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Explaining how genes influence behavior is important to many branches of psychology, including
development, behavior genetics, and evolutionary psychology. Presented here is a developmental model
linking the immediate consequence of gene activity (transcription of messenger RNA molecules from
DNA sequences) to behavior through multiple molecular, cellular, and physiological levels. The model
provides a level of detail appropriate to theories of behavioral development that recognizes the molecular
level of gene action, dispensing with the metaphorical use of such terms as blueprints, plans, or
constraints that has obscured much previous discussion. Special attention is paid to the possible role of
immediate-early genes in initiating developmental responses to experience, adding specificity to the
claim that neither genes nor experience act alone to shape development.

The question of how genes affect behavior has been a long-
standing focus of both controversy and research within the behav-
ioral and social sciences. It is most directly of concern to the study
of behavioral development (Gottlieb, 1998; Wahlsten, 1999) but is
also important for behavior genetics (McClearn, Plomin, Gora-
Maslak, & Crabbe, 1991; Plomin & Rutter, 1998; Turkheimer,
1998) and evolutionary psychology (Buss, 1994; Lloyd, 1999).
Although no one today seriously doubts that behavior is influenced
in some way by genetic constitution, a general understanding of
the mechanisms by which genes exert their influence is still far
away. The immediate effect of genes is to specify, through the
intermediate stage of messenger RNA (mRNA) synthesis, the
polypeptide sequences of various proteins, including those in-
volved in brain structure and function and thus presumably in the
organization of behavior. It is, however, a very long step from
polypeptide sequences to behavior—a step, moreover, that covers
much incompletely understood territory. The aim of this article is
to provide a map of that territory, in the form of a model that
incorporates genetic influences into a conceptually rigorous ac-
count of the development of behavior.

This article focuses on the development of behavior. However,
genetic activity is involved not only in the developmental transi-

tions between conception and maturity but also in the processes of
learning and behavioral plasticity that occur throughout the life
span (Robertson, 1992; Tischmeyer & Grimm, 1999). Any account
of genetic influences on behavior must include an analysis of the
different “causal pathway[s] through which the gene influences the
phenotype” (McClearn, et al., 1991, p. 223). Although the tech-
niques of behavioral genetic analysis permit the identification of
individual genes with significant effects on behavior (Wahlsten,
1999), understanding how genes influence behavior requires an
analysis of the various processes underlying behavioral changes
(Gottlieb, 1995).

Our analysis extends ideas proposed in earlier articles (Johnston,
1987, 1988) and builds on work done by other developmental
theorists working within a framework usually identified as inter-
actionism or developmental systems theory. From this perspective,
genes appear as one among many contributors to a complex
network of interactions, involving molecular, cellular, physiolog-
ical, behavioral, and environmental components (Bateson & Mar-
tin, 2000; Gottlieb, 1996). The network is a system with multiple
bidirectional effects (see Gray, 1992; Griffiths & Gray, 1994;
Oyama, 2000), not one in which genes directly specify behavior or
some behavioral surrogate, such as a plan or blueprint. The model
presented here situates the genes within such a network, offering a
clear view of the relationships between genetic and other influ-
ences on the development of behavior.

A Model for the Development of Behavior

Figure 1 presents a very simple view of the relationships among
three classes of factors that influence the development of behavior.
Sensory stimulation refers to any influence that acts through the
developing animal’s sense organs and is processed by its nervous
system, including all the effects of learning and of experience more
generally construed. Physical influences include all other environ-
mental effects (both physical and chemical), including diet, tem-
perature, pH, salinity, gravity, and the mechanical stresses exerted
during movement. Some components of the environment provide
both physical influences and sensory stimulation (for example,
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food provides both direct chemical input to the body and a variety
of gustatory, olfactory, and visual stimuli), whereas others provide
only one of these. Genetic activity refers to the transcription of
DNA that underlies the involvement of the genes both in protein
synthesis and in the regulation of their own activity. These three
classes of input interact (in ways yet to be specified) to produce
behavior; the shaded box in Figure 1 represents these developmen-
tal interactions. As shown in Figure 1, behavior itself can directly
change the nature of sensory stimulation and physicochemical
influences; genetic activity is also influenced by behavior, but only
through indirect pathways that are hidden in this figure.

