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 ABSTRACT

 Hormones play key roles in the regulation of animal and plant life histories, particularly in
 the timing of transitions between prematurational stages and in the scheduling of reproduction.
 Furthermore, hormonal mechanisms are subject to information about the external and internal
 environment of the individual. Within an evolutionary radiation, the same hormone subsets often

 regulate the schedules of development as well as adult reproduction and related activities and,
 moreover, are involved in mechanisms of senescence.

 We propose that the pleiotropic and epistatic effects from hormonal and neural mechanisms
 are an important substratum for life history evolution. This analysis of hormonal mechanisms
 in senescence implicates a role for antagonistic pleiotropy in selection for particular subsets of
 hormonal mechanisms that can be traced throughout prematurational and postmaturational stages.

 In the example of the vertebrate MHC (major histocompatibility complex), polymorphic loci have
 been assembled with pleiotropic actions on several regulatory axes affecting reproduction and other

 fitness components. We argue that the MHC and other complex loci may be considered as life
 history gene complexes, with pleiotropic influences throughout the lifespan.

 While analyses of this kind might suggest that life histories could be evolutionarily rigid, in
 our interpretation the population genetics that is involved provides a theoretical basis for great

 flexibility in hormonal regulation during life history evolution. It is possible that life history
 evolution among taxonomic groups may sometimes be chaotic, which wouldfrustrate strong infer-

 ences by the comparative method in the study of life histories between taxonomic groups.

 The Quarterly Review of Biology, March 1995, Vol. 70, No. 1
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 2 THE QUAR TERL Y REVIEW OF BIOLOGY VOLUME 70

 INTRODUCTION

 THE PHYSIOLOGICAL architecture of
 life history in all multicellular organisms

 depends critically on hormones. This analysis

 of hormones in the evolution of life histories

 has led us to integrate results from diverse
 research fields that do not usually interface.

 We begin with a brief overview of historically
 differentiated levels of biological analysis that

 will recur as our argument traces the ontogeny

 and evolution of hormone functions through-

 out the lifespan; certain terms that may be
 read differently in specialized fields are shown

 in boldface type, and are defined in the text.

 THE HIERARCHY OF BIOLOGY

 Life history spans the life of individual or-

 ganisms, starting with the gametes produced

 by the preceding generation and extending be-
 yond development into postmaturational stages
 and senescence. By senescence we mean de-
 teriorations in functions that lead to increased
 risk of mortality in mature adults. Population
 biologists consider life history as the collection
 of survival probabilities and fertilities over the
 lifespans of individual organisms. The balance
 between mortality and fertility determines pop-
 ulation growth or survival, as represented in
 the Euler-Lotka equation, a source of theoret-
 ical predictions about senescence.

 We briefly present the Euler-Lotka equation
 of population growth, the equation of state for
 population biologists from which major deduc-
 tions are made about changes in the force of
 natural selection during aging. In order for a
 population to survive, growth must on the aver-
 age be non-negative, which can be achieved by
 balancing survival to different adult ages 1(x)
 by the fecundity m(x).

 00

 e rx(x) m(x) = 1

 x= 1

 The Malthusian parameter r, which normally
 equals fitness, is obtained by solving the Euler-
 Lotka equation for given values of age-specific
 survival and fecundity. Hamilton (1966) ex-
 amined the effect of perturbations in the val-
 ues for survival and fecundity on fitness, from
 which he showed that the force of selection
 acting on survival attenuates with adult age.

 This approach gives a mathematically explicit

 basis for the early intuitions of Haldane and

 Medawar (summarized by Rose, 1991: 12-15).
 In contrast to the demographic criteria of

 population biologists, many other biologists

 consider life history in terms of the functionally

 differentiated stages and experiences through-
 out the lifespan. In general, life history ex-

 tends the usual concept of reproductive life

 cycles by the inclusion of senescence. Our goal

 is to develop an analysis of hormones in life
 history based upon all levels of biology, which

 leads us into rarely visited corridors between

 different levels of biological analysis.

 Level 1: Darwinian fitness. As defined ex-

 plicitly in the models of population genetics,

 fitness may be the Malthusian parameter for
 population growth under specified conditions

 (Charlesworth, 1994; Rose, 1991), or it may
 have a more complex mathematical defini-

 tion. Normally, values for some type of fitness
 can be calculated as net reproductive output

 from the survival probabilities and reproduc-

 tive output.
 Level 2: Fitness components. These may

 include survival probabilities at different ages;
 age-specific fecundity and mating probabilities;
 alternate schedules in development and alter-

 nate developmental outcomes; time to matu-

 ration; and, in species with reproductive se-

 nescence, the total length of the fertile stages
 of life. If fitness is viewed as the sole focus of
 evolution, to the neglect of its physiological
 mechanisms, then much of the content of biol-
 ogy will be overlooked. Fitness components
 provide a useful connecting passageway from

 fitness to physiology.
 Level 3: Organismal and organ function.

 Examples of these are gametogenesis, neural

 transmission, sensory integration, and metabo-
 lism. These attributes of organisms are the
 foundations of the components of fitness. His-

 torically, the study of these functions occupied
 most experimentalists. The workings of these

 functions are often studied as stand-alone puz-
 zles, without attention to their roles in de-
 termining fitness components.

 Level 4: Cell and molecular biology. This is

 now the most active area of biology. It involves

 gene expression from transcription through
 posttranslational modifications, as well as all
 kinds of cell interactions. This is the level at
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 MARCH 1995 HORMONES AND LIFE HISTORY 3

 which genomic information is converted into

 foundations for the phenotype, during both
 developmental and adult stages.

 Level 5: Genetics. Here are included pat-

 terns of gene transmission, chromosomal seg-

 regation, DNA replication, recombination,

 and mutation. This may be the level where

 the different elements of biology are most of-

 ten brought together.

 This categorization indicates some of the
 great qualitative differences between levels of

 biological causation and how they have been

 studied. It is not intended to be exhaustive

 or exclusive, nor to imply strict boundaries

 between these levels. It is fair to say, however,

 that evolutionary biologists typically omit Lev-
 els 3 and 4 in their research. Conversely, mo-

 lecular biologists do not emphasize Levels 1

 and 2. During our initial approach to the roles

 of hormones in life history evolution, it be-
 came essential to consider all of these levels
 of biological causation.

 TEMPORAL STRUCTURES IN LIFE HISTORY

 The lifespan is viewed quite differently ac-
 cording to a particular biological culture. In

 biogerontology and in most biomedical fields,
 the numeric adult lifespan is generally consid-
 ered as a fundamental, intrinsically limited

 property of the species. Moreover, it is some-

 times presumed that aging is a dependent vari-
 able, as if time alone causes irreversible dam-

 age leading to senescence or finite lifespans.

 By contrast, in evolutionary biology, it is gen-

 erally assumed that the length of the adult life
 phase is essentially unconstrained. Fitness, as

 estimated by the Euler-Lotka model of the
 reproductive schedule (see above), treats the
 lifespan as a statistical outcome of the balance
 between mortality risks and fecundity in adults,
 such that time (age) is an independent vari-
 able (Finch, 1990; Rose, 1991; Stearns, 1992;
 Charlesworth, 1994).

 Lifespans of individuals range nearly a mil-
 lionfold among species, from a few days to hun-
 dreds or thousands of years (Comfort, 1979;
 Finch, 1990). Species with similar anatomy
 and physiology commonly show large differ-
 ences in lifespan, as seen from comparisons
 among short-lived and long-lived birds, mam-
 mals, nematodes, budding yeast, and vascu-
 lar plants. For example, some organisms die

 after their first season of mating (semelpar-
 ity), as is illustrated by marsupial mice (Table

 2: note 10), Pacific salmon (Table 2: note 11),
 annual plants (Table 4), and other less famil-

 iar examples (Table 5), which show a hor-

 monal or neural basis for rapid senescence.

 (The Tables are found on pp. 14-23.) In con-

 trast, other similarly built organisms live and
 reproduce for many seasons (iteroparity) with

 longer lifespans and slower senescence.

 Both genetic and environmental factors may

 determine the lifespan by influencing the du-

 ration of developmental stages; in many sem-

 elparous organisms, development and free-

 living prematurational stages constitute most

 of the lifespan. The lifespan depends on two
 main parameters of scheduling: (1) acquisi-

 tion during development of cellular machin-
 ery that enables response to signals for the

 next life history stage(s) (competence), and

 (2) arrival of the stimuli. In general, transi-
 tions between developmental stages are usu-
 ally regulated by hormonal or neural signals,
 rather than by autonomous mechanisms that,

 hypothetically, might be preprogrammed as
 an autonomous schedule in each cell during

 differentiation. We emphasize that hormones
 have pervasive roles in the temporal orches-

 tration of life history which, in numerous ex-
 amples, are subservient to neural controls or
 their equivalent.

 Competence to respond to signals for enter-

 ing the next phase is typically acquired during
 cell differentiation and may be mediated by

 cell type-specific receptor isoforms. Multiple
 receptor subtypes for the same hormone li-

 gand that may be encoded by the same gene
 are referred to as receptor isoforms, which
 may arise through alternate transcription ini-

 tiation or transcript splicing (Table 6: notes).
 For example, in Drosophila, tissues have differ-
 ent responses to ecdysone at metamorphosis
 that may be determined by the receptor iso-
 form. In this case, a particular receptor iso-
 form is required for the programmed death
 of particular cells during development; cells

 with other ecdysone receptor isoforms survive
 (Robinow et al., 1993; Talbot et al., 1993).

 Other determinants of competence may be
 mediated by the signal transducing machin-
 ery of membrane-bound receptors: There can
 be different outcomes of receptor stimulation
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 4 THE QUARTERLY REVIEW OF BIOLOGY VOLUME 70

 by the same hormone in different cell types,
 or even in the same cell, according to its recent
 history of stimulation.

 We ask, could there be common characteris-
 tics in the hormonal organization of the physio-
 logical architecture of life history evolution
 that may be traced throughout the levels of
 biological organization? These common char-
 acteristics could vary widely between levels
 of organization. For example, a shared prop-
 erty at the level of fitness components might
 emerge from a diversity of different cellular
 mechanisms. Or, one cellular feature of hor-
 mone function could affect several different
 evolutionary mechanisms. In the next section
 we discuss examples of the roles of hormones
 in scheduling life history and in life history
 alternatives, which give a basis for considering
 examples of genetic variations in hormonal
 and neural mechanisms (p. 10). These find-
 ings are then viewed from the perspective of
 evolutionary physiological genetics (p. 30). In
 keeping with the emphasis on general princi-
 ples in this article, most examples are found
 in the tables.

 HORMONES IN LIFE HISTORY

 OVERVIEW

 We propose that hormones have key roles
 throughout the life history of plants and ani-
 mals, such that particular subsets may be traced
 from development through senescence, depend-
 ing on the organism. After some definitions,
 we discuss a few examples in which the same
 hormone has important roles throughout the
 life history. The origin of timing in develop-
 mental events and in developmental alterna-
 tives is then considered. Finally, we address
 the extent of hormone receptor diversity at
 different life history stages.

 Hormones and their associated mechanisms
 are now understood to include multiple ac-
 tions that extend beyond the classic concept
 of hormones as molecules that are formed in
 one organ and carried in the blood to regulate
 cells and organs in remote destinations (O'Mal-
 ley, 1989). It is widely recognized that physio-
 logical regulators are released into other body
 fluids besides the blood. In general, hormone
 action is initiated extracellularly; a hormone
 may originate from close or distant cells, or
 even within the same cell it acts upon. A partial

 typology of hormonal signaling includes en-
 docrine regulators that reach target cells via
 humoral routes through the vasculature in ani-
 mals and plants, paracrine regulators that are
 secreted locally and act after diffusing through
 extracellular fluids to targets on nearby cells,
 autocrine regulators that act on the same cell
 from which they originate, and intracrine reg-
 ulators that act intracellularly. As examples,
 bFBF (basic fibroblast growth factor) may act
 through both intracrine and paracrine modes
 (Sherman et al., 1993); neurotransmitters act
 as paracrine regulators by diffusing to recep-
 tors on contiguous nerve or muscle cells, but
 may also act as autocrine regulators through
 autoreceptors on the same cells. Paracrine and
 autocrine regulators may act as embryonic
 inducers, which initiate cell differentiation
 programs through which cells acquire compe-
 tence for responding to the (typically hormonal)
 regulators of subsequent life history stages.

 The ability of hormones to influence di-
 verse activities in many types of cells is recog-
 nized in classical and evolutionary genetics
 as pleiotropy, wherein a single gene has mul-
 tiple influences. Hormonal pleiotropy can arise
 through the genes that encode hormone re-
 ceptors in tissues throughout the organism,
 through DNA-binding domains of hormone
 receptors that are found in the promoters of
 hormone-sensitive genes (see the section on
 complexity of hormone signaling mechanisms
 on p. 8), or through enzymes that synthesize
 and degrade steroids (see the section on the
 MHC in reproduction and metabolism on p. 12).

 Progress through the life history depends on
 diverse physiological signaling mechanisms in
 which hormones are key agents in animals
 and plants. To maintain fitness in varying
 environments, a multicellular organism must
 be able to monitor endogenous and exogenous
 environmental information through various
 chemosensory and neural mechanisms. This
 information is typically transduced through
 neuroendocrine and other hormonal signals
 that modify cell functions in select target cells
 and organs. Chemosensory transduction is also
 well documented in yeast, protozoa, and other
 eukaryotic microorganisms that are valuable
 models for neural-based chemosensory mech-
 anisms (Van Houten, 1994).

 We now consider certain characteristics of
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 MARCH 1995 HORMONES AND LIFE HISTORY 5

 the hormonal regulation of life histories: (1)

 continuity of hormonal control; (2) environ-

 mental modulation of hormonal signaling; (3)

 hormonal control of alternative morphs; and

 (4) the complexity of hormonal signals, with
 the concomitant potential for specificity of sig-
 naling.

 HORMONAL REGULATION OF LIFE HISTORY

 SHOWS CONTINUITY OF THE SAME AGENTS

 The analysis of the role of hormones in life

 history is in an early stage. Ketterson and

 Nolan (1992) pointed out how hormones can

 participate in life history trade-offs, or costs

 to fitness wherein benefits from a change in
 one fitness component are balanced by detri-
 ments from another linked trait. Many exam-

 ples show effects from testosterone on fitness

 components in birds and reptiles, in which

 varying levels of this hormone cause widely

 ramifying outcomes on behavior and physiol-
 ogy; these pleiotropic effects of testosterone
 can be viewed as trade-offs. In the present

 survey, we extend the range of pleiotropic in-
 fluences to many other hormonal mechanisms
 across the life history. Examples from diverse

 species show how the same hormone may be
 a regulator of development, reproduction and
 senescence. This continuity of hormonal reg-
 ulators is found in a wide range of organisms
 that include both semelparous and iteropar-
 ous species: humans and primates (Table 1),

 rodents and other vertebrates (Table 2), in-
 sects (Table 3), and flowering plants (Table
 4). These examples are not comprehensive
 and could be expanded considerably.

 The fact that single hormones have a con-
 tinuing role throughout multiple life history
 stages in numerous plant and animal species
 is not widely recognized. The complexity of
 these organisms, not surprisingly, usually draws
 attention to stage-specific mechanisms, which
 provide examples of stage-specific receptors
 (Table 6: notes 9, 10) and possibly stage-specific
 hormones (Table 6: note 8). Moreover, dur-
 ing early development the same agents may
 serve at different steps in embryogenesis and
 cell differentiation (Davidson, 1993). We dis-
 cuss below several examples of hormones with
 actions that persist throughout most life his-
 tory stages. Table 5 lists further examples of
 species in which hormonal and neural mecha-

 nisms have unquestionable importance to one

 or more aspects of life history from develop-
 ment through senescence, but are not as well
 characterized.

 Sex Hormones in Mammals

 Sex determination in placental mammals
 results from gonad determining genes, such

 as the SR Ygene on the Y chromosome, which
 encodes a transcription factor required for for-

 mation of the testis (Crews, 1993; Short and
 Balaban, 1994). The subsequent development

 of male reproductive organs and behaviors,
 however, requires androgen secretions from

 the fetal testes. Perinatal castration of geno-
 typic males gives rise to adults with many
 female-type traits in secondary sex organ mor-
 phology, endocrine physiology, neuroanatomy,

 and behavior (Table 2: note 1). Feminization
 can also result from mutant androgen recep-
 tors with impaired steroid binding (Table 6:
 note 1).

 The mechanisms of sex determination are
 usually more complex than indicated in these
 examples, and there are numerous specializa-

 tions that differ among phylogenetic radia-
 tions. Some reptiles lack sex chromosomes;
 the presence of male or female gonads is deter-
 mined by environmental temperatures that
 regulate sex steroid production, the proximal

 cue for gonadal differentiation. In marsupials,
 unlike placental mammals, the presence of
 the scrotum is androgen independent (Crews,
 1993; Renfree, 1994), which suggests a modi-
 fied androgen receptor that could arise from
 alternate splicing [see the section below on

 hormones and life history alternatives (p. 8)
 and Skipper et al., 1993]. Another type of
 environmental determination of sex occurs in

 certain fish that are simultaneous hermaphro-
 dites, in which sex changes are triggered by
 social influences that, through neural process-
 ing, then influence which types of sex steroids
 and gametes are produced (Reinboth, 1988;
 Crews, 1993). In brief, sex determination rep-
 resents a range of phenotypic characters that

 are actively determined and show many dif-
 ferences between species, sex and tissue.

 Actions of testosterone, the main androgen
 of vertebrates, are transduced by the same
 receptor throughout life (note 1 in Tables 1,

 2, and 6). Postnatally, testosterone is secreted
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 6 THE QUARTERLY REVIEW OF BIOLOGY VOLUME 70

 by the testes under neuroendocrine control.

 Male pattern baldness, which is more a trait

 of maturity than of "senescence," is dependent

 on testosterone in responsive genotypes of hu-
 mans and primates (Table 1: note 2). In males,

 testosterone regulates most aspects of repro-

 duction, with major increases at puberty and

 seasonal fluctuations in seasonal breeders. At

 later ages, dysfunctions of the prostate in men

 (benign prostatic hypertrophy and several types

 of carcinomas) are dependent on stimulation

 by androgens (Table 1: note 3).

 In human males and females another an-

 drogen, DHEA (dehydroepiandrosterone), is

 secreted by the adrenal cortex and is associ-

 ated with the induction of pubic hair during

 maturation (Table 1: note 4). Age-related de-

 creases of DHEA begin by middle-age in men

 and women and may be factors in major age-

 related diseases that include breast cancer (Ta-

 ble 1: note 5) and cardiovascular disease (Table

 1: note 6). No receptor has been established

 for DHEA.

 Estrogens and progestins also have perva-
 sive roles in female reproduction that extend
 from puberty through to age-related cancers

 of reproductive tissues (Table 1: note 8, Table

 2: note 2). Many species differences are found
 in adverse outcomes of hormonal stimulation

 during adult life and are revisted in the section
 on antagonistic pleiotropy (p. 32). In a forth-
 coming article that parallels some of this dis-

 cussion, Steven Austad analyses hormone-de-

 pendent tumors in mammals as examples of

 antagonistic pleiotropy.

