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Abstract
The concepts of hormone organization and activation provide a framework for thinking about the influence of hormones on
development, brain, and behavior in vertebrates. There is good evidence for activational effects of hormones on the nervous system
and behavior in insects, but organizational effects are almost never discussed in the insect literature. This paper explores the utility
of the concepts of hormonal organization and activation of behavior in insects. We describe the two concepts as developed from
studies of vertebrates, review some insect examples that appear to fit this classification scheme, and consider how explicit use of
the concept of organization might benefit studies of the insect brain and behavior.  2000 Elsevier Science Ltd. All rights reserved.
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The connected concepts of organization and activation, common to the vertebrate neuroendocrine literature, serve as a framework for understanding the influence of hormones on development, brain, and behavior.
There is good evidence for activational effects of hormones on the nervous system and behavior in insects,
but they are usually called releaser or modifier effects
(Truman and Riddiford, 1974). Organizational effects
are almost never discussed in the insect literature (c.f.
Truman 1992, 1995) and the term is not even mentioned
in the most recent authoritative review of insect hormones (Nijhout, 1994). There are, however, several
examples of hormone-mediated polymorphisms and
polyphenisms that imply organizational effects
(reviewed in Applebaum and Heifetz, 1999; Nijhout,
1999a,b). Sometimes they are termed morphogenic or
primer effects (Truman and Riddiford, 1974). But the
organization concept goes beyond these descriptive
terms to suggest behavioral effects of hormone exposure
early in life that are manifested later in life.
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In this paper we explore the utility of the concepts
of hormonal organization and activation of behavior in
insects. We focus on the insects because they are one
of the most-well studied invertebrate classes from the
perspective of behavioral endocrinology. We begin with
a brief review of the two concepts as developed from
studies of vertebrates. We then review some insect
examples that appear to fit this classification scheme, and
we end by suggesting how explicit use of the concept
of organization might benefit studies of insect brains
and behavior.
1. Background and history
The development of species-typical and sex-specific
adult behaviors in vertebrate animals is influenced by
gonadal steroid hormones, non-gonadal hormones, and
non-hormonal factors working on the underlying neural
circuitry (reviewed in Diamond et al., 1996; Kawata,
1995; Schlinger, 1998). Effects of hormones on brain
and behavior occur through three mechanisms: (1)
behaviors both organized and activated by hormones, (2)
behaviors only organized by hormones, and (3)
behaviors only activated by hormones (reviewed in
Arnold and Breedlove, 1985; Diamond et al., 1996).
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The terms organization and activation are used to
describe hormonal effects specifically on behavior and
its neural substrates, and not on development or morphology in general. According to the classical definition
(Phoenix et al., 1959; Young et al., 1964), organizational
effects of hormones on behavior are those that occur during a specific critical period early in development and
create permanent changes in the neural substrates that
underlie behaviors. These changes include reorganization of neural pathways by creation of new synapses and
alteration of thresholds for neural response. Organizational effects of hormones cause the development of the
nervous system and behavior to proceed along separate
developmental pathways, such as masculine and feminine. They may also cause variation in the development
of the nervous system and behavior of individuals within
a single developmental pathway.
Activational effects by definition occur at a later stage
than organizational effects, usually during adulthood.
They modify neural activity within already existing pathways, some of which were previously sculpted by
organizational effects. Activational effects may include
changes in the production or release of neurotransmitters
or upregulation of hormone receptors. Activational
effects serve to alter the behavioral state of the animal
in response to a variety of changes in environmental or
social conditions.
Organizational effects are not reversible, but activational effects typically are. For example, a female rat
gonadectomized as a neonate will not display femaletypical sexual behavior (lordosis) when exposed to a
male as an adult, even if treated with the relevant hormones, estrogen and progesterone. A female rat gonadectomized as an adult also will not display lordosis
when exposed to a male. However, she will if injected
with estrogen and progesterone (reviewed in Pfaff et al.,
1994; Takahashi, 1990). Performance of lordosis
requires the presence of hormones during adulthood but
the neural circuitry underlying the behavior, previously
“organized” under the influence of perinatal hormones,
is not permanently lost in the absence of adult exposure
to hormones.