Constructing the model of development requires “unpacking”
the hidden complexity in the shaded box in Figure 1 to provide a
clear understanding of what components of the organism and what
relationships among them it conceals. This is done by analyzing
the complex interactions implied by the box into successively
simpler ones. However, in doing so, it is important to avoid
introducing relationships that are not firmly anchored in the bio-
logical constitution of the developing organism, so as to avoid the
implication that genes can act at a distance and all variants of what
Oyama (1985, 2000) has called the “ghost-in-the-machine ma-
chine”: blueprints, instructions, constraints, information, and so
forth. This point is very important because the model must recog-
nize that genes are biologically active molecules, not mysterious
carriers of information or repositories of plans and blueprints. As
pointed out by Johnston (1987) and Nijhout (1990), among others,
such metaphorical discussion about genes has not provided much
understanding of their contributions to development (see also
Keller, 1994; Oyama, 2000; Pfaff, 1997).

Figure 2 shows a first stage in this unpacking, indicating that
gene activity directly and reciprocally affects protein synthesis and

that sensory stimulation directly and reciprocally affects patterned
neural activity. The shaded box has shrunk, and neither of the new
boxes contains hidden examples of action at a distance. It would,
of course, be possible to unpack each of these boxes further, and
for some purposes that may be necessary. However, by not un-
packing them, the model claims that this is a sufficiently detailed
account for capturing important general features of behavioral
development and that the generality would not be significantly
enhanced by further analysis. (That is, of course, an empirical
claim that may need to be modified in the light of attempts to use
the model to construct particular theories of behavioral
development.)

Figure 3 shows the completely unpacked model of behavioral
development. None of the relationships depicted by the arrows in
Figures 1 and 2 have been deleted, although new relationships
have been indicated by the addition of appropriate arrows. An
arrow connecting one box (x) to another box (y) is to be interpreted
as meaning, “The state of x may affect the state of y.” Time is not
explicitly represented in Figure 3; a later section shows how to
convert this representation of causal relationships into a represen-
tation that acknowledges the simultaneity and successiveness of
developmental events.

Some Properties of the Model

The representation of development in Figure 3 is similar in spirit
to other depictions, such as those of Gottlieb (1991, Figure 1) and
Bateson (1996, Figure 1.1), but it extends them and explicates
some important features of development as follows.

First, it includes both neural and nonneural components. Behav-
ior requires not only patterns of neural activity but also nonneural
structures and systems. Perhaps the most thoroughly studied ex-

Figure 2. First stage in the analysis of development. The immediate
effect of sensory stimulation is on patterns of activity in the nervous
system. This effect may be reciprocal, as centrifugal influences (attention,
orientation, and so forth) modulate the stimulation influencing the organ-
ism. The immediate effect of genetic activity is protein synthesis, which
may also have reciprocal effects on genes. The effects of physical influ-
ences are not elaborated in this diagram.

Figure 1. Starting point for an analysis of behavioral development,
identifying the three classes of input as sensory stimulation (environmental
influences that are processed by the developing animal’s nervous system),
physical influences (all other environmental effects), and genetic activity.
Both sensory stimulation and physical influences are directly affected by
behavior; the effect of behavior on genetic activity is indirect and is hidden
in this diagram. The task of a developmental analysis is to unpack the
developmental interactions implied by the shaded box.
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amples of nonneural contributions to behavioral development in-
volve the effects of hormones (e.g., Arnold & Breedlove, 1985;
Collaer & Hines, 1995); however, development of behavior also
involves bones, muscles, horns, feathers, and other structures, and
all of these components need to be taken into account. The im-
portance of doing so is particularly clearly illustrated in Thelen’s
(1995) and Thelen, Kelso, and Fogel’s (1987) analyses of the
development of infant locomotion, in which gross morphological
changes play a critical role in explaining the development of
locomotor patterns.

