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Foreword: Gilbert Gottlieb and the
Developmental Point of View

Evelyn Fox Keller

Gilbert Gottlieb is widely known for his life-long struggle against the dichotomies
between nature and nurture, and more specifically, between innate and acquired,
that so hobble our thinking about biological and psychological development.
Development, as he so clearly recognized, is an immensely complex process that
depends on ongoing interactions between whatever makes up the organism at any
given time and its environment; and it simply cannot be understood in terms of
separate (or separable) forces, elements, or factors. Decades of his own research on
the role of experience in the emergence of animal behavior taught him just how
dire was the need for a different explanatory model, and indeed, much of his
theoretical work was devoted to the articulation of such an alternative — of an
explanatory framework that begins with what he liked to call the “developmental
point of view.”

A developmental point of view requires a “relational” (“coactive” and
“bidirectional”) view of causality; an appreciation of the continuity between
prenatal and postnatal, innate and acquired; the recognition that epigenesis is
ongoing, multifaceted, not predetermined but highly dependent on experience
(or, to use the term that Gottlieb preferred for describing this process,
“probabilistic”), and top-down as well as bottom up. Finally, a developmental
point of view requires us to shift our focus from population statistics to the study
of individual trajectories for it is only through the study of such trajectories that
one can begin to understand the dynamics of developmental change.

Gottlieb devoted his entire career to fleshing out this perspective, and there is no
denying his influence. He leaves behind an impressive body of both experimental
results and conceptual proposals, and perhaps most important, a host of students
who were deeply inspired by his example, and who, in their own labs, continue in
his tradition and carry on his mission. And yet, notwithstanding the magnitude of
his influence, shortly before his death, he confessed to a former student that
“getting across the developmental point of view has been the largest failure of my
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career” (Miller, 2007, p. 777). It is impossible for anyone who has struggled with
these issues not to sympathize, or to fail to appreciate the magnitude of the
obstacles facing any attempt to reconfigure the terms of our analyses.

As we know, Gottlieb was hardly the first to undertake this challenge, nor was he
alone even in his own time. As he freely acknowledged, his debt to those who
preceded him (especially, to Zing-Yang Kuo: (1898-1970), T. C. Schneirla
(1902-1968), and Daniel S. Lehrman (1919-1972)) was immense; indeed, it was
on their work that his own went on to build. He was equally appreciative of the
contributions of like-minded contemporaries (e.g., Patrick Bateson, Susan Oyama,
Richard M. Lerner), as he was of the contributions of a younger generation of
colleagues. And I suspect that all of these authors have shared Gottlieb’s frustration,
for all of them have confronted the same obstacles, inevitably giving rise to the
question of why the difficulties should be quite so intractable. Daniel Lehrman
(1970, pp. 18-19) suggested we look to semantic problems for an understanding:

When opposing groups of intelligent, highly educated, competent scientists continue
over many years to disagree, and even to wrangle bitterly, about an issue which they
regard as important, it must sooner or later become obvious that the disagreement is
not a factual one, and that it cannot be resolved by calling to the attention of the
members of one group . . . the existence of new data which will make them see the
light . .. If this is, as I believe, the case, we ought to consider the roles played in this
disagreement by semantic difficulties arising from concealed differences in the way
different people use the same words, or in the way the same people use the same
words at different times; [and] by differences in the concepts used by different
workers. (1970, pp. 18-19)

I would go further. It is not just that we use the same words in different ways, that
the language of behavioral genetics is hopelessly polysemic, but also that we seem
to be trapped by the absence of adequate alternatives. Indeed, the lack of a
vocabulary capable of doing justice to the developmental point of view constituted
a formidable obstacle for Gottlieb, and his frequent coining of new terms suggests
that he was well aware of the problem. The difficulty (as he himself clearly saw) is
that introducing a new vocabulary is a far from simple task, and it requires a great
deal more than the efforts of a few individuals. Language changes only when the
felt need for a new vocabulary becomes truly widespread.

I am persuaded, however, that winds of change are in the air. New appreciation
of many of Gottlieb’s themes — of the agency of organisms in constructing their
environments (see, e.g., Odling-Smee et al., 2003), of the plasticity of development
(West-Eberhard, 2003), of the role of phenotypic plasticity in the genesis of
evolutionary novelty (Kirschner & Gerhart, 2005), of the deeply contextual
character of biological information -- has begun to penetrate the main corridors
of contemporary biology. These themes not only both echo and support many of
Gottlieb’s own arguments, but also extend the “developmental point of view” into
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new domains. Signs of change are also evident in studies of the most primitive
molecular levels of life. Recent findings in genomics have brought fundamental
new challenges to the very concept of a particulate gene, leading a number of
molecular geneticists (and others) to call for a more dynamic and relational
discourse of genetics for the 21st century (see, e.g., Fox Keller & Harel, 2007;
Kapranov et al, 2007; Pearson, 2006; Silver, 2007). I only wish that Gottlieb could
have lived to see the creation of the more accommodating home for his work that
will, I believe, come with the realization of these signs of change.
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Preface and Acknowledgments

The Handbook of Developmental Science, Behavior, and Genetics commemorates the
historically important and profound contributions made by Gilbert Gottlieb across
a scholarly career spanning more than four decades. Gottlieb was preparing this
handbook when his untimely death in 2006 brought his work on this project to a
halt. However, with the permission and support of the Gottlieb Family, the editors
of this work have decided to complete Gottlieb’s “last book,” which was designed
to bring together in one place cutting-edge theory, research, and methodology
affording a modern scientific understanding of the role of genes within the
integrated and multi-level (or “fused”) developmental system, that is, the system
constituted by the levels of organization — ranging from the inner biological (e.g.,
genetic, hormonal, or neuronal) through the designed and natural physical
ecological and historical — comprising the ecology of organism development.

Gottlieb’s career was dedicated to providing rigorous experimental evidence to
bear on such an integrative approach to understanding the dynamics of organism and
context relations that provides the fundamental process of development. His work, —
and those of other colleagues in comparative and developmental science — for
instance, Z. Y. Kuo, T. C. Schneirla, Ethel Tobach, Jay Rosenblatt, Daniel Lehrman,
Howard Moltz, and George Michel — was the major scientific basis for rejecting the
reductionism and counterfactual, “split” conceptions (of variables purportedly linked
alone to nature- or to nurture-related processes) used in other approaches to
understanding the links among genes, behavior, and development, for example,
as found in behavioral genetics (or in other reductionist accounts of the role of
biology in development, for example, sociobiology or evolutionary psychology).

Accordingly, the scholarship that Gottlieb envisioned having in this handbook —
and the scholarship we as editors who have tried to implement his vision hope we
have presented — offers readers the cutting-edge of theory and research from
developmental-systems-predicated scholarship in biological, comparative, and
developmental science. Together, this work underscores the usefulness of the
synthetic, developmental systems approach to understanding the mutually influ-
ential relations among genes, behavior, and context that propel the development of
organisms across their life spans.

Our aspiration is that the scholarship that we present in this Handbook will
constitute a watershed reference work documenting the current ways in which
psychological, biological, comparative, and developmental science are framed and,



xvi Preface and Acknowledgments

as well, advance a developmental systems approach to understanding the dynamics
of mutually influential organism-environment relations. Represented as organism
< context relations, these relations constitute the basic unit of analysis in
comparative and developmental science. In addition, from the theoretical and
empirical approaches championed by Gottlieb, these organism « context relations
constitute the basis of change across the life spans of all organisms. We owe to
Gilbert Gottlieb the clarity of theoretical vision and the standard for rigorous
empirical work that has enabled this dynamic, developmental perspective to frame
the cutting edge of contemporary scientific inquiry about the role of variables from
all levels of organization, from genes through history, in constituting the funda-
mental, relational process involved in the development of all organisms across their
respective life spans.

There are numerous other people to whom we owe enormous thanks for their
contributions to this Handbook. Clearly, we are deeply grateful to the colleagues who
contributed to this work, both for their superb scholarly contributions and for their
commitment to working collaboratively to honor the work and memory of Gilbert
Gottlieb. Without the excellent scholarship they contributed to this Handbook we
could not honor the memory of Gilbert Gottlieb —as scientist, colleague, and friend —
as thoughtfully, thoroughly, and richly as we are now able to do.

We also thank the two superb managing editors at the Institute for Applied
Research in Youth Development — Leslie Dickinson and Jarrett Lerner — for their
editorial work. Their commitment to quality and productivity, and their resilience
in the face of the challenges of manuscript production, are greatly admired and
deeply appreciated. Kathryn E. Hood is pleased to acknowledge the generous
hospitality of the Center for Developmental Science at Chapel Hill, which long has
welcomed visiting scholars such as Gilbert Gottlieb. Carolyn Halpern is grateful to
her co-editors for their scholarship and insights, and to Gilbert Gottlieb for his
mentorship and collaboration. Gary Greenberg is grateful to his wife Patricia
Greenberg for her unstinting and continued support and encouragement and for
understanding his long hours at the computer. Richard M. Lerner is grateful to the
John Templeton Foundation, the National 4-H Council, the Philip Morris Smoking
Prevention Department, and the Thrive Foundation for Youth for supporting his
work during the development of this project.

Finally, we owe our deepest and most enduring debt to Gilbert Gottlieb, to
whom we most obviously wish to dedicate this Handbook. Gilbert Gottlieb was one
of the pillars of 20th century comparative psychology. His intellect, generosity, and
kindness are warmly remembered and sorely missed.

Kathryn E. Hood
Carolyn Halpern
Gary Greenberg

Richard M. Lerner
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Developmental Systems,
Nature-Nurture, and the Role
of Genes in Behavior
and Development
On the legacy of Gilbert Gottlieb

Kathryn E. Hood, Carolyn Tucker Halpern,
Gary Greenberg and Richard M. Lerner

The histories of both developmental and comparative science during the 20th
century attest unequivocally to the fact that the theory and research of Gilbert
Gottlieb — along with the work of such eminent colleagues as T. C. Schneirla (1956,
1957), Zing-Yang Kuo (1967; Greenberg & Partridge, 2000), Jay Rosenblatt (e.g.,
this volume), Ethel Tobach (1971, 1981), Daniel Lehrman (1953, 1970), Howard
Moltz (1965), and George Michel (e.g., this volume) — may be seen as the most
creative, integrative, generative, and important scholarship in the field (cf.
Gariépy, 1995). For more than a third of a century Gilbert Gottlieb (e.g., 1970,
1997; Gottlieb, Wahlsten, & Lickliter, 2006) provided an insightful theoretical
frame, and an ingenious empirical voice, to the view that:

an understanding of heredity and individual development will allow not only a clear
picture of how an adult animal is formed but that such an understanding is
indispensable for an appreciation of the processes of evolution as well [and that]
the persistence of the nature-nurture dichotomy reflects an inadequate under-
standing of the relations among heredity, development, and evolution, or, more
specifically, the relationship of genetics to embryology. (Gottlieb, 1992, p. 137)

Handbook of Developmental Science, Behavior, and Genetics  Edited by Kathryn E. Hood,
Carolyn Tucker Halpern, Gary Greenberg, and Richard M. Lerner
© 2010 Blackwell Publishing Ltd
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Gottlieb attempted to heal the Cartesian nature-nurture split between biological
and social science (Overton, 2006) by developing an ingenious — and what would
come to be seen as the cutting-edge — theoretical conception of the dynamic and
mutually influential relations, or “coactions,” among the levels of organization
comprising the developmental system, that is, levels ranging from the genetic
through the sociocultural and historical. In devising a developmental systems
theoretical perspective about the sources of development, and bringing rigorous
comparative developmental data to bear on the integrative concepts involved in
his model of mutually influential, organism « context relations, Gottlieb’s theory
and research (e.g., Gottlieb, 1991, 1992, 1997, 1998, 2004; Gottlieb et al., 2006)
became the exemplar in the last decades of the 20th century and into the first
portion of the initial decade of the 21st century of the postmodern, relational
metatheory of developmental science (Overton, 1998, 2006).

