (1998). Asym-
metric frontal brain activity, cortisol, and behavior associated with
fearful temperament in rhesus monkeys. Behavioral Neuroscience,
112, 286-292.

Kammerer, M., Adams, D., von Castelberg, B., & Glover, V. (2002).
Pregnant women become insensitive to cold stress. BMC Pregnancy
and Childbirth, 2, 8.

Kendall-Tackett, K. A., Meyer-Williams, L., & Finkelhor, D. (1993). Im-
pact of sexual abuse on children: A review and synthesis of recent
empirical studies. Psychological Bulletin, 113(1), 164-180.

Kennell, J. H., Jerauld, R., Wolfe, H., Chesler, D., Kreger, N. C.,
McAlpine, W., et al. (1974). Maternal behavior one year after early
and extended postpartum contact. Developmental Medicine and Child
Neurology, 16(2), 172-179.

Kerr, 1. (2005). Cognitive analytic therapy. Psychiatry, 4(5), 28-33.

Kobayashi, H., & Kohshima, S. (2001). Evolution of the human eye as a
device for communication. In T. Matsuzawa (Ed.), Primate origins of
human communication and behavior (pp. 383—401). Tokyo: Springer.

Kobernick, K., & Pierler, T. (2002). Gli-type zinc finger proteins as bipo-
tential transducers of hedgehog signalling. Differentiation, 70, 69-76.

Kohut, H. (1984). How does analysis cure? Chicago: University of
Chicago Press.

Kohyama, J. (1998). Sleep as a window on the developing brain. Current
Problems in Pediatrics, 27, 73-92.

Korte, S. M. (2001). Corticosteroids in relation to fear, anxiety and psycho-
pathology. Neuroscience and Biobehavioral Reviews, 25(2), 117-142.

Korte, S. M., Buwalda, B., Meijer, O., De Kloet, E. R., & Bohus, B.
(1995). Socially defeated male rats display a blunted adrenocortical
response to a low dose of 8-OH-DPAT. European Journal of Pharma-
cology, 272, 45-50.

Korte, S. M., Koolhaas, J. M., Wingfield, J. C., & McEwen, B. S. (2005).
The Darwinian concept of stress: Benefits of allostasis and costs of
allostatic load and the trade-offs in health and disease. Neuroscience
and Biobehavioral Reviews, 29, 3—-38.

Kraemer, G. W. (1992). A psychobiological theory of attachment. Behav-
ioural and Brain Sciences, 15(3), 493-541.

Kristensen, T. N., Sorensen, J. G., & Loeschcke, V. (2003). Mild heat
stress at a young age in Drosophila melanogaster leads to increased
Hsp70 synthesis after stress exposure later in life. Journal of Genet-
ics, 82, 89-94.

Kugiumutzakis, G. (1998). Neonatal imitation in the intersubjective
companion space. In S. Briten (Ed.), Intersubjective communication
and emotion in early ontogeny (pp. 63-88). Cambridge, England:
Cambridge University Press.

Lagercrantz, H. (1996). Stress, arousal and gene activation at birth. News
in Physiological Sciences, 11, 214-218.



120 Collaborative Regulations of Vitality in Early Childhood

Lamb, M. E., Thompson, R. A., Gardner, W. P., Charnov, E. L., & Estes,
D. (1984). Security of infantile attachment as assessed in the
“Strange Situation”: Its study and biological interpretation. Behav-
ioral and Brain Sciences, 7, 127-171.

Langley, J. N. (1921). The autonomic nervous system. Cambridge, En-
gland: Heffer.

Lecanuet, J.-P., Fifer, W. P., Krasnegor, N. A., & Smotherman, W. P.
(Eds.). (1995). Fetal development: A psychobiological perspective.
Hillsdale, NJ: Erlbaum.

LeDoux, J. E. (2000). Emotion circuits in the brain. Annual Review of
Neuroscience, 23, 155-184.

Lee, D. N. (1998). Guiding movement by coupling taus. Ecological Psy-
chology, 10(3, 4), 221-250.

Lee, D. N. (2004). Tau in action in development. In J. J. Rieser, J. J.
Lockman, & C. A. Nelson (Eds.), Action, perception and cognition in
learning and development (pp. 3—49). Hillsdale, NJ: Erlbaum.

Levine, S .K., Knill, P. J., & Levine, E. G. (2003). Principles and practice
of expressive arts therapy: Towards a therapeutic aesthetic. London:
Jessica Kingsley.

Lewis, D. A. (1997). Development of the primate frontal cortex. In
M. S. Keshavan & R. M. Murray (Eds.), Neurodevelopment and adult
psychopathology (pp. 12-30). Cambridge, England: Cambridge Uni-
versity Press.