Second, the immediate consequences of genetic activity are
confined to the cell. Genetic effects on behavioral development
must take into account the various interactions that follow from
protein synthesis and its consequences for events at the cell mem-
brane, interactions among cells, and so forth. The model treats
genes as an integral part of the developing system (Gottlieb, 1995),
rather than placing them outside the system, and shows that genes
influence behavior indirectly, not directly. This model does not
necessarily preclude defining relationships between genetic activ-
ity and behavior unless all the intermediate steps implied in the
diagram can be specified. When a particular gene has been impli-
cated in the development of some behavior, for example, the
model would accommodate the identification of various roles that
the gene’s activity might play in development. Such a taxonomy of
genetic roles would be conceptually similar to that proposed by
Gottlieb (1976) for the contributions of experience to develop-
ment; the latter has been a useful model despite the fact that it does
not specify all the processes that intervene between the experience
and the behavior (cf. Gottlieb, 1991, 1995). For example, in a
review of the effects of single-gene mutations on the development
of touch receptors in the nematode Caenorhabditis elegans,
Chalfie (1993) proposed four developmental roles (generation,
specification, function, and maintenance) for the 18 genes that
have been implicated so far in touch receptor development. Al-
though Chalfie’s work deals with anatomical rather than behav-
ioral development, similar taxonomies might be proposed for
behavioral mutations (see Schaffner, 1998). Our model has the
advantage that it provides an explicit representation of the inter-
vening interactions implied by such a taxonomy, even though these
interactions may not necessarily always be specified. Thus, it
indicates the kinds of developmental questions raised by findings
that might otherwise be interpreted as evidence of a direct link
between genes and behavior.

Third, when experience has more than a very transient effect on
behavior, the effect is almost certainly mediated through changes
in genetic activity. Indeed, the model implies that all instances in
which experience has been shown to affect behavioral develop-
ment must involve some change in genetic activity. Developmental
theorists have frequently argued that there can be no genetic
effects on behavior independent of the environment, and it can be
added that there are probably no environmental effects on behavior
independent of genetic activity. This statement, of course, has been
made before (e.g., Bateson, 1983, 1987; Gottlieb, 1998), but the
model helps to make the statement more precise by showing the
pathway by which experience activates genes through the agency
of neural activity. There is considerable evidence to suggest that
the initial stage in this process involves a class of genes known as
immediate-early genes (IEGs; Arenander & Herschman, 1993;
Morgan & Curran, 1989, 1991; Robertson, 1992). The possible
role of IEGs in behavioral development is further discussed in a
later section.

Fourth, the model recognizes that nervous system activity needs
to be considered at two levels—in terms of patterns of neural
activity, often involving networks of cells in widely separated
anatomical regions, and in terms of the activity of individual nerve
cells, within which the genes are located. The dotted lines con-
necting these two boxes in Figure 3 indicate that the activity of
individual cells is nested within the patterns of activity of cell
networks. Individual cell activity neither causes nor is caused by

Figure 3. Completely unpacked model of behavioral development, show-
ing all the interacting factors involved in the developmental construction of
behavior and the interactions among them. The model includes both neural
and nonneural elements, the latter encompassing such influences as hor-
mones (which constitute part of the extracellular biochemistry), bones,
muscles, feathers, and so forth. Sensory stimulation is shown to be influ-
enced not only by behavior (as the animal moves about in its environment,
both producing and modifying the stimulation it receives) but also by the
connectivity of its nervous system (which partly determines its sensitivity
to sources of stimulation) and by the current state of neural activity. The
elliptical arrow depicts the effects of spontaneous neural activity. All
enduring experiential effects on development, which have their immediate
impact on patterns of neural activity, act by modifying events at the cellular
level, including patterns of genetic activity. Note that there is no direct
connection between genetic activity and behavior; all genetic effects on
behavior are mediated through the cell membrane and subsequent interac-
tions among cells and neural networks. Solid lines with arrows represent
causal relationships between interacting factors. Dotted lines connecting
patterned neural activity to individual nerve cell activity indicate that the
latter is nested within the former, the relationship between the two is not
causal.
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the patterns of activity in cell networks; rather, these are two levels
at which neural activity may be analyzed. Recognizing the neces-
sity for such dual levels of analysis does not mean that an account
of genetic activity must be given individual cell by individual cell.
Instead, ways of describing the developing nervous system both in
terms of populations of cells with similar patterns of genetic
activity and in terms of networks of cells that participate in the
control of behavior must be found. For example, Brennan, Han-
cock, and Keverne (1992) have shown that the IEGs c-fos and
zif-268 (but not the IEG c-jun) show distinct patterns of both
transient induction and more persistent induction in the accessory
olfactory bulb (AOB) of the female mouse immediately after
mating. The induction of c-fos is seen only in the granule cells of
the AOB, whereas zif-268 induction occurs in both the granule and
the mitral cells. The AOB is known to be involved in changes in
female olfactory responsiveness to male pheromones following
mating, and the differential patterns of gene expression in these
two cell types indicate the complexity of the relationships that are
likely to exist between neural networks and genetic activity in the
AOB.