 Juvenile Hormone in Insects

 Juvenile hormone (JH) has influences that
 continue from development into adult life and
 show many species differences. During devel-
 opment in Drosophila and many other insects,
 the differentiation of imaginal discs and molt-
 ing of the larvae and pupae is hormonally
 regulated by secretions of JH and ecdysone,

 which are under neuroendocrine control (Table
 3: note 1). Gametogenesis and reproductive
 behaviors in insects are also regulated by JH

 and ecdysone, which in turn are subject to
 neurally transduced information about popu-
 lation density and other environmental pa-
 rameters.

 In worker bees and some other insects, life-

 span is strongly influenced by damage to the
 irreplaceable wings or cuticle appendages. By
 regulating behavior, hormones indirectly regu-

 late the extent of this mechanical senescence

 (Table 3: note 5). In worker bees and locusts,

 hormones control flight activities that cause
 life shortening. In honey bees, elevations of
 JH stimulate worker bees to make foraging
 flights (Table 3: note 6). Social insects show
 huge differences in lifespan among castes, in

 which queens may live for nearly a decade (honey-
 bees) or longer (ants) (Wilson, 1975; Finch,
 1990). JH also determines whether larvae de-

 velop into workers or queens (Table 3: note

 4). Workers are derived from the same egg
 clutches and genome as the queens, but have

 shorter lives, usually several months, during

 which their activities are hormonally regu-
 lated. These different life histories are referred
 to as temporal castes. Young adult hivebees
 attend the queen, but fly little and show no

 mechanical wear on their wings. Within one

 month, young workers show tenfold increases
 of humoral JH that stimulate intense flights
 for foraging. Consequently, there are major

 increases of mortality, associated with mechani-
 cal damage to wings and other irreplaceable
 body parts. Increased risk of predation also
 shortens life expectancy during foraging.

 These examples illustrate the wide range
 of hormonal controls on life history in which a
 single hormone can have both early beneficial
 consequences and later consequences that may

 increase mortality. Thus single hormones with
 pervasive roles throughout life history often
 show extreme pleiotropy. Such pleiotropy may
 have important consequences for evolution

 (see the section on evolutionary physiological

 genetics on p. 30).

 ENVIRONMENTAL MODULATION OF

 HORMONE SIGNALING

 A major question about the role of hor-
 monal signaling in life history evolution is the
 level of autonomy in the regulation of life his-
 tory transitions. Two hypothetical extremes
 may be considered, which encompass a wide
 range of intermediate strategies in determin-
 ing the life history trajectory. At one extreme
 would be a ballistic (ecologically autonomous)
 model, in which transitions in life history stages
 are launched by pacemakers in each cell that
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 MARCH 1995 HORMONES AND LIFE HISTORY 7

 operate independently of immediate signals

 from the internal or external environment.

 At the other extreme would be a conditional
 (ecologically sensitive) model, in which life

 history stages are scheduled by signals from

 the internal and external environment.
 Both ballistic and conditional stages are com-

 mon in life history trajectories. For example,

 mayflies show ballistic features in the last ultra-

 short phase of a total lifespan that is preceded
 by numerous developmental stages lasting sev-

 eral years. The involution of the gut just be-

 fore eclosion (Pickles, 1931) and the failure
 to develop mouth parts destines mayflies to

 an ultrashort, nonfeeding adult life phase that

 ends after a few days, when the spent adults

 are too weak to continue flying (Brittain, 1982;

 Peters and Peters, 1988; Finch, 1990: 49-50).

 Nonetheless, the launching of this terminal
 stage is conditional to light and temperature

 (Peters et al., 1987).
 A few hormones schedule the transitions

 from larval to juvenile to adult stages in nu-

 merous vertebrates, insects and mollusks. At

 a certain stage in differentiation, competence

 is acquired to respond to a hormonal signal,
 whenever it is received. For example, in Dro-

 sophila larvae, the imaginal discs (anlagen or
 precursors of adult tissues) can remain undif-

 ferentiated and viable for many years, far be-

 yond the usual lifespan of several months, as
 shown by serial transplantation between lar-
 val hosts that allowed hundreds of cell replica-
 tions more than usual. Nonetheless, imaginal
 disc cells quickly differentiate into adult organs
 upon exposure to ecdysone (Hadorn, 1968;
 Ursprung and Nothiger, 1972; Talbot et al.,
 1993). The commitment of larval tissues to
 respond to ecdysone and to advance to the
 next stage is a function of the dose and dura-

 tion of exposure to JH (Kremen, 1989).
 These results are consistent with George

 Williams's (1957) prediction that traits of so-
 matic senescence do not emerge until after
 maturation. Imaginal disc cells may not have
 proliferative limits such as those observed for

 numerous diploid cell types from mammals
 during serial culture (clonal senescence, or the
 Hayflick phenomenon). Because the imaginal
 disc cells remain undifferentiated, it is un-
 likely, for example, that the discs containing
 brain anlagen would manifest degenerative

 atrophy and vacuolation seen in differentiated

 neurons of senescent fruitfly brains (Rockstein

 and Miquel, 1973).

 In examples from plants, conifers typically

 do not differentiate germ line cells and pro-
 duce cones and seeds until after 10 to 20 years

 ofjuvenile growth (vegetative phase) (Metzger,
 1987). However, gibberellins can induce pre-

 cocious reproductive tissues in three-month-

 old juvenile conifers (Pharis and King, 1985).

 The diversity of hormone evolution includes

 opposite responses in other woody plants, where

 exogenous gibberellins may cause reversion

 from a mature to a juvenile growth phase.
 In humans, the secondary sex characteris-

 tics of humans (gender-specific patterns of pu-
 bic hair or breast development) can be induced
 by sex steroids at any time from birth onwards.
 Competence for responses to sex hormones

 is retained by either chromosomal sex for de-
 cades after the usual age of puberty, as is shown
 by the efficacy of sex hormone treatments to
 induce breast development in gonadal dys-
 genic adult females (Turner syndrome) or in
 elective sex changes. Similarly, some women
 carry the gene for male-pattern baldness, which
 can be expressed if androgens are secreted
 by adrenal tumors (Douglass, 1947). Even
 greater plasticity is shown by fish that change

 gender during adult life (Reinboth, 1988; Crews,

 1993). There is no evidence for an intrinsic

 time limit in the maintenance of competence
 in the absence of hormonal stimuli, which allows
 extensive temporal plasticity in the evolution
 of hormonally driven aspects of life history.

 The hormonal mechanisms that regulate
 transitions between developmental stages and
 maturation are understood for only few spe-

 cies in a few phyla. However, there is no evi-
 dence that any multicellular animal or plant
 altogether lacks mechanisms for hormonal or
 neural-sensory regulation at some life history
 stage. This property must have been funda-
 mental to evolution; otherwise organisms would
 be unable to adjust their reproductive sched-
 ules in response to environmental variations
 and thus enhance their fitness. As the examples
 in the next section show, there is extensive evo-
 lution of hormone signaling mechanisms through
 diversification of hormone receptor isoforms
 that allow cell-type specific responses to the
 same hormone.
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 8 THE QUAR TERL Y RE VIEW OF BIOLOGY VOLUME 70

 HORMONES AND ALTERNATIVE LIFE HISTORIES

 In considering the role of hormones or neu-

 ral mechanisms in life history alternatives, it

 becomes clear that the same genome may be

 programmed to yield alternative outcomes in

 development. Some butterflies, for example,

 have different patterns of wing coloration, de-

 pending on their development in the Spring
 or Summer (seasonal polyphenisms, Table 5:
 note 4). In Lycaena, and likely many other but-

 terfly species, the mechanism is under neuro-
 endocrine control through the photoperiod that
 regulates the timing of ecdysone elevations in

 pupae; differently timed ecdysone bursts induce

 alternate differentiation of colored wing scales

 in the imaginal discs, probably through influ-

 ences on cell proliferation (Table 5: note 5).

 Other species that have alternate adult mor-
 phologic traits include plausible candidates for

 other hormonal or chemosensory mechanisms,

 such as in the caterpillar Nemoria (Table 5:
 note 6), the rotiferAsplanchnia (notes 7 and 8),

 and the barnacle Chthamalus (note 9). Social
 insects were discussed above from a different

 context, but here we recall that caste determina-
 tion is the result of developmental program-
 ming under the influence of season, nutrient

 availability, and population density (Table 3:

 notes 4, 6). In rodents, quantitative differences
 in sex phenotypes are induced in utero by the
 sex of the neighboring fetus, resulting in adult
 males and females with varying aggressive and

 exploratory behaviors and fecundity; more-

 over, in female mice the sex of the fetal neigh-
 bor influences the age of reproductive senes-
 cence (Table 2: note 3). These examples imply
 a very widespread role of hormonal and neu-
 ral mechanisms in the evolution of life histor-

 ies and their epigenetically programmable al-
 ternatives. In each case, the relation to fitness
 is indicated in the tables, for example, the
 fact that polyphenisms of shape and color are
 defenses against predation.

 Regulation of life history events by hor-
 mones, from early development through adult
 life, is also fundamental to heterochrony-
 or variations between species in the relative
 rates of growth and differentiation (Gould, 1977).
 As shown in the example of seasonal color
 morphs in butterflies, the timing of hormonal
 signals can strikingly influence the outcome of
 development at an organ level. Heterochrony

 also includes the scheduling of transitions be-

 tween larval, juvenile and adult forms, which
 are primarily under hormonal and neural control.

 COMPLEXITY OF

 HORMONE SIGNALING MECHANISMS

 The previous section gave examples in which

 the same hormones have major roles in post-
 embryonic life history transitions and in adult

 life. The cellular receptors for these hormones

 commonly have multiple isoforms that typi-

 cally bind to identical or very similar DNA

 sequences (canonical hormone response ele-

 ments) in promoters of different genes. In
 Drosophila, the ecdysterone receptor isoforms

 determine how a target cell will respond (see
 the section on juvenile hormone in insects on
 p. 9). Thus, transcriptional regulation may

 be modulated for responses to the same hor-
 mone according to the developmental stage
 and cell type. The functions of the proteins
 encoded by all of these receptor isoforms are
 not well known. In some cases, hormone bind-
 ing is predicted to be absent (Skipper et al,
 1993), which might yield constitutive (steroid-

 independent) regulation in cells containing that
 isoform. Such isoforms may be the basis for

 the androgen-independent formation of the
 scrotum in marsupials (Renfree, 1994), through
 cis-acting effects on transcription in which the
 receptor binds to hormone response elements

 in the absence of androgens.

 Another level of control with extensive di-
 versity that might enhance flexibility is the
 DNA sequences to which the hormone recep-

 tors must bind for the regulation of transcrip-
 tion. The hormone response elements of ste-
 roid receptors are typically palindromes of a

 repeated five-base-pair subunit, in the 5'-up-

 stream region (promoter) of steroid-responsive
 genes (Green and Chambon, 1988; Martinez
 and Wahli, 1991). Hormonally responsive genes
 typically have multiple response elements that
 are bound by the same steroid receptor. As
 noted above, multiple response elements may
 differ slightly within a canonical sequence mo-
 tif, but also may be contiguous or scattered.

 Yet another level of complexity is the inter-
 action of hormone receptors with other auxil-
 iary proteins that modulate the binding of hor-
 mones to the receptor or the binding of the
 receptor complex to the hormone response ele-

This content downloaded from 
�������������64.106.111.51 on Tue, 08 Sep 2020 21:11:03 UTC������������� 

All use subject to https://about.jstor.org/terms



 MARCH 1995 HORMONES AND LIFE HISTORY 9

 ment in the promoter. For example, in in-

 sects, ecdysone binding by its receptor requires

 heterodimerization with another protein en-

 coded by ultraspiracle (USP) (Yao et al., 1993;

 H. E. Thomas et al., 1993). USPs are insect

 homologues of the vertebrate retinoid X-recep-

 tor (RXR). In mammals, the binding of thy-
 roid receptors to thyroid hormone response

 elements is modified by auxiliary proteins,

 such as RXR (Sugawara et al., 1993). Tissue

 differences in auxiliary receptor-binding pro-
 teins give further levels of control in gene ex-
 pression. Depending on interactions of recep-

 tors with other transcription factors, different

 genes that are regulated by the same hormone

 can have major differences in their rates of

 transcription. This diversity among cells in
 response to the same hormone allows a great
 range in the evolution of physiological archi-

 tectures.

 Hormone receptors provide, by themselves,
 considerable potential for specificity of hor-

 monal control. Receptors for estradiol, pro-
 gesterone and testosterone in humans and the

 few other vertebrates examined are encoded

 by single genes with eight exons (Jeltsch et
 al., 1990) (Table 6). This genetic structure

 is strikingly simpler than that of most other
 hormone receptors, which display a multiplic-
 ity of related genes, as described below. None-
 theless, each of these sex steroid receptor genes
 encode one or more DNA-binding isoforms
 (Table 6: notes 1-4). Thyroid (T3) receptors

 are coded by a family of genes distinct from

 that of the vertebrate sex steroid receptors (Ta-
 ble 6: note 6). There are two to four distinct
 thyroid hormone receptor genes, in contrast
 to the single genes for steroid receptors. This
 multiplicity is increased further by alternate
 splicing and transcription initiation sites that
 yield additional isoforms. Increased blood lev-
 els of thyroid hormones control metamorpho-
 sis in amphibians and are also implicated in
 regulating developmental transitions in fish
 (Inui and Miwa, 1985; Lam and Sharma,
 1985; Specker et al., 1992). The multiple thy-
 roid receptor genes of Xenopus have develop-

 mental stage-specific expression (Kawahara
 etal., 1991; KanamoriandBrown, 1992). In

 warm-blooded vertebrates, thyroid hormones
 are not thought to control transitions between
 stages. Rather, they may modulate schedules

 of differentiation, for example, in myelin-form-

 ing glia of postnatal rats (Barres et al., 1994),

 as well as their classic roles in modulating basal

 metabolic rates, for example, in response to

 shifts of environmental temperature.

 There is an even greater multiplicity of genes

 that encode subunits of receptors for peptide
 hormones and neurotransmitters (Table 6: notes

 8-10). Developmental stage-specific expres-

 sion is observed for some membrane receptor

 subtypes (Table 6: note 10). These receptors

 are altogether different from steroid receptors

 because they are integral cell membrane pro-

 teins and do not bind to specific DNA se-

 quences. Specific outcomes of hormone binding

 to receptors depend not only on the receptor

 isoforms, but also on the intracellular machin-
 ery that transduces their signals through sec-

 ond messenger systems that have many inter-

 nal targets, including the cell nucleus. Taking

 account of the multiple proteins that can be

 encoded by the same gene through alternate
 transcription start sites and alternate splicing,
 we suggest that the degree of pleiotropy of a
 particular hormone as a regulator of life his-
 tory transitions does not depend on whether

 its receptors are coded by single or multiple
 genes.

 Much less is known about hormone recep-
 tors in insects and plants than in vertebrates.
 The ecdysteroid receptor (EcR) of Drosophila

 has three isoforms that differ in their preva-

 lence in tissues that degenerate or develop into
 adult organs (Table 6: note 7). Although the
 hemolymph contains numerous chemically dis-
 tinct ecdysteroids, only 20-OH ecdysterone
 binds to the EcR, which implicates this hor-
 mone as a key regulator of life history in dip-
 terans. In plants, several binding proteins for

 auxins (Jones and Prasad, 1992; Goldsmith,
 1993) are candidates for receptors that modu-

 late gene expression.
 The same hormone receptor can have op-

 posite effects on transcription, depending on
 the cell type and the relative concentration of
 other regulatory factors that bind to a response

 element (M. I. Diamond et al., 1990). For
 example, a given glucocorticoid response ele-
 ment (GRE) may stimulate or repress tran-
 scription, depending on the amounts of the
 transcription factors c-Jun and c-Fos. As few
 as two nucleotide substitutions in the "com-
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 10 THE QUARTERLY REVIEW OF BIOLOGY VOLUME 70

 posite GRE" of the mouse proliferin gene can
 change the direction of transcriptional responses
 to glucocorticoids (M. I. Diamond et al., 1990;
 Pearce and Yamamoto, 1993). Conversely,

 the same GRE can be bound by either the

 glucocorticoid or mineralocorticoid receptor

 proteins, with different effects on transcrip-

 tion that depend on the local concentrations
 of c-Fos and c-Jun (Funder, 1993; Pearce and

 Yamamoto, 1993). Changes in the direction

 of response to a hormone that may occur as

 described above allow for rapid evolution of

 trade-offs in hormonally dependent functions

 associated with genes that are expressed in

 particular tissues, without requiring a systems-

 level change throughout the whole body.

 In sum, cell-type specific responses to the

 same hormone may be mediated at many lev-
 els, from receptor isoforms to the interactions

 with other DNA binding proteins at the site

 of the hormone response element or at other

 locations that influence transcription. This multi-

 plicity of molecular mechanisms can fine-tune

 hormone responses at different target cells and
 life history stages, as also argued by Ketterson
 and Nolan (1992). The examples of hormones
 that have roles that can be traced from devel-

 opment into aging are almost certain to be
 multiplied considerably. We anticipate that
 the particular subsets that lead to pathological
 outcomes during aging will vary widely among
 closely as well as distantly related species. There
 is an enormous range of possibilities in the
 evolution of the timing of developmental tran-
 sitions, and in the quantitative and qualitative
 features of target cell responses that can be
 the basis for trade-offs in fitness traits.

 GENETICS OF HORMONAL AND NEURAL

 MECHANISMS IN LIFE HISTORY

 Genetic variants that alter hormone action
 are a potential basis for the evolution of life
 histories by providing heritable quantitative
 variation. Here we provide examples at the
 interface between Levels 2 through 4, as de-

 scribed in the Introduction. Genetic variation
 is found in hormone levels, hormone recep-
 tors, and activities stimulated by hormone bind-
 ing. Here we follow the convention of desig-
 nating genetic variants that are common in
 a breeding population as genetic polymor-
 phisms, in distinction to rarer mutants; a

 usual cut-off for polymorphisms is a frequency

 of <1 %T. The strongest examples of function-
 ally significant polymorphisms are found in

 insects, nematodes and humans.

 EXAMPLES FROM INSECTS

 Juvenile hormone lJH) levels are influ-
 enced by a genetic polymorphism that alters
 life history timing, as shown by Templeton

 and colleagues (Table 3: note 3). Certain Ha-

 waiian populations of Drosophila mercatorum have
 the aa genotype (abnormal abdomen). In this
 variant, atypical JH elevations in the hemo-
 lymph cause eclosion two days early, thereby

 allowing precocious fecundity. The aa poly-

 morphism enhances fitness during arid condi-

 tions that kill adult flies of all genotypes within
 a week after eclosion. The elevations of JH

 in aa flies are indirectly a consequence of a
 subnormal number of somatic cell rRNA genes.
 During the polytenization of larval develop-
 ment, the somatic chromosomes undergo an

 endoreplication that multiplies the number of
 copies of rRNA and many other genes. This

 endoreplication is impaired in aa; consequently,
 certain of these cells have fewer ribosomes
 than normal, which reduces the capacity for pro-
 tein synthesis and thereby prevents the usual
 surge in synthesis of an enzyme that inacti-
 vates JH. In turn, JH levels remain high,

 thereby accelerating eclosion. In this exam-

 ple, naturally occurring mutants with tissue-
 specific effects on housekeeping genes (rRNA)
 were indirectly selected because of influences
 on hormones.