Gottlieb presents an integrative, developmental systems theory of evolution,
ontogenetic development, and — ultimately — causality. Gottlieb argued that “The
cause of development — what makes development happen — is the relationship of
the components, not the components themselves. Genes in themselves cannot
cause development any more than stimulation in itself can cause development”
(Gottlieb, 1997, p. 91). Similarly, he noted that “Because of the emergent nature of
epigenetic development, another important feature of developmental systems is
that causality is often not ‘linear’ or straightforward” (Gottlieb, 1997, p. 96).

Gottlieb offered, then, a probabilistic conception of epigenesis, one that
constitutes a compelling alternative to views of development that rest on what
he convincingly argued was a counterfactual, split, and reductionist nature-nurture
conception (see Overton, 2006). His theory, and the elegant data he generated in
support of it, integrate dynamically the developmental character of the links among
genes, behavior, and the multiple levels of the extra-organism context — the social
and physical ecology — of an individual’s development (see too Bronfenbren-
ner, 1979, 2005; Bronfenbrenner & Morris, 2006; Ford & Lerner, 1992; Lerner,
2002). In sum, Gottlieb’s work has influenced several generations of comparative
and developmental scientists to eschew simplistic, conceptually reductionist, and
split (i.e., nature as separate from nurture) conceptions of developmental process
and to think, instead, systemically and, within the context of rigorous experimental
and/or longitudinal studies, to attend to the dynamics of mutually influential
organism <« context relations. His work has had and continues to have a profound
impact on theory and research in diverse domains of science pertinent to the
development of organisms.

Gottlieb’s career was dedicated to providing rigorous experimental evidence
to bear on this integrative approach to understanding these dynamics of organism
and context relations. His work constitutes a major scientific basis for rejecting
the reductionism and counterfactual approach to understanding the links among
genes, behavior, and development, for example, as found in behavioral genetics,
sociobiology or evolutionary psychology, and other reductionist approaches.
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BIDIRECTIONAL INFLUENCES

ENVIRONMENT
(Physical, Social, Cultural)

peravion /'\/‘\/\/\
NEURAL ACTIVITY /M
GENETIC ACTIVITY

M»—Individual Development —»

Figure 1.1. Gilbert Gottlieb’s developmental systems theory: A developmental-
psychobiological framework for understanding the character and evolution of individual
development. Source: Gottlieb 1992.

Gottlieb was a preeminent developmental scientist and theoretician who,
throughout his career, battled against scientific reductionism and advocated an
open, holistic, multilevel systems approach for understanding development. His
developmental systems theory grew from decades of his research, which covered
the range of emerging and continuing issues in understanding the dynamic fusion
of biology and ecology that constitutes the fundamental feature of the develop-
mental process (e.g., Gottlieb, 1997, 1998). In particular, he challenged the
deterministic concept of an innate instinct, and offered instead his generative
conception of probabilistic epigenesis as a basis for shaping behavioral develop-
ment as well as evolutionary change.

Gottlieb’s contention is that development proceeds in concert with influences
from all levels of the organism and the context. “A probabilistic view of epigenesis
holds that the sequence and outcomes of development are probabilistically
determined by the critical operation of various endogenous and exogenous
stimulative events” (Gottlieb, 2004, p. 94). The bidirectional and coactional
processes occurring within and across levels of a developmental system were
succinctly captured in his figurative systems framework (Gottlieb, 1992), shown in
Figure 1.1.

In addition to his own empirical research, Gottlieb avidly searched across
disciplines for observations and research findings that exemplified his concepts,
that is, the co-actions in the model depicted in Figure 1.1.

The Goals of the Handbook

The Handbook of Developmental Science, Behavior, and Genetics commemorates the
historically important and profound contributions made by Gilbert Gottlieb across
a scholarly career spanning more than four decades. Gottlieb was preparing this
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Handbook when his untimely death in 2006 brought his work on this project to a
halt. However, with the permission and support of the Gottlieb family, the editors
of this work have decided to complete Gottlieb’s “last book,” which was designed
to bring together in one place the cutting-edge theory, research, and methodology
that provide the modern scientific understanding of the integration of levels of
organization in the developmental system — ranging from genes through the most
macro levels of the ecology of development. The dynamics of this integration
constitute the fundamental, relational process of development.

Accordingly, the scholarship that Gottlieb arranged to have included in this
Handbook will present to biological, comparative, and developmental scientists —
both established and in training — the cutting-edge of contemporary theory and
research underscoring the usefulness of the synthetic, developmental systems
theory approach to understanding the mutually influential relations among genes,
behavior, and context that propel the development of organisms across their life
spans.

In sum, we hope that this Handbook will be a watershed reference for
documenting the current status of comparative and developmental science and
for providing the foundation from which future scientific progress will thrive. The
organization and chapters of the Handbook actualize its contribution. It is useful,
therefore, to explain how the structure and content of the Handbook instantiate
and extend Gottlieb’s scholarship and vision.

The Plan of this Handbook

We are grateful that Evelyn Fox Keller provides a foreword to this Handbook, one
that so well frames its contribution to developmental and comparative science.
Keller notes the importance for science of the innovative explanatory model
devised by Gottlieb, what he termed the “developmental point of view.” She
explains how this conception requires a “relational” (“coactive” and “bidirectional™)
view of causality; an appreciation of the continuity between prenatal and postnatal,
innate and acquired; the recognition that epigenesis is ongoing, multifaceted,
not predetermined but, instead, highly dependent on experience (what Gottlieb
described as constituting a probabilistic process), and involving a shift in focus from
population statistics to the study of individual trajectories. Given the centrality in
Gottlieb’s work of refining this developmental point of view, after this opening
chapter we reprint a key paper authored by Gottlieb, one that explains his
conception of probabilistic epigenesis through discussing what are normally
occurring environmental and behavioral influences on gene activity.

To place this view into its historical and theoretical contexts, Part II of the
Handbook is devoted to discussions of the theoretical foundations for the devel-
opmental study of behavior and genetics. James Tabery and Paul E. Griffiths
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provide a historical overview of traditional behavior genetics. They note that
historical disputes between quantitative behavioral geneticists and developmental
scientists stem largely from differences in methods and conceptualizations of key
constructs, and in epistemological disagreement about the relevance of variation
seen in populations. In turn, Mae Wan Ho revisits the links between development
and evolution by discussing developmental and genetic change over generations.
She reviews recent evidence in support of the idea that evolutionary novelties
arise from non-random developmental changes defined by the dynamics of the
epigenetic system; and shows how the organism participates in shaping its own
development and adaptation of the lineage.

Douglas Wahlsten next discusses the assumptions and pitfalls of traditional
behavior genetics. He notes that the concept of additivity of genes and environ-
ment, key to heritability analysis, is in conflict with contemporary views about
how genes function as a part of a complex developmental system. Molecular
genetic experiments indicate that genes act at the molecularlevel but do not specify
phenotypic outcomes of development.

Next, George F. Michel discusses the connections between environment,
experience, and learning in the development of behavior. He focuses on the
concept of “Umwelt” and the meaning of gene—environment interaction in
behavioral development.

The final chapter in this section of the book, by Ty Partridge and Gary
Greenberg, discusses contemporary ideas in physics and biology in Gottlieb’s
psychology. The chapter reviews current ideas in biology, physiology, and physics
and shows how they fit into Gottlieb’s developmental systems perspective. The
concepts of increasing complexity with evolution and that of emergence are
discussed in detail and offer an alternative to reductionist genetic explanations of
behavioral origins.

Framed by these discussions of the theoretical foundations of Gottlieb’s view
of how genes are part of the fused processes of organism < context interactions
that comprise the developmental system, Part III of the Handbook presents several
empirical studies of behavioral development and genetics. Jay S. Rosenblatt
discusses the mother as the developmental environment of the newborn among
mammals and describes direct and indirect effects on newborn learning. His
chapter provides a thorough, up-to-date discussion of maternal-young behavior
among placental animals. The discussion is presented from both evolutionary
and developmental perspectives. In the next chapter, Scott R. Robinson and
Valerie Méndez-Gallardo provide data on fetal activity, amniotic fluid, and the
epigenesis of behavior that, together, enable one to blur the “boundaries” of the
organism.

Susan A. Brunelli, Betty Zimmerberg, and Myron A. Hofer discuss how family
effects may be assessed through animal models of developmental systems. They
provide data about the selective breeding of rats for differences in infant ultrasound
vocalization related to separation stress. They find that later behaviors in each line
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reflect active and passive coping styles. Similarly, Kathryn E. Hood demonstrates
how early and later experience alters alcohol preference in selectively bred mice.
She reports that the developmental emergence of behavior often shows increasing
complexity over time. Philosophical and empirical sources suggest that emergent
complexity entails specific internal developmental sources as well as external
constraints and opportunities.

In turn, Allyson Bennett and Peter J. Pierre discuss the contribution of genetic,
neural, behavioral, and environmental influences to phenotypic outcomes of
development. They report that nonhuman primate studies model the interplay
between genetic and environmental factors that contribute to complex disorders.
Such translational research incorporating genetic, neurobiological, behavioral, and
environmental factors allows insight into developmental risk pathways and
ultimately contributes to the prevention and treatment of complex disorders.

Expanding on the discussion of gene-environment interactions, Lesley J. Rogers
discusses the social and broader ecological context of the interactive contributions
of genes, hormones, and early experience to behavioral development. Her pre-
sentation expands upon her earlier critical discussions of issues of genetic deter-
minism in the treatment of neural lateralization. She offers empirical support for
an experiential, developmental interpretation of lateralization in vertebrates.

Lawrence V. Harper discusses the idea of epigenetic inheritance by noting that
multiple sources of change in environment and organism collaborate to provide
coordinated changes in physiology and behavior over the course of development.
Many of these factors are not obvious, but may be effective in producing a fit of
organism and environment. Carolyn Tucker Halpern discusses the significance
of non-replication of gene-phenotype associations. She notes that the failure to
replicate gene-phenotype associations continues to be a problem in newer work
testing gene-environment interactions, and may be exacerbated in genome-wide
association studies. She argues that, given the many layers of regulation between
the genome and phenotypes, and the probabilistic nature of development, criteria
for replication merit renewed attention.

The next chapter, by Robert Lickliter and Christopher Harshaw, explains how
the ideas of canalization and malleability enable elucidation of the regulatory and
generative roles of development in evolution. They review evidence from birds
and mammals demonstrating that the developmental processes involved in
producing the reliable reoccurrence (canalization) of phenotypes under species-
typical conditions are the same as those involved in producing novel phenotypic
outcomes (malleability) under species-atypical circumstances. In other words,
canalization and malleability are not distinct developmental phenomena — both
are products of the organism’s developmental system. As Gottlieb recognized,
understanding the dynamics of canalization and malleability can contribute to a
fuller understanding of phenotypic development and advance both developmental
and evolutionary theory.
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To document the breadth of the use of Gottlieb’s ideas to developmental and
comparative science, Part IV of the Handbook presents chapters that illustrate
applications of his theory and research to human development. For instance,
extending to humans the ideas discussed in Part III about gene-environment
interactions within the developmental system, Cathi B. Propper, Ginger A. Moore,
and W. Roger Mills-Koonce discuss child development, temperament, and changes
in individual physiological functioning. They use a developmental systems ap-
proach to explore the reciprocal influences of parent-infant interactions and
candidate genes on the development of infant physiological and behavioral
reactivity and regulation. They emphasize that appreciating gene-environment
coactions is paramount for understanding and accurately representing the com-
plexities of infant temperament and emotion development.

In the following chapter, Jay Joseph discusses genetic research in psychiatry
and psychology. He presents a critical analysis of the research most often put
forward in support of the current consensus position in psychiatry and psychology
that psychiatric disorders such as schizophrenia, ADHD, and bipolar disorder, and
variation in normal psychological traits such as personality and IQ, are strongly
influenced by genetic factors. Joseph argues that the evidence for this position,
which consists mainly of family, twin, and adoption studies, provides little if
any support for an important role for genetics. His analysis is especially relevant
today in light of the ongoing failure, in some cases after decades of internationally
coordinated gene-finding efforts, to discover the specific genes believed to underlie
psychiatric disorders and psychological traits.