The terms organization and activation first appeared
in the literature in 1959 in a study that compared the
female offspring of guinea pigs injected with testosterone proprionate during pregnancy with the female offspring of untreated individuals. The offspring were gonadectomized, hormone-treated, and assayed for male-like
and female-like sexual behavior (Phoenix et al., 1959).
Gonadectomized females exposed to testosterone in
utero displayed significantly lower levels of lordosis
when injected with estradiol and progesterone than gonadectomized females injected with the same hormones but
not exposed to testosterone in utero. Charles Phoenix,
Robert Goy, and colleagues concluded that hormone
exposure during the perinatal period had an “organizing

or differentiating action on neural tissues mediating mating behavior....during adulthood the hormones are activational” (Phoenix et al., 1959). Later work identified
neural effects of hormonal organization, such as sexual
dimorphism in neuroanatomy and the functioning of
steroid-sensitive neural circuits controlling sexually
dimorphic behaviors (e.g. Breedlove and Arnold, 1980;
Gurney and Konishi, 1980).
As research in this area continued the distinction
between organizational effects and activational effects
has become less obvious. Critical periods may not be
limited to early life, activational effects are sometimes
permanent (reviewed in Arnold and Breedlove, 1985),
and some neuroanatomical and neurochemical systems
show chronic hormone-induced plasticity. For example,
changes in the titer of circulating ovarian steroids in
female rats that occur during the estrus cycle are associated with variation in the density of synapses among pyramidal neurons in the CA 1 region of the hippocampus,
a brain area involved in learning and memory (Wolley
and McEwen, 1992). This type of change was previously
considered typical of an organizational effect, but in this
case it occurs in adults and over a time scale more typical of an activational effect.
A second recent development in this area is the growing appreciation of more subtle organizational effects.
Early work emphasized big differences in hormone
exposure, such as hormone presence or absence, and a
resulting dramatic effect on nervous system and
behavior, such as “male-like” or “female-like”. Recent
work indicates that smaller differences in hormone
exposure during development can also have effects (e.g.
Fitch and Denenberg, 1998; Moore et al., 1998). For
example, differences in intrauterine position in rodents
cause relatively small variation in fetal exposure to hormones; overall hormone levels are themselves quite low.
Even this variation in hormone exposure is sufficient to
cause behavioral variation among littermates (reviewed
in Clark and Galef, 1998). A third recent development
in the vertebrate literature is the growing appreciation of
the role of non-steroidal hormones, especially peptide
hormones, in the organization and activation of behavior
(e.g. McKinley and Oldfield, 1998; Weiger, 1997).

2. Activational effects in insects
The insect literature provides numerous examples of
hormone activation of behavior. Some of the behaviors
in which hormone activation occurs include: mating, oviposition, foraging and flight, wandering, and ecdysis
(reviewed in Atkins and Stout, 1994; Ewer et al., 1997;
Rankin, 1991; Zera et al., 1989). We will briefly review
a few examples in the following paragraphs, chosen
because the effects are understood at both behavioral and
neural levels.
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Hormones activate various aspects of reproductive
behavior, in some cases by the interaction of different
hormones. This has been especially well studied in the
cricket, Acheta domesticus (reviewed in Strambi et al.,
1997). As circulating levels of juvenile hormone (JH)
increase, female crickets become more responsive to
male calls. This is apparently due to JH-related decreases
in the response thresholds of prothoracic auditory interneurons. Response thresholds increase with allatectomy
(removal of the JH-producing corpora allata glands, the
CA), an effect that is reversed with transplants of CA
or hormone treatment. Varying the timing of allatectomy
relative to the imaginal molt revealed that JH initiates
oviposition behavior but is not required for it to continue. Other hormones also appear to be involved in
cricket ovipositon behavior. Prostaglandin E2 injection
increases the frequency of oviposition behavior in both
immature virgin and ovariectomized females, and amplifies the behavioral effects of JH injection in allatectomized females. In addition, both JH and ecdysteroids are
involved in neurogenesis in the mushroom bodies of the
cricket brain. Because these brain regions are involved
in the integration of complex behaviors, it is likely that
the mushroom bodies also play a role in oviposition
behavior.