 Mosquito populations have variations in
 hormonal functions that influence the repro-

 ductive schedule. The requirement for a blood
 meal before egg-laying varies along a geo-
 graphic cline for the pitcher-plant mosquito
 (Wyeomia smithil) (Bradshaw and Lounibos,
 1977; O'Meara and Lounibos, 1981). North-

 ern populations do not require blood meals;
 this autogeny allows them to breed with less

 delay after hatching. In contrast, southern pop-
 ulations require a blood meal to produce the
 first batch of eggs; this anautogeny requires
 them to find mammalian hosts before repro-
 ducing. These two life histories may have been
 selected for by the availability of nutrients ap-
 propriate for larval and adult stages, which

 are subject to climatic fluctuations. The two
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 MARCH 1995 HORMONES AND LIFE HISTOR Y 11

 mosquito races are interfertile and appear to

 differ in polymorphisms that determine the
 neuroendocrine control of gonadotropins that

 include JH and probably ecdysone. Domi-
 nant genes control autogeny in other insects

 (O'Meara and Krasnick, 1970; Downes, 1971;
 Trpis, 1978; J. R. Anderson, 1987).

 NEMATODES

 Caenorhabditis and other soil nematodes can
 vary the duration of development through the
 dauerlarva, a developmentally arrested stage
 that follows the second larval molt. Entry into
 the dauer-alternative path is modulated by
 environmental conditions that include nutri-
 ents, temperature, and population density, as

 well as by a constitutively secreted agent, the
 dauer pheromone. This partially character-
 ized agent may be released by larvae and adults
 (Table 3: note 7). Other food-related signals
 antagonize the dauer pheromone and can re-

 lease the dauer-arrest; these chemical signals

 are detected by chemosensory cells and are
 neurally integrated by larvae so as to optimize
 their developmental schedules according to
 the availability of food needed for reproduc-
 tion (Golden and Riddle, 1982, 1984; Barg-
 mann and Horvitz, 1991; J. H. Thomas et

 al., 1993). The dauerlarval stage can last sev-
 eral months, which extends the total lifespan
 from embryo to senescence by threefold; when
 conditions improve, the dauerlarvae proceed
 to develop into the last instar. The adult life-
 span in the laboratory is unaffected by enter-
 ing the dauer (Klass and Hirsh, 1976; John-
 son et al., 1984).

 Defects in the regulation of dauerlarva for-
 mation have been genetically mapped to more
 than twenty genes (daf genes) that were se-
 lected after mutagenesis and that can be ar-
 ranged in pathways with epistatic (sequential)
 interactions between different loci. Certain

 mutants cause defective chemosensory cilia.
 Defective production of the dauer pheromone
 was mapped downstream frorn defects in che-
 mosensory cells that are sensitive to the phero-
 mone (Golden and Riddle, 1985; J. H Thomas
 et al., 1993). Dauer defects also result from
 laser extirpation of some of the same sensory
 neurons (Bargman and Horvitz, 1991), im-
 plying that some dauer mutants act through
 mechanisms dependent upon sensory neurons.

 Several mutations are in genes with DNA se-
 quences that resemble genes in hormone sys-

 tems of vertebrates (Table 3: note 8). The

 dauer-defective chemosensory mutants also

 have defects in egg-laying that are nonaddi-

 tive across loci, and thus are epistatic.

 Some mutants (such as daf-2) that cause
 constitutive dauer formation also increase the

 adult lifespan by twofold (Kenyon et al., 1993;

 P. Larsen, 1993a). These observations sug-

 gest that molecules required for successful com-

 pletion of the dauer state may also extend adult

 lifespan. Because prolongation of the dauer
 state eventually increases mortality of the lar-
 vae (Cassada and Russell, 1975; Johnson et
 al., 1984), a fixed depot of some molecule may
 be essential for both dauer and adult phases. A
 genotype with slow growth was isolated from
 a field population (Table 3: note 10). These
 mutants show that neural-based effectors can

 have pleiotropic effects on the timing of devel-
 opment and the adult phase.

 MAMMALS

 Examples of genetic variations in hormonal
 systems of mammals vary considerably in the
 documentation of their impact on fitness com-
 ponents. Provisional examples concern variant

 steroid receptors in humans that are followed
 by stronger examples of genetic influences on
 hormonal systems and by a discussion of hor-

 mones and the MHC.

 Steroid Hormone Receptors

 Genetic variants occur in several steroid
 receptors of humans (Table 6). Historically,
 mutant receptors were associated with rare

 endocrine disorders, such as the androgen-

 insensitivity syndromes, with altered DNA bind-
 ing domains in the androgen receptor that
 impair the regulation of transcription (Table
 6: note 1). Recent data on androgen and es-
 trogen receptors indicate that polymorphisms
 are common (Table 6: notes 1, 2), but no
 population is well characterized. There are
 hints of functional differences for an estrogen
 receptor variant in humans. A polymorphism
 in the estrogen receptor (B' allele) that does
 not cause an amino acid substitution (silent
 mutation) was correlated with increased inci-
 dence of spontaneous miscarriages in women
 who later developed breast cancer (Table 6:
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 12 THE QUAR TERL Y RE VIEW OF BIOLOGY VOLUME 70

 note 2). The association with miscarriages im-

 plicates an association of the B' allele with re-

 duced fertility, in addition to reduced sur-
 vival.

 Other polymorphisms in humans are known
 for the glucocorticoid receptor (Table 6: note

 4) and the vitamin D receptor (VDR) (Table

 6: note 5), which have alleles that correlate
 with plausible fitness components. Of much
 interest is the recent finding that the VDR
 of Caucasian women has polymorphisms that
 correlate with variations in bone density; bone

 density, in turn, predicts the age of spontaneous
 bone fractures. Because of the loss of compact
 bone during aging in both sexes (osteoporosis
 or osteopenia, Table 6: note 5), homozygotes
 with the VDR BB genotype have lower bone

 density as young adults. Consequently, those
 with BB are on a down shifted parallel trajec-

 tory of bone loss that causes them to reach
 the critical threshold of bone density for spon-
 taneous fractures by up to ten years sooner
 (Morrison et al., 1994).

 Obesity and

 Non-Insulin-Dependent Diabetes

 Obesity and non-insulin-dependent diabe-
 tes (NIDD; type II diabetes) in adult humans
 are under genetic influences that show evi-
 dence of ongoing selection in some human
 populations that present a good case for antag-
 onistic pleiotropy (Dowse et al., 1991; J. M.

 Diamond, 1992; Mobbs, 1994). NIDD also shows
 strong hereditary-environment interactions (see
 the section on evolutionary physiological ge-
 netics, p. 30). In 1962, Neel presciently pro-
 posed that certain "thrifty genotypes" should
 be favored under conditions of fluctuating food
 resources by their efficient storage of fat re-

 serves. Subsequently, the well-provisioned car-
 riers of thrifty genes could suffer delayed con-

 sequences from slowly emerging diabetes and
 its associated diseases, hypertension and ac-
 celerated vascular aging, which increase risks
 of stroke and coronary artery disease.

 NIDD is attributed to a reduced sensitivity
 of target tissues to insulin that progresses to
 the sustained hypersecretion of insulin (hy-
 perinsulinemia). If this physiological state is
 maintained for many years, then hyperglyce-
 mia from resistance to insulin action (diabetes
 mellitus) typically ensues. The mechanisms of

 these slow changes in hormonal mechanisms
 are poorly understood. No genes are identi-

 fied, although a genetic basis for NIDD is
 indicated from twins and family pedigrees (Zim-
 met et al., 1990). Epidemiological studies show

 strikingly high NIDD in Pacific Islanders and

 North American Indians, who are among many
 other ethnic groups that recently adopted mod-
 ern lifestyles and diets (Zimmet et al, 1990;
 Godhes et al., 1993). Behavioral risk factors
 for susceptible genotypes include decreased
 physical activity and the ad libitum consump-

 tion of more energy-rich food than is typical
 of traditional diets. Moreover, another im-
 portant trend is emerging: the decreased inci-
 dence of NIDD in several of these populations
 (Dowse et al., 1991). This result could mean

 that the frequency of the genetic disposition
 to NIDD is decreasing through differential

 mortality or fertility of the carriers of the thrifty
 genotype under modern conditions of diet and
 physical activity. In the absence of genetic
 markers, however, it is also plausible that be-
 haviors were modified as the risks of obesity
 became better recognized.

 The Main Histocompatibility Complex (MHC)

 Overview of the MHC

 The MHC of humans is a complex of genes

 on the short arm of chromosome 6 extending

 over about 3,000 kilobases (kb) and 3 centi-
 morgans. It contains more than 80 genes, some
 of which are highly polymorphic (Klein, 1986;
 Crew, 1993; Klein et al., 1993; Trowsdale,
 1993). Figure 1 shows a highly simplified map
 of the MHC in humans that identifies certain
 loci discussed here for their potential relation
 to hormonal and neural aspects of life his-
 tory evolution.

 The MHC is most widely recognized for

 genes that regulate immune functions and that
 were initially identified as transplantation an-
 tigens, particularly the glycoproteins encoded
 by the 15 to 20 related genes located in each
 of the class I and class II regions. Class I glyco-
 proteins are found on nearly all cell mem-
 branes throughout the body, whereas class II
 glycoproteins occur mostly on T cells and other
 bone-marrow derived cells. Class I and II gly-
 coproteins form bimolecular complexes with
 antigens during the presentation of processed
 antigens to T cells. Unlike steroid receptors
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 FIG. 1. A SIMPLIFIED MAP OF THE MAJOR HISTOCOMPATIBILITY COMPLEX IN HUMANS

 TO REPRESENT CERTAIN LocI DISCUSSED IN THE TEXT

 The MHC is located on chromosome 6 in humans (HLA locus) and on chromosome 17

 in mice (H-2 locus). The thickness of the circular lines around each symbol indicates the
 relative degree of polymorphism in humans. Class I (20 genes) and class II (15 genes) are

 the most highly polymorphic genes found in humans; for instance, the class I HLA-B locus
 has 50 serologic alleles. The P450-c21 gene encodes a steroid hydroxylase and has mutants
 that cause abnormal sexual development. The complement factors C 2, C4, and Bf (properdin

 factor) have varying numbers of serologic alleles. Hsp70 encodes the 70-kDa heat shock
 protein, which is also located in the MHC of mice and of Xenopus (XLA). TNF-ca (tumor
 necrosis factor) is polymorphic in mice (Jacob and Tashman, 1993) and humans (McGuire

 et al., 1994); polymorphisms are associated with resistance to autoimmune disorders (Jacob,
 1992) and cerebral malaria (McGuire et al., 1994). The transcription factor Oct3 lies within
 or near class I genes (Guillaudeux et al., 1993). For general reviews, see Klein (1986), Crew
 (1993), Trowsdale (1993), and McKusick (1994).

 (Table 6) and many other multigene families

 that are scattered on many chromosomes, genes

 that are closely related to class I and II glyco-

 proteins are not found elsewhere. Genes in-

 volved in intracellular antigen processing are

 also located in the class I region. Other MHC

 genes code for enzymes that metabolize ste-
 roids and carcinogens, the 70-kDa heat-shock

 protein, and several factors of the comple-

 ment system. The expression of class I and
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 14 THE QUARTERLY REVIEW OF BIOLOGY VOLUME 70

 TABLE 1
 Pleiotropic Roles of Hormones across Life History: Examples from Primates

 Organism Hormone Developmental stages Adult stages Age-related dysfunctions

 1. human and testicular a. DHT from embryonic a. required for a. androgen-dependent prostate dis-

 macaque: androgens: testes is required for reproduction eases: benign prostatic hyperplasia

 male T, DHT morphogenesis of the b. male pattern and prostatic carcinoma3

 internal and external baldness in b. these disorders are not described for

 genitalia' susceptible macaques3

 b. T and DHT required genotypes2

 for sexual maturation

 2. human: adrenal a. fetal adrenal secretes functions are a. age-related deficits in plasma DHEA

 male, female; androgen: DHEA, which is con- unknown in both genders are prominent

 macaque: DHEA4 verted by placental en- during midlife4

 male zymes into estrogens b. deficits are risk factors in human

 b. stimulates pubic hair breast cancer5

 and skeletal growth be- c. deficits are risk factors in cardiovascu-

 fore pubertal increases lar disease6

 in gonadal steroids d. in rodent models of human age-

 related diseases, exogenous DHEA

 reduces tumorigenesis, atherogenesis

 and arthritis6

 3. human and estrogens: E2 secreted by ovary at required for a. estrogen deficits cause postmeno-

 macaque: puberty; T in brain is pregnancy pausal osteoporosis7 and hot flushes8

 female converted from E2 by and lactation b. estrogen-dependent tumors of breast

 local aromatase and uterus9

 4. human: adrenal gluco- adrenal not required for normal metabo- no known dysfunctions, except in asso-

 male, female corticoid: normal fetal develop- lism; recovery ciation with disease

 cortisol mentl? from stress

 5. human: growth required for postnatal major metabolic GH deficits are associated with wasting

 male, female hormone growth regulator conditions in older humans12

 6. human: prolactin required for breast required for no known dysfunction

 female development lactation

 7. human glucose required metabolite required metab- substrate for damage to proteins by

 olite and AGE"4; promotes diabetes in thrifty

 hormone 13 genotypes15

 Abbreviations: DHEA, dehydroepiandrosterone; DHT, dihydrotestosterone; E2, estradiol; JH, juvenile hormone; rRNA,
 ribosomal RNA; T, testosterone

This content downloaded from 
�������������64.106.111.51 on Tue, 08 Sep 2020 21:11:03 UTC������������� 

All use subject to https://about.jstor.org/terms



 MARCH 1995 HORMONES AND LIFE HISTORY 15

 Notes to Table 1

 1. The differentiation of internal and external reproductive organs is regulated by the embryonic gonads in primates The absence of DHT

 or other androgens during sexual differentiation, as in females or after gonadal extirpation in genotypic male embryos, causes a female

 pattern of anatomy. The secondary sex characteristics that emerge during puberty (breast development, pubic hair) are also induced by

 elevations of sex steroids from the gonads. In humans, however, there is also involvement of adrenal DHEA (note 4, below). The secondary

 sex tissues of male and female genotypes are competent by birth or soon thereafter to respond to sex steroids, as demonstrated by precocious

 puberty in children of both sexes. The schedule of fertility also is regulated by these same gonadal steroids, again as controlled by the

 hypothalamus and pituitary.

 2. Male pattern baldness emerges after puberty and is androgen-dependent in susceptible genotypes that may also be expressed in women
 (Douglass, 1947; Finch, 1990: 541). The cellular basis for baldness is a change in hair follicle cells that produce vellous hairs instead of

 terminal hairs. Adult-onset baldness also normally occurs in the stump-tailed macaque, Macaca nemestrina, an Old World primate (Uno

 et al., 1967) and in the red uacari, Carajao rubicundus, a New World primate (Uno et al., 1969). Male-pattern baldness in primates might
 have evolved through social hierarchy systems in which seniority influences the success of mating.

 3. Abnormal growths in the prostate, whether benign or malignant, are associated with exposure to androgens, but may also be subject to

 estrogens (Ho and Yu, 1993). Age-related benign prostatic hyperplasia is rare in primates or rodents, and appears to be canonical only

 in human males, aged 65 years or more in the few populations surveyed (Finch, 1990: 164-165).

 4. In humans and primates, DHEA mostly circulates as DHEA-sulfate and is the most abundant blood steroid. In humans, DHEA elevations

 precede puberty and are associated with the development of pubic hair. By contrast, rodents have low plasma levels of DHEA and the

 functions of DHEA are unclear. Age-related declines of DHEA begin in both genders of humans before midlife and are among the most

 striking and general changes of any hormone that changes with age in both men and women (Orentreich et al., 1984). Feral baboons

 show similar decreases in both sexes (Sapolsky et al., 1993).

 5. Several studies support the prospective population study of Bullbrook et al. (1971) that subnormal levels of DHEA and other adrenal

 androgens at midlife are associated with increased risk of breast cancer (Schwartz et al., 1988).

 6. Decreased DHEA-sulfate is implicated in cardiovascular disease after 50 (Barrett-Conner et al., 1986), as well as a remarkable number

 of age-related changes. Many age-related disorders, including primary immune responses, cancers, atherogenesis, and bone and joint
 disorders, are strikingly reversed in laboratory animal models by treatment with DHEA (Finch, 1990: 524-526; Daynes and Araneo,

 1992; Araneo et al., 1993; Daynes et al., 1993).

 7. Osteopenia through the loss of compact bone appears to be universal in men and women by 40 years and is accelerated by menopausal

 estrogen deficits (Parfitt et al., 1983; Cummings et al., 1985; Finch, 1990: 170-172). Clinicians prefer the term osteopenia to osteoporosis

 for the general phenomenon, since the former does not have clinical signs such as pain or spontaneous fractures.

 8. Hot flushes are caused by transient vasodilation in the skin of the upper body, which is a common consequence of the loss of estrogen

 at menopause. They are thought to be triggered by hypothalamic thermoregulatory centers (Judd, 1983). These responses to estrogen

 loss require prior exposure to estrogen, as they are absent in gonadally dysgenic adult Turner syndrome patients unless they have been

 treated with estrogen (Yen, 1977; Finch, 1990: 542).

 9. At later ages, abnormal growths in many reproductive tissues are common causes of morbidity and mortality in humans, such as breast

 cancer in women, which shows exponential acceleration in incidence from young adult life onward (Pike et al., 1983; Henderson et al.,
 1993). The cumulative life time risk for breast cancer is about 10 percent (Henderson et al., 1993). Abnormal mammary and uterine

 growths primarily depend on mitogenic stimulation by estrogens.

 10. In humans the adrenal gland may not be essential for normal development, based on the otherwise normalcy of fetuses lacking this gland

 (Rollison, 1986).

 11. In humans, the diurnal rhythms of plasma cortisol and its responses to stress do not change markedly during aging in the absence of

 disease (references and findings in Sapolsky, 1992; Greenspan et al., 1993). These findings contrast with increases of basal plasma

 corticosterone during aging in lab rats (Table 2: note 5). Also in apparent contrast to rats, some sample of human brains did not show

 age-related loss of hippocampal pyramidal neurons that contain high concentrations of corticosteroid receptors; these brains were carefully

 screened to eliminate pathological lesions from stroke or Aizheimer disease (West, 1993). Hippocampal pyramidal neurons are at high
 risk for loss during Alzheimer disease.

 12. In humans, a subgroup of men and women have deficits of GH in association with muscular wasting; GH replacements are restorative

 (Rudman et al., 1981, 1990). More generally, the pulsatile schedule of GH secretions shows diminished frequency and amplitude (e.g.,
 Prinz et al., 1983; Ho et al., 1987). The basis for these changes could include nutrition and exercise, as well as primary hypothalamic

 lesions. Rats show similar changes in GH pulsatile regulation (Table 2: note 8).