In turn, Peter C. M. Molenaar compares the developmental explanatory power
of studies of inter-individual versus intra-individual variation. He presents a
simulation of development to demonstrate how standard quantitative genetic
analysis based on inter-individual variation yields biased results, especially in the
context of nonlinear epigenetics. He outlines the use of a system-specific approach
to obtain valid results about developmental processes.

Demonstrating the macro ecological breadth of the concepts associated with
Gottlieb’s integrative, developmental systems theory, Elaine L. Bearer discusses
behavior as both an influence on and a result of the genetic program. She links the
study of non-kin rejection, ethnic conflict, and issues in global health care within
the frame of the theoretical ideas she proposes. Finally, a similarly broad discussion
of the impact of Gottlieb’s ideas is provided by Richard M. Lerner, Michelle J. Boyd,
Megan K. Kiely, Christopher M. Napolitano, and Kristina L. Schmid. They discuss
the contributions of Gilbert Gottlieb to promoting positive human development by
pointing to applications of developmental systems theory to benefit individuals,
families, and communities. They explain how the potential for plasticity of
development that is part of Gottlieb’s model affords an optimistic view about
the potential of developmental science to optimize the course of human life.
Accordingly, they discuss how Gottlieb’s developmental systems model provides
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a frame for the applications of developmental systems theory to policies and
programs that can promote positive human development.

Conclusions

Throughout his career Gottlieb used his empirical work to support and further
develop his theoretical approach to developmental systems and, with admirable
persistence and high quality productivity, to convince the scientific community
that the classic dualistic, nature-nurture split that focused on single causes of
developmental change was a false one. The chapters in this Handbook illustrate
convincingly the scope and power of his scholarship, an influence that integrated
cutting-edge theoretical work across multiple disciplines and across numerous
species, including humans.

Indeed, Gottlieb’s developmental systems theoretical perspective leads us to
recognize that, if we are to have an adequate and sufficient science of development,
we must integratively study individual and contextual levels of organization in a
relational and temporal manner (Bronfenbrenner, 2005). And if we are to serve
both the scholarly community and our nation’s and the world’s individuals and
families through our science, if we are to help develop successful policies and
programs through our scholarly efforts, then we must make great use of the
integrative temporal and relational model of the individual that is embodied in
the developmental systems perspective Gottlieb forwarded.

Gottlieb would have been a bit surprised and, assuredly would have expressed
great humility, by the extension of his theory and research to matters pertinent to
enhancing the quality of human life. In addition to his accomplishments as a
scientist, Gilbert Gottlieb displayed modesty, enormous interpersonal warmth, and
wry humor. He will of course be remembered for his historically important
innovations in comparative and developmental theory and research. But we
believe he should also be remembered for his kindness and his generosity to
junior colleagues and students, as well as his resoluteness, his consistently high level
of intellectual integrity, his avid pursuit of historical precedents for his ideas, and
his excitement about research, including field, laboratory, and library research. His
enjoyment of convivial relationships with colleagues was tangible, and his main-
tenance of long-term relationships with intellectual companions was impressive,
including some that were realized through email. He both shaped a science and
built a community within it!

We hope that this Handbook will be of use to both senior scientists and, as well,
younger scholars who may not be familiar with Gottlieb Gottlieb’s work and who
did not have the distinct honor and great privilege to have Gilbert Gottlieb as a
colleague, mentor, and friend. We hope, also, that the Handbook will serve as an
archival source for his theoretical and empirical discoveries, which together
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advance the prospects for a thoroughly developmental science. We hope as well
that the documentation of his influence will enable the memory of this extra-
ordinary scientist and person to live on.
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2

Normally Occurring Environmental
and Behavioral Influences on Gene
Activity
From central dogma to probabilistic epigenesis

Gilbert Gottlieb

The central dogma of molecular biology holds that “information” flows from the
genes to the structure of the proteins that the genes bring about through the
formula DNA — RNA — Protein. In this view, a set of master genes activates
the DNA necessary to produce the appropriate proteins that the organism needs
during development. In contrast to this view, probabilistic epigenesis holds that
necessarily there are signals from the internal and external environment that
activate DNA to produce the appropriate proteins. To support this view, a
substantial body of evidence is reviewed showing that external environmental
influences on gene activation are normally occurring events in a large variety of
organisms, including humans. This demonstrates how genes and environments
work together to produce functional organisms, thus extending the author’s model
of probabilistic epigenesis.

The new discipline of the genetics of behaviour, to judge by some recent books, is
caught in the dogmas of Mendelian genetics without regard to developments in
modem genetics during the last ten years, and to modern experimental approaches to
the genetic roots of behaviour. Books on the subject usually begin with an account of
the principles of Mendelian genetics. The material on behaviour deals mainly with
mutated animals and their observed changes in behaviour. That is exactly what
genetic principles predict. If an important mutation should not be followed by a
change in behaviour — then geneticists would have to worry about the validity of
the principles.

Handbook of Developmental Science, Behavior, and Genetics Edited by Kathryn E. Hood,
Carolyn Tucker Halpern, Gary Greenberg, and Richard M. Lerner
© 2010 Blackwell Publishing Ltd
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What these books fail to pay attention to is the trend in modern genetics which deals
with the activation of gene areas, with the influence of external factors on the
actualization of gene-potentials and their biochemical correlates in behaviour .. ..
I would venture to guess that, apart from the dogma, the main reason for this
silence is the fear of even the slightest suspicion that one might misinterpret such
facts to mean that a Lamarckian mechanism were at work. (Hydén, 1969,
pp. 114-115).

In the ensuing decades since Hydén made the above observation, things have not
changed very much. A virtual revolution has taken place in our knowledge of
environmental influences on gene expression that has not yet seeped into the social
sciences in general and the behavioral sciences in particular. Aside from the feared
misinterpretation of Lamarckian mechanisms at work, there is an explicit dogma,
formulated as such that does not permit environmental influences on gene activity:
the “central dogma of molecular biology,” first enunciated by Crick in 1958.

Although the central dogma may seem quite remote from psychology, I think
it lies behind some psychological and behavioral theories that emphasize
the sheerly endogenous construction of the nervous system and early behavior
(e.g., Elman et al., 1996; Spelke & Newport, 1998) and the “innate foundation of the
psyche” (e.g., Tooby & Cosmides, 1990), independent of experience or functional
considerations: The essentially dichotomous view that genes and other endogen-
ous factors construct part of the organism and environment determines other
features of the organism. This article attempts to show how genes and environ-
ments necessarily cooperate in the construction of organisms, specifically, how
genes require environmental and behavioral inputs to function appropriately
during the normal course of individual development.

Predetermined and Probabilistic Epigenesis

In earlier articles, I described two concepts of epigenetic development: predeter-
mined and probabilistic epigenesis (Gottlieb, 1970, 1976). In these early formula-
tions, the difference between the two points of view hinged largely on how they
conceived of the structure—function relationship. In predeterminism, it was
unidirectional (S — F), whereas in probabilism it was bidirectional (S« F).
Subsequently, I (Gottlieb, 1976, p. 218; 1983, p. 13; 1991, p. 13) extended the uni-
and bidirectionality to include genetic activity:

Predetermined Epigenesis
Unidirectional Structure—Function Development
Genetic activity (DNA — RNA — Protein) —
structural maturation — function, activity, or experience
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Probabilistic Epigenesis
Bidirectional Structure—Functional Development
Genetic activity (DNA <> RNA « Protein) <
structural maturation < function, activity, or experience

As it applies to the nervous system, structural maturation refers to neurophy-
siological and neuroanatomical development, principally the structure and
function of nerve cells and their synaptic interconnections. The unidirectional
structure-function view assumes that genetic activity gives rise to structural
maturation that then leads to function in a nonreciprocal fashion, whereas the
bidirectional view holds that there are reciprocal influences among genetic
activity, structural maturation, and function. In the unidirectional view, the
activity of genes and the maturational process are pictured as relatively
encapsulated or insulated, so that they are uninfluenced by feedback from the
maturation process or function, whereas the bidirectional view assumes that
genetic activity and maturation are affected by function, activity, or experience.
The bidirectional or probabilistic view applied to the usual unidirectional
formula calls for arrows going back to genetic activity to indicate feedback
serving as signals for the turning on and off of genetic activity. The usual view, as
is discussed below in the section on the central dogma of molecular biology, calls
for genetic activity to be regulated by the genetic system itself in a strictly feed-
forward manner. In this article, I (a) present the central dogma as a version of
predetermined epigenesis, and (b) elaborate on the prior description of proba-
bilistic epigenesis to bring it up to date on what is now known about the details of
the bidirectional effects among genetic activity, structural maturation, neural
and behavioral function, and experience.

The Central Dogma

The central dogma asserts that “information” flows in only one direction from the
genes to the structure of the proteins that the genes bring about through the
formula DNA — RNA — Protein. (Messenger RNA [mRNA] is the intermediary
in the process of protein synthesis. In the lingo of molecular biology, DNA — RNA
is called transcription and RNA — Protein is called translation.) After retroviruses
(RNA — DNA) were discovered in the 1960s, Crick wrote a postscript to his 1958
report in which he congratulated himself for not claiming that reverse transcription
was impossible: “In looking back I am struck not only by the brashness which
allowed us to venture powerful statements of a very general nature, but also by the
rather delicate discrimination used in selecting what statements to make”
(Crick, 1970, p. 562). He then went on to consider the central dogma formula,
DNA — RNA — Protein, in much more explicit detail than in his earlier paper.
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In particular, he wrote, “These are the three [information] transfers which the
central dogma postulates never occur:

Protein — Protein
Protein — DNA
Protein — RNA” (p. 562).

I suppose if one is going to be brash about making proposals in largely unchartered
waters, it stands to reason one might err, even given the otherwise acknowledged
insight of the author regarding other scientific issues. In the present case, Crick was
wrong in two of the three central-dogmatic postulates described above. Regarding
protein—protein interactions, it is now known that in neurodegenerative disorders
such as Creutzfeldt-Jakob disease, prions (abnormally conformed proteins) can
transfer their abnormal conformation to other proteins (meaning Protein —
Protein transfer of information), without the benefit of nucleic acid participation
(RNA or DNA) (Telling et al., 1996). The strength of the dogma that nucleic acids
are required for “information transfer” is so compelling that some people believe
there must be something like an RNA-transforming virus that brings about the
changed protein conformation, even though there is no evidence for such a virus
(Chesebro, 1998; Grady, 1996).

Regarding Protein — DNA transfer, there has long been recognized a class of
regulative proteins that bind to DNA, serving to activate or inhibit DNA expression
(i.e., turning genes on or off; reviews in Davidson, 1986; Pritchard, 1986).

With respect to the third prohibited information transfer (Protein — RNA),
which would amount to reverse translation, to my knowledge, that phenomenon
has not yet been observed.

Any ambiguity about the controlling factors in gene expression in the central
dogma was removed in a later article by Crick, in which he specifically said that
the genes of higher organisms are turned on and off by other genes (Crick, 1982,
p. 515). Figure 2.1 shows the central dogma of molecular biology in the form of a
diagram.

The Genome According to Central Dogma

The picture of the genome that emerges from the central dogma is (a) one of
encapsulation, setting the genome off from supragenetic influences, and (b) a
largely feed-forward informational process in which the genes contain a blueprint
or master plan for the construction and determination of the organism. In this view,
the genome is not seen as part of the development-physiological system of the
organism, responsive to signals from internal cellular sources such as the cytoplasm
of the cell, cellular adhesion molecules (CAMs), or to extracellular influences such
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Figure Not Available

as hormones, and certainly not to extraorganismic influcences such as stimuli or
signals from the external environment. Witness the well-known biologist Ernst
Mayr’s (1982) view “that the DNA of the genotype does not itself enter into
the developmental pathway but simply serves as a set of instructions™ (p. 824).
Mae-Wan Ho (1984) characterized this view of the genes as the unmoved movers of
development and the masters of the cellular slave machinery of the organism. Ho’s
work on the transgenerational effects of altered cytoplasmic influences seriously
faults Mayr’s view, as does the research reviewed by Jablonka and Lamb (1995).