Lewis, E. B. (1994). Homeosis: The first 100 years. Trends in Genetics,
10(10), 341-343.

Lewis, E. B. (1998). The bithorax complex. International Journal of De-
velopmental Biology, 42, 403—-415.

Leyton, L., Leguen, P., Bunch, D., & Saling, P. M. (1992). Regulation of
mouse gamete interaction by a sperm tyrosine kinase. Proceedings of
the National Academy of Sciences, USA, 89(24), 11692-11695.

Liotti, G. (1999). Disorganization of attachment as a model for under-
standing dissociative psychopathology. In J. Solomon & C. George
(Eds.), Attachment disorganization (pp. 291-317). New York: Guil-
ford Press.

Lou, H. C., Hansen, D., Nordentoft, M., Pryds, O., Jensen, F., Nim, J.,
et al. (1995). Prenatal stressors of human life affect fetal brain devel-
opment. Developmental Medicine and Child Neurology, 37(2), 185.

Luciana, M. (2001). Dopamine-opiate modulations of reward-seeking be-
havior: Implications for the functional assessment of prefrontal de-
velopment. In C. A. Nelson & M. Luciana (Eds.), Handbook of
developmental cognitive neuroscience (pp. 647-662). Cambridge,
MA: MIT Press.

Luthar, S. S., Cicchetti, D., & Becker, B. (2000). The construct of re-
silience: A critical evaluation and guidelines for future work. Child
Development, 71, 543-562.

Lyon, G., & Gadisseux, J.-F. (1991). Structural abnormalities of the
brain in developmental disorders. In M. Rutter & P. Casaer (Eds.), Bi-
ological risk factors for psychosocial disorders (pp. 1-19). Cam-
bridge, England: Cambridge University Press.

Lyons-Ruth, K., Connell, D. B., Grunebaum, H. U., & Botein, S. (1990).
Infants at social risk: Maternal depression and family support ser-
vices as mediators of infant development and security of attachment.
Child Development, 61(1), 85-98.

Maccari, S., Darnaudery, M., Morley-Fletcher, S., Zuena, A. R., Cinque,
C., & Van Reeth, O. (2003). Prenatal stress and long-term conse-
quences: Implications of glucocorticoid hormones. Neuroscience and
Biobehavioral Reviews, 27, 119-127.

MacLean, P. D. (1952). Some psychiatric implications of physiological
studies on frontotemporal portion of limbic system (visceral brain).
Electroencephalography and Clinical Neurophysiology, 4, 407-418.

MacLean, P. D. (1990). The triune brain in evolution: Role in paleocere-
bral functions. New York: Plenum Press.

MacLean, P. D. (2004). Triune brain. In G. Adelman & B. H. Smith
(Eds.), Encyclopedia of neuroscience (3rd ed., Article 203). Amster-
dam: Elsevier Science.

Magarinos, A. M., Verdugo, J. M. G., & McEwen, B. S. (1997). Chronic
stress alters synaptic terminal structure in hippocampus. Proceedings
of the National Academy of Sciences, USA, 94, 14002—-14008.

Maiello, S. (2001). On temporal shapes: The relation between primary
rhythmical experience and the quality of mental links. In J. Ed-
wards (Ed.), Being alive: Building on the work of Anne Alvarez
(pp. 179-194). London: Brunner-Routledge.

Main, M., & Goldwyn, R. (1984). Predicting rejection of her infant from
mother’s representation of her own experience: Implications for the
abused-abusing intergenerational cycle. International Journal of
Child Abuse and Neglect, 8, 203-217.

Main, M., & Solomon, J. (1986). Discovery of an insecure-
disorganized/disoriented attachment pattern. In T. B. Brazelton
& M. W. Yogman (Eds.), Affective development in infancy
(pp. 95—124). Norwood, NJ: Ablex.

Malberg, J. E. (2004). Implications of adult hippocampal neurogenesis
in antidepressant action. Journal of Psychiatry and Neuroscience,
3, 196-205.

Malloch, S. (1999). Mother and infants and communicative musicality.
In I. Deliege (Ed.), Rhythms, musical narrative, and the origins of
human communication: Musicae Scientiae, 1999-2000 (pp. 29-57)
[Special issue]. Li¢ge, Belgium: European Society for the Cognitive
Sciences of Music.

Markowitsch, H. J. (1998). Differential contribution of the right and left
amygdala to affective information processing. Behavioural Neurol-
ogy, 11, 233-244.