 13. While glucose is primarily regarded as a required metabolite and fuel, blood glucose levels also have profound effects on the hypothalamic

 neurosecretions and on behaviors. These functions are a basis for considering that glucose also serves as a hormone. The liver transmits

 information about blood glucose to the brain through the vagus nerve (Donovan et al., 1994). Glucose interacts with cells through specific

 molecules, such as the glucose transporter that is ubiquitously found, and also allosterically regulates phosphorylases in liver.
 14. An adverse effect of continual exposure to glucose during life is the nonenzymatic formation of covalent linkages of glucose to free amino

 groups of proteins. These adducts continue to be modified through complex free-radicle-based mechanisms to yield cross-links between

 proteins that are sometimes referred to as AGE (advanced glycation end products). The formation of these adducts is increased by higher

 glucose concentrations, as in diabetics. A wide variety of age-related dysfunctions is associated with the accumulation of AGEs (Vlassara

 et al., 1994; Sell and Monnier, in press). Another effect of glucose may be through gene memory, as shown by persistent elevations of

 fibronectin mRNAs after brief exposure of primary endothelial cells to glucose (Roy et al., 1990; see Finch, 1990: 425; and Mobbs, 1993).

 15. "Thrifty genotypes" as proposed by Neel (1962) may have been selected because of more efficient storage of reserves as body fat, which

 is also associated with a greater incidence of diabetes (see text, the section on obesity and NIDD, p. 12).
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 TABLE 2

 Pleiotropic Roles of Hormones across Life History: Examples from Nonprimate Vertebrates

 Organism Hormone Developmental stages Adult stages Age-related dysfunctions

 1. lab mice estrogens secreted by neonatal required for sexual cumulative impact of ovarian

 and rats: gonads, with major maturation and estrogens causes dysfunc-

 females, effect on gender dif- pregnancy in tions in control of hypothala-

 males ferences in neuroen- females mic and pituitary hormones

 docrine function' in females2

 the age when fertility is lost in

 female mice is influenced by

 exposure to sex steroids in

 utero3

 2. lab mice prolactin required for breast required for estrogen-dependent pituitary

 and rats: development and lactation tumors secrete PRL and

 females pregnancy induce breast tumors in

 many rat strains4

 3. lab rats: corticosterone modulates brain growth hippocampal corticosteroid-dependent hip-

 males and granule neuron granule neuron pocampal neuron involution

 proliferation and proliferation in and astrocytosis6

 survival in adults is sup-

 hippocampus5 pressed by cor-

 ticosteroids5

 4. lab rats: thyroid a. required for required for nor- handled pups have less hippo-

 males hormones postnatal growth mal metabolism campal pyramidal neuron

 b. neonatal handling in- and adaptation loss7

 creases the sensitivity to cold

 of ACTH to feedback

 by corticosterone ele-

 vations via thyroid

 hormones7

 5. lab rats: growth hormone required for postnatal metabolism; stress GH deficits associated with

 males growth responses wasting syndromes at later

 ages8

 6. lab rats dopamine in the influences the motility of essential neuro- damage to nerve terminals10

 nigro-striatal growth cones in cul- transmitter

 pathway tured neurons9

 7. marsupial cortisol major metabolic major metabolic corticosteroid-dependent

 mice: hormone hormone wasting syndrome of males

 males after mating11

 8. Pacific cortisol major metabolic major metabolic spawning-associated involution

 salmon hormone hormone of digestive organs, immune,

 muscular, and cardiovascu-

 lar systems'2,13

 Notes to Table 2
 1. Gonadal steroids have fundamental roles in sexual differentiation (see Table 1: note 1). Additionally, rodents show major sex differences

 in neuron number and synaptic structures, which are also indicated in humans and primates (Swaab et al., 1992; LeVay, 1993). Many

 sex differences in neuroendocrine and behavioral functions of adults are programmed in development, during which a major mechanism

 in rodents is exposure to aromatizable androgens (e g., Arnold and Jordan, 1988).

 2. Ovarian steroids have an unexpected but now well-documented interaction with neuroendocrine aging in lab mice and rats (Finch et al.,
 1984; Naftolin et al., 1988; Desjardins et al., 1993; vom Saal et al., 1994). Exposure to endogenous ovarian steroids during the adult

 reproductive phase impairs the reproductive neuroendocrine axis in association with impaired regulation of the preovulatory LH surge

 and elevations of prolactin The elevations of prolactin in association with pituitary tumors, in turn, sometimes induce mammary tumors,

 particularly in aging rats (see note 4 below). These changes are largely prevented by ovariectomy in young mice or rats; conversely, most

 ofthese changes are inducible in young rats by chronic exposure to physiological elevations of estradiol. This ovary-dependent neuroendocrine

 aging syndrome is not found in humans (Finch, 1990, pp. 538-545).

 3. Laboratory mice and rats show quantitative effects of sex steroids that arise from the sex of the neighboring fetus, they impact on the

 age-related loss of fertility. These effects are mediated by differences in the estradiol and testosterone levels of individual fetuses (vom
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 Saal, 1989; vom Saal et al., 1994). Female mice that are flanked by females have an earlier loss of fertility during aging than females

 that are flanked by males (vom Saal and Moyer, 1985).

 4. The hypersecretion of prolactin and benign prolactinomas are common in aging female rats and mice (Wolfe et al., 1940; Russfield, 1982;

 Finch et al., 1984). In part, the prolactinemia arises from the stimulation by intermittent elevations of estrogen during the polyfollicular

 ovarian state that is common during the approach to ovarian exhaustion during middle age in mice and rats (Finch et al., 1984; vom

 Saal et al., 1994).

 5. Adrenalectomy increases the growth of the brain in male and female rats (Devenport and Devenport, 1985), with numerous effects on

 specific cells. In the hippocampus, adrenalectomy before puberty in rats causes marked death of hippocampal granule neurons (McNeill

 et al., 1991). Vulnerability of granule neurons to corticosteroid deficits continues into adulthood in rats (Sloviter et al., 1989; Gould et

 al., 1990) and possibly also in humans (Maehlen and Torvik, 1990).

 6. In laboratory rats, degeneration of the hippocampus during middle age and later is associated with cumulative exposure to endogenous

 adrenal corticosterone (Sapolsky, 1992; Landfield, 1994). Some genotypes of laboratory rodents show progressive age-related elevations

 of plasma corticosterone, particularly in males of the F344 and Sprague-Dawley strains (Sapolsky, 1992). Elevations of corticosterone,

 however, were not detected in male C57BL/6J mice (Latham and Finch, 1976). Hippocampal changes include loss of pyramidal neurons

 and hyperactivity of glia. Extensive experiments show that these changes are slowed by reduction of corticosteroids and can be induced

 in young rats by chronic exposure to injected corticosteroids (Landfield et al., 1978; Sapolsky, 1992; Landfield, 1994). Similarly, vervet

 monkeys showed extensive hippocampal damage after chronic social stress (Uno et al., 1989); however, other neurotoxic agents may be

 involved besides elevated corticosteroids, because implants of cortisol caused hippocampal neuron atrophy without neuron death over a

 time equivalent to the social stress (Sapolsky et al., 1990). A conservative view is that glucocorticoids can endanger neuronal survival,

 particularly in combination with ischemia and other factors that by themselves cause neuron death (Sapolsky, 1992).

 7. The postnatal handling of rat pups influences their stress responses as adults by increasing the feedback sensitivity to the regulation of

 ACTH. When adults, handled pups have faster return of corticosterone to basal values after stress. These effects involve the thyroid,

 because the handling experience is mimicked by injections of T4 and blocked by the thyroid antagonist, PTU (Meaney et al., 1987;

 Sapolsky, 1992). At later ages, handled pups show less hippocampal neuron loss, which is attributed to lower cumulative corticosterone

 exposure (Meaney et al., 1988).

 8. Aging rats show pronounced decreases in the pulsatile release of GH (Sonntag and Gough, 1988), which is correlated with decreased

 levels of sommatomedin C (Florini et al., 1985), an insulinlike hormone made by the liver in response to GH that stimulates protein

 synthesis in muscle and bone Exogenous GH increases protein synthesis in skeletal muscle of old rats (Sonntag et al., 1985)

 9. In cultured retinal neurons, dopamine inhibits the motility of growth cones through the DI-receptor type (Lankford et al., 1988). This

 and other examples (Zheng et al., 1994) implicate several neurotransmitters as regulators of neuronal connectivity during development.

 10. Chronic feeding of a dopamine agonist, pergolide, greatly reduced the extent of age-related damage in the nigro-striatal pathway of rats

 (Felten et al., 1992). This protection against age changes is interpreted as the result of manipulating dopamine turnover, which pergolide

 reduces. Dopamine catabolism produces highly reactive oxygen intermediates through the actions of monoamine oxidase (MAO) and

 other pathways. Thus the reduced amount of free dopamine should reduce the amount of oxidizable substrates.

 11. Many species of the mouse-sized, dasyurid marsupials (Indochinese and Phascogale) are semelparous in association with elevated corticosteroids

 (Lee and Cockburn, 1985a,b, Finch, 1990: 95-97). Male A. stuargtz show a wasting syndrome with involution of the spleen, increased
 infections, and intestinal ulcers; females of this species typically survive and do not show major increases in free corticosteroids. In contrast,

 A bzlarnm is perennial (Begg, 1981).

 12. Spawning Pacific salmon show a syndrome of damage in many tissues that resembles Cushing disease, a hyperadrenal syndrome in

 humans. Most Pacific salmon (6 of 7 species in Oncorhynchus) die after first spawning in association with elevations of plasma hydrocortisone

 (Robertson et al., 1961a; Finch, 1990: 83-92). Pathological changes that ensue during spawning in chinook salmon (O tschwatyscha) include

 wasting through the cessation of eating, with degeneration of liver, spleen and kidney. The depressed immune function may be the basis

 for increased fungal infections (Maule and Shreck, 1987). There is also extensive proliferation of intimal cells in coronary arteries (Robertson

 et al., 1961b). A hormonal basis was indicated by hydrocortisone implants (Robertson et al., 1963), which induced the same pathophysiologi-

 cal changes in rainbow trout (landlocked and nonmigratory 0 mykzss) that do not ordinarily die at spawning. The same conclusion was

 drawn from castration of kokanee salmon (0. nerka), which prevents the elevations of hydrocortisone and allowed them to live at least

 twice the usual lifespan (Robertson, 1961). Recent data, however, suggest that the role of elevated glucocorticoids may be less than thought

 and that the osmotic stress and sustained exertions of migration from salt to fresh water may also be important (A. Farrell, pers. commun.).

 Readers of papers before 1990 should be aware that species nomenclature was changed, so that Salmo salar is the same fish as 0 mykzss

 (Smith and Stearley, 1989).

 The adverse effects from elevated corticosteroids can be interpreted as antagonistic pleiotropy. There may be an advantage in mobilizing

 metabolic reserves for a strenuous migration to spawning grounds without the need for further feeding. Spawning Pacific salmon have

 high mortality and show extensive tissue damage, whether or not the population or species is characteristically perennial. Nonetheless,

 occasional Pacific salmon survive spawning, despite presumed damage Considerable survival is seen in the perennially spawning Atlantic

 salmon (Salmo salar), despite coronary vessel pathology that continues to increase after spawning (Saunders and Farrell, 1988; Farrell and

 Johansen, 1992).

 13. Semelparity is not obligate in all species. Rainbow trout (Oncorhynchus mykzss) survive to spawn in subsequent years, as do precociously

 mature males (jacks) in chinooks (Behnke, 1992). Some populations of 0. nmasou may also be perennial (Smith and Stearley, 1989). This
 diversity of adult survival after spawning implies different target tissue responses to elevated corticosteroids, or different environmental

 factors. The corticosteroid-dependent senescence of Pacific salmon is almost certainly recent (Smith and Stearley, 1989; Stearley and

 Smith, 1993; Finch, 1994). No North Atlantic salmon or trout is semelparous; the nearly ubiquitous semelparity apparently evolved since

 the geographic isolation of Pacific salmon in the Miocene (Behnke, 1992). Other migratory salmoniforms show semelparity in temperate

 zone of both hemispheres, e.g. various galaxids (McDowall, 1988; Finch, 1990: 597-598). Fish with histories of migration show the most

 semelparity (Finch, 1990: 596-603).
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 TABLE 3

 Pleiotropic Roles of Hormones across Life History: Examples from Invertebrates

 Organism Hormone Developmental stages Adult stages Age-related dysfunctions

 1. Drosophila ecdysterone' control of larval tissues gonadotropin; controls not studied

 all species that degenerate at vitellogenin

 metamorphosis and synthesis

 differentiation of

 imaginal discs into

 adult structures

 2. many butter- ecdysterone control of color pattern in

 flies with wings2

 seasonal

 color

 changes

 3. D. mercatorum: JH natural mutation that gonadotropin and meta- shorter adult life expectancy

 aa genotype2 indirectly causes pre- bolic hormone in through reproductive

 cocious maturation both sexes; controls costs

 because of deficits in glycogen synthesis

 JH esterase in adult fat body of

 many insects

 4. honey bees JH promote development of transition from hive foraging field bees have very

 eggs with identical bee to field bee short lifespans,

 genotypes into either regulated by 1-2 months5'6

 short-lived workers or elevations of JH4

 long-lived queens

 5. nematode dauer phero- a. regulate larval growth extends total lifespan constitutive dauer mutants

 hormone b. trigger dauer larval by extending devel- have prolonged adult

 arrest opment7 phase8'9

 a natural variant shows slow

 growth"0

 Notes to Table 3

 1. Ecdysone is synthesized by the ring gland under the control of a neuropeptide, prothoracicotropic hormone, and has a major role in

 coordinating gene activity during development (Thummel, 1990; Andres and Thummel, 1992; Guild and Richards, 1992; J. H. Thomas

 et al., 1993). The control of molting by ecdysone is widely indicated for arthropod species and appears to be ancient (Jegla, 1990; Biickman

 and Tomaschko, 1992). Ecdysone and JH may both act as gonadotropins (Klee and Estelle, 1991). Production of the egg yolk protein

 vitellogenin in the fat body is controlled by JH (Steele, 1985), which, in turn, is controlled by brain neurosecretions, which, in turn, are

 controlled by sensory and chemical information from the environment that indicate population density (Matsuda, 1987: 170-171; Robinson,

 1992). Receptors for insect hormones are incompletely characterized; ecdysteroid receptors have alternately spliced forms (see the section

 on hormones and alternative life histories, p. 9).

 2. In the copper butterfly Lycaena phlaeas daimo Seitz, the timing of ecdysterone secretion in the pupa determines the color pattern of the adult

 (Endo and Kamata, 1985). For more details, see Table 5: note 5.

 3. In the Drosophila mercatorum genotype aa (abnormal abdomen), the juvenile cuticle is retained into the adult stage; there are also abnormalities

 in segmentation, bristles and color (Templeton et al., 1989, 1990). Lab stocks of aa have 50 percent shorter median lifespans, but no

 differences in maximum lifespan (Templeton and Rankin, 1978; Templeton et al., 1990). The elevations of JH in aa flies result from

 complex changes involving a differential amplification of rRNA genes in somatic cells during polytenization; consequently, relative to

 other genotypes, there is a relative deficit of rRNA and ribosome production in the fat body (De Salle et al., 1986; Templeton et al.,

 1989). One consequence of the ribosome deficit is the absence of the usual surge in synthesis of JH esterase, an enzyme that inactivates

 JH, and that in turn allows JH to remain high, thereby accelerating eclosion. This example illustrates how mutations with tissue-specific

 effects on rRNA gene amplification show effects of natural selection that would not a priori be associated with hormones.

 4. JH is a major regulator of development in honey bees. Besides functions shared with other insects, JH secretions determine whether larvae

 develop into workers or queens (Asencot and Lensky, 1976; Winston, 1987). In response to certain characteristics of food provided by

 nurse bees, which include the food volume and sugar content, the larval corpora allata varyJH secretion. JH levels then determine whether

 the ovarioles will degenerate, leading to sterile workers, or survive, leading to queens. Here the same hormone determines two major

 features of life history, the nature of the molt and the special role of JH in worker-queen differentiation. These choices have a profound

 impact on the duration of total lifespan and characteristics of senescence.
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 5. An important factor in the lifespan of winged insects is mechanical damage to the irreplaceable and brittle wings of adults, that is, mechanical

 senescence (Finch, 1990: 66-70; Cartar, 1992). Lepidoptera have a periodic withdrawal of hemolymph from all wing veins into the thorax,

 a process that may have evolved to minimize the loss of hemolymph in inevitable damage to wing tracheoles; wing structures of fossil

 insects suggest that similar mechanisms could have been present in early insects (Wasserthal, 1982). Neukirch (1982) hypothesized that

 field honeybees had a maximum 800 km of potential flight. Worker bees and locusts show strong hormonal controls over flight activity

 that are associated with life shortening. In locusts and other migratory insects, JH has important roles in coordinating dispersal and

 oogenesis (Rankin and Burchsted, 1992); although other hormones are implicated, ecdysteroids are not (Pener, 1985). In some cases,

 migratory forms clearly have shorter adult lifespans (Denno et al., 1989; Rankin and Burchsted, 1992). The role of mechanical damage

 from these JH-stimulated flights to the shortened lifespan is unclear. It is generally thought, however, that JH elevations coordinate both

 flight and oogenesis in adult migratory insects.

 6. The division of labor in different castes of social insects is strongly controlled by hormones (Huang et al., 1991; Robinson, 1992). The

 transition from nurses (hive bees) to foragers (field bees) is associated with sharp increases of mortality during the onset of foraging. Young

 adult hive bees attend the queen, nurse her brood, and feed mostly on protein-rich pollen; hive bees fly little and show no mechanical

 wear on their wings. The much lower mortality of workers born in later summer weeks and hence spend the winter as hive bees is followed

 by sharp increases in mortality when they resume foraging as field bees in the spring (Sakagami and Fukuda, 1968; Finch, 1990: 69-71).

 Associated with this transition from hive to field are major endocrine changes: JH biosynthesis and hemolymph levels increase about

 tenfold (Huang et al., 1991). Exogenous JH can also prematurely induce foraging flights that are then associated with shorter lifespan

 (Jaycox et al., 1974; Rutz et al., 1977). A natural equivalent of these experiments is the postponement of foraging in workers born late

 in the summer and hence overwinter in the hive with low JH levels (Fluri et al., 1982); delay of foraging flights extends lifespan by six

 to nine months.

 7. Caenorhabditis and other soil nematodes can vary the duration of development in response to the dauer "pheromone" (see discussion on

 urinary olefactants, p. 26). Dauer larvae are sometimes referred to as "nonaging." The arrested development can last up to 70 days without

 ill effects, which expands the total lifespan from embryo to senescence by threefold (Klass and Hirsh, 1976). When development is resumed,

 the adults continue into senescence (Cassada and Russell, 1975; C. L. Anderson, 1978; Johnson et al., 1984), with a typical two to three

 week adult phase that culminates in exponential increases in mortality (Johnson, 1990; Brooks et al., 1994). A neural mechanism is

 implicated in the decreased feeding and pharyngeal pumping during senescence that precedes death. The neurotransmitter serotonin

 reactivated pharyngeal pumping in about 50 percent of worms tested (F. Rothman, pers. commun.).

 The arrest of development when food is scarce appears to be adaptive. Dauer larvae continue to swim, but are less active; pharyngeal

 pumping ceases. The dauer pheromonal activity is small (<1000 kDa) and chromatographs like a mixture of short-chain hydroxylated

 fatty acids (Golden and Riddle, 1982). Both Caenorhabditis elegans and C. briggsae produce a similar dauer hormone activity to which either

 species responds. Other soil nematodes, however, do not produce dauer pheromonal activities recognized by Caenorhabditis.