Genes are conserved during evolution, therefore, some of the same genes are
found in many different species. What this has demonstrated is that there is not an
invariable association between the activity of a specific gene and the part of the
body in which it is active. One of the best demonstrations is the activity of the so-
called Hox genes that are found in a number of species (Grenier, Garber, Warren,
Whitington, & Carroll, 1997). As shown in Figure 2.2, in fruit flies the Hox genes are

Figure Not Available
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active only in the abdominal segment of the body, whereas in centipedes the
same Hox genes are active in all segments of the body except the head. And, in a
related wormlike creature, Onychophora, the Hox genes are active only in a single
segment of the organism in its hindmost region. Because these are not
homologous parts of these three species, this example demonstrates that the
specific developmental contributions of the same genes vary as a consequence of
the developmental system in which they find themselves. Genes that play a role
in the abdominal segment of fruit flies are active in virtually all the bodily
segments of centipedes, but only in a single segment in Onychophora.

The main point of this article is to extend the normally occurring influences on
genetic activity to the external environment, thereby further demonstrating that a
genome is not encapsulated and is in fact a part of an organism’s general
developmental-physiological adaptation to environmental stresses and signals:
Genes express themselves appropriately only in responding to internally and
externally generated stimulation. Further, in this view, although genes participate
in the making of protein, protein is also subject to other influences (Davidson, 1986;
Pritchard, 1986), and protein must be further stimulated and elaborated to become
part of the nervous system (or other systems) of the organism, so that genes operate
at the lowest level of organismic organization and they do not, in and of
themselves, produce finished traits or features of the organism.1

Thus, there is no correlation between genome size and the structural complexity
of organisms (reviewed in Gottlieb, 1992, pp. 154-157), nor is there a correlation
between numbers of genes and numbers of neurons in the brains of a variety of
organisms (see Table 2.1). The organism is a product of epigenetic development,
which includes the genes as well as many other supragenetic influences. Since
this latter point has been the subject of numerous contributions (reviewed in
Gottlieb, 1992, 1997), I shall not deal with it further here, but, rather restrict this
article to documenting that the activity of genes is regulated the same way as the

Table 2.1. Approximate number of genes and neurons in the brains of organisms in
different lineages

Lineage and organism Genes Neurons
Chordates

Mus musculus 70,000 40 million

Homo sapiens 70,000 85 billion
Nematodes

Caenorhabdhitis elegans 14,000 302
Arthropods

Drosophila melanogaster 12,000 250,000

Note. The exact number of neurons in the brain of C. elegans is known to be 302. From “Evolution and
Modification of Brains and Sensory Systems,” by G. L. Gabor Miklos, 1998, reprinted by permission of
Daedalus, Journal of the American Academy of Arts and Sciences, from the issue titled “The Brain,”
Spring 1998, Vol. 127, No. 2, p. 200.
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rest of the organism; the activity of genes is called forth by signals from the
normally occurring external environment, as well as the internal environment
(Nijhout, 1990; Pritchard, 1986). Although this fact is not well known in the social
and behavioral sciences, it is surprising to find that it is also not widely appreciated
in biology proper (Strohman, 1997). In biology, the external environment is seen as
the agent of natural selection in promoting evolution, not as a crucial feature of
individual development (van der Weele, 1995). Many biologists subscribe to the
notion that “the genes are safely sequestered inside the nucleus of the cell and out of
reach of ordinary environmental effects” (Wills, 1989, p. 19).

Normally Occurring Environmental Influences on Gene Activity

As can be seen in Table 2.2, a number of different naturally occurring environ-
mental signals can stimulate gene expression in a large variety of organisms from
nematodes to humans. The earliest demonstration of this regularly occurring
phenomenon that I could find in intact organisms is in the work of H. Hydén
(Hydén & Egyhazi, 1962). In this rarely cited study, hungry rats had to learn to
traverse a narrow rod from an elevated starting platform to an elevated feeding
platform-a veritable balancing act. The nuclear base ratios in their vestibular nerve
cells were then compared with an untrained control group and a control group
given passive vestibular stimulation. The RNA base ratios in the experimental
groups differed from both control groups. There was no difference between the
control groups.

I think the Hydén and Egyhazi (1962) study is rarely cited because the results not
only do not fit into any existing paradigm, they also seem to raise the Lamarckian
spectre mentioned by Hydén (1969) in the opening quotation.” If that is the case,
there is an elementary misunderstanding. First, environmental stimulation of gene
activity in the organ of balance does not mean the genes were necessarily altered in
the process or, second, if they were altered, there is no reason to assume that the
alteration was passed on to the progeny, as would be required by the way Lamarck
used the notion of the inheritance of acquired characters in his theory of
evolution.” In the Hydén and Egyhdzi study, the most conservative and acceptable
explanation is that genes (DNA) were turned on in the experimental group in a way
that they were not turned on in the control groups, resulting in an alteration of
RNA base ratios in the experimental group.

To understand the findings summarized in Table 2.2, the nongeneticist will
need to recall that the sequence of amino acids in proteins is determined by the
sequence of nucleotides in the gene that “codes™ for it, operating through the
intermediary of mRNA. So there are three levels of evidence of genetic activity in
Table 2.2: protein expression or synthesis, mRNA activity, and genetic activity
itself. A difference in number of brain cells as a consequence of environmental



Table 2.2.

Normally occurring environmental and behavioral influences on gene activity

Species Environmental signal or stimulus Result (alteration in) Study
Nematodes Absence or presence of food Neuronal daf-7 gene mRNA expression,  Ren et al. (1996)
inhibiting or provoking larval
development
Fruit flies Transient elevated heat stress Heat shock proteins and Singh and Lakhotia (1988)
during larval development thermotolerance
Fruit flies Light-dark cycle PER and TIM protein expression and Lee, Parikh, Itsukaichi, Bae, & Edery

Various reptiles
Songbirds (canaries,
zebra finches)

Hamsters

Mice

Mice

Incubation temperature
Conspecific song
Light-dark cycle
Acoustic stimulation

Light-dark cycle

circadian rhythms
Sex determination

Forebrain mRNA

Pituitary hormone mRNA and repro-
ductive behavior

c-fos expression, neuronal activity, and
tonotopy in auditory system

c-fos mRNA expression in suprachias-
matic nucleus of hypothalamus and
circadian locomotor activity

(1996); Myers et al. (1996)
Reviewed in Bull (1983); Van der
Weele (1995)
Mello, Vicario, & Clayton (1992)
Hegarty, Jonassent, & Bittman (1990)
Ehret and Fisher (1991)

Smeyne et al. (1992)



Rats Tactile stimulation

Rats Learning task involving ves-
tibular system

Rats Visual stimulation

Rats Environmental complexity

Rats Prenatal nutrition

Rats Infantile handling; separation
from mother

Cats Visual stimulation

Humans Academic examinations taken

by medical students
(psychological stress)

c-fos expression and number of soma-
tosensory cortical neurons

Nuclear RNA base ratios in vestibular
nerve cells

RNA and protein synthesis in visual
cortex

Brain RNA diversity

Cerebral DNA (cerebral cell number)
Hypothalmic mRNAs for corticotropin-
releasing hormone throughout life

Visual cortex RNA complexity
(diversity)

Interleukin 2 receptor mRNA (immune
system response)

Mack & Mack (1992)
Hydén & Egyhazi (1962)
Rose (1967)

Uphouse & Bonner (1975); review in

Rosenzweig & Bennett (1978)
Zamenhof & van Marthens (1978)
Meaney et al. (1996)

Grouse, Scheier, Letendre, & Nelson
(1980)
Glaser et al. (1990)

Note. mRNA = messenger RNA; PER and TIM are proteins arising from per (period) and tim (timeless) gene activity.
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influences, as in the Mack and Mack (1992), and Zamenhofand van Marthens (1978)
studies, means that DNA activity has been turned on by the environmental
stimulation. In the case of the more recent of these two studies, Mack and Mack
were able to measure fos activity as well as count the number of cortical cells,
whereas in the earlier study, Zamenhof & van Marthens were able only to count
the number of cerebral cells as evidence of DNA activity.

Asnoted in Table 2.2, there are important neural and behavioral correlations to
genetic activity, even though the activity of the genes is quite remote from these
effects. The posttranslational expression of genes beyond the initial synthesis of
protein involves the intervention of many factors before the end product of gene
activity is realized (review in Pritchard, 1986, p. 179).

The fact that normally occurring environmental events stimulate gene activity
during the usual course of development in a variety of organisms means that genes
and genetic activity are part of the developmental-physiological system and do not
reside outside of that system as some biologists and others have assumed on the
basis of the central dogma. The mechanisms by which environmental signals turn
on genetic activity during the normal course of development is being actively
explored in a number of laboratories. The interested reader is referred to the
reviews by Campbell and Zimmermann (1982), Curran, Smeyne, Robertson,
Vendrell, and Morgan (1994), Holliday (1990), Jablonka and Lamb (1995), Morgan
and Curran (1991), and Rosen and Greenberg (1994). Psychologists may be
particularly interested in the fact that environmentally provoked gene expression
is thought to be required for long-term memory (review in Goelet, Castellucci,
Schacher, & Kandel, 1986).

From Central Dogma of Molecular Biology
to Probabilistic Epigenesis

The main purpose of this article is to place genes and genetic activity firmly within a
developmental-physiological framework, one in which genes not only affect each
other and mRNA, but are affected by activities at other levels of the system up to
and including the external environment. This developmental system of bidirec-
tional, coactional influences is captured schematically in Figure 2.3. In contrast to
the unidirectional and encapsulated genetic predeterminism of the central dogma,
a probabilistic view of epigenesis holds that the sequence and outcomes of
development are probabilistically determined by the critical operation of various
endogenous and exogenous stimulative events (Gottlieb, 1970, p. 111; recent
review in Gottlieb, 1997). The probabilistic-epigenetic framework presented in
Figure 2.3 is based not only on what we now know about mechanisms of individual
development at all levels of analysis, but the framework also derives from our
understanding of evolution and natural selection. Natural selection serves as a
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BIDIRECTIONAL INFLUENCES
ENVIRONMENT

(Physical, Social, Cultural) /\M/\
BEHAVIOR

NEURAL ACTIVITY

GENETIC ACTIVITY

»—Individual Development —»

Figure 2.3. Probabilistic-epigenetic framework: Depiction of the completely bidirectional
and coactional nature of genetic, neural, behavioral, and environmental influences over the
course of individual development. From Individual Development and Evolution: The Genesis of
Novel Behavior (p. 186) by Gilbert Gottlieb, 1992, New York: Oxford University Press.
Copyright 1992 by Oxford University Press, Inc. Reprinted with permission.

filter and preserves reproductively successful phenotypes. These successful pheno-
types are products of individual development and thus are a consequence of the
adaptability of the organism to its developmental conditions. Therefore, natural
selection has preserved (favored) organisms that are adaptably responsive both
behaviorally and physiologically to their developmental conditions.

Organisms with the same genes can develop very different phenotypes under
different ontogenetic conditions, as demonstrated by the two extreme variants of a
single parasitic wasp species shown in Figure 2.4, and by identical twins reared apart
in the human species (Figure 2.5; these twins were first described by Shields in 1962,
pp. 43—44, 178-180, and later by Tanner, 1978, p. 119)."