Successiveness and Simultaneity in Development

As depicted in Figure 3, the model includes no explicit repre-
sentation of time. Time is clearly an important component of
developmental explanations, and any plausible model of develop-
ment must be able to represent change over time. Each box in
Figure 3 can be thought of as containing a description of the factor
that it names at a particular point in development. Thus, behavior
may describe the locomotor capabilities of an 18-month-old hu-
man infant; neural growth may describe a particular mechanism of
cell–cell recognition in the early development of the cerebellum;
and genetic activity may describe the transcription of a particular
stretch of DNA in a specific population of cells in the substantia
nigra. These descriptions may be given at any desired level of
detail and may be expressed in any form (verbal, pictorial, or
mathematical) appropriate to the developmental inquiry being
pursued.

If one were to focus on a particular box as development pro-
ceeds, the description it contains would change; the change might
be slow, encompassing many days or weeks, or it might be very
fast, covering only a few seconds. Again, the description depends
on the developmental dynamics of the factor being studied (neural
growth occurs quite slowly, whereas changes in the cell membrane
may occupy only a few milliseconds) and the degree of detail
being sought in the account. As development proceeded, different
influences among those represented by arrows entering the box
would be seen to come into play; at one point, neural growth might
be influenced by some nonneural factor, whereas at another, it
might be influenced by changes at the cell membrane brought
about by a particular pattern of individual cell activity. The depic-
tion in Figure 3 can thus be thought of as a template for a single
frame in a “movie” of development, with all of the possible boxes
and arrows indicated but with no specification of which arrows
influence which boxes at a particular time. This template defines
the set of elements and interactions among them that are available
for explaining instances of behavioral development but does not
represent the successive and simultaneous events that underlie any
particular instance.

One way to add the temporal dimension is by projecting the
two-dimensional representation in Figure 3 into a third dimension,
representing time. The three-dimensional representation would
then have arrows connecting boxes (now three-dimensional) only
at the points in time at which those influences actually occur.
Figure 4 shows such a representation for part of the model,
representing just a few of the 14 boxes as three-dimensional
objects stretching back into the page. The curved arrows show
some of the points at which a change in one factor causes a change
in another.

This pictorial representation explicitly adds a time dimension to
the model in Figure 3, but it will not accommodate much detail
without becoming hopelessly complicated. To provide a more
detailed representation of the temporal relationships involved,
Figure 4 can be recast in a different form (Figure 5). Here, each
row represents one of the 14 factors shown in Figure 3. The
numbered boxes in each row represent descriptions of the chang-
ing states of the relevant factor over time; again, the descriptions
can be given in any convenient form and with any desired degree
of detail. Causal relationships (whether demonstrated or hypothet-
ical) are indicated by using an arrow to connect a box on one line
to a box on another line. (The numbers within the boxes are merely
arbitrary labels, arranged in approximately chronological order.)

The first line of Figure 5 (“Behavior”) contains a series of
descriptions corresponding to the changes observed in behavior
between time ti and time tn. In this case, the behavior undergoes
two changes during the period under consideration; these are
represented by three boxes with different degrees of shading. If the
example depicted were the development of song in a songbird, the
first transition might be that between the nestling stage and the
initial appearance of immature song (subsong), and the second
transition might represent the crystallization of full song in adult-

Figure 4. Addition of a temporal dimension to the model by extension of
the boxes representing interacting factors into a third dimension, stretching
back into the page and representing time. Curved arrows represent inter-
actions between the factors at particular times. Such a depiction illustrates
the successiveness and simultaneity of developmental interactions but
quickly becomes too complex to be analytically useful.
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hood (Marler, 1990; Nottebohm, 1989). The network of arrows
and boxes in the other lines in Figure 5 represents a theory of how
these changes in behavior are brought about by interactions among
the various factors depicted in Figure 3. The way in which the
network is constructed is constrained by the possible elements and
interactions sanctioned by the underlying model of development
(Figure 3). Arrows cannot simply be added without justifying them
in terms of the model. Of course, if evidence for the existence of
interactions that do violate the underlying model were found, then
it would be necessary to reevaluate the model.