 Several nematode species have neurons with morphological changes during molting that suggest neurosecretions, which are not identified

 (Barker et al., 1990). C elegans has monamine and amino acid neurotransmitters that are candidates for regulating development, reproduc-

 tion, or metabolism. In view of the importance of ecdysteroids in insects, it is interesting that C elegans contains ecdysone both as larvae

 and adults (Barker et al., 1990; Chitwood and Feldlaufer, 1990). Nematodes do not synthesize ecdysteroids from cholesterol, but might

 obtain them from plants. There is no evidence that ecdysteroids are required for molting or other life history transitions in Caenorhabditis.

 Competence for cell response to the dauer pheromone is time-gated, since larval worms do not respond until the end of LI; responses

 to the dauer hormone may be reduced after L2 (Golden and Riddle, 1984). The dauer pheromone also slows the growth independently

 of triggering the dauer larvae. At most concentrations of dauer hormone and food availability, a fraction of the larval population does

 not arrest (Golden and Riddle, 1982). The growth rate is slowed during L2 with continued exposure to the pheromone, delaying the

 second molt, but without later effects up through the onset of egg laying (Golden and Riddle, 1984).

 8. Some mutations are in genes with DNA sequences that are similar to vertebrate genes in hormone systems: daf-1 (dauer constitutive),

 with some sequence similarity to the mouse activin receptor (Matthews and Vale, 1991); daf-12, which belongs to the steroid/thyroid

 hormone receptor superfamily (Larsen et al., 1994). The most recent model arranges two groups of Daf genes that act in parallel pathways

 that process sensory information controlling dauer formation (J. H. Thomas et al., 1993).

 9. The constitutive dauer mutants daf-2 has twofold longer adult phases (Kenyon et al., 1993); see the section on nematodes, p. 11.

 10. A natural variant with slow growth (CB4512) was isolated from a desert canyon population of Caenorhabditis (J. Hodgkin and P. L. Larsen,

 pers. commun.). This variant also showed resistance to heat stress, but reduced the fertility, which might trade-off with increased heat

 resistance. Other induced mutations (age-i) increase the lifespan, without altering development (Johnson, 1990); age-1 also has increased

 resistance to oxidative damage (Larsen, 1993b). Of interest to evolutionary theories, in the daf-2 mutant with constitutive dauerlarvae

 that showed increased adult life-span, the brood size was reduced by about 25 percent (Kenyon et al., 1993; Partridge and Harvey, 1993).

 TABLE 4
 Pleiotropic Roles of Hormones across Life History: Plants

 Organism Hormones Stages

 flowering auxins, cytokinins, a. some or all have key roles in each species in regulating growth and maturation

 plants gibberellins, b. some or all are associated in each species with organ or whole plant senescence

 abscissins, ethylene after reproduction
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 Notes to Table 4

 Because of numerous species differences in the complex interactions of plant hormones at different life history stages, it was not feasible

 to present the life history role of a single hormone as is done for animals in Tables 1 through 3. Humoral mechanisms are regulators of life

 histories throughout the plant kingdom, and include the five major chemical classes of plant hormones. Numerous other diffusible substances

 serve as hormones in one or another species (Leopold and Nooden, 1984; Raven et al., 1986; Davies, 1987). Both vascular and nonvascular

 plants develop from embryos, which grow and differentiate under the control of hormones. The regulation by hormones of growth, differentiation,

 leaf abscission, fruit ripening, and dormancy are highly complex processes, and not easily explained as responses to single hormones (Klee

 and Estelle, 1991).

 Many flowering plants are semelparous like Pacific salmon, and die in a dramatic involution (whole plant senescence) that is hormonally

 controlled. Among many spectacular examples are the species of bamboo (Phyllostachys) that die "gregariously" as entire stands, after growing

 for 60 to 120 years before they flower (Janzen, 1976; Soderstrom and Calderon, 1979). More extreme may be Puya raimondnl, a pineapple

 relative that matures as late as 150 years, which is also its lifespan (Raven et al., 1986: 447; P. Raven, pers. commun.). In shorter-lived

 annual plants that die after their first flowering, numerous studies show that removal of buds before flowering will abrogate senescence and

 maintain vegetative growth far beyond the usual lifespan (Leopold et al., 1959; Nooden and Leopold, 1988; Finch, 1990: 98-102). Besides

 whole plant senescence, local degenerative changes occur in leaves, stems, and other organs in a highly regulated fashion; numerous hormones

 functions vary between species (Nooden and Leopold, 1988; Davies, 1987).

 Plant biologists emphasize the genomic totipotency of somatic cells, or the potential for individual somatic cells to regenerate a complete

 plant. This view is based on robust experiments that derived sexually viable whole plants (angiosperms) from individual somatic cells (Steward

 et al., 1964; Steeves and Sussex, 1989: 348-360). The somatic-cell derived embryos display virtually all traits observed in zygotic embryos,

 including the production of stage-specific storage proteins (Crouch, 1982). As a recent example, viviparous budding in leaves can be induced

 by cytokinins (Estruch et al., 1992) The conclusions that somatic cells in plants are genomically totipotent also derive from the general

 observations that the germ cell lineage in plants is differentiated from somatic cells just before reproductive organogenesis (Buss, 1987; Steeves

 and Sussex, 1989: 185-200). Overall, the various types of senescence in plants are considered to be hierarchically regulated, through hormonal

 signals that originate outside of senescing plant tissues.

 Whatever the molecular basis of hormone action, no one could doubt that plants evolved mechanisms to meet the same needs served by

 the neurohumoral system of animals. Plants, no less than animals, must coordinate their life history transitions with microenvironmental

 conditions of temperature, light, nutrients, and population density, so as to optimize for an individual the timing of developmental and

 reproductive events, including the allocation of resources between growth and reproduction. The integration of chemical and physical environ-

 mental information is, of course, not accomplished in plants by animal-styled neurons. Other specialized cells and organelles transduce

 environmental information, for which the molecular basis is little understood.

 TABLE 5
 Other Examples Implicating Hormonal and Neural Mechanisms in Life History

 A. Death in association with reproduction

 Four examples show involution after mating, usually in association with cessation of feeding; the neural control

 of feeding behavior is implicated as a primary cause. As discussed in the notes, related organisms may not show

 this involution.

 1. Cephalopod mollusks, Octopus'

 2. Gastropod mollusks, such as Aplysia2

 3. Male spiders, such as the tarantula Eurypelma californica3
 4. Nereid polychaetes, such as Nereis diversicolor4

 B. Developmental polyphenisms5

 1. Seasonal color changes in polyphenic butterfly species are controlled by photoperiod with neuroendocrine

 transduction. Ecdysone regulates the development of wing coloration, which differs in broods hatched in

 spring versus summer; Lycaena6 is an example.

 2. Seasonal morphs in the caterpillar are regulated by tannins, whose structure might allow binding to hor-

 mone receptors.7

 3. Induction of males in parthenogenetically reproducing rotifers is subject to population density, which implies

 chemosensory mechanisms.8
 4. Induction of males in parthenogenetic rotifers is influenced by vitamin E, for example, Asplanchnia9; the

 sensitivity to vitamin E is subject to population density.9

 5. Predator-induced shell dimorphisms in a barnacle Chthamalus.10
 6. Exposure to subtle variations in sex steroids during development causes graded influences on adult behavior

 and reproductive aging.1"
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 Notes to Table 5

 1. Cephalopod mollusks show spectacular examples of death at spawning (semelparity), which appear to involve neural and endocrine

 mechanisms. It is common among small species of Octopus for both sexes to die after spawning in association with the cessation of feeding,

 rapid weight loss, and loss of control of protective color changes (Van Heukelem, 1979). The post spawning involution of 0. hummelincki

 was prevented by removing the optic gland just after spawning, which increased lifespan severalfold (Wodinsky, 1977). Some other

 cephalopods, however, are iteroparous, including Octopus chierchiae and Nautilus (Finch, 1990: 78).

 2. Gastropod mollusks are generally iteroparous and lay eggs for extended periods during lifespans that range from 2 to 3 months (Stylochellus

 longicauda) to 5 years (Dolabella auricularia) (Finch, 1990: 79). In at least three species (those just named plus Aplysia californica, death is

 preceded by an involution that suggest neural and endocrine changes, because of weight loss and decreased feeding, prolonged inactivity,

 loss of muscle tone, and depigmentation. In A californica and A juliana, delayed reproduction increases lifespan (Hirsch and Peretz, 1984;

 Finch, 1990: 78-80; Hadfield and Switzer-Dunlap, 1990). During aging, there are differential changes in mRNAs for neuropeptides: The

 mRNA for egg-laying hormone (ELH) increases 25-fold in abdominal ganglia, while that for FMRFamide may decrease (Kindy et al.,

 1991). Roles of neuropeptides in metamorphosis or other aspects of development seems likely.

 3. Male spiders of many species die soon after their first mating, while the females may survive for years. A striking example is the tarantula

 Eurypelma californica: Males stop eating and die with shrunken abdomens within a month after maturing, typically by 8 to 10 years; they

 may mate with up to four different females (Baerg, 1920). Females continue to molt and reproduce, and may live for more than 25 years

 (Baerg, 1963; Finch, 1990: 77-78).

 4. Most nereid polychaetes show strict semelparity with cessation of feeding. However, in Nereis diversicolor, repeated implantation of cerebral

 ganglia fromjuvenile donors blocked spawning and caused gamete resorption; cycles of gametogenesis and gamete resorption were stimulated

 repeatedly by gangliar transplantation and with no signs of senescence, as indicated by the persistence of feeding and regeneration of

 segments (Golding and Yuwono, 1994; Finch, 1994).

 5. Mayr (1963: 150) introduced the term polyphenism to describe phenotypic variations in a population that were not genetic polymorphisms

 (Shapiro, 1976; Nijhout, 1991). Seasonal changes in morphology are also described as cyclomorphosis (Black and Slobodkin, 1987;

 Dodson, 1989). A wide range of polyphenisms have been described, some of which are mediated by neural and endocrine mechanisms.

 6. Neuroendocrine mechanisms in seasonal polyphenisms are proven for several species of butterflies, in which insects born at different

 seasons differ in color patterns on their wings and entry into pupal diapause. For example, in the small copper butterfly Lycaena phlaeas

 daimio, adults that eclose in the spring have red wings, while summer adults are browner. These differences are regulated by the photoperiod,

 which in turn acts via the brain to time a pulse of ecdysteroids; the proof included transplantation of brains between pupae that were

 exposed to different photoperiods and manipulation of ecdysteroids (Endo and Kamata, 1985). Several other butterflies have seasonal morphs,

 in which color, diapause, and/or mating behavior are under conditional neuroendocrine control through temperature and photoperiod (Endo,

 1973; Endo and Funatsu, 1985; Koch and Biuckmann, 1987, Endo et al., 1988, 1992).

 Nijhout (1991: 200) suggests that photoperiodic control of seasonal coloration will generally involve neuroendocrine mechanisms, which

 are widely believed to be the main mechanism throughout insects for polyphenisms involving caste, color and phase (timing of diapause

 and other developmental events). Other mechanisms could coexist, such as the influences of temperature on chemical reactions leading

 to coloration. The colored wing scales differentiate during bursts of mitoses in the imaginal discs of later-stage larvae; differential proliferation

 is a likely basis for the alternate color intensities (Nijhout, 1990, 1991, 1994). Locally acting hormones may include molecules related to

 the growth factors (wg and dpp) that are secreted in Drosophila during limb morphogenesis (Carroll et al., 1994). The basis for seasonal

 differences is generally due to the background coloration or the size and color of pattern elements, rather than their shape or position.

 7. In the caterpillar Nemoria arizonaria, seasonal differences in the morphology and the developmental schedule are driven by dietary factors,

 particularly the tannin content (Greene, 1989). As suggested by Greene, tannins are heterogeneous phenolic polymers that might interact

 with hormone receptors. The normal hormonal ligands of ecdysteroid or juvenile hormone receptors share with tannins the general

 characteristics of polycyclic and unsaturated groups that might structurally overlap. Neurotransmitterlike drugs gave many models for

 such interactions, such as the receptors for dopamine, which have a single phenolic group, are activated by a remarkable range of polycyclic

 compounds (Seeman, 1980). "Orphan" hormone receptors of flies and moths, in which the ligand is unknown (Koelle et al., 1992; Palli

 et al., 1992), might be screened for ligand binding of tannins.

 8. Population density influences developmental polyphenisms, and implies chemosensory mediation, as in the dauerlarval stage of Caenorhabditis

 (Table 3). In certain asplanchnid rotifers, the presence of males (facultative sexuality in mictic females) is induced by population density

 (Gilbert and Thompson, 1968; Gilbert, 1980a,b). In the rotifer Notommata, photoperiod is also a factor in the induction of males (Pourriot

 and Clement, 1975).

 9. In Asplanchnia, vitamin E concentration is also a factor in inducing the presence of males. A major natural source of vitamin E in the

 rotifer diet is from photosynthetic algae, which pass through a food chain into organisms that are the prey of these asplanchnids. Three

 asplanchnid species differ widely in their sensitivity to vitamin E; moreover, these species differ in sensitivity to vitamin E as a function

 of population density (Gilbert, 1980a,b). Among the cellular mechanisms, vitamin E influences the rate of development and DNA endorepli-

 cation in these rotifers (Gilbert, 1980b). It is unknown whether these are direct effects on dividing cells; alternatively, they could be

 mediated hormonally, as is the case in the imaginal discs of insects. Little is known about the neuroendocrinology of rotifers.

 10. In the barnacle Chthamalus anisopoma, a snail predator induces barnacle larvae,to develop a shell with a shape that resists attack by the

 snail (Lively, 1986). In this and other examples of predator-induced changes in development (Dodson, 1989), chemosensory mechanisms

 are plausible transducers. No neuroendocrine data are available.

 11. Effects of the steroidal environment during development is not usually considered in the context of developmental polyphenisms. In fact,

 these epigenetic influences through the maternal environment have the same net effect of allowing the same genome to be programmed

 for different behaviors, as observed for the influence of the sex of the fetal neighbor in rodents on adult behavior and reproductive schedule

 (see Table 2: note 3). In the canary, testosterone content in the maternal yolk is correlated with adult social rank (Schwabl, 1993;

 Winkler, 1993).
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 TABLE 6
 Nucleotrophic Hormone Receptors: Examples Associated with Hormonal Changes during Development

 and Other Life History Phases

 Receptor/ # Genes Alternate splicing Alternate transcript Genetic polymorphisms
 animal (chromosome #) (# of exons) initiation or mutants

 Androgen'

 human 1 (X) yes (8) yes

 mouse 1 yes

 rat 1

 Corticosteroid type J2

 human 1 (5) yes

 mouse

 rat

 Estrogen3

 chicken

 human 1 (6) yes (8) yes

 mouse

 rat

 Progesterone4

 chicken 1 yes (8) likely likely

 human 1(11) yes (8) yes

 rabbit 1

 Vitamin D5

 rat 1

 human 1 (12) yes

 Thyroid (T3)6

 chicken 2

 frog 4 yes (12) yes

 human 2 (3,17) yes yes

 rat 2 yes yes

 Ecdysterone

 Drosophila7 1 yes

 Notes to Table 6

 1. Androgen receptor (AR, X chromosome): Exon I in humans has extensive polymorphisms in the length of a tandem repeat (CAG)n,

 which encodes glutamine (mean 21 repeats, range 17-26) (Lobaccaro et al., 1992; Sleddens et al., 1992). Testicular feminization may

 occur through mutations in the AR that impair androgen binding, a rare disorder (1/65,000) in XY males; for other rare receptor disorders,

 see Griffen (1992) and Wilson and Goldstein (1975).

 2. Corticosteroid type I receptor (glucocorticoid receptor, GR, on chromosome 5q31, near to cytokine gene cluster): Alternative splicing

 yields two main receptor forms (ca, 777 amino acids; ,B, 742 amino acids); another mRNA is also transcribed from this gene. A related

 gene occurs on chromosome 16 (Hollenberg et al., 1985). A polymorphism (RFLP) in the GR locus was correlated with obesity and

 hyperinsulinemia in women (Weaver et al., 1992); genetic linkage of the RFLP to the GR does not prove that the GR itself is function-

 ally altered.

 3. Estrogen receptor (ER, chromosome 6p25.1, not on the same arm as the MHC): Alternate spliced ER variants are found in normal

 tissues (Murphy and Dotzlaw, 1989; McGuire et al., 1992). A splice-variant ER in rat brain is predicted to lack steroid binding (Skipper

 et al., 1993). There is also evidence for an alternate transcription initiation site in the human ER gene (Keaveney et al., 1991). Functional

 differences between ERs in cancerous breast tissues are associated with the responsiveness to therapy with estrogen antagonists (antisteroidal

 therapy) (Murphy and Dotzlaw, 1989; McGuire et al., 1992).

 Human ERs have a polymorphism, the B' allele that occurs in several ethnically different populations (Lehrer et al., 1993; Taylor et

 al., 1992). The B' allele differs from the wild-type B allele by a silent (coding-neutral) mutation in codon 87. In a subgroup of women

 with the B' alleles who also had breast cancers that contained ERs (not all breast cancers do), the incidence of spontaneous miscarriage

 was threefold higher; the B' allele was not associated with miscarriage rates in women without recognized breast cancer (Lehrer et al.,

 1993). Because ER concentrations are lower in breast cancers of women with the B' allele, another mutation may be linked to B', possibly

 elsewhere in the ER gene. These findings should be regarded as tentative and require confirmation with larger samples. Other variants

 found by McGuire et al. (1991) could also have clinical significance.
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 4. Progesterone receptor (PR, chromosome llq22): Human and chicken PRs have two major isoforms: A (94 kDa) and B (120 kDa), which

 are functionally distinct and can activate certain genes differentially (Kastner et al., 1990). The chicken PRs are encoded by a single gene

 with 8 exons that yield 6 mRNA sizes (Huckaby et al., 1987; Jeltsch et al., 1990). In humans, there are >9 mRNA size classes that

 originate from alternate splicing and alternative initiation sites (Wei et al., 1990). Other mRNAs from the chicken gene arise from the

 failure to excise an intron and from multiple polyadenylation sites (Jeltsch et al., 1990). The rabbit gene appears to be similar (Jeltsch

 et al., 1990). Human breast cancer cells have a huge range (>105) of different PR concentrations (Graham et al., 1992). Genetic polymor-

 phisms in chickens are indicated from sequences obtained by two labs (see Figure 3 legend ofJeltsch et al., 1990, compared with Huckaby

 et al., 1987).

 5. Vitamin D receptor (VDR, on chromosome 12q): Humans have a single gene that appears to be part of a syntenic group on chromosome

 12q, with a counterpart in rat; the group includes genes encoding transcription factor Spl, phenylalanine hydroxylase (PAH), and the

 retinoic acid receptor y (RARG) (Szpirer et al., 1991).

 Rare mutations in the VDR cause congenital bone malformations from vitamin D-resistant rickets; the more common form of rickets

 is due to vitamin D deficiency (see Morrison et al., 1992 for these and subsequent references). Two common alleles in the VDR gene

 (detected as RFLPs) were in linkage disequilibrium. The B allele is highly correlated with elevated serum osteocalcin, a vitamin D-responsive

 protein encoded on chromosome 1. Serum calcitonin indicates bone formation and correlates with genetic diversity in bone density.

 Transacting factors may mediate pleiotropic effects of the VDR alleles. Analyses of twins showed that the B allele conferred a dose dependent

 effect on bone density, which implies a major risk factor in postmenopausal osteoporosis with spontaneous fractures (Morrison et al.,

 1994); see the section on steroid hormone receptors (p. 12).