Since the probabilistic-epigenetic view presented in Figure 2.3 does not portray
enough detail at the level of genetic activity, it is useful to flesh that out in
comparison to the previously described central dogma of molecular biology.

i

Butterfly Host Alder Host

Figure 2.4. Two very different morphological outcomes of development in the minute
parasitic wasp. The outcomes depended on the host (butterfly or alder fly) in which the eggs
were laid. The insects are of the same species of parasitic wasp (Trichogramma semblidis).
Adapted on the basis of Wigglesworth (1964).
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Figure Not Available

As shown in Figure 2.6, the original central dogma explicitly posited one-way
traffic from DNA — RNA — Protein and was silent about any other flows of
information (Crick, 1958). Later, after the discovery of retroviruses (RNA — DNA
information transfer), Crick (1970) did not claim to have predicted that phenom-
enon, but, rather that the original formulation did not expressly forbid it. In the
bottom of Figure 2.6, probabilistic epigenesis, being inherently bidirectional in
the horizontal and vertical levels (Figure 2.3), has information flowing not only
from RNA — DNA but between Protein « Protein and DNA <= DNA. The only
relationship that is not yet supported is Protein — RNA, in the sense of reverse
translation (protein altering the structure of RNA), but there are other influences of
protein on RNA activity (not its structure) that would support such a directional
flow. For example, a process known as phosphorylation can modify proteins
such that they activate (or inactivate) other proteins (Protein — Protein), which,
when activated, trigger rapid association of mRNA (Protein — RNA activity).
When mRNAs are transcribed by DNA, they do not necessarily become imme-
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Genetic Activity According To Central Dogma
5

DNA —Jp DNA i} RNA —P> Protein

?

A

DNA —3P DNA —Pp RNA —P Protein

Genetic Activity According To Probabilistic Epigenesis

N
<DNA 4—» RNA 44— Protein

Internal and ¢ X ¢

External
DNA <€—p RNA 4 Protein
— i

Environment

Figure 2.6. Different views of influences on genetic activity in the central dogma and
probabilistic epigenesis. The filled arrows indicate documented sources of influence,
whereas the open arrow from Protein back to RNA remains a theoretical possibility in
probabilistic epigenesis and is prohibited in the central dogma (as are Protein < Protein
influences). Protein — Protein influences occur (a) when prions transfer their abnormal
conformation to other proteins and (b) when, during normal development, proteins
activate or inactivate other proteins as in the phosphorylation example described in text.
The filled arrows from Protein to RNA represent the activation of mRNA by protein as a
consequence of phosphorylation, for example. DNA «<» DNA influences are termed
“epistatic,” referring to the modification of gene expression depending on the genetic
background in which they are located. In the central dogma, genetic activity is dictated
solely by genes (DNA — DNA), whereas in probabilistic epigenesis internal and external
environmental events activate genetic expression through proteins (Protein — DNA),
hormones, and other influences. To keep the diagram manageable, the fact that behavior
and the external environment exert their effects on DNA through internal mediators
(proteins, hormones, etc.) is not shown; nor is it shown that the protein products of some
genes regulate the expression of other genes. (See text for further discussion.)

diately active but require a further signal to do so. The consequences of phosphory-
lation could provide that signal (Protein — Protein — mRNA activity — Protein),
A process like this appears to be involved in the expression of “fragile X mental
retardation protein” under normal conditions and proves disastrous to neural
and psychological development when it does not occur (Weiler et al., 1997).
An excellent overview of the various roles of phosphorylation in the nervous system
is provided by Hyman and Nestler (1993, Chapter 4).

Amplifying the left side of the bottom of Figure 2.6, it is known that gene
expression is affected by events in the cytoplasm of the cell, which is the immediate
environment of the nucleus and mitochondria of the cell wherein DNA resides, and
by hormones that enter the cell and its nucleus. This feed-downward effect can be
visualized thusly:
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Gene expression influenced by

cytoplasm
% hormones :&
external environment behavior/psychological function/
experience

According to this view, different proteins are formed depending on the particular
factors influencing gene expression. Concerning the effect of psychological func-
tioning on gene expression, we have the evidence in Table 2.2 of heightened
interleukin 2 receptor mRNA, an immune system response, in medical students
taking academic examinations (Glaser et al., 1990). More recently, in an elegant
study that traverses all levels from psychological functioning to neural activity to
neural structure to gene expression, Cirelli, Pompeiano, and Tononi (1996) showed
that genetic activity in certain areas of the brain is higher during waking than in
sleeping in rats. In that study, the stimulation of gene expression was influenced by
the hormone norepinephrine flowing from locus coeruleus neurons that fire at very
low levels during sleep and at high levels during waking and when triggered by
salient environmental events. Norepinephrine modifies neural activity and excit-
ability, as well as the expression of certain genes. So, in this case, we have evidence
for the interconnectedness of events relating the external environment and
psychological functioning to genetic expression by a specifiable hormone emanating
from the activity of a specific neural structure whose functioning waxes and wanes in
relation to the psychological state of the organism.

Importance of Behavioral and Neural Activity
in Determining Gene Expression, Anatomical Structure,
and Physiological Function

Many, if not all, of the normally occurring environmental influences on genetic
activity summarized in Table 2.2 involve behavioral and neural mediation. In the
spirit of this article, I want to emphasize the contribution of events above the
geneticlevel (the whole organism and environmental context) by way of redressing
the balance to the way many think about the overriding importance of molecular
biology. The earliest synaptic connections in the embryonic and fetal nervous
system are created by spontaneous activity of nerve cells (reviews in Corner, 1994;
Katz & Shatz, 1996). This early, “exuberant” phase produces a very large array
of circuits that are then pared down by the organism’s encounters with its prenatal
and postnatal environments. In the absence of behavioral and neural activity
(e.g., experimentally induced paralysis), cells do not die, and circuits do not become
pruned in an adaptive way that fits the organism to the demands of its physical,
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social, and cultural environments (Pittman & Oppenheim, 1979). A recent review
of the development and evolution of brain plasticity may be found in Black and
Greenough (1998).

Sometimes one reads the perfectly reasonable-sounding suggestion that,
although genes do not make anatomical, physiological, or behavioral traits, the
genes constrain the outer limits of variation in such traits. It is, of course, the
developmental system, of which the genes are a part (Figure 2.3), and not solely
the genes, that constrains development. It is not possible to predict in advance what
the outcome of development will be when the developing organism is faced with
novel environmental or behavioral challenges never before faced by a species or
strain of animal. This has been known since 1909 when Woltereck did the first
experiments that resulted in the open-ended concept of the norm of reaction, an
idea that has been misunderstood by some behavior geneticists who think of genes
as setting up a too-narrow range of reaction (reviews in Gottlieb, 1995; Piatt &
Sanislow, 1988).

A very striking example of the role of novel behavior bringing about an entirely
new anatomical structure can be seen in Slijper’s (1942) goat in Figure 2.7. This
animal was bom with undeveloped forelimbs and adopted a kangaroolike form of
locomotion. As a result, its skeleton and musculature became modified, with a
pelvis and lower spinal column like that of a biped instead of a quadruped
(Figure 2.7). Thus, although there can be no doubt that genes and other factors
place constraints on development, Slijper’s goat shows that it is not possible to
know the limits of these constraints in advance, even though it might seem quite
reasonable to assume, in advance of empirical inquiry, that a quadruped is not
capable of bipedality. Although an open-ended, empirically based norm of reaction

() ®)

Figure 2.7. Modification of pelvic and spinal anatomy consequent to bipedalism. The
figure shows (a) the pelvis and lower spine of a normal quadrupedal goat, and (b) the pelvis
and lower spine of a goat born without forelimbs and that adopted a form of locomotion
similar to a kangaroo. From Foundation of Developmental Genetics (p. 310) by D. ]J.
Pritchard, 1986, London and Philadelphia: Taylor & Francis. Copyright 1986 by Dorian
Pritchard. Reprinted with permission.
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can accommodate Slijper’s goat, a narrowly constrained, rationally based range of
reaction cannot, no matter how reasonable it seems. It may very well be that all
quadruped species cannot adapt bipedally, but we cannot know that without
perturbing the developmental system.

Summary and Conclusions

It is tempting to show the nice link between probabilistic epigenesis and an
epigenetic behavioral theory of evolution; however, that topic has been reviewed
in depth in several recent publications (Gottlieb, 1992, 1997), so I will forego that
temptation here in favor of sticking to the main point of this article. The central
dogma lies behind the persistent trend in biology and psychology to view genes and
environments as making identifiably separate contributions to the phenotypic
outcomes of development. Quantitative behavior genetics is based on this
erroneous assumption. It is erroneous because animal experiments have shown
again and again that it is not possible to identify the genetic and environmental
components of any phenotype, whether behavioral, anatomical, or physiological
(extensive review in Wahlsten & Gottlieb, 1997).° Although genes no doubt play
a constraining role in development, the actual limits of these constraints are
quite wide and, most important, cannot be specified in advance of experimental
manipulation or accidents of nature as documented in Figures 2.3, 2.4 and 2.7. (The
prenatal environment also plays a constraining role that cannot be known in
advance of experimental or manipulative inquiry; Gottlieb, 1971, 1997.) There is no
doubt that not only genes and environments constrain development at all levels of
the system (Figure 2.3).

The theoretical crux of this article is that the internal and external environ-
ments supply the necessary signals to the genes that instigate the eventual
production of the requisite proteins under normal as well as unusual conditions of
development. There is no genetic master plan or blueprint that is self-actualized
during the course of development, as was assumed by the central dogma.
Without doubt, there are unusual developmental conditions to which genes
cannot respond adaptably, but the range of possible adaptable genetic responses
to strange environmental conditions is truly astounding, as when bird oral
epithelial cells mixed with mouse oral mesenchyme cells resulted in the produc-
tion of a fully enameled molar tooth (Kollar & Fisher, 1980). The phrase “scarce as
a hen’s tooth™ is based on the fact that bird oral epithelial cells never produce
teeth when in conjunction with bird oral mesenchyme cells, as would be the case
under normal conditions of development. If this finding is “clean” (no mouse oral
epithelial cells accidentally contaminating the mix), it involves the appropriate
reactivation of a genetic combination that had been latent for 80 million years
when birds’ last toothed ancestor existed (Pritchard, 1986, pp. 308-309). Also, the
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finding that a crucial nutriment experimentally deleted from the environment of
bacterial cells could lead to the production of that nutriment by a genetic recombina-
tion (adaptive mutation) caused a storm of disbelief in the biological community until
it was shown that there was indeed a molecular basis for this “theoretically
impossible” finding (Harris, Longerich, & Rosenberg, 1994; Thaler, 1994).

It will be interesting to see how probabilistic epigenesis becomes modified in
the ensuing years as more information accrues through the necessarily interdisci-
plinary and multidisciplinary efforts of future researchers. The contrasting
ideas of predetermined and probabilistic epigenesis were first put forward in
Gottlieb (1970). Although the central dogma as depicted in Figure 2.6 is consistent
with the formulation of predetermined epigenesis, it is too much to claim that the
contrasting formulation of probabilistic epigenesis in 1970 predicted all the details
of the relationships in the lower half of Figure 2.6. One can only say that those
relationships are consistent with the bidirectional influences stated in the prob-
abilistic formula Genetic Activity <= Structure <= Function presented in Gottlieb
(1976, p. 218) and elaborated in Gottlieb (1991, see especially Appendix, p. 13).
As I have described in detail elsewhere (e.g., Gottlieb, 1992, 1997), the formulation
of probabilistic epigenesis was built on the writings of Kuo (1976), Lehrman (1970),
Montagu (1977), and Schneirla (1960).