The entire diagram represents a theory of the developmental
interactions underlying a particular (hypothetical) change in
behavior. The pictorial formalism of the diagram allows the
depiction of development as a cascade of both simultaneous and
successive events, and it also represents the convergence and
divergence of causal influences on development. Thus, for
example, Figure 5 shows a change in cell membrane properties
(10) that is jointly influenced by the convergence of intracel-
lular events resulting from prior genetic activity (7 to 10) and of
individual nerve cell activity brought about by an earlier change
in behavior (9� to 10). Similarly, the change in intracellular
biochemistry (7) is shown to have effects both on properties of
the cell membrane (7 to 10) and on subsequent genetic activity
(7 to 11).

As it stands, the depiction in Figure 5 provides no account of
how the various components of development change or of how one
factor influences another. Such an account can be provided by
writing descriptions of the interacting elements shown in the figure
to specify how they interact to produce the observed changes in
behavior. The figure represents these interactions as functions
(arrows) that map the various elements (boxes) to one another. For
example, the state of neural growth at time ti might map to neural
connectivity at time ti�1 according to some function that represents
an understanding of the effects of neural growth on neural circuitry
(12 to 13). Such a function might be very simple (e.g., the state-
ment “increased growth produces greater connectivity”) or might
be very complex, amounting to a fully fledged theory of how
neural growth creates particular patterns of connectivity in a par-
ticular brain region. Whatever functions are used, they must re-
spect the interactions specified in the underlying model; that is, the
theorist cannot arbitrarily write functions that require interactions
not permitted by the model. It is possible that the particular
interactions represented by a function have already been discov-
ered, in which case the theory organizes existing knowledge.
Alternatively, the function might imply the existence of interac-
tions that would, if they occurred, generate the observed changes
in behavior. In the latter case, the theory makes a prediction about
the developing system that can be empirically investigated.

Figure 5. Alternative representation of the simultaneous and successive interactions among factors in devel-
opment, shown for a hypothetical example in which some behavior goes through two developmental changes
over a span of time. The diagram should be read from left to right and from top to bottom, more or less following
the sequence of numbered boxes. Each of the rows corresponds to one of the factors shown in Figure 3. Arrows
represent hypothetical interactions that are responsible (according to the particular theory being depicted) for the
change in behavior from time i (ti) to time n (tn). Only relationships sanctioned by the underlying model of
development (Figure 3) may be entered in the form of arrows on this diagram. As in Figure 3, the relationship
between patterned neural activity and individual nerve cell activity (2–2�, 9–9�, and so forth) is one of different
levels of analysis, not causality. This pictorial symbolism allows the depiction of both diverging and converging
causal relationships among multiple interacting factors (note boxes 2–2�, 7, 10, and 18). Boxes 18 through 23
illustrate the cascading effects of developmental interactions beyond the specific behavioral change under
analysis.
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Genetic Contributions to Development

Although the model presented here is intended to take into
account all the various influences on the development of behavior,
it was constructed primarily to explicate genetic contributions,
because these in particular have proven so difficult to conceptu-
alize. Even as more has been learned about how genes work, it has
remained common to speak in highly deterministic language about
their effect on behavior. For example, Wheeler et al. (1991) found
that inserting a short length of Drosophila simulans DNA into the
genome (specifically the per gene) of D. melanogaster changed the
species-typical periodicity of male song from that of D. melano-
gaster to that of D. simulans. From the perspective of the model
presented here, this finding raises interesting questions about the
role of the per gene in the development of this species-typical
behavior (see Hall, 1998). However, it does not allow one to
conclude that the inserted DNA is “responsible for the species-
specific courtship behavior instructions encoded within this clock
[per] gene” (Wheeler et al., 1991, p. 1085; emphasis added).1 The
preceding quotation is not at all atypical—numerous similar state-
ments can be found in discussions about genetic contributions to
development, whether in scientific or lay writings (see Johnston,
1987; Nelkin & Lindee, 1995; Nijhout, 1990). For example, an
article summarizing recent advances in DNA sequencing an-
nounces that, “The instructions for assembling every organism on
the planet . . . are all specified in DNA sequences” (Lander &
Weinberg, 2000, p. 1777). Although such statements are usually
excused as convenient shorthand for what “everyone knows” to be
a very complex set of developmental interactions, that shorthand
has been a persistent obstacle to clear thinking on this topic.

The model presented here does not attempt to specify every
molecular and cellular detail of the complex interactions that
intervene between genetic activity and the changes in behavior that
constitute development, but it does provide a useful intermediate
level of detail that captures that complexity while at the same time
rendering it reasonably comprehensible. Thus, it shows genetic
activity to be confined to the cell, requiring that any account of
genetic influence on behavior offer at least a sketch of how that
influence should be understood in terms of mechanisms such as
changes in cell membrane (especially synaptic) properties, contact
interactions among cells, and the resulting changes in neural
circuitry.