Markowitsch, H. J., Kessler, J., Kalbe, E., & Herholz, K. (1999). Func-
tional amnesia and memory consolidation. A case of persistent an-
terograde amnesia with rapid forgetting following whiplash injury.
Neurocase, 5, 189-200.

Markowitsch, H. J., Kessler, J., Russ, M. O., Frolich, L., Schneider, B., &
Maurer, K. (1999). Mnestic block syndrome. Cortex, 35, 219-230.
Markowitsch, H. J., Thiel, A., Reinkemeier, M., Kessler, J., Koyuncu, A.,
& Heiss, W.-D. (2000). Right amygdalar and temporofrontal activa-
tion during autobiographic, but not during fictitious memory re-

trieval. Behavioural Neurology, 12, 181-190.

Markowitsch, H. J., Vandekerckhove, M. M. P., Lanfermann, H., & Russ,
M. O. (2003). Brain circuits for the retrieval of sad and happy autobi-
ographic episodes. Cortex, 39, 643—-665.

Marti, E., & Bovolenta, P. (2002). Sonic hedgehog in CNS development:
One signal, multiple outputs. Trends in Neuroscience, 25(2), 89-96.

Masten, A. S. (2001). Ordinary magic: Resilience processes in develop-
ment. American Psychologist, 56, 227-238.

Matthews, K. A., & Rodin, J. (1992). Pregnancy alters blood pressure re-
sponses to psychological and physical challenge. Psychophysiology,
29, 232-240.

Matthews, S. G. (2001). Antenatal glucocorticoids and the developing
brain: Mechanisms of action. Seminars in Neonatology, 6(4), 309-317.

McEwen, B. S. (1989). Endocrine effects on the brain and their relation-
ship to behavior. In G. Siegel, B. Agranoff, R. W. Albers, & P. Moli-
noff (Eds.), Basic neurochemistry (4th ed., pp. 893-913). New York:
Raven Press.

McEwen, B. S. (1997a). The brain is an important target of adrenal
steroid actions: A comparison of synthetic and natural steroids. An-
nals of the New York Academy of Sciences, 823, 201-213.



McEwen, B. S. (1997b). Hormones as regulators of brain development:
Life-long effects related to health and disease. Acta Paediatrica Sup-
plement, 422, 41-44.

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annual Review
of Neurosciences, 22, 105-122.

McEwen, B. S. (2001). From molecules to mind: Stress, individual dif-
ferences, and the social environment. Annals of the New York Acad-
emy of Sciences, 93, 42—-49.

McEwen, B. S. (2002). Sex, stress and the hippocampus: Allostasis, allo-
static load and the aging process. Neurobiology of Aging, 23, 921-939.

McEwen, B. S. (2003). Early life influences on life-long patterns of be-
havior and health: Mental retardation and developmental disabilities.
Research Reviews, 9, 149-154.

McEwen, B. S., & Stellar, E. (1993). Stress and the individual: Mecha-
nisms leading to disease. Archives of Internal Medicine, 18, 2093-2101.

McEwen, B. S., & Wingfield, J. C. (2003). The concept of allostasis in
biology and biomedicine. Hormonal Behaviour, 43, 2—15.

McGaugh, J. L., Roozendall, B., & Cahill, L. (2000). Modulation of mem-
ory storage by stress hormones and the amygdala complex. In
M. S. D. Gazzaniga (Ed.), The new cognitive sciences (2nd. ed.,
pp. 1081-1098). Cambridge, MA: MIT Press.

McGeer, P. L., Eccles, J. C., & McGeer, E. G. (1978). Molecular neu-
roembryology of the mammalian brain. New York: Plenum Press.
McKenna, J. J., & Mosko, S. (1994). Sleep and arousal, synchrony and
independence among mothers and infants sleeping apart and together
(same bed): An experiment in evolutionary medicine. Acta Paedi-

atrica Supplement, 397, 94-102.

Merker, B. (2004). Cortex, countercurrent context, and dimensional inte-
gration of lifetime memory. Cortex, 40, 559-576.

Merker, B. (2005). The liabilities of mobility: A selection pressure for
the transition to consciousness in animal evolution. Consciousness
and Cognition, 14(1), 89-114.

Merker, B., & Wallin, N. L. (2001). Musical responsiveness in Rett disor-
der. In A. Kerr & I. Witt-Engerstrom (Eds.), Rett disorder and the de-
veloping brain (pp. 327-338). Oxford: Oxford University Press.

Miles, R. (1999). Neurobiology: A homeostatic switch. Nature, 397, 215-216.