Finally, in response to a concern raised by colleagues who have read this article
in manuscript form, I do hope that the emphasis on normally occurring environ-
mental influences on gene activity does not raise the spectre of a new, subtle form
of “environmentalism.” If I were to say organisms are often adaptably responsive
to their environments, I don’t think that would label me as an environmentalist. So,
by calling attention to genes being adaptably responsive to their internal and
external environments, I am not being an environmentalist, but I am merely
including genetic activity within the probabilistic-epigenetic framework that
characterizes the organism and all of its constituent parts (Figure 2.3). The
probabilistic-epigenetic view follows the open-systems view of development
championed by the biologists Ludwig von Bertalanfty (1933/1962), Paul Weiss
(1939/1969), and Sewall Wright (1968). Their writings were based on a highly
interactive conception of embryology, and the central dogma simply overlooked
this tradition of biological theorizing, resulting in an encapsulated formulation of
genetic activity at odds with the facts of embryological development. (The current
reductionist theoretical stance of molecular biology continues to disregard epige-
netic considerations; Strohman, 1997.) Building on the insights of von Bertalanfty,
Weiss, and Wright, the probabilistic-epigenetic view details the cooperative
workings of the embryological open-systems view at the genetic and neural
levels, prenatal and postnatal behavior, and the external environment. This view
fleshes out at the prenatal and intraorganismic levels of analysis various other
approaches in developmental psychology: ecological (Bronfenbrenner, 1979),
transactional (Sameroff, 1983), contextual (Lerner & Kaufman, 1985), interactional
or holistic (Johnston, 1987; Magnusson, 1988), individual-sociological (Valsiner, 1997),
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structural-behavioral (Horowitz, 1987), dynamic systems (Thelen & Smith, 1994),
and, most globally speaking, interdisciplinary developmental science (Cairns,
Elder, & Costello, 1996).
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Notes

This article first appeared in Psychological Review, (1998) 105, 792-802. Reprinted with
permission.

1. Among the most scholarly early critiques to make this point was that of G. Stent (1981),
who wrote:

For the viewpoint that the structure and function of the nervous system of an
animal is specified by its genes provides too narrow a context for actually
understanding developmental processes and thus sets a goal for the genetic
approach that is unlikely to be reached. Here too “narrow’ is not to mean that a
belief in genetic specification of the nervous system necessarily implies a lack of
awareness that in development there occurs an interaction between genes and
environment, a fact of which all practitioners of the genetic approach are
certainly aware. Rather, “too narrow’” means that the role of the genes, which,
thanks to the achievements of molecular biology, we now know to be the
specification of the primary structure of protein molecules, is at too many
removes from the processes that actually “build nerve cells and specify neural
circuits which underlie behavior” to provide an appropriate conceptual frame-
work for posing the developmental questions that need to be answered.
(pp. 186-187)

Stent’s critique was taken a step further by Nijhout (1990), who wrote in a general way
about the importance of interactions, above the genetic level, in the internal environ-
ment of the organism to bring about growth and differentiation (morphogenesis).
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Nijhout’s point was that “genes do not ... ‘cause’ or ‘control’ morphogenesis; they
enable it to take place” (p. 443). Even more pertinent to the theme of this article, Nijhout
wrote that the genes whose products are necessary during development are activated by
stimuli that arise from the cellular and chemical processes of development. Thus the
network or pattern of gene activation does not constitute a program, it is both the
consequence of, and contributor to, development. (pp. 443)

In this article, I extend this point of view to the external environment.
. Due to the great advances in molecular techniques since 1962, some present-day
researchers may question the results of Hydén and Egyhdzi on methodological grounds.
. Although it is not a popular idea, and it is a separate question, genes can be altered by
internal (reverse transcription, for example) and external events during development
and, under certain conditions, the activities of these altered genes can persist across
generations (Campbell & Perkins, 1983; Campbell & Zimmermann, 1982; Holli-
day, 1990; Jablonka & Lamb, 1995).
. This great amount of phenotypic variation observed in identical twins (sharing the
same genotype) coordinates well with the enormous degree of phenotypic variation in
the human species, in which there is in fact only a very small degree of individual genetic
variation at the level of DNA. DNA is composed of two base pairs of nucleotides. There
is such a small amount of variation in these base pairs in the human population that any
two individuals selected at random from anywhere on earth would exhibit differences in
only three or four base pairs out of 1,000 base pairs (i.e., .3% or .4%!; Cann, 1988;
Merriwether et al., 1991).
. The label of “fragile X mental retardation protein”” makes it sound as if there is a gene (or
genes) that produces a protein that predisposes to mental retardation, whereas, in actual
fact, it is this protein that is absent from the brain of fragile X mental retardates, and thus
represents a failure of gene (or mRNA) expression rather than a positive genetic
contribution to mental retardation. The same is likely true for other “genetic” disorders,
whether mental or physical. Such disorders most often represent biochemical defi-
ciencies of one sort or another due to the lack of expression of the requisite genes and
mRNAs to produce the appropriate proteins necessary for normal development. Thus,
the search for “candidate genes™ in psychiatric or other disorders is most often a search
for genes that are not being expressed, not for genes that are being expressed and causing
the disorder. So-called “cystic fibrosis genes” and “manic-depression genes,” among
others, are in this category. The instances that I know of in which the presence of genes
causes a problem are Edward’s syndrome and Trisomy 21 (Down’s syndrome), wherein
the presence of an extra, otherwise normal, Chromosomes 18 and 21, respectively, cause
problems because the genetic system is adapted for two, not three, chromosomes at
each location. In some cases, it is of course possible that the expression of mutated genes
can be involved in a disorder, but, in my opinion, it is most often the lack of expression of
normal genes that is the culprit.
. This is not the same as saying one cannot pinpoint the participation of specific genes and
specific environments in contributing to phenotypic outcomes. However, because genes
and environments always collaborate in the production of any phenotype, it is not
possible to say that a certain component of the phenotype was caused exclusively by
genes (independent of environmental considerations) and that some other component
was caused exclusively by environment (independent of a genetic contribution).
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An understanding of developmental phenomena demands a relational or coactive
concept of causality as opposed to singular causes acting in supposed isolation
(discussed at length in Gottlieb, 1991, 1997). Overton (1998) has presented a historical
overview on the topic of dualistic conceptions of causality versus the more recent
relational or coactive concept of causality. Further, with respect to the erroneous
separation of hereditary and environmental contributions to the phenotype by
quantitative behavior geneticists, Wahlsten (1990) has shown that the absence of
heredity—environment interaction is a statistical artifact stemming from the insuffi-
cient power of the analysis of variance to detect such interactions, not the empirical
absence of such gene—environment interactions.
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Why is Behavioral Genetics so Controversial?

Disputes over the scientific validity of behavioral genetics are as old as the field itself.
Often these disputes have been politicized, with less-than-rational motivations
attributed by disputants to their opponents. In early 20th-century Britain when
Ronald A. Fisher developed many of the now-classical statistical methodologies of
behavioral genetics (Fisher, 1924, 1925, 1930), critics such as J. B. S. Haldane and
Lancelot Hogben alleged that these methods were being employed in a scientifically
invalid manner to support eugenics (Haldane, 1938, 1946; Hogben, 1933). These
criticisms were met with reciprocal criticism of the “communists and fellow-
travelers” who questioned these statistical tools (Mazumdar, 1992). Decades later,
in the late 1960s and 1970s, behavioral genetics came under fire again as a result of
claims about the genetic basis for the gap in IQ scores between white and black
populations. In this “IQ Controversy” critics of hereditarianism, such as Richard
Lewontin, Leon Kamin, and Noam Chomsky, made no secret of their belief that the
research they attacked was certainly racist in substance and perhaps even carried out
with a racist agenda. Hereditarians like Arthur Jensen, Richard Herrnstein, and Hans
Eysenck responded that their critics were not genuinely concerned with the validity
of their scientific research, but merely seeking to censor science in the pursuit of their
progressive political agendas. Comparisons with Nazi race-science were met with
comparisons to Stalin’s suppression of Mendelism (Kevles, 1995).

As a result of this heated history, it has become difficult to address methodo-
logical and conceptual issues in behavioral genetics without being aligned with one
or other side of what is taken to be primarily a political and not an intellectual
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dispute (Tabery, 2009b). Even the strictly scientific literature on behavioral genetics
is littered with references to the ideological motivations of the researcher’s
opponents. Turning to historical and philosophical studies of behavioral genetics,
Jonathan Kaplan has chronicled what he called the “limits and lies” of human
genetics, while Neven Sesardic has claimed that the entire discipline of philosophy
of science has a structural bias against hereditarian explanations (Kaplan, 2000;
Sesardic, 2005). Charges of ignorance have been met with charges of blind
dogmatism (Chase, 1980; Levin, 1997).

Itis certainly true that many participants in the disputes over behavioral genetics
have their eyes on the social, ethical, and political consequences of the research.
However, the ongoing disputes are not simply the result of the unshakeable,
environmentalist bias of critics, nor of the dogmatic, hereditarian bias of propo-
nents. The tendency to reduce the disputes to such political motivations belies
intellectual disagreements that are both deep and important for behavioral
genetics, but which have been marred by a lack of conceptual clarity.

The purpose of this chapter is to redirect attention to and then disentangle some
of these cases of conceptual confusion within the disputes over behavioral genetics.
Thus, the goal is to bring to the forefront genuinely intellectual disagreements
which can be legitimately debated in the place of the more commonly referenced
political disagreements which tend to defy rational discourse. We begin with a brief
history of traditional behavioral genetics and of the emergence of conflicting
aspirations to create a “developmental behavioral genetics,” With this history in
place, we then take up three concepts that have generated much debate within the
field: norm of reaction, genotype-environment interaction, and gene. Rather than offer a
political explanation of these debates, we instead address some conceptual issues
that have made it difficult for the disputants to engage in productive discussion.
Moreover, we argue that a common thread underlies these separate debates: a
disagreement over the epistemological relevance of potential variation that is not
manifest in actual populations to the understanding of development.

A Brief History of Traditional Behavioral Genetics
and of Aspirations for a “Developmental” Behavioral Genetics

A discipline such as traditional, quantitative behavioral genetics may be defined
either methodologically or sociologically (Hull, 1988). Methodologically, tradi-
tional behavioral genetics consists of the application of quantitative genetic
methods to behavioral phenotypes. These methods were initially developed by
figures such as Fisher, Haldane, Sewall Wright, and George Udny Yule in order to
integrate the Mendelian model of inheritance with the existing, biometrical
tradition in the study of natural selection (Provine, 2001; Tabery, 2004). In 1918
Fisher published his seminal “The Correlation between Relatives on the Supposi-
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tion of Mendelian Inheritance.” In the process of demonstrating the compatibility
of Mendelian and biometrical models, Fisher also introduced a new statistical
concept — variance (Box, 1978). The concept was of interest to Fisher because it
seemed to offer him a means of quantifying genetic differences and environmental
differences and establishing how much each cause of variation contributed to total
phenotypic variation for a trait in a population. Much of Fisher’s career was spent
developing statistical methods such as the analysis of variance (ANOVA), tests of
statistical significance, and the design of experiments, mostly with the goal of
answering this how-much question about the relative contributions of nature and
nurture. This focus on relative contributions became a defining methodological
feature of quantitative behavioral genetics.

From a more sociological perspective, the emergence of behavioral genetics can
be dated to around 1960 (Fuller & Simmel, 1986; Plomin & McClearn, 1993;
Whitney, 1990). The date is chosen to recognize the publication of John Fuller and
William Thompson’s Behavior Genetics. “The time seems ripe,” the authors stated in
the preface, “for a modern treatment of the division of knowledge we have called
‘behavior genetics™ (Fuller & Thompson, 1960, p. v). A textbook-style treatment,
Behavior Genetics introduced the basics of cellular, genetic, and population biology;
the methods of inbreeding, ANOVA, and twin studies; and their applications to
personality, intelligence, and mental disorders. The pivotal disciplinary event
occurred a decade later, in 1970, with the creation of the journal Behavior Genetics,
and the founding of the Behavior Genetics Association with Ukranian-American
geneticist Theodosius Dobzhansky as its first president.

In later years, advances in molecular biology facilitated the investigation of the
role that genes played in the development of a phenotype at the molecular level.
When the focus was on humans, however, ethical considerations largely confined
behavioral geneticists to traditional quantitative genetic methods. Thus, classic
twin and adoption studies were employed to evaluate the relative contributions of
different sources of variation, along with gene-hunting studies, which track the
distribution of genetic markers in families (linkage studies) or populations (associa-
tion studies) in an attempt to seek out candidate genes associated with behavioral
traits (Kendler, 2005).