Although the effects of experience have often been placed in
opposition to genetic effects on development, it is becoming in-
creasingly clear that experience influences behavior by activating
genes in specific populations of cells. The first stage in such
experience-dependent genetic activity appears to be the class of
genes known as IEGs. IEG induction has been shown to be very
closely and specifically linked to the onset of sensory stimulation
(Morgan & Curran, 1991). In a wide variety of central nervous
system regions, sensory stimulation is followed, typically
within 20 to 30 min, by a wave of IEG induction that spreads
transsynaptically in a manner predicted by the neural organization.
Thus, for example, exposing rats to low-intensity sounds results in
a tonotopic pattern of IEG transcription in the cochlear nucleus and
other auditory structures (Ehret & Fischer, 1991; Rouiller, Wan,
Moret, & Liang, 1992); similar findings have been obtained for
cutaneous stimulation in the spinal cord (Williams, Evan, & Hunt,
1990). Of special interest for the study of behavioral development

are the numerous demonstrations of IEG expression following
both exposure to and production of song in the brains of several
species of songbirds (Jin & Clayton, 1997; Kimpo & Doupe, 1997;
Mello, Nottebohm, & Clayton, 1995; Mello, Vicario, & Clayton,
1992; Nastiuk, Mello, George, & Clayton, 1994). Thus, it might
reasonably be proposed that IEG induction is involved in all
responses by the nervous system to sensory stimulation, including
instances of behavioral development that have been shown to
depend on experience.

Most of the behaviorally relevant work on IEGs has involved
adult animals, although some studies have been done with devel-
oping systems. For example, transcription of the IEG zif-268
increases rapidly between postnatal day 12 and postnatal day 21 in
the visual systems of rat pups reared in normal illumination but
shows little change in pups reared in the dark (Worley et al., 1990),
and c-fos induction increases on exposure to a novel environment
in the forebrains of 1- to 6-day-old chicks (Anokhin, Mileusnic,
Shamakina, & Rose, 1991). Other studies have implicated IEG
induction in the early development of circadian rhythmicity (Ru-
sak, Robertson, Wisden, & Hunt, 1990; Rivkees, Weaver, &
Reppert, 1992) and in some of the cellular events involved in
learning and the formation of memories (Dragunow, 1996; Lana-
han & Worley, 1998; Robertson, 1992; Tischmeyer & Grimm,
1999). The development of bird song is known to depend on highly
specific kinds and timing of experience with song in many species
(e.g., Nelson, Marler, & Palleroni, 1995; Nordeen & Nordeen,
1990; Slater, Eales, & Clayton, 1988). The studies cited above
have demonstrated IEG responses to song in adult birds, but
nothing is known about the role of IEGs and other genes in the
growth of neural networks that presumably underlie song devel-
opment in young birds. Given the wealth of information available
on song development at both the behavioral and the neural levels,
data on genetic involvement in this process could provide an
especially complete picture of a developing system from genetic
activity to behavioral change.

The response of IEGs to sensory stimulation is only the first step
in what must be a very complexly regulated cascade of molecular
and cellular events leading to the neural modifications that are
finally responsible for developmental changes in behavior (Shaw,
Lanius, & van den Doel, 1994). For example, two of the most
intensively studied IEGs, c-fos and c-jun, produce proteins (Fos
and Jun, respectively) that link together to form a protein complex
(a dimer) before binding to other regions of DNA to further
regulate gene activity (Morgan & Curran, 1989). Studies of the
consequences of c-fos and c-jun induction in the hippocampus
(e.g., White & Gall, 1987) have suggested that the preproenkepha-
lin gene may be a target for the products of these IEGs. Preproen-

1 Formulations such as this one also can be interpreted as meaning that
a variant form of the gene in question is responsible for the difference
between two phenotypic outcomes, in this case the difference between D.
melanogaster and D. simulans songs. Although accounting for differences
in behavior (whether among species or individuals) is a legitimate research
enterprise, it is not the same as accounting for the role of genes in the
development of behavior, which is our concern in this article; furthermore,
it is important to keep terminology and conclusions appropriate to these
two endeavors distinct. This point was made very clearly by Lewontin
(1974) and has frequently been reiterated, for example, by Oyama (1988)
and by Plomin (1988, 1989).
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kephalin is one of the precursors of endogenous opioids, such as
enkephalin, that are involved both in neurogenesis and in various
aspects of neural growth and maturation (Hauser, McLaughlin, &
Zagon, 1989; Hauser & Stiene-Martin, 1992).