Another example of hormone-activated mating
behavior involves control of responsiveness to pheromones. JH controls the responsiveness of male Agrotis
ipsilon moths to female sex pheromones (Anton and
Gadenne, 1999). Using the electroantennogram assay,
the antennae of newly eclosed male moths were shown
to be responsive to sex pheromones upon adult emergence, but intact males themselves were not. This is
apparently because hemolymph titers of JH are low in
newly eclosed adults. Age-related increases in JH
biosynthesis are involved in the onset of male responsiveness to pheromone, due to a JH-dependent reduction
in the response thresholds of neurons in the male specific
macroglomerular complex of the olfactory lobes. Allatectomy of older males decreases responsiveness, while
JH treatment of newly emerged or allatectomized males
increases responsiveness (Anton and Gadenne, 1999).
JH also influences the division of labor among workers in colonies of the European honey bee, Apis mellifera. It does so by affecting the rate of behavioral development, i.e. the age at which bees switch from working
in the hive to foraging outside for nectar and pollen.
Circulating JH titers increase over the course of adult
behavioral development. Young adults caring for brood
and performing other tasks in the hive for the first 2–3
weeks of life typically have low circulating levels of JH.
Foraging bees, which as a class are the oldest bees in
the colony, have the highest JH titers (reviewed in
Huang and Robinson, 1999). There is no evidence for an
involvement of ecdysteroids in division of labor among
workers; circulating titers are undetectably low in both
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hive bees and foragers (but are measurable in queens
and egg-laying workers; Robinson et al., 1991). JH also
influences age-related responsiveness to alarm pheromone in honey bees (Robinson, 1987); in workers less
than 5 days of age treatment with the JH analog methoprene induces a precocious sensitivity to alarm pheromones, in a manner similar to the induction of precocious foraging following treatment with methoprene,
JH or JH mimics. In contrast, isolated antennae do not
show the same age-related increase in alarm pheromone
response and are not sensitive to hormone treatment
(Robinson, 1987). These results led to the idea that JH
influences behavioral development in honey bees by
modulating central nervous system response thresholds
to task-related stimuli (Robinson, 1987); this would be
consistent with an activational effect. However, allatectomy does not prevent foraging, but rather causes bees
to begin foraging at an older age. This delay in foraging
onset is eliminated with methoprene treatment (Sullivan
et al., 2000). The nature of the allatectomy effect is difficult to interpret as evidence for hormone activation.
The organization and activation concepts were originally
described as dichotomous (Phoenix et al., 1959). However, more recent data from vertebrates suggests that
they actually define the extremes of a continuum that
describes the time course and intensity of effects of hormones on the neural substrates which underlie behavior
(see Arnold and Breedlove, 1985; Berenbaum, 1998).
Perhaps the effects of JH on honey bee division of labor
provide an example of hormone effects that blur the distinction between activation and organization in insects.
The best understood example of an activational effect
on insect behavior is larval ecdysis in the hawk moth,
Manduca sexta (Ewer et al., 1997). Ecdysis, the shedding of the old cuticle following a molt, depends on positive feedback between eclosion hormone and ecdysis
triggering hormone. The release of the neuropeptide
eclosion hormone from neurosecretory cells in the central nervous system causes the peripherally located epitracheal glands to release ecdysis triggering hormone.