 Allelic variations in VDR may have been subject to the powerful selection against rickets at higher latitudes, which is associated with

 racial differences in the levels of osteocalcin and calcitriol. A basis for selection of VDR alleles that pleiotropically enhance resistance to

 rickets is a greater mortality risk of mother and child during childbirth when the maternal pelvis is malformed by rickets.

 6. T3 receptor (TR): The few vertebrates examined have >2 genes that encode two major classes of receptor isoforms, TRca and TR,B that

 are encoded by the genes ca and i3 c-erbA, which belong to a branch of the c-erbA superfamily that includes the retinoid/thyroid/vitamin

 D receptors (Evans, 1988; Brent et al., 1991; Chin, 1991). The rat pituitary has a variant receptor TR132 that is attributed to a tissue-specific

 promoter also found in the brain, where it is highly restricted to the cochlea (Bradley et al., 1994). Rat tissues contain other splicing

 variants, collectively referred to as a2, that do not bind T3. In humans, a mutant TRI3 gene has a deletion that is associated with deafness,

 but no other neurological abnormalities (references in Bradley et al., 1994). Numerous other mutants in TR genes have clinical significance

 (McKusick, 1994).

 Xenopus has two related genes for each TRca and TR,B receptor type (Kanamori and Brown, 1992; Shi et al., 1992). The TR,B genes

 have >12 exons and complex splicing patterns. Each TR,B gene has >2 promoters, one of which is regulated selectively by triiodothyronine

 (Shi et al., 1992). Other TR mRNAs vary between tissues in Xenopus, but are not functionally described (Kawaraha et al., 1991).

 7. Ecdysterone receptor (EcR): Drosophila has three EcR isoforms with a common DNA and ecdysone binding domain in the C-terminal

 region, but isoform-specific N-terminal sequences that result from overlapping transcription units with different promoters (Talbot et al.,

 1993). Each EcR isoform is associated with different responses to ecdysone at metamorphosis that lead to involution of select neurons

 and larval tissues, but also to the growth and differentiation of imaginal discs into adult structures (Robinow et al., 1993; Talbot et al.,

 1993). The EcR interacts with other proteins encoded by ultraspiracle genes (USP), which are required for activity (see the section on

 hormones and alternative life histories, p. 8).

 8. Growth hormone and prolactin receptors: Humans, primates, and some other mammals have multiple hormone isoforms secreted by the

 placenta and the pituitary. A complex picture of many species differences is emerging, in which the prolactin-growth hormone family is

 evolving rapidly (Wallis, 1992). For example, humans (but not other primates examined) have a cluster of closely related genes for the

 placental growth hormone-prolactin gene family, five genes on chromosome 17 (Ogren and Talamantes, 1994). The functions of these

 placental hormones are not known. Receptors for prolactin and growth hormone belong to the hematopoietin receptor superfamily; their

 structures and evolution are little understood (Cramer and Talamantes, 1993). These developmental hormone isoforms may also act on

 adult-type pituitary hormone receptors that are expressed in the fetus.

 9. Insulin-like growth factors (IGF): The multiple IGFs and IGF binding proteins show extensive species differences. For example, chinook

 salmon (Oncorhynchus tsawytscha) have >2 IGF-I genes, whereas mammals and hagfish have one; alternate splicing may be extensive and

 there are suggestions of heterozygosity (Wallis and Devlin, 1993). In mice, IGF-II is coded by one gene; in IGF-II knockout mice, growth

 is slower during development but normal postnatally, which implies stage-specific requirements for IGFs (Filson et al., 1993). Multiple

 IGF-binding proteins change in prevalence during development and may regulate the availability of these growth factors (Schuller et

 al., 1993).

 10. Neurotransmitter receptors: Extreme diversity in receptors is found in some neurotransmitters (paracrine and autocrine hormones), which

 have multiple membranous receptors that are formed from >2 subunits. The combinations of different subunits yield multimeric receptors

 that evoke diverse cell responses. For example, the receptors for acetylcholine (Claudio, 1989) and glutamate (Nakanishi, 1992; Seeburg,

 1993; Sheng et al., 1994) have subunits that are restricted to particular cell types or developmental stages, or that occur in different

 proportions according to cell type or developmental stage. Glutamate receptors also show alternate splicing of the mRNA encoding certain

 subunits, which further increases the physiological diversity and subtlety. Of great interest because there are few other examples, in

 mammals there is evidence for posttranscriptional RNA editing in the GluR6 protein, through which one gene gives rise to seven different

 edited forms that vary in prevalence between brain regions (Seeburg, 1993).

 While many of these have alternatively spliced mRNAs that differ between cell type, some dopamine receptor genes lack introns and

 therefore could not contribute to receptor diversity through alternate splicing. Similarly, receptors for the neurotransmitter dopamine are

 a highly diverse set of guanyl-cyclase-coupled proteins (G-proteins) that are encoded by genes for pharmacologically distinct receptors

 (D1-D5), some of which have multiple genes, for example, the D5 dopamine receptor has three genes, each located on a different chromosome

 (Grandy et al., 1992). Alternate splicing further increases this diversity, probably through the sequences that interact with G-proteins

 (Monsma et al., 1989).
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 II genes is stimulated in many cell types by

 interferon--y, which is the best example of co-

 ordinate gene regulation in the MHC. Spe-

 cial symbols are used for the MHC locus in
 each species (for example, H-2 in mice and

 HLA in humans). MHC genes are also found
 scattered on other chromosomes in many verte-

 brates (Hedrick, 1992; M. M. Miller et al.,

 1994).

 This ancient system of genes has a similar

 overall organization in the vertebrates exam-
 ined. Species do differ, however, in the partic-

 ular genes congregated at the MHC locus and

 in the numbers of closely related genes that

 appear to have arisen through duplication.
 The species differences in the numbers and

 types of genes, when considered with the pres-

 ence of numerous pseudogenes, present a pic-

 ture of restless evolution in MHC genes ". .
 that are in various states of health or decay"
 (Trowsdale, 1993). Recombination frequen-

 cies in the human MHC generally resemble
 those elsewhere in the genome. However, the
 MHC has hot spots of recombination, as well

 as extensive regions (e.g., 100 kb) in which
 recombination has never been detected (Ling
 et al., 1993; Trowsdale, 1993; McAdam et
 al., 1994).

 Different combinations of alleles at the MHC
 loci are referred to as MHC haplotypes. Al-
 leles of class I and II genes influence the strength

 of antigen presentation that for certain haplo-
 types can be weak (MHC restriction), while
 other haplotypes give strong immune responses
 to the same antigen. Genetic variants in MHC
 genes influence numerous life history traits,
 from lifespan to fitness components to enzyme

 activities to transcription. In lab mice, life-

 spans are correlated with MHC haplotypes
 across a range of short-lived and long-lived
 genotypes. The effects on lifespan are gener-
 ally small and no Methuselah genes are iden-
 tified (Smith and Walford, 1990; Crew, 1993;
 Yunis and Salazar, 1993).

 The following summary illustrates MHC
 allelic effects by species.

 MHC Allelic Influences on Lifespans in Mice

 Smith and Walford (1977) examined the sur-
 vival patterns of a set of inbred mouse strains
 that differed in MHC (H-2) haplotypes. The
 experiment included strains in which the H-2

 regions from various haplotypes were inserted

 onto common background strains by back-
 crossing (congenic strains). The longest life-
 spans in males were associated with the H-2r

 haplotype, which lived five months longer than

 H-2k; smaller effects were seen in females for
 this comparison. The mean lifespans of these
 strains would be considered within the normal
 range under good conditions of husbandry,

 about 26 to 30 months. H-2r mice also had

 maintained female fertility to later ages than

 other strains (Lerner et al., 1988); of perti-
 nence to evolutionary arguments, the lifespans

 correlated with the age of last litter in a com-
 parison of four strains. Moreover, H-2r mice

 showed slower age changes in some immune

 functions (Meredith and Walford, 1977; Crew,
 1993). The shortest-lived strain (B1O.F) car-

 ried a murine leukemia virus (MuLV) that

 was transmitted by cross-fostering and that

 caused premature greying and early onset lym-

 phoma (reviewed in Finch, 1990: 332-333).
 These correlations of H-2 with lifespan were
 repeated a decade later (R. Walford, unpub.,

 cited in Crew, 1993).
 Yunis and colleagues also studied H-2 con-

 genics that included recombinants for different
 MHC genes. The D end of the MHC contains

 alleles that consistently influenced lifespan (Gel-
 man et al., 1988, 1990; Yunis and Salazar,
 1993). Loci on other chromosomes are also

 indicated from backcrossing. As observed by

 Smith and Walford (1977), associations of H-2
 alleles with lifespans differed by sex (Yunis et

 al., 1984). Viral infections (murine hepatitis

 and Sendai viruses) also impact on lifespan

 and are influenced by alleles in the H-2 and

 elsewhere (Yunis and Salazar, 1993).

 Several proteins encoded by MHC genes
 correlated with lifespans in mice. Aryl hydro-
 carbon hydroxylase (a mixed function oxidase

 that activates carcinogens) was positively cor-
 related with inducibility and lifespans in mice

 of background strains differing in H-2 haplo-
 types; however, no correlations were observed
 in a comparison of congenic H-2r (B I0. RIII)
 with its background strain (B10) (Koizumi
 et al., 1986). The Ah locus encodes an aryl
 hydrocarbon receptor and has alleles that influ-
 ence its affinity. Nebert et al. (1984) found in-

 teractions between these alleles, fertility and
 lifespan. As another example, mouse popula-
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 tions have numerous alleles that are lethal or
 that cause sterility in their t complex, which

 is near the murine MHC. The basis for the

 maintenance of these balanced lethal gene sets

 is poorly understood (Klein, 1986).

 In all of these studies, specific pathological

 lesions have an unquestioned influence on the

 lifespan. It cannot be concluded, however,

 that genetic susceptibility to spontaneous or
 virally induced gross pathologic lesions is the

 only determinant of lifespan. (For more exten-

 sive discussion, see Finch, 1990: 325-330; Ler-
 ner and Finch, 1991; Crew, 1993; Yunis and

 Salazar, 1993.)

 MHC Influences on Lifespans in Humans

 Although there are no strong MHC influ-

 ences on longevity in humans (reviewed in
 Yunis and Salazar, 1993), certain MHC hap-

 lotypes are associated with increased risk of

 inherited diseases that may shorten life expec-

 tancy. Quite a diverse group of MHC-linked
 inherited diseases emerge after puberty and
 have their greatest impact during midlife, when
 reproduction is typically declining (reviewed

 in Klein, 1986; Klitz, 1992; Grahovac et al.,
 1993). The strongest examples involve auto-

 immune etiology: insulin-dependent diabetes
 (IDD, type I, with typical onset at puberty,

 distinct from NIDD described above), anky-
 losing spondylitis (onset after 30 years), rheu-

 matoid arthritis (onset, 20-40), and multiple
 sclerosis (onset, 20-40). While a minority of
 the MHC haplotype carriers develop these
 diseases, the haplotype incidence is dispro-
 portionately high in the afflicted. Thus, these
 haplotypes are best viewed as risk factors with
 environmental interactions.

 IDD shows gene-environment interactions

 with an infectious virus that affects hormonal
 and immune functions. IDD is commonly caused
 by autoimmune destruction of pancreatic
 ,3-cells by autoreactive T cells and is relatively
 prevalent in a few MHC haplotypes involving
 MHC class II genes in humans (Todd, 1990;
 Mijovic et al., 1991). The endogenous anti-
 gen of the /3-cells in IDD proved to be glu-
 tamic acid decarboxylase (GAD), which also
 makes the neurotransmitter glutamate (At-
 kinson et al., 1993; Kaufman et al., 1993).

 Moreover, GAD has a sequence with high
 similarity to a 24-amino acid peptide also found

 in Coxsackievirus B, which is predicted to be

 highly antigenic and a molecular mimic for

 GAD (Kaufman et al., 1993). This molecular

 similarity may be the basis for the epidemio-

 logical association of Coxsackievirus infections

 with IDD (see Kaufman et al., 1993). The

 prevalent MHC haplotypes in IDD thus may

 enhance antigen presentation by Coxsackie-

 virus proteins. Very recent evidence also indi-

 cates MHC associations with NIDD (Hashi-

 moto et al., 1994).

 The MHC in Reproduction and Metabolism

 The MHC is proving to have broad influ-

 ences on reproduction, ranging from behav-

 ior to molecular responses of hormone target

 cells. Of direct importance to our analysis of
 hormones in life history is that MHC genes

 influence reproduction by interactions with

 hormonal and neural mechanisms. We briefly

 review influences of MHC genes on (1) mat-

 ing behavior, ovulation, and pregnancy; (2)

 metabolism of steroids and carcinogens; (3)

 energy metabolism; and (4) resistance to patho-

 gens through antigen presentation. The next

 two outlines give key references.

 OUTLINE OF MACROSCOPIC PARAMETERS

 IN REPRODUCTION

 (1) Mate selection in laboratory mice favors dif-

 ferent MHC haplotypes (Yamazaki et al., 1976;
 Boyse et al., 1991). In communal nesting situa-

 tions, females prefer nesting partners that share

 MHC alleles (Manning et al., 1992; Pomian-
 kowski and Pagel, 1992).

 (2) Blocking of pregnancy (Bruce effect) by uri-
 nary olefactants from mice of different MHC
 haplotypes in mice (Bruce, 1960; Yamazaki et

 al., 1983, 1994; Boyse et al., 1991). Many but
 not all of these strong olefactory effects are asso-
 ciated with particular MHC haplotypes (see the
 outline of macroscopic parameters in reproduc-
 tion above). The MHC mating preference could
 be a factor in kin recognition in communal nest-
 ing situations (Manning et al., 1992). While the
 chemical identity and cell source are unknown,
 there is no doubt that the olfactory neuroepithel-
 ium is the gateway for these behavioral and neuro-
 endocrine effects of urinary olefactants. Because
 the olfactory selectivity is acquired through neo-
 natal imprinting, the genetics of these effects
 concerns the production of particular urinary
 olefactants. There is no evidence for innate olef-

 actory preferences with MHC specificity, such
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 as has evolved in association with hormonal sig-
 naling mechanisms.

 Urinary olefactants are frequently referred
 to as urinary pheromones. However, Williams
 (1992: 111) has pointed out an important issue,

 "the female pheromone fallacy," which arises from
 attributing specificity to signaling mechanisms
 that use broadly general sensory modes. Because
 numerous urinary olefactants have behavioral
 effects that are transduced through apparently
 general (not specifically evolved) olfactory che-
 mosensory mechanisms, it is premature to des-
 ignate these as specific signals or pheromones.
 This same argument pertains to the dauer pher-

 omones (Table 3). The numerous examples of
 hormones and receptors discussed in this article,
 however, are properly designated as signaling
 mechanisms because of abundant evidence that

 there is strong selection for specific molecular
 characteristics. These issues about the evolution
 of specific signaling for urinary olefactants do
 not negate the importance of MHC-associated
 urinary olefactants in relation to reproductive
 fitness.

 (3) Testicular volume: cattle (Lunstra et al., 1978);

 mice (Gregorova and Ivanyi, 1976); swine (Roth-
 schild et al., 1986).

 (4) Plasma testosterone: human (Spector et al.,

 1988; Ollier et al., 1989); mice (Ivainyi et al.,
 1972).

 (5) Birthrate/egg production: fowl (Briles et al.,
 1961; Bacon, 1987); horse (MacCluer et al.,
 1988); swine (Conley et al., 1988).

 (6) Interovulatory interval (estrous cycle length)
 in congenic mice - proven by F 1 backcrossing,
 in which H-2 serotypes cosegregated with cycle
 frequency (Lerner et al., 1992).

 (7) Spontaneous abortions in humans: Reports are
 conflicting (Lerner and Finch, 1991).

 (8) Embryo growth in mice. The Ped gene is in
 the Qa-2 region and encodes a cell-surface anti-
 gen in the embryo with alleles that influence
 the rate of development after the first cleavage
 division (Warner et al., 1987).

 (9) Age of reproductive senescence in congenic fe-

 male mice (Lerner et al., 1988).
 (We caution that post facto correlations do

 not prove the cosegregation of MHC alleles and

 a particular reproductive parameter.)

 OUTLINE OF MHC ALLELIC INFLUENCES ON

 HORMONE RECEPTORS AND METABOLISM

 (1) LH receptor-testicular steroidogenesis (mice)

 is mediated through the interactions of class I gly-
 coproteins with membrane receptors. Allelic in-
 fluences on the strength of response were shown
 in assays with testes in vitro (Solano et al., 1988).

 (2) cAMP production by liver and fat cells
 in response to insulin in mice (Lafuse et al.,

 1979; Lafuse and Edidin, 1980).

 (3) Insulin and glucagon receptor binding on

 fat and liver cells in mice (Verland et al., 1989).

 (4) The Dk-(61-85) polypeptide, a portion of

 a murine class I glycoprotein, prolongs the ac-

 tions of insulin and enhances glucose uptake

 (Stagsted et al., 1990). This same peptide also
 blocks the internalization of IGF-I (insulinlike
 growth factor I) at its receptor (Hsu and Olef-

 sky, 1993).

 (5) The 70-kDa heat shock protein (hsp70)

 binds to the progesterone receptor, which blocks

 binding of the receptor to DNA when progester-

 one is absent (D. F. Smith et al., 1992). Hsp7O
 is hormonally controlled by ACTH, which inte-

 grates it with stress responses (Blake et al., 1991).

 Senescent rats show major impairments in the

 induction of hsp7O (Udelsman et al., 1993). No
 alleles are described.

 (6) MHC alleles in humans are weakly associ-
 ated with type I diabetes (IDD) (McKusick, 1994)

 (see MHC Influences on Lifespans in Humans,

 p. 25).
 (7) The multifunctional cytochrome P450 en-

 zyme, P450c21, a C21 hydroxylase, is required
 for the synthesis of two steroids that are crucial
 for energy and mineral metabolism: cortisol (a
 glucocorticoid) and aldosterone (a mineralocorti-

 coid) (W. L. Miller, 1988). Defective C21-hydrox-

 ylase leads by feedback to compensatory adrenal

 cortical hyperplasia and excess androgen produc-

 tion. Congenital defects occur in 1/5000 births

 (McKusick, 1994). The excess of androgens causes
 precocious puberty in boys and virilization in

 girls.

 (8) Detoxification and carcinogen activation
 by enzymes encoded on chromosome 6 at P450
 (Klein, 1986) and Ah loci (Gonzalez, 1989; Por-

 ter and Coon, 1991).

 General reproductive parameters are also

 associated with MHC alleles. After artificial

 selection for enhanced reproductive functions

 in domestic mammals and fowl, associations

 were found between MHC haplotypes and

 egg and milk production (see references in
 the outline above of macroscopic parameters
 in reproduction). In various strains of labora-

 tory mice, MHC haplotypes can be associated

 with fitness components of reproduction, such

 as the age at peak fecundity and the age at
 last litter (Lerner et al., 1988). Moreover, an
 effect of MHC alleles on the interovulatory

 interval (estrous cycle length) was shown by
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 F1 backcrossing in Finch's laboratory (Lerner
 et al., 1992).