Compared with the number and variety of developmental re-
sponses to sensory stimulation, there seem to be relatively few
IEGs, but Sheng, Lin, and Nelson (1995) have proposed that
combinatorial expression of these genes might permit such a
variety of responses. Nonetheless, IEG expression is clearly only
the first of many steps in the cascade of gene activation that
follows sensory stimulation or any other precipitating develop-
mental event. The steps in this cascade are only beginning to be
elucidated, but the advent of gene microarray technology seems
likely to permit rapid progress in this domain. This technology
permits the degree of expression of thousands of genes to be
assessed simultaneously, enabling researchers to examine patterns
of gene expression in specific tissues and quickly to compare these
patterns among organisms that differ in some theoretically inter-
esting way (because they have had different experiences at a
particular time during development, for example). Descriptions of
the technology are given in articles by Schena (1996), Watson and
Akil (1999), and Lockhart and Winzeler (2000). Briefly, the tech-
nique involves preparing a glass plate with an array of several
thousand fragments of single-stranded DNA, each fragment cor-
responding to an identified gene from a gene library for the
organism under study. mRNA from the tissue in which interesting
patterns of gene expression are hypothesized to occur is used to
prepare a solution of single-stranded complementary DNA
(cDNA), consisting of the DNA sequences corresponding to each
mRNA molecule (i.e., the DNA sequences that transcribe the
various mRNA molecules during gene expression in the cell). The
cDNA is tagged with a fluorescent dye and then applied to the
glass plate. Because both the DNA attached to the plate and the
cDNA in the solution are single stranded, complementary strands
will bind to one another. The plate is then washed and examined
under illumination that reveals the fluorescent dye. Bright spots on
the plate correspond to DNA sequences from the gene library that
have bound significant amounts of cDNA in the solution and
therefore identify genes that were expressed in the tissue from
which the original mRNA molecules were derived.

Gene microarray technology was used by Lee, Klopp, Wein-
druch, and Prolla (1999) to identify genes whose expression differs
between muscle tissues from young and old mice. They used a
library of over 6,000 mouse genes to identify 58 genes whose
expression increased with age and another 55 genes whose expres-
sion decreased with age. Thus, in a single step, they were able to
pinpoint fewer than 2% of the genes in the library as being
somehow involved in the aging process, greatly facilitating con-
tinuing investigation of the genetic and molecular mechanisms
involved in aging. They also were able to identify a subset of genes
whose expression was especially sensitive to the “antiaging” ef-
fects of caloric restriction. These results suggest that a similar
approach eventually might be used to compare brain tissues from
songbirds reared under different conditions of song exposure, for
example (if suitable DNA libraries were available), so as to iden-
tify the specific genes involved in the various developmental
events that take place during song learning.

Conclusion

Neither genes nor experience shapes behavior directly; instead,
each exerts reciprocal effects through the multiple levels of orga-
nization that constitute the developing organism. By explicating
these various levels and showing where the genes and experience
stand in relation to them, the model of behavioral development
presented in this article provides a framework that can help re-
searchers both to pose appropriate questions for the analysis of
development and to interpret the data that these questions generate.
In particular, it incorporates an explicit account of genetic contri-
butions to development that goes beyond metaphorical references
to the genes as blueprints or information carriers. By representing
genetic activity as a molecular event, occurring within the nuclei of
cells in neural and nonneural tissues, the model emphasizes the
analytical and explanatory distances between the genes and behav-
ior. Insisting that researchers speak of the genes and their contri-
butions to behavior in the language of molecular and cellular
biology rather than that of psychology helps to instill the realiza-
tion that it is the molecular level of analysis at which genes
actually have their immediate effects, with subsequent influences
being mediated through multiple levels of organization. Any com-
plete account of behavioral development must include an explica-
tion of genetic contributions, but such an account cannot usefully
be provided by terminology in which genes are said to encode or
specify behavior (Johnston, 1987, 1988; Nijhout, 1990; Oyama,
2000; Schaffner, 1998; see Mahner & Bunge, 1997, chapter 8).
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