While traditional, quantitative behavioral genetics is a clearly defined field, both
intellectually and institutionally, developmental behavioral genetics isless a field than
an aspiration. Understanding the role of genes in behavioral development is clearly
amongst the most important desiderata for contemporary life and social science,
but it is far from clear what kinds of studies will yield this understanding, whether
this issue defines a single field with a distinctive set of methods, and how such a field
would relate to traditional behavioral genetics. The most straightforward vision of
a developmental behavioral genetics involves the application of the traditional
behavioral genetic methods to developmental data, that is, to repeated observa-
tions of the same phenotype at different stages of development — the study of
“distributions of individuals developing across time” as Sandra Scarr has char-
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acterized the field (Scarr, 1995, p. 158; see also Plomin, 1983). Scarr, following in the
Fisherian tradition of focusing on the relative contributions of various sources of
variation, argued that developmental behavioral genetics should seek the causes of
phenotypic variation, rather than the causes of phenotypes, and ask how much
phenotypes depend on certain causes, rather than how they depend on them
(see also Plomin, 1983, p. 254; Scarr, 1992, 1993, 1995). These methodological
stipulations have been used for over 50 years to defend traditional behavioral
genetics against the accusations that (1) it does not yield causal explanations and
(2) it cannot explain phenomena at the individual, as opposed to the population,
level. It was Scarr’s aim to insulate the proposed new discipline from the same
accusations, and to insist that within the stipulated limits it will yield genuine
answers to genuine questions about behavioral development.

This vision of a developmental behavioral genetics has been fiercely rejected by
scientists from developmentally-oriented disciplines, including experimental em-
bryologists, developmental psychobiologists and developmental geneticists. Some
of the strongest criticism has come from developmental psychobiology, a research
tradition which emerged in the 1960s from earlier work on behavioral development
by comparative psychologists such as Theodore C. Schneirla, his student Daniel S.
Lehrman, and more recently in the work of Gilbert Gottlieb. The International
Society for Developmental Psychobiology was founded in 1967 and a journal of the
same name followed in 1968. The term “psychobiology” has been used in diverse
ways in the past century, but usually with the intention of preventing some
psychological phenomenon from getting lost in the enthusiasm for single, currently
productive reductionistic research strategy (Dewsbury, 1991). “Developmental
psychobiology” denotes just such an integrative, multi-disciplinary approach to
behavioral development, seeking to integrate genetic analysis with behavioral
embryology and the evolutionary study of animal behavior (e.g., Michel &
Moore, 1995). The inclusion of animal behavior research in this synthesis points
to another of the field’s historical roots, in the rapprochement between ethology
and comparative psychology in the 1960s (e.g., Hinde, 1966). Developmental
psychobiology can thus be interpreted as the study of behavioral development in
the spirit of Niko Tinbergen’s (1963) program for the biology of behavior,
according to which the “four questions” of the mechanistic causes of behavior,
of developmental causation, of the ecological role of behavior, and of its evolution
are to be answered (and, indeed, posed) in the light of one another.

According to the critics of traditional behavioral genetics, the prefix
“developmental” can only be meaningfully attached to behavioral genetics if
behavioral genetics abandons the traditional methodological restrictions discussed
above. The new discipline must set out to elucidate the causal mechanisms of
behavioral development rather than quantify causes of variation in behavioral
development, and must ask how genes cause development rather than how much
development genes cause. Traditional, quantitative genetic methods are funda-
mentally unsuited to the study of the causal role of genes in development, the
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argument goes, because they analyze and explain phenomena at the level of the
population and not the individual organism, and because they explain the
differences between individuals, rather than how those individuals came to have
the phenotypes that they do (Ford & Lerner, 1992; Gottlieb, 1995, 2003). But to
advocates of the statistical vision of developmental behavioral genetics, these
criticisms simply confuse different scientific questions that can, and should, be
kept apart; they confuse different levels of analysis (Plomin, 1990; Scarr, 1995;
Surbey, 1994). Instances of this dispute can be found in disagreements over
concepts such as norm of reaction, gene-environment interaction, and gene. It
is to these more specific disagreements that we now turn.

Two Conceptions of the Norm of Reaction

Wilhelm Johanssen’s 1911 paper introducing the terms “gene,” “genotype,” and
“phenotype” made extensive use of the norm of reaction concept introduced a few
years earlier by German biologist Richard Woltereck (Johannsen, 1911; Wolter-
eck, 1909; for a history see Sarkar, 1999). The norm of reaction depicts the effect on
the phenotype of rearing one or more genotypes in a range of environments
(see Figure 3.1). Itis a powerful visual embodiment of Johannsen’s new, Mendelian

Figure Not Available
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conception of heredity. Earlier discussions of heredity, he argued, had tried to
establish a direct relationship between the phenotypes of ancestor and descendant.
The new “Genotype Conception of Heredity” recognized that this direct, heredi-
tary relationship only exists at the level of the gene. Similarities between ancestral
and descendant phenotypes depend not just on heredity, but also on shared
environmental conditions.

The concept of a norm of reaction has been a locus of disagreement between
traditional behavior geneticists and developmental scientists. This disagreement has
been marked by a terminological distinction. Developmental scientists have tended
to employ the term reaction norm (or norm of reaction), while traditional behavioral
geneticists have often preferred the term reaction range. As we have shown in detail
elsewhere (Griffiths & Tabery, 2008), these two terms were initially synonyms: “The
diverse phenotypes that may arise from the interplay between a given genotype and
various environments in which this genotype may live constitute the norm, or range,
of reaction of that genotype” (Sinnott, Dunn, & Dobzhansky, 1950, p. 24, emphasis
added). The use of the term “reaction range” in behavioral genetics can ultimately be
traced back to Dobzhansky, but the most influential immediate source was the work
of Irving Gottesman, in whose work the term took on a different, although closely
related, meaning. In his earliest presentation of the concept Gottesman explained
that “For our purposes the best way to conceptualize the contribution of heredity to
intelligence is to think of heredity as determining a norm of reaction (Dobzhans-
ky, 1955) or as fixing a reaction range” (Gottesman, 1963, p. 254) and provided a
hypothetical example of such norms or ranges of reaction (Figure 3.1). In this figure
Gottesman used the term reaction range (“RR”) to label the range of phenotypic
variation actually exhibited by each genotype in the range of environments to which
they were reared. The reaction range was thus the portion of the reaction norm
realized in the actual environments for which data were available. In his later work
Gottesman emphasized the idea of a reaction range, and this became the
standard concept in the behavioral genetics and psychological literature of sub-
sequent decades.

Gottesman’s notion of a reaction range has been criticized by scientists in the
developmental research tradition. One prominent criticism is that the reaction
range concept implies that the phenotype is deterministically restricted within a
certain range by the genotype; whereas the reaction norm places no such genotypic
limits on development. “Gottesman’s notion of reaction range sets strict and
predictable upper and lower limits for a genotype. ... The norm of reaction, in
contrast, holds that a knowledge of phenotypic outcome under one or many
rearing conditions does not allow one to predict the outcome when novel rearing
conditions are encountered” (Gottlieb, 1995, pp. 134-135; see also Gottlieb, 2003).
This criticism originated in a paper by Steve Anderson Platt and Charles A.
Sanislow III (1988) who criticized the conflation of the concepts of reaction range
and reaction norm by behavioral geneticists and argued that the deterministic
reaction range should be replaced by the reaction norm.
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The idea that the reaction range, and not the reaction norm, implies the
existence of fixed limits to phenotypic plasticity is, however, mistaken. Gottesman
certainly did speak of heredity as “fixing” and “determining” the reaction range. But
Dobzhansky too claimed that the genotype “determines” the reactions of the
organism to the environment, and that the reaction norm was “circumscribed by
the genotype” (Dobzhansky, 1951; Sinnott et al., 1950). Dobzhansky emphasized
that such determination or circumscription was specific to the particular environ-
ments tested, and that other environments might be encountered or interventions
might be developed, which could lead to phenotypic outcomes outside the range
previously observed. But Gottesman did not deny this when he gave the term
“reaction range” its current meaning. The reaction range is the difference between
minimum and maximum phenotypic values in the range of environments for
which data are actually available. It is an empirical characteristic of a reaction norm
and, thus, no more indicative of fixed upper and lower limits than the reaction
norm (Turkheimer, Goldsmith, & Gottesman, 1995, p. 143).

But this does not mean that there was no substance to the disagreement between
developmental scientists like Gottlieb and behavioral geneticists like Gottesman.
The norm of reaction is a theoretical entity which encompasses not only actual
variation, but also potential variation in untested environments. Behavioral
geneticists saw this abstractness as limiting the scientific utility of the reaction
norm concept: it is impractical to expose each genotype to the full range of possible
environments and so we never know the full reaction norm. In contrast, reaction
range is an operational concept. It is often reasonable to extrapolate an observed
linear relationship between gene and phene, and so within some range of actual
environments we can be reasonably sure what can and cannot be achieved. This
limited but valuable understanding of the genetic potential of the system, they
argued, should not be thrown out like the baby with the bathwater merely because
it is not total understanding (Turkheimer et al., 1995, pp. 147-152).

Developmental scientists like Gottlieb took a very different view, which
reflected the very different scientific work in which they were engaged. Whereas
traditional behavioral genetics was based on observational datasets, Gottlieb and
his ilk were engaged in experimental investigations of the causal basis of behavioral
development. From this point of view it seems far less utopian to seek to determine
the full reaction norm. A causal model will both narrow down the class of
environmental variables that affect the trait and also allow us to plug possible
values into the model. In effect, a well-confirmed causal model of the development
of a trait embodies the full norm of reaction of that trait. Moreover, abnormal and
even unnatural environments are a powerful experimental tool with which to
confirm such a causal model.

Thus, we suggest that the dispute over the concepts of reaction norm and
reaction range was fundamentally about the epistemological relevance of merely
potential variation, variation which is part of the reaction norm, but not part of the
reaction range. For behavioral geneticists potential outcomes in unobserved
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environments were a distraction from the task of drawing what conclusions we
validly can from the observations we actually have. Reaction range was the useful
scientific concept here, while the reaction norm merely embodied a distractingly
utopian ideal of total knowledge. For developmental scientists, however, under-
standing behavioral development meant understanding the causal structure that
responded with different outcomes to different environments. All parts of the full
reaction norm, including those parts that may never be realized in nature, were
epistemologically relevant in the sense that they were all potential tests of a causal
model. In contrast, the realized reaction range was a superficial measure that
confounded the causal structure of the system with the particular parameter
settings found in extant populations. The next section will show that the same
difference in perspective was at the heart of the better-known dispute about the
meaning of “interaction.”

Two Conceptions of Gene-Environment Interaction

Itis a truism that genes interact with the environment during development. But this
truism has been understood in very different ways by developmental scientists and
traditional, quantitative behavioral geneticists. Traditional behavioral geneticists
study the relative contributions of genotypic and environmental differences to total
phenotypic variation in a trait in a population. One standard method for investigat-
ing these relative contributions is still Fisher's ANOVA. In its simplest form,
ANOVA partitions total phenotypic variation for a trait (Vp) into a contribution
attributable to genotypic variation (V) and a contribution attributable to envir-
onmental variation (Vg):

Vp =Vg+ Vg (3.1)

In this simple case, the two sources of variation are additive, meaning just that Vg
and Vg together fully account for the total phenotypic variation. However, when
the genotypic variation is dependent on the environmental distribution, and the
environmental variation is dependent on the genotypic distribution, Vg and Vg
become interdependent. This is gene-environment interaction, or G X E; it creates a
potential problem for ANOVA because G X E generates its own source of variation
(Vg xg) ensuring the breakdown of the additivity in Equation (3.1) and requiring a
modification that results in Equation (3.2):

Vp = Vg + Ve + Vgxe (3.2)
Another way to understand the difference between Equations (3.1) and (3.2) is with

reference to the norm of reaction concept discussed in the last section. When Vg
and Vg are additive as in Equation (3.1), then the norms of reaction (G1 and G2) will
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Figure 3.2. Hypothetical phenotypic curves: (a) Parallel phenotypic curves with no gene-
environment interaction; (b) Non-parallel phenotypic curves with gene-environment
interaction.

be parallel across the environment, as is the case in Figure 3.2a; however, when
there is Vg«g as in Equation (3.2), then the norms of reaction will not be parallel
across the environment, as is the case in Figure 3.2b.