Ecdysis triggering hormone in turn causes the release
of more eclosion hormone. Injections of either eclosion
hormone or ecdysis triggering hormone will induce
ecdysis. In addition to facilitating release of ecdysis triggering hormone, eclosion hormone also causes release of
crustacean caridioactive peptide which directly triggers
motor output (Gammie and Truman, 1999). When both
hormones are released together through this positive
feedback mechanism a neural network is activated that
supports the sustained performance of ecdysis (Ewer et
al., 1997). Recent work with mutant Drosophila lacking
the eclosion hormone gene (Baker et al., 1999) suggests
that additional factors are involved in ecdysis including
other peptide hormones (most likely crustacean cardioactive peptide) and release of inhibition by
descending neurons.
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3. Organizational effects in insects
Similarities between the endocrine systems of insects
and vertebrates suggest that insects should also show
organizational effects on behavior. Organizational
effects were first shown for vertebrate steroid hormones
as described above. Insects, of course, have steroid hormones, and recent molecular evidence indicates common
mechanisms of steroid action on neural development in
both insects and vertebrates (Kawata, 1995; Mangelsdorf
et al., 1995; Thummel, 1995). In fact, much of the
research that has elucidated steroid action has relied on
insect preparations. Regulation of gene expression by
steroid binding to nuclear receptors was first shown by
Clever and Karlson (1960) in larvae of the midge Chironomus tentans because their giant polytene chromosomes were more easily directly visualized than those of
vertebrate preparations (reviewed in Ashburner, 1990).
Nijhout and Wheeler (1982) and Nijhout (1994) have
developed a conceptual model to explain how JH controls insect polymorphism and polyphenism. Both polymorphism and polyphenism are characterized by striking
patterns of intraspecific variation in behavior, morphology, and physiology. Polymorphism usually
describes variation between individuals that is associated
with variation in genotype and polyphenism describes
variation among genotypically similar individuals
induced solely by environmental factors. Nijhout and
Wheeler proposed that JH controls polymorphisms and
polyphenisms by influencing gene expression during “JH
sensitive periods” that occur periodically during the life
of an insect. These proposed sensitive periods for JH
function are similar to the critical periods for organizational effects of steroid hormones in vertebrates. JH is
known to regulate the expression of various genes
(reviewed in Jones, 1995; Wyatt and Davey, 1996), but
these analyses have not yet been extended to polymorphisms or polyphenisms.
Some of the best examples of endocrine effects that
are compatible with the organization concept come from
the literature on caste determination in social insects.
Caste determination processes are thought to be polyphenisms (c.f. Kerr and Nielsen, 1966), but there has
been little research on the issue of whether genotypic
variation contributes to different probabilities of
developing into one caste or another. The first example
is queen-worker determination in honey bees. A female
honey bee egg is totipotent, and can develop into either
a worker or a queen. A larva that experiences suprathreshold levels of JH during an early sensitive period
develops into a queen (reviewed in Hartfelder and
Engels, 1998). Starting in the third larval stadium, individuals destined to become queens are fed royal jelly, a
substance high in both sugars and proteins. This added
nutrition causes an increase in JH production. Larvae
developing into queens have a higher metabolic rate than

worker-destined larvae, as indicated by increased oxygen
uptake (Shuel and Dixon, 1968) and higher levels of
mitochondrial gene expression (Corona et al., 1999).
Starting in the last larval instar queens and workers also
show differential rates of ovarian protein synthesis
which correlate with differences in circulating ecdysteroid titers. In fact, treatment with makisterone A, the
major ecdysteroid hormone found in the hemolymph of
honey bee larvae and pupae, induces queen-typical protein synthesis in worker honey bee ovaries cultured in
vitro (Hartfelder et al., 1995). Other differences in gene
expression between worker and queen larvae have been
reported (Evans and Wheeler, 1999), in some cases with
worker larvae showing higher levels of gene expression.