Monk, C., Sloan, R. P., Myers, M. M., Ellman, L., Werner, E., Jeon, J.,
etal. (2004). Fetal heart rate reactivity differs by women’s psychiatric
status: An early marker for developmental risk? Journal of the Ameri-
can Academy of Child and Adolescent Psychiatry, 43(3), 283-290.

Montello, L. (1999). A psychoanalytic music therapy approach to treating
adults traumatized as children. Music Therapy Perspectives, 17(2),
74-81.

Morgan, M. A., & LeDoux, J. E. (1995). Differential acquisition of dorsal
and ventral medial prefrontal cortex to the acquisition and extinction
of conditioned fear in rats. Behavioural Neuroscience, 109, 681-688.

Murray, L. (1988). Effects of postnatal depression on infant development:
Direct studies of early mother-infant interactions. In R. Kumar & I.
Brockington (Eds.), Motherhood and mental illness (Vol. 2, Causes
and Consequences, pp. 159-190). London, England: John Wright.

Murray, L. (1992). The impact of postnatal depression on infant develop-
ment. Journal of Child Psychology and Psychiatry, 33(3), 543-561.

Murray, L., & Cooper, P. J. (Eds.). (1997). Postpartum depression and
child development. New York: Guilford Press.

Murray, L., Kempton, C., Woolgar, M., & Hooper, R. (1993). Depressed
mothers’ speech to their infants and its relation to infant gender and
cognitive development. Journal of Child Psychology and Psychiatry,
34(7), 1083-1101.

Murray, L., Stanley, C., Hooper, R., King, F., & Fiori-Cowley, A.
(1996). The role of infant factors in postnatal depression and mother-

References 121

infant interactions. Developmental Medicine and Child Neurology,
38(2), 109-119.

Murray, L., & Trevarthen, C. (1985). Emotional regulation of interactions
between two-month-olds and their mothers. In T. M. Field & N. Fox
(Eds.), Social perception in infants (pp. 177-197). Norwood, NJ: Ablex.

Murray, L., Woolgar, M., Briers, S., & Hipwell, A. (1999). Children’s so-
cial representations in dolls’ house play and theory of mind tasks, and
their relation to family adversity and child disturbance. Social Devel-
opment, 8(2), 179-200.

Nadel, J., & Tremblay-Leveau, H. (1999). Early perception of social
contingencies and interpersonal intentionality: Dyadic and triadic
paradigms. In P. Rochat (Ed.), Early social cognition: Understand-
ing others in the first months of life (pp. 189-212). Mahwah, NJ:
Erlbaum.

Nafstad, A., & Rodbroe, 1. (1999). Co-creating communication. Oslo,
Norway: Forlaget-Nord Press.

Nagy, E., & Molnar, P. (2004). Homo imitans or Homo provocans?
Human imprinting model of neonatal imitation. Infant Behaviour and
Development, 27(1), 54—63.

Naqui, S. Z. H., Harris, B. S., Thomaidou, D., & Parnavelas, J. G.
(1999). The noradrenergic system influences in fate of Cajal-Retzius
cells in the developing cerebral cortex. Developmental Brain Re-
search, 113, 75-82.

Nathanielsz, P. W. (1995). The effects of myometrial activity during the
last third of gestation on fetal behavior. In J.-P. Lecanuet, W. P. Fifer,
N. A. Krasnegor, & W. P. Smotherman (Eds.), Fetal development: A
psychobiological perspective (pp. 369-382). Hillsdale, NJ: Erlbaum.

Nelson, C. A., & Luciana, M. (Eds.). (2001). Handbook of developmental
cognitive neuroscience. Cambridge, MA: MIT Press.

Nemeroff, C. B., Widerlov, E., Bissette, G., Walleus, H., Karlsson, I., Ek-
lund, K., et al. (1984). Elevated concentrations of CSF corticotropin-
releasing factor-like immunoreactivity in depressed patients. Science,
226(4680), 1342-1344.

Nieuwenhuis, S., Yeung, N., van den Wildenberg, W., & Ridderinkhof,
K. R. (2003). Electrophysiological correlates of anterior cingulate
function in a go/no-go task: Effects of response conflict and trial
type frequency. Cognitive, Affective and Behavioral Neuroscience,
3, 17-26.

Nissen, E., UvnasMoberg, K., Svensson, K., Stock, A. M., Widstrom,
A. M., & Winberg, J. (1996). Different patterns of oxytocin, pro-
lactin but not cortisol release during breastfeeding in women deliv-
ered by caesarean section or by the vaginal route. Early Human
Development, 45(1, 2), 103—118.

Nugent, K. J. (2002). The cultural context of child development: 