 While no hormone receptor has been located
 in an MHC, several MHC-encoded proteins

 interact with hormone receptors. For exam-

 ple, there are allelic influences through class

 I proteins on hormone functions (Lerner and

 Finch, 1991; see also the outline above of MHC

 allelic influences on hormone receptors and

 metabolism). In the case of peptide hormone
 receptors that are integral membrane proteins,

 class I glycoproteins function as modulatory

 subunits in the receptor complex (Verland et

 al., 1989). In mice, allelic variants of class I

 glycoproteins influence production of testos-
 terone in response to pituitary gonadotrophin
 (Solano et al., 1988). Class I haplotypes also
 show differences in cAMP generated in re-
 sponse to insulin and glucagon (Lafuse and
 Edidin, 1980). Moreover, class I peptide in-

 teractions with the insulin receptor (Phillips
 et al., 1986) prolong the actions of insulin and
 also increase glucose transport (Stagsted et al.,
 1990). As a last example of MHC-linked genes

 that interact directly with hormone receptors,
 the 70-kDa heat-shock protein (hsp7o) binds
 to the cytosolic progesterone receptor (D. F.
 Smith et al., 1992) and the glucocorticoid re-
 ceptor (Srinivasan et al., 1994). In the case
 of the progesterone receptor, hsp70 blocks bind-
 ing of this receptor to DNA when progester-
 one is absent.

 Some of the enzymes that metabolize ste-
 roids and other polycyclic compounds are en-

 coded in the MHC. The multifunctional cyto-
 chrome P450 enzyme P450c21, a C21 steroid
 hydroxylase, makes two steroids that are cru-
 cial for energy and mineral metabolism: corti-
 sol (a glucocorticoid) and aldosterone (a min-
 eralocorticoid) (W. L. Miller, 1988). As is
 typical of P450 enzymes, P450c21 produces
 extensive pleiotropy by using more than one
 steroid as a substrate. Mutant MHC-linked

 P450 genes cause precocious puberty (p. 26).
 The catabolism of steroids and other poly-

 cyclic compounds is mediated by other MHC-
 linked genes that encode mixed-function oxi-

 dases (MFO) and the aryl hydroxylase receptor
 (Ah). These enzyme systems are important
 defenses against polycyclic and aromatic com-

 pounds that are commonly carcinogens or tox-
 ins. The Ah locus in mice is close to the MHC.

 Other genes for MFOs and for the huge set

 of cytochrome P450 enzymes on numerous

 other chromosomes are of interest to life his-

 tory evolution because of their role in remov-

 ing potential environmental toxins and in ac-

 tivating carcinogens (Gonzalez, 1989; Porter

 and Coon, 1991). Although the cytochrome

 P450 CYP2D6 polymorphism is not MHC-

 linked (chromosome 22), we mention it be-

 cause of the association between low capacity

 for metabolism of heterocyclic drugs (debriso-

 quine) and risk of two late-onset neurodegen-

 erative conditions, Alzheimer disease (Saitoh

 et al., 1994) and Parkinsonism (Kurth and

 Kurth, 1993). In lab mice, P450 alleles associ-

 ated with the MHC are associated with different

 activation of carcinogens and lifespans (p. 24).

 Other MHC polymorphisms that are germane
 to reproductive success concern resistance to

 pathogens (see below).

 MHC genes also interact with hormonal

 systems through transcriptional control regions.

 The MHC contains the gene for the transcrip-

 tion factor Oct3 (Uehara, 1991; Guilladeaux

 et al., 1993), which is a regulator of several
 pituitary genes (Schreiber et al., 1991; Au-

 rora and Herr, 1992). In humans, polymor-

 phisms in the "X and W" boxes of class II
 gene promoters influenced transcription rates
 (C. L. Anderson et al., 1991). Moreover, hor-
 mones alter the transcription of MHC genes
 as shown in two examples of class I genes that
 involve responses to estrogen (Hamada et al.,

 1989) and thyroid stimulating hormone (TSH)

 (Saji et al., 1992). This evidence, though frag-
 mentary, suggests that the expression of MHC
 may be subject to regulation by many hor-
 monal systems.

 Polymorphisms and Selection

 for Fitness Components

 The MHC contains some of the most highly

 polymorphic genes known in vertebrates. In
 humans, many class I and II genes have 30
 to 100 alleles that vary in frequency among
 populations (Klein, 1986; Klein et al., 1993;
 Trowsdale, 1993; Satta et al., 1994). While
 many other mammals also have extensive poly-
 morphisms (Klein, 1986; Crew, 1993), some
 species are exceptions and show little MHC
 variation (such as the Balkan mole rat, Nizetic
 et al., 1988). Some allelic combinations may
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 be ancient, such as "transspecies" allelic com-
 binations in humans that appear to have been
 established before prosimians and anthropoid
 primate lineages diverged about 85 million
 years ago (Lawlor et al., 1990; Satta et al.
 1994).

 In view of the associations of hormonal re-
 sponses with MHC haplotypes, we hypothe-
 size that MHC haplotypes undergo selection
 because of pleiotropic effects on fitness com-
 ponents that could involve reproduction di-
 rectly or could confer resistance to pathogens.
 As noted above, the MHC also influences nu-
 merous parameters of reproduction, includ-
 ing the duration of reproduction in inbred
 mice. Associations of allelic variations in class
 I proteins with cAMP production by the insu-
 lin and glucagon receptors in mice would also
 fit this schema, because of the importance of
 metabolism and metabolic storage to preg-
 nancy and lactation. Moreover, the extensive
 class I polymorphisms have influences ranging
 from hormone-receptor interactions to DNA-
 binding motifs in promoters of MHC genes.

 Disease resistance to environmental patho-
 gens is dependent on MHC alleles through
 the strength of response to foreign antigens
 (MHC restriction). The persistence of the high
 level of polymorphisms in the MHC may be
 due to antagonistic pleiotropy or to the muta-
 tional instability of the microbial pathogenic
 environment that selects for allelic differences
 in host resistance. As examples of MHC asso-
 ciation with disease resistance, MHC haplo-
 types influence resistance of humans to ma-
 laria (Plasmodiumfalciparum) in West African
 populations (Hill et al., 1991), of mice to the
 bacterium Listeria monocytogenes (Harty and Bevan,
 1992; Kurlander et al., 1992), and of chickens
 to tumors induced by herpes virus (Bacon,
 1987) or RSV (Aeed et al., 1993). Most re-
 cently, McGuire et al. (1994) reported an as-
 sociation of susceptibility to cerebral malaria
 with alleles in the TNF-ao promoter, which is
 flanked by the MHC class I and II gene clus-
 ters (Fig. 1).

 The unusually high level of MHC poly-
 morphisms is thought to represent outcomes
 of selection, which would, in particular, be
 required to maintain some haplotype during
 primate radiation (Satta et al., 1994). There
 are, however, many pending issues about the

 role of neutralism and genetic drift (Klein,
 1986; Takahata and Nei, 1990). Recent esti-
 mates of the selection pressure, as calculated
 from the ratios of synonymous to nonsynony-

 mous mutations, indicate that the overall se-
 lection coefficients are <5 % (Satta et al., 1994).
 This is compatible with the selection coeffi-
 cients in the range of 1 to 3 %, which are evolu-
 tionarily powerful but difficult to detect within
 a single generation.

 The degree of pleiotropy of many MHC
 components through possible interactions with
 hormonal systems, as well as host defense,
 has not been considered in these calculations
 and could also be a factor in the maintenance
 of haplotypes.

 The MHC as a Life History Gene Complex

 The preceding discussion presents the MHC
 as a set of genes with what appears to be an
 unusual potential for influences on many stages
 in life history. These attributes lead us to con-
 sider the MHC as a life history gene complex,
 which may be characterized by genes that meet
 three general criteria: (1) closely linked genes
 that directly influence fitness components, for
 example mate selection, fecundity, and sur-
 vival; (2) some genes that show extensive poly-
 morphisms; and (3) genes in the complex that
 influence the scheduling of activities at one
 or more stages of life history and are highly
 pleiotropic.

 The MHC meets these criteria by its influ-
 ences on reproduction; on peptide hormone
 receptor functions; metabolism of steroid hor-
 mones, toxins, and carcinogens; and on nu-
 merous immune functions that affect resis-
 tance to autoimmune disease and resistance
 to pathogens, and hence influence survival.
 The evolutionary stability of the MHC is de-
 fined by the exclusive localization of class I
 and II genes, the examples of paired loci, and
 the low frequency of recombination in at least
 one region. Thus the MHC may have served
 to integrate features of life history over pro-
 longed periods in vertebrate evolution. The
 degree of evolutionary stability is less crucial
 to the concept of life history gene complexes
 than the degree of pleiotropy. While the MHC
 is unusually large, we do not hold that the
 number of genes is a necessary criterion in con-

 sidering a locus as a life history gene complex.
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 The concept of life history gene complexes

 may be better evaluated when we have a more

 detailed genetic map with the range of poly-

 morphisms at many more loci than are presently
 characterized in any eukaryote. As argued in

 the section on evolutionary physiological ge-
 netics (p. 30), the diversity of hormone inter-

 actions predicts widely variable evolutionary

 outcomes, which would be consistent with sets

 of genes that become assembled in such com-
 plexes as the MHC.

 Other examples of gene clusters give fur-
 ther definition to the concept of life history
 gene complexes. The multigene homeobox com-

 plexes on several chromosomes are fundamental

 to development in arthropods and vertebrates.

 These highly conserved clusters of related genes

 encode transcriptional factors that coordinate

 transcription during early development and
 are regulated in some cases by paracrine-acting

 growth factors. Homeobox genes show an un-

 usual linear order of transcription during or-
 ganogenesis that corresponds to positions in
 the body axis (Krumlauf, 1992). The expres-
 sion of some homeobox genes in adult brain
 and other tissues (Xu et al., 1993) implies
 a cross-stage, pleiotropic impact throughout

 life, like the MHC. Homeobox genes, how-
 ever, contrast with the MHC in at least three
 regards: (1) there is no evidence that MHC

 genes have a spatial or temporal ordering of
 expression during development, (2) there is
 no direct relation to fitness components, and

 (3) no homeobox polymorphisms are known,
 although mutants may cause abnormal devel-
 opment in insects and mammals, such as Waar-
 denberg's syndrome (Tassabehji et al., 1992).

 On the other hand, the RCA gene complex
 (regulator of complement activity), like the

 MHC, has extensive polymorphisms and pleio-
 tropic associations with fitness through roles
 in immunity. The complex in humans con-
 sists of a seven-gene cluster (not MHC-linked)
 that encodes RCAs (Hourcade et al., 1990,
 1992). The complement (C) system is an an-

 cient mechanism in natural immunity; sev-
 eral other C-system genes are in the MHC.
 The RCA genes may be considered pleiotro-

 pic because of their role in immunity. For
 example, the complement receptor 2 (CR2) in

 the RCA binds the Epstein-Barr virus (EBV);
 the binding of EBV by CR2 may be a factor

 in Burkitt's lymphoma, an EBV-caused malig-

 nancy. There are no data to indicate epistasis

 among RCA genes, or of pleiotropic interac-

 tions with reproductive or endocrine functions
 on the scale observed in the MHC.

 The persistence of clusters of genes with
 related functions may result from several fac-

 tors. The traditional explanation from popu-
 lation genetics is that combinations of particu-
 lar alleles in different loci confer enhanced

 fitness. Thus there would be selection for the
 cosegregation of genes in the same linkage

 groups and for reducing the distance between

 them. In the case of closely related genes, suf-
 ficient evolutionary time may not have passed
 for the individual genes to diffuse elsewhere.

 There are other chromosomal mechanisms
 that might lead to clustering of genes. For
 example, gene clustering might be favored by

 the evolution of coordinate transcription of a
 package of genes through mechanisms that
 vary the degree of local condensation in chro-
 matin (Holmquist, 1992). In Drosophila, poly-
 comb proteins are regulators of spatial fea-
 tures of homeotic gene expression (Paro and
 Hogness, 1991). Clustering may also be fa-

 vored when genes show stage-specific expres-
 sion, like homeobox genes. As another example

 of closely related genes, the Qa- and5l-globin-like
 gene clusters show sequential expression during
 development that is thought to involve DNA-
 protein or DNA-DNA interactions; the rela-

 tive distance between the genes appears to
 determine the efficiency of these interactions
 (Hanscomb et al., 1991). A different feature is
 shown by the surfeit locus in mice and chickens,
 which has six housekeeping genes that are un-
 related and are separated by unusually short
 distances (Colombo et al., 1992); the mainte-
 nance of this cluster during 600 million years
 of divergent evolution implies cis-interactions
 between the genes, for example, from bidirec-
 tional promoters. Future information on the
 homeobox, RCA, globin, and surfeit gene sys-
 tems, such as polymorphisms that interact with
 fitness components of hormone systems, might
 bring them into discussion as possible life his-
 tory gene complexes.

 GENERAL CONCLUSIONS

 These examples show that the genes con-
 trolling hormonal mechanisms can have effects
 throughout life history stages. That is, the
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 pleiotropy is not only cross-tissue at any stage,

 but is also cross-stage. Together the MHC
 and other complex loci may represent a set
 of polymorphic life history genes that regulate
 hormonal signals and responses throughout
 postembryonic life and thereby allow extreme
 pleiotropy. There is no apparent limitation

 in the potential for any gene to acquire impor-
 tance in hormonal or neural mechanisms in
 life history evolution. This opportunism is epit-
 omized by the differential amplification of the
 "housekeeping" ribosomal genes in the repro-
 ductive schedule of Drosophila mercatorum that
 influence the onset of reproduction through
 indirect effects on the levels ofJH (p. 10). The
 evolutionary persistence of life history gene
 complexes in a given evolutionary radiation
 may also endow these species with common
 features across their regulatory hierarchies and

 thus in their physiological architecture. It is
 through such shared regulatory hierarchies that
 we may find strategies to search out mecha-
 nisms of senescence that are common in many
 species.

 EVOLUTIONARY PHYSIOLOGICAL GENETICS

 The section on page 4 discussed hormonal
 mechanisms in the regulation of life history.
 Having shown in the following section (p. 10)
 the genetic variations affecting hormonal mech-
 anisms, we next consider these findings from
 the viewpoint of evolutionary genetics (Levels
 1, 2, and 5).

 PLEIOTROPY AND GENETIC COVARIATION

 The problem of how pleiotropic hormonal

 effects are regulated at multiple life history
 stages is simultaneously a problem in population
 genetics. For several decades population ge-
 neticists have addressed the question of whether
 patterns of pleiotropy establish positive or nega-
 tive genetic covariations, or the absence of
 genetic covariation between life history char-
 acters (Charlesworth, 1990a; Rose, 1991). In
 general, this debate has been about theoreti-
 cal genetic effects to the neglect of physiology.
 An important exception, however, are mod-
 els of metabolic reserves in different body tis-
 sues that are limiting for physiological func-
 tions (Noordwijk and deJong, 1986; Houle,
 1991; Stearns et al., 1991). For example, se-
 lection for postponed aging in adult Drosophila

 altered the distribution of lipids between the

 ovary and the fat body (Service, 1987). It seems
 likely that hormone systems will generally have

 key roles in allocating metabolic resources in

 different organs and life history stages. Be-

 cause hormone systems are primary coordi-

 nators for the organism, we suggest that the

 patterns of hormone expression define many features

 of the pleiotropy that shape the evolutionary process.
 Patterns of pleiotropy that are of interest

 in population genetics can be plausibly attrib-

 uted to specific patterns of hormone action.

 We consider here three cases or situations:

 universally positive genetic covariation, which
 is produced by positive correlations between

 the effects of alleles on fitness; age specificity
 of effects; and, lastly, antagonistic pleiotropy,

 where allelic effects vary in direction.

 Universal Positive Covariation

 of Fitness Effects

 The importance of positive genetic covaria-

 tion on life history is shown by studies of new

 mutations (e.g., Simmons et al., 1980; Houle
 et al., 1992), of inbred lines (e.g., Giesel, 1979;

 Giesel and Zettler, 1980; Rose, 1984a), and of
 novel environments (e.g., Giesel et al., 1982;
 Service and Rose, 1985). Positive genetic co-
 variation can arise from hormone action when a
 hormonal signal accelerates a general growth

 process, leading to larger body size and in-

 creased reproductive capacity. Whenever life

 history characters have a shared basis in some
 general growth process, then genetic variants
 of growth hormone regulation or responses can
 generate positive genetic correlations among
 life history characters. Put crudely, under these

 conditions, such hormones constitute general
 signals for "more or less," as opposed to fo-

 cused allocation.

 Such genetic correlations, however, would
 not be expected to be of large magnitude in the
 standing variation of an outbred population,
 because of the general principle that natural
 selection strongly selects against any genetic
 variant that has pervasive negative effects on
 life history characters. Conversely, natural se-
 lection should strongly favor alleles that boost
 hormonal signals that generally enhance life
 history characters, because they are compo-
 nents of fitness. Therefore the expectation from

 population genetics is that, in the absence of
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 extensive inbreeding or artificial mutagene-

 sis, populations in their normal environments

 will not exhibit much genetic variation affect-

 ing hormonal signals that have a broad uni-

 form effect upon life history characters (cf.

 Rose, 1991). The MHC polymorphisms and

 the thrifty genotypes that increase the risks

 of juvenile and adult diabetes (see the section

 on mammals, pp. 12, 25) are not exceptions to

 this prediction, because both polymorphisms
 depend on environmental variation, patho-
 genic or nutritional.

 Age-Specific Effects on

 Fitness Components

 Related cases include precisely focused hor-

 monal signals that affect single life history char-

 acters at narrow age intervals, for example,

 the ecdysone scheduling that causes seasonal
 color morphs in butterflies (see the section on
 hormones and alternative life histories, p. 8).

 When allelic variation affects such hormonal

 signals, the evolutionary genetics will vary dra-
 matically according to the age at which the
 life history character is affected by the hor-
 mone. At early ages, during development and
 in the young adult, natural selection is at its

 strongest (Charlesworth, 1994), and all the

 previous arguments still apply. Hormone vari-

 ation that is deleterious for an early life history
 character will also be deleterious for fitness

 itself. The converse should hold for beneficial

 effects. Therefore, natural selection will act to
 push favored alleles close to fixation, subject
 only to the countervailing force of recurrent
 germ line mutations (Simmons and Crow, 1977).
 Again, there should be little standing genetic
 variation for such hormonal effects at evolu-

 tionary equilibrium.
 But at later adult ages, an entirely different

 evolutionary situation arises, for the force of
 natural selection usually becomes weaker (Hamil-
 ton, 1966; Charlesworth and Williamson, 1975;
 Charlesworth, 1994; Rose, 1991). A decline
 in the force of natural selection with advanc-

 ing age is implicit in the Euler-Lotka equation
 for population growth (see p. 2). However,
 there may be exceptions to the declining force
 of selection with advancing age, under special
 conditions of selection on later fertility in pop-

 ulations that are rapidly declining toward ex-
 tinction. But generally at later ages, the rela-

 tive balance between selection and mutation,
 which are the main determinants of allele fre-

 quencies in the population, will tilt toward

 mutation. Since most germ line mutations of

 significant phenotypic effect upon life history

 characters are deleterious, it is predicted that

 populations will tend to accumulate germ line

 mutations with delayed-onset effects that cause

 later life history characters to deteriorate, such

 as reproductive decline during aging. This

 prediction, which is also known as the muta-

 tion-accumulation hypothesis in the evolution

 of aging (Medawar, 1952; Edney and Gill,
 1968; Rose, 1991), has no relation to the so-

 matic mutation hypothesis of aging, in which

 individual somatic cells are hypothesized to

 become dysfunctional through accumulating

 mutations in their nuclear or mitochondrial

 genomes.