These caste-specific differences in gene expression (and
many others no doubt awaiting discovery) are reasonably
interpreted as direct or indirect consequences of differential exposure to hormones. This is reminiscent of steroidinduced differential gene expression during vertebrate
sexual differentiation (reviewed in Fitch and Denenberg,
1998; Berenbaum, 1998).
The result of caste determination in honey bees, like
sexual differentiation in vertebrates, is two types of adult
individuals that show extreme differences in behavior,
morphology, and physiology (reviewed in Hartfelder and
Engels, 1998). For example, workers perform all the
tasks required for colony growth and maintenance, while
queens are occupied solely with oviposition. Workers
and queens both possess numerous morphological adaptations for their specialized roles (Winston, 1987).
Workers show an age-related increase in JH titer for
about the first three weeks of adulthood that influences
the rate at which they make the transition from working
in the hive to foraging outside. In contrast, the JH titer
in queens peaks within the first few days of adult life
and then drops (Fahrbach et al., 1995); the function of
JH in adult queens is not well understood (Robinson and
Vargo, 1997). The volume of the mushroom bodies,
areas of the brain associated with behavioral integration
and learning, is much larger in adult workers than in
queens (Fahrbach et al., 1995). Increases in dendritic
arborization of neurons in the mushroom bodies during
the life of the adult worker bee (Farris et al., 1999) do
not appear to require adult exposure to JH (Sullivan et
al., 1996). However, this does not preclude an organizational role of JH in the development of the mushroom
bodies. The plausibility of this suggestion is supported
by recent evidence indicating that many cells in the
mushroom bodies of honey bee larvae survive metamorphosis and persist into adulthood (Farris et al., 1999).
JH also influences caste determination in ants and termites. This is a striking example of convergent evolution
because the holometabolous ants, in the order Hymenoptera, are only distantly related to the hemimetabolous termites, in the order Isoptera. In the ant, Pheidole bicarinata, exposure to JH between the fourth and sixth days
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of the final instar causes larvae to continue to grow
instead of pupating. These larger larvae then become soldiers, behaviorally and morphologically specialized for
defense, while larvae that did not experience increased
JH become minor workers, specialized for brood care
(Wheeler and Nijhout, 1984). Caste-specific differences
in brain structure similar to those observed in honey bees
have recently been reported for ants (Gronenberg and
Liebig, 1999). In Zootermopsis angusticollis termites, JH
influences worker-queen differentiation, but in this case
high levels of JH during a critical period induce the
development of workers, rather than queens (Lüscher,
1974). Caste specific differences in gene expression have
been reported recently in termites (Miura et al., 1999),
but possible differences in the brain have not yet been
studied.
In vertebrates, organizational effects can depend not
only on the internal state of the animal during an early
critical period, but also on exposure to specific environmental stimuli. Density-dependent, endocrine-mediated
polyphenism in the locust, Locusta migratoria, is reminiscent of temperature-dependent, steroid-mediated sex
determination in crocodiles, turtles, and lizards
(reviewed in Crews, 1993). High population density
experienced by the mother, embyros, and nymphs leads
to development of gregarious adult locusts with yellow
body color and reduced fecundity. Low population densities lead to development of adults that behave in a more
solitary manner, have green coloration and higher fecundity (Pener, 1991; Pener and Yerushalmi, 1998).
These differences are due, in part, to density-dependent
effects on behavior (Applebaum and Heifetz, 1999) and
the endocrine system (Pener and Yerushalmi, 1998).
Prototypical organizational effects in vertebrates
involve steroid hormones like testosterone, which alter
both the structure and function of neurons and neuronal
circuits throughout development (e.g. Arnold and Gorski, 1984). In lepidopteran insects ecdysteroids regulate
neuronal morphology and cell death during metamorphosis (e.g. Levine et al., 1991). For these processes to
reflect organizational effects of ecdysteroids, there must
also be permanent differences in the nervous system and
behavior of adults who experienced different early hormone regimes; unfortunately this information is not currently available. But the following results from Drosophila melanogaster suggest just such effects of
ecdysteroids.