In the context of traditional, quantitative behavioral genetics, interaction is
understood as this statistical phenomenon: the interaction between genotypic and
environmental sources of variation in a population, which results in the breakdown
in additivity between main effects. But in the context of the experimental study of
behavioral development interaction is a causal-mechanical phenomenon, not justa
statistical one. Genetic and environmental factors causally interact in the processes
that give rise to phenotypes.

Tabery (2007, 2008; see also Griffiths & Tabery, 2008) has labeled these two
concepts of gene-environment interaction the “biometric” concept (G X Eg) and
the “developmental” concept (G X Ep). The biometric concept of G X Ep can be
traced back all the way to Fisher, who was the first to wrestle with the complica-
tions posed by G x E for his ANOVA. Through the work of Fisher and others
G X Eg became part of the basic conceptual toolkit of population genetics, and then
when the tools of population genetics were appropriated for behavioral genetics,
G X Ep became part of that discipline as well (Tabery, 2007, 2008).

But G x Eg was never the only concept of gene-environment interaction.
Fisher’s formulation of ANOVA was immediately criticized by contemporaries
like Haldane and especially Hogben for embodying a “false antithesis of heredity
and environment” (Hogben, 1932, p. 201). Hogben understood gene-environment
interaction not merely as a statistical phenomenon produced by the interaction of
two sources of variation, G and E, but rather as the result of a third causal factor.
This third factor consisted of the actual, physical combinations of genes and the
environment found in the individuals that make up the population. This produced a
“third class of variability,” which “arises from the combination of a particular
hereditary constitution with a particular kind of environment” (Hogben, p. 98). On
this understanding, gene-environment interaction is manifested in statistical inter-
action between measured G and E, but it is not constituted by it. Even if no statistical
interaction is present in the data, our causal models of development imply that
genetic and environmental factors are nevertheless causally interacting within each
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Figure 3.3. “Coaction” of genes and environment. Source: Gottlieb (1992, p. 186).

organism to produce the phenotype. The failure to observe any variance resulting
from this causal interaction is something that needs to be explained through an
appropriate causal model, such as, for example, Conrad H. Waddington’s model of
“developmental canalization” in which many different combinations of develop-
mental factors converge on the same developmental outcome (Waddington, 1957).
Like G X Ep, the developmental concept of G X Ep, persisted throughout the 20th
century. But it was developmental geneticists, such as Waddington, rather than
population geneticists, who kept this concept in currency (Tabery, 2007, 2008).

Introducing these two different senses of “interaction” allows us to make sense
of the longstanding dispute between behavior geneticists and developmental
scientists over G X E. Developmental scientists like Gilbert Gottlieb made the
idea of gene-environment interaction central to their understanding of behavioral
development, introducing for example the idea of gene-environment co-action in
individual development (Figure 3.3).

This developmental interconnectedness, Gottlieb claimed, ensured that G X E
was the rule, not the exception (Gottlieb, 2003, p. 343). Traditional behavioral
geneticists, however, have argued that it is a conceptual error to introduce
considerations about the causal mechanisms of development into discussions of
G X Ein the study of individual differences. During the IQ controversy of the 1970s
Arthur Jensen asserted that only the statistical sense of interaction was relevant to
the understanding of individual differences. Criticism of behavioral genetics
resulted from “a failure to understand the real meaning of the term ‘interaction’
as it is used in population genetics; but even more it is the result of failure to
distinguish between (a) the development of the individual organism, on the one
hand, and (b) differences among individuals in the population” (Jensen, 1973, p. 49).
This defense-by-distinction quickly became the standard response of behavioral
geneticists to their critics (Tabery, 2007):

Unfortunately, discussions of genotype-environment interaction have often con-
fused the population concept with that of individual development. It is important at
the outset to distinguish genotype-environment interaction from what we shall call
interactionism, the view that environmental and genetic threads in the fabric of
behavior are so tightly interwoven that they are indistinguishable.

(Plomin, DeFries, & Loehlin, 1977, p. 309)."
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The defense-by-distinction contrasts the real meaning of the term “interaction”
with muddle-headed “interactionism.” It does admit that there is an alternative,
coherent concept of interaction, but claims that this cannot be applied to the study
of individual differences in a population. The idea seems to be that critics become
“muddle-headed interactionists” when they insist on applying the causal sense of
interaction, whose proper domain is the study of individual development, to the
study of individual differences in a population.

We are not convinced by the defense-by-distinction. Why do some people
develop a complex trait such as major depression, whilst others do not? This
question incorporates a question about the causal mechanisms responsible for the
individual development of depression, as well as a question about the causes of
variation responsible for individual differences in depression. The causal-mechanical
study of behavioral development has traditionally been concerned with the
development of species-typical phenotypes, a feature it shares with most traditional
developmental biology, but this is a contingent, historical fact, not an essential
feature of this type of scientific inquiry. Individual differences are as much in need
of causal mechanical explanation as species-typical phenotypes and in recent years
such explanations have started to appear. For example, Michael Meaney and
collaborators’ well-known work on the molecular basis of individual differences in
stress-reactivity gives a causal mechanical explanation of the distribution of such
differences in populations (Meaney, 2001; Weaver et al., 2004). This explanation fits
the prescription given by Hogben — it documents how different combinations of
gene and environment are distributed in the population. Tabery has termed this
kind of causal-mechanical explanation of population-level variation the study of
“difference mechanisms” (Tabery, 2009a).

If we admit that the desire to provide causal-mechanical explanations of
individual differences in populations is legitimate, but that it involves the applica-
tion of a different sense of gene-environment interaction, we can neatly explain the
ongoing disagreement between behavioral geneticists and developmental scien-
tists about the data on G x E. Behavioral geneticists regularly detect large main
effects for genes and fail to identify a high level of statistical interaction between
genes and environment (G X Eg). One possible explanation is that behavioral
genetic methods have a systematic tendency to underestimate interaction effects,
as Douglas Wahlsten has alleged (Wahlsten, 2000, see also chapter 5 this volume).
But let us grant that the study of individual differences in natural populations
reveals surprisingly low levels of G X Ep. For a traditional behavior geneticist
G X Ep is interaction, and if this element of the variance is low there is little
interaction. Period. The continued effort to document interaction in the face of this
evidence, and particularly the search for abnormal environments that will generate
interaction, seems merely perverse from this perspective. But for developmental
scientists like Gottlieb, interaction is fundamentally a property of causal networks
of material entities, and G X Eg is only the statistical manifestation of actual
differences in these networks. Since we know on direct, biological grounds that
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development is interactive, the failure to detect statistical interaction simply tells us
that the developmental system is structured so as to render those developmental
outcomes insensitive to variation in certain parameters (via mechanisms such as
redundancy and feedback). Instead of concluding that there is no interaction,
developmental scientists argue that we need to find interventions that will reveal it,
such as using experimental interventions to drive parameters to values that
would not be encountered in nature. Only by finding such interventions can we
decipher the very causal pathways that explain the lack of interaction in normal
conditions.

As we saw in the previous section, traditional behavioral genetics emphasizes
the practical value of the conclusions we can derive from the variation we
actually observe. In contrast, developmental scientists insist that the ultimate
practical goal must be causal understanding; for this purpose, potential variation —
even to extents not normally encountered in nature — is as important as actual
variation. The difference between the traditional behavior genetic perspective and
that of developmental scientists once again comes down to the epistemological
relevance of variation which is possible but not actually observed under natural
conditions.

Two Conceptions of Genes and Gene Action

Previous sections have highlighted two conceptual issues that help to explain the
persistent tendency of advocates and critics of traditional behavioral genetics to talk
past one another. In this section we consider a third source of miscommunication:
different ways of conceptualizing genes and gene action. Agreement about the
fundamental, ontological grounding of genetics in DNA is not enough to create a
shared conceptualization of the gene. Traditional behavioral genetics (following
quantitative genetics) conceptualizes genes in classical, Mendelian terms as inter-
vening variables in the genetic analysis of phenotypes. In contrast, developmental
psychobiologists standardly conceptualize genes as determinants of the value of a
developmental parameter in the context of a larger developmental system (we will
refer to these constructs as “developmental genes”).

Let us examine these two conceptualizations of the gene in more detail. From its
earliest days the gene was always a postulated physical unit of heredity. At a
practical level, however, the genes of classical, Mendelian genetics were interven-
ing variables that allowed prediction of the phenotypes of offspring from the
phenotypes of parents. The aim of genetic analysis was not to test the theory of the
gene, but to answer other biological questions using that theory (see the detailed
reconstructions in Waters, 2004). Quantitative characters, like height and weight,
which vary continuously between individuals, posed a significant problem for early
geneticists, since only a character with discrete values can appear in Mendelian
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ratios in offspring. However, as early as 1918, Fisher showed that statistical
procedures for studying correlations between phenotypes could be interpreted
in Mendelian terms (Fisher, 1918). In the simplest models of this kind, quantitative
traits are treated as if they were the effect of a large number of genes each of which
makes an equal, small contribution to variation in the character. The attitude of the
geneticist to these postulated Mendelian “genes” is like the attitude we have toward
“centers of mass” in physical theory. Centers of mass are mathematical devices. It
would be foolish to look for them as additional constituents of matter alongside
protons, neutrons, and the rest. Nevertheless, what we know about how matter is
actually constituted justifies us introducing these entities into our calculations. In
just the same way, whether we can identify specific DNA segments corresponding
to the “genes” discussed in Fisher’s proofs is simply not germane to the validity of
the quantitative genetic results he derived. If the Mendelian framework is broadly
correct then results derived by postulating these “genes” will be reliable.

The identification of DNA as the genetic material and the ongoing elucidation of
its structure and function have had the result that the dominant meaning of “gene”
in contemporary scientific usage is a DNA sequence which is transcribed to produce
a messenger RNA molecule that in turn is processed to produce a protein or a
functional RNA. But this does not mean that the classical, Mendelian conception of
the gene has been or can be replaced by this molecular conception (Griffiths &
Stotz, 2006, 2007). Geneticists continue to make use of classical genetic techniques
to identify regions on chromosomes in which molecular genes may be located.
Even when the explicit aim of this work is to identify molecular genes, the
conceptualization of the gene that is actually used to do the work is the classical,
Mendelian, conception. Some abnormalities in human limb development, for
example, are associated with mutations in a gene on human chromosome 7. But
research suggests that the gene in which the mutation is located plays no role in the
development of these abnormalities (Lettice et al., 2002). Instead, embedded in that
gene is a sequence of DNA that acts to regulate sonic hedgehog, a gene located
about one million nucleotides away on the same chromosome. It is likely that sonic
hedgehog is involved in the relevant aspects of limb development. But it is no
criticism of the original research which found the “gene for” these abnormalities
that what it found was, in another sense, not a gene (i.e., not a sequence of DNA
transcribed to produce a messenger RNA molecule). Biologists have no difficulty
thinking in Mendelian terms when applying traditional genetic techniques, and
switching seamlessly to the molecular conception of the gene when examining the
DNA sequences they have located. The traditional, Mendelian gene concept is alive
and well and it would be intellectually crippling to insist on using only the
molecular concept in genetic research (Griffiths & Stotz, 2006, 2007; Weber, 2004).

If traditional behavior genetics conceives genes primarily as Mendelian alleles,
how have its critics such as developmental psychobiologis