The dare gene has recently been identified in Drosophila; sequence comparisons with vertebrate genes suggested it is an insect homologue of the gene that encodes
adrenodoxin reductase, an enzyme involved in steroid
hormone synthesis. In situ hybridization showed that
dare mRNA expression was highest in fly tissues that
synthesize steroids (Freeman et al., 1999). Transgenic
adult flies with mildly reduced expression of dare exhibited decreased avoidance of normally repellent odors;
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this deficit was rescued by the addition of transgenes that
express adrenodoxin reductase. Transgenic adults with
even lower levels of dare have widespread neural
degeneration. In null mutants, normal development is
disrupted at the second larval instar and is reinstated by
treatment with ecdysteroids (Freeman et al., 1999).
Given that some neurons survive from the larval through
adult stages in the species of Diptera, Hymenoptera, and
Lepidoptera studied to date (reviewed in Farris et al.,
1999), these results suggest that ecdysteroids can exert
organizational effects.
Another possible context for organizational effects of
ecdysteroids involves the effects of this hormone on the
differentiation of imaginal discs, patches of undifferentiated epidermal tissue found inside immature insects
that develop to become adult appendages and sensory
organs. Because imaginal discs are sensitive to ecdysteroids, perhaps variation in ecdysteroid levels at certain
critical times could induce variation in sensory structures. This might then lead to variation in perception of
environmental cues and subsequent behavioral variation.

4. Conclusions
The utility of the concept of hormonal organization of
behavior is to suggest that there is a direct connection
between variation in early hormone levels and variation
in later behavior and its neural substrates. With this perspective researchers are more open to consider how various environmental and endogenous factors early in life
influence individual variation in behavior in later life
stages. Even relatively small differences in environment
can exert strong effects, such as testosterone-mediated
intrauterine position effects in female mice (e.g. Clark
and Galef, 1998). In insects, it might be productive to
consider more broadly the possible effects of variation
in temperature, population density, and diet experienced
during early life stages on later behavior.
Another possible benefit of using the concept of hormone organization in insect studies is to focus attention
on the possibility of critical periods for behavior. Critical
periods for morphological development in insects have
been discussed (e.g. Hartfelder and Engels, 1998;
Wheeler and Nijhout, 1984), but not explicitly in the
context of behavior. These critical periods may occur
sometime during larval development, which might be
roughly analogous to the perinatal period in vertebrates.
Or they may occur during the transitions between larval
instars, like the JH sensitive periods for development
proposed by Nijhout and Wheeler (1982).
Using both concepts of hormone organization and
activation might suggest various strategies for identifying hormone effects on behavior. For example, there
are many examples from vertebrates of both organizational and activational effects on the same behavioral
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system. Perhaps some of the examples reviewed above,
either in the category of activation or organization, actually involve some of both. For example, JH exerts an
activational effect on responsiveness to sex pheromones
in male Agrotis ipsilon moths; perhaps it also plays an
organizational role for this sex-specific neuropil (e.g.
Schneiderman et al., 1982). Another possibility is that
brain regions involved in a particular hormone-mediated
behavior might be identified by searching for regions
that exhibit especially high concentrations of hormone
receptor (e.g. Arnold et al., 1976). This remains problematic for JH (Jones, 1995; Wyatt and Davey, 1996),
but not for ecdysteroids. Researchers also may consider
organizational and activational effects of peptide or other
non-steroidal hormones in invertebrates (e.g. Kravitz,
2000).
The classical concepts, organization and activation,
now seen as poles along a continuum of hormonal effects
on behavior, provide a comprehensive framework for
thinking about the effects of hormones on behavior.
While the insect literature contains numerous examples
of hormone activation, explicit use of the organization
concept provides a window into the developmental origins of phenotypic variation in behavior. It also broadens
the time course over which hormonal actions on insect
behavior are considered, from egg to adult.
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