 Evidence supporting this mechanism comes

 from studies on D. melanogaster (Kosuda, 1985;

 Mueller, 1987; Service et al., 1988; Hughes
 and Charlesworth, 1994) which showed: (1)
 an increased genetic variation for life history
 characteristics that are expressed at later adult
 ages, (2) the population-genetic accumulation

 of mutants with specifically late-age effects,
 and (3) age-specific adaptation with benefits
 confined to later ages. These experiments de-
 pended upon standing genetic variation, or
 on rare spontaneous mutations that may have
 arisen during the study, but did not use artifi-
 cial mutagenesis.

 In terms of hormones, if the age specificity

 of genetic effects was very strict, then this speci-
 ficity would essentially remove late age-specific
 effects of hormone variation from natural se-

 lection. Hormonal mechanisms have unques-

 tionable impact on later life history characters,
 such as the risk of reproductive tract tumors

 that are dependent on sex steroids (Table 1:
 notes 3, 7, 8; Table 2: note 3), but these effects
 cannot be interpreted as adaptations or func-
 tions. They cannot even be legitimately viewed
 as inescapable costs for the evolution of partic-
 ular hormone functions. In Darwinian terms,
 they may be evolutionary junk.

 Since such late-arising hormonal effects will
 not be sculpted by natural selection, the evo-
 lutionary argument predicts a lack of coher-
 ence or coordination among later body func-
 tions. Furthermore, since the accumulation

This content downloaded from 
�������������64.106.111.51 on Tue, 08 Sep 2020 21:11:03 UTC������������� 

All use subject to https://about.jstor.org/terms



 32 THE QUAR TERL Y RE VIEW OF BIOLOGY VOLUME 70

 of genetic variants that cause late-onset hor-

 monal function will not be constrained within

 populations, this situationpredicts extensive vari-
 ation between older individualsfor such later hormone

 effects. We recall here the analogous evolution-
 ary trend for exclusively cave-dwelling ani-

 mals to become blind because of the relaxed

 selection against genes that cause visual de-
 fects; this was the basis for August Weismann's
 principle of panmixia, not to be confused with

 the contemporary use of this term (Kirkwood

 and Cremer, 1982).
 Consistent with this hypothesis are the many

 species differences in reproductive senescence.

 For example, female laboratory rats and mice

 show major impairments in the hypothalamic
 control of gonadotropins during reproductive
 senescence that are not observed in humans
 at menopause (Table 2: note 2). Moreover, be-
 nign prostatic hypertrophy, which is extremely
 common in men of 65 years and older, is vir-

 tually unknown in lab rodents and primates
 (Table 1: note 3). Such seemingly disparate
 species differences are consistent with evolu-
 tionary predictions of diminished selection at
 later ages.

 On the other hand, female mammals, from

 humans to rodents, show broadly similar de-
 generative changes at midlife that ensue from

 the loss of estrogens, which, in turn, results
 from the exhaustion of ovarian follicles. The
 numbers of ovarian follicles are determined

 during development and decline irreversibly
 in humans and rodents (Gosden, 1985; Finch,

 1990: 539; vom Saal et al., 1994). The conse-

 quences of ovarian senescence and loss of es-
 trogens include hot flushes in women and pri-
 mates (Table 1: note 8); rodents and primates
 alike show uterine atrophy and acceleration

 of osteoporosis (reviewed in Gosden, 1985;
 Finch, 1990: 539). These phenomena suggest
 that midlife for these females might continue
 to be subject to natural selection. For exam-
 ple, there could be shifts in reproductive activ-
 ities at middle age to the postnatal care of the
 mother's offspring or those of her relatives,
 which might confer a selective advantage, as
 postulated for humans (Rogers, 1993). An-

 other example may be observed in pilot whales.
 In some populations, 15 percent of postmeno-
 pausal female whales were lactating, which
 requires continued nursing and implies social

 roles (Kasuya and Marsh, 1984). Nonethe-

 less, the force of natural selection must inevi-

 tably decline to near zero values because so
 few survive to advanced ages, which leads to

 the prediction that even these hormonal func-

 tions should be lost over sufficient evolution-
 ary time.

 Antagonistic Pleiotropy

 The third case, that of antagonistic pleiot-

 ropy, is of much theoretical interest. With

 antagonistic pleiotropy, alleles that enhance

 one or more life history characters simultane-
 ously depress one or more other life history
 characters. Under these conditions, alleles of
 large effect can remain segregating within natu-

 ral populations, because they can give rise

 to balancing selection that maintains genetic
 polymorphisms (Rose, 1982, 1983, 1985). For

 example, the standard textbook example of
 human sickle-cell gene polymorphism is a case

 of selection maintaining polymorphism be-

 cause of antagonistic pleiotropic effects. The
 abnormally shaped red blood cells in homozy-
 gotes interfere with respiratory function and
 damage the kidneys, leading to short life ex-
 pectancy. However, heterozygotes, who don't
 suffer these abnormalities, have less severe
 attacks from the virulent malaria parasite Plas-

 modiumfalciparum than noncarriers of the sickle
 gene. When a population has an elaborate life
 history, this pattern of genetic expression can

 maintain complex patterns of positive and neg-

 ative genetic covariation between life history
 characters (Rose, 1985; Charlesworth, 1990a).

 Hormones are natural candidates for phys-

 iological mechanisms that can give rise to an-

 tagonistic pleiotropy, as also discussed by Ket-
 terson and Nolan (1992). When, for example,
 hormones mobilize the organism for repro-

 duction, the transfer of resources from somatic
 functions to reproductive functions can be ex-
 pected to produce trade-offs between the cor-
 responding fitness components, survival, and
 fecundity, respectively. Similar patterns can
 also arise with trade-offs between growth and
 maintenance. Thus genetic variation in the
 strength of this mobilizing signal will directly
 generate antagonistic pleiotropy. Such trade-
 offs apparently arise in the evolution of aging,
 as observed during artificial selection experi-
 ments in Drosophila (Rose and Charlesworth,
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 1980, 198 1a,b; Luckinbill et al., 1984; Rose,

 1984b; Service and Rose, 1985; Service, 1989;
 Partridge and Fowler, 1992).

 Only one example so far, however, shows a
 direct role for hormones in trade-offs between
 survival and reproduction, the aa genotype
 in field populations of Drosophila mercatorum

 (see the examples from insects section, p. 10).
 In mammals, possible examples of antagonis-

 tic pleiotropy in hormones are: the glucose-
 dependent damage to proteins (Table 1: note
 13), sex steroid-dependent tumors in repro-

 ductive organs of males and females (see the
 section on sex hormones in mammals, p. 6,
 and Table 1: notes 3, 8, 9), corticosteroid-

 dependent neuron damage (Table 2: notes
 4, 5, 6), and damage to neural tissues from
 metabolism of the neurotransmitter dopamine

 (Table 2: note 8). [S. Austad (pers. commun.)

 discusses the mammalian literature at greater
 length. ]

 EVOLUTIONARY GENETICS OF

 LIFE HISTORY TRAITS

 Drosophila

 Most experimental information about pat-

 terns of pleiotropy in life history evolution
 comes from Drosophila. Of course, other gen-
 era provide useful information, but it is only
 with Drosophila that we know enough to sketch
 out interactions of physiology and genetics in
 life history evolution.

 Central to our understanding of Drosophila
 life history evolution are laboratory experi-
 ments that forced the evolution of life histories.
 A major example is the manipulation of age at
 first reproduction (e.g., Wattiaux, 1968a,b;
 Rose and Charlesworth, 1980, 1981b; Luck-
 inbill et al., 1984; Rose, 1984b; Service et al.,
 1988; Partridge and Fowler, 1992; Zwaan,
 1993). Another regime varies population den-

 sity, which showed effects particularly on lar-
 val characters (e.g., Mueller and Ayala, 1981;
 Mueller et al., 1993). Still other experiments
 select for adult fitness components, particu-
 larly fecundity (e.g., Bell et al., 1955; Rose
 and Charlesworth, 1981b; Rose, 1984c), or
 physiological determinants of life history, such
 as stress resistance or growth (Hoffmann and
 Parsons, 1989; Rose et al., 1990; Hillesheim
 and Stearns, 1991, 1992; Hutchinson et al.,
 1991; Rose et al., 1992; Zwaan, 1993). For

 example, artificial selection for reproduction
 at advanced ages when >75 % had died dur-
 ing aging led in 15 generations to a 30%

 increase of mean lifespan (Rose, 1984b). The

 reversibility of the effects argues strongly that

 the genetic basis is a result of polymorphisms,
 rather than the acquisition of new mutations.

 The study of such responses to selection has
 revealed extensive pleiotropy among charac-

 ters, including antagonistic pleiotropy (Rose,

 1991).

 Other experiments measured the correla-
 tions between life history and related charac-

 ters (e.g., Rose and Charlesworth, 1981a; Gie-
 sel et al., 1982; Service and Rose, 1985; Tucic
 et al., 1988; Hutchinson et al., 1991). One
 problem with these quantitative genetic stud-
 ies has been artifacts, such as those arising

 from inbreeding (vide Rose, 1984a) or from

 genotype-by-environment interaction (Service
 and Rose, 1985). Problems like these make
 the use of this methodology quite tricky (Rose
 and Service, 1985; Rose, 1991), at least on
 its own. Still other approaches have involved
 procedures like "diallel analysis" and "effective
 factor estimation" (Clare and Luckinbili, 1985;
 Luckinbill et al., 1988; Gebhardt, 1989; Hutch-

 inson and Rose, 1990, 1991; Hutchinson et
 al., 1991).

 How might these studies pertain to our ar-

 gument? Despite their differing details, the
 following points seem clear.

 (1) Heritable genetic variation is abundant

 for life history characters'and the physiologi-
 cal characters that determine them. This point
 is apparent from the pronounced response to

 selection on life history characters in various
 Drosophila systems (e.g., Mueller and Ayala,
 1981; Luckinbill et al., 1984; Rose, 1984a;
 Partridge and Fowler, 1992). Abundant heri-
 table variation for physiological characters re-
 lated to life history is also apparent (e.g., Hoff-
 mann and Parsons, 1989; Rose et al., 1992).

 (2) Antagonistic pleiotropy is common. Its
 particular foci may vary, from adult longevity
 versus early fecundity (e.g., Luckinbill et al.,
 1984; Rose, 1984b) to adult longevity versus
 larval development time (Partridge and Fow-
 ler, 1992; but see Roper et al., 1993). The
 detectability of antagonistic pleiotropy also var-
 ies widely, as a function of inbreeding and
 genotype-by-environment interaction (Rose
 and Service, 1985; Rose, 1991).
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 (3) Age-specific adaptation, without sub-
 stantial pleiotropy between early and late ages,
 is known for male fertility (Kosuda, 1985),
 fecundity (Mueller, 1987), later survival rates
 (Hughes and Charlesworth, 1994), and some
 stress-resistance characters (Service et al., 1988),

 where the latter underlie longevity. An earlier
 refutation of age-specific adaptation (Rose and

 Charlesworth, 198 la) arose in an experimen-
 tal system where pleiotropy obscured effects
 of age-specific adaptation (Service et al., 1988).

 (4) It is hard to predict what patterns of

 pleiotropy will arise with any particular set
 of characters. For example, of three different
 stress-resistance characters that were associ-
 ated with postponed aging (Service et al., 1985),
 just one showed antagonistic pleiotropy with
 early fecundity (Service and Rose, 1985; Ser-
 vice et al., 1988). These experiments gave the
 first evidence that stress resistance characters
 could have different physiological genetics.

 (5) Life history evolution is extremely sensi-
 tive to environmental conditions, owing to geno-
 type-by-environment interactions, as shown
 in Drosophila life history selection experiments
 that manipulated the reproductive schedule
 (Clare and Luckinbill, 1985; Service et al.,
 1988; Leroi, Chippindale and Rose, 1994)

 and in quantitative genetic studies (e.g., Ser-
 vice and Rose, 1985). The significance of this
 point will be considered more fully in the section
 on plasticity in life history evolution (p. 35).

 (6) The physiological foundations of Dro-
 sophila life history evolution sometimes involve
 allocations that are influenced by hormones.
 The best understood example of this is the aa
 polymorphism, which is mediated byJH (see
 the section on examples from insects, p. 10).
 In addition, the negative genetic correlation

 between early fecundity and longevity found
 in some experiments (e.g., Rose, 1984b; Luck-
 inbill and Clare, 1985) appears to be due to
 the allocation of lipid between ovary and fat
 body, as deduced from interrelationships be-
 tween fecundity, starvation resistance, lon-
 gevity, and lipid content (Service and Rose,
 1985; Service, 1987; Rose et al., 1992; Chip-
 pindale et al., 1993). The storage of lipid in
 insects is regulated by multiple hormones (e. g.,
 adipokinetic hormone, ecdysone, JH), which
 further multiply the pleiotropies, as is the case
 for metabolic controls in vertebrates. Thus,

 much of the connectedness between life his-
 tory characters may be mediated by pleiotropic
 hormone signals that are general coordina-
 tors, possibly in conjunction with other inte-
 grative functions.

 Poecilia

 Populations of guppies (Poecilia reticulata) in
 freshwater streams of the Caribbean basin have
 different reproductive schedules that are ge-
 netically controlled and that match predictions
 from life history theory remarkably well (Charles-

 worth, 1990b; Reznick, 1990; Reznick et al.,
 1990). At some locations, guppies matured
 slightly earlier and had larger broods (greater
 initial reproductive effort) than elsewhere. These
 different reproductive schedules are attribut-
 able to size-specific predation by other fish
 that target juveniles or adults, depending on
 the local predator. Introduction of another
 fish species that preferentially preys on juve-
 nile guppies shifted the reproductive schedule
 of adult guppies, so that the first litter was
 born later and the brood sizes were smaller.
 These changes occurred during 11 years of
 selection on 30 to 60 generations. Moreover,
 these changes have been shown to be under
 genetic control. A role of hormonal regulation
 is likely in the different reproductive sched-
 ules. Genetic influences on the secretion of
 hormones (e. g., gonadotrophins) or the sensi-
 tivity of receptors (Table 6: note 9) are reason-
 able candidates. Conditional semelparity in
 Pacific salmon may be another case of genetic
 influences on hormonal secretions that yield
 different ages of maturity and probabilities of
 surviving spawning (Table 2: note 12).

 EPISTASIS AND EVOLUTIONARY OUTCOMES

 The significance of epistasis is a perennial
 issue in population genetics (Lewontin, 1974;
 Wright, 1977; Hartl and Clark, 1989). As we
 have argued, when hormones generate pleio-
 tropy, they can readily produce significant
 epistasis for fitness, due to the nonlinear pheno-
 typic effects of multiple genetic effects acting
 in combination upon life history characters
 (Rose, 1983). Even when the genetic effects
 on individual life history characters are not
 by themselves epistatic, the joint nonadditive
 determination of fitness by these life history
 characters thereby generates epistasis for fit-
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 ness. This occurs for arithmetical reasons. If

 fitness were determined by a simple addition

 of distinct fitness components, then pleiotropy

 would not generate epistasis. But the arithmetic

 of multiple, nonadditive, fitness components

 affected by multiple loci can by itself generate

 nonadditive effects on fitness. Therefore, life

 history evolution with pleiotropic gene effects
 has an inherent tendency to generate epistasis.

 This deduction has the further implication

 that the evolution of hormone actions may
 have characteristically involved epistasis. Much
 of the time, epistasis may have only a minor,

 second-order impact on the evolution of fit-

 ness-related characters, because epistatic ef-

 fects can nonetheless lead to a predominance

 of additive genetic variance (Falconer, 1990)

 and therefore a well-behaved evolutionary pro-

 cess (Nagylaki, 1977). Under such conditions,
 epistasis does not give rise to large perturba-

 tions in evolutionary trajectories.
 Epistasis can also generate striking diver-

 gences in evolutionary trajectories, however,
 owing to the production of different attractor
 states for the evolutionary process, a possibil-
 ity emphasized by Sewall Wright (e.g., 1977).

 When these different attractor states arise, evo-
 lution in separated populations can produce

 strikingly different outcomes under identical
 selection regimes. In effect, evolutionary out-
 comes are highly unpredictable and divergent
 because convergence to attractor states will
 not be globally uniform, but local and hetero-
 geneous.

 While there is experimental evidence against
 the importance of epistasis in producing di-
 verse evolutionary outcomes (e.g., Cohan et
 al., 1989; Lenski et al., 1991), such studies
 have typically concerned characters and evo-
 lutionary contexts in which hormone varia-

 tion is unlikely to have played an important
 role, particularly the type of hormone varia-

 tion that would shape life history evolution
 in iteroparous organisms. Lenski et al. (1991),
 for example, studied the evolution of fitness
 in the bacterium E. coli. Prokaryotes in gen-
 eral do not exhibit complex demography with
 age-stratified populations; their typical lack of

 differentiated juvenile or adult stages means
 that there is no age-specific natural selection.

 Little is known about the potential role of

 hormone signaling in the generation of epista-

 sis, and thus in unusual patterns of evolutionary
 diversity. Further study of the role of hor-

 mones in patterns of pleiotropy, however, could
 give major insights about the role of epistasis

 in evolution. Bush and Paigen (1992) sug-

 gested that patterns of hormone regulation of
 f-glucuronidase are highly unstable in evolu-
 tion. This sex-steroid-regulated gene influences
 urinary olefactants, but is not MHC-linked.
 The hormonal responsiveness of f-glucuroni-
 dase shows wide variations in basal levels and
 extent of induction by androgens that do not
 match the phylogeny of the genus Mus, which

 has undergone rapid divergence during the last
 five million years. Thus, subspecies of M. mus-
 culus that showed no inducibility of f-glucuroni-
 dase by androgens were scattered through sev-
 eral radiations; moreover, the inducibility also
 varied among populations. This important ob-
 servation suggests that the selection pressures
 involved in the evolution of gene regulation

 in this system have fluctuated widely during

 recent murine evolution. Cis-acting hormone

 response elements in the f-glucuronidase pro-
 moter are thought to account for most of these
 variations. Moreover, this outcome can also

 result from uniform selection pressures acting
 upon evolutionary systems with multiple at-
 tractor states owing to epistasis. While Bush
 and Paigen (1992) did not establish such epis-
 tasis, they did show a complex evolutionary
 pattern that plausibly arose from pleiotropic
 hormonal effects. As discussed in the section

 on complexity of hormone signaling mecha-
 nisms (p. 8), the multiple controls on the pro-
 moters of hormone-sensitive genes allow ma-
 jor changes in transcriptional responses to
 hormones through small numbers of muta-
 tions in the hormone response elements or in
 levels of other DNA-binding proteins.

 PLASTICITY IN LIFE HISTORY EVOLUTION

 An important development in life history
 theory was the concept of reaction norm, which
 Stearns (e.g., 1992) has applied to life history
 problems. The reaction norm describes how

 the expected value of a phenotype depends on
 a particular environmental parameter. When
 this functional dependence varies between ge-
 notypes, the phenotype, say P, cannot be cal-
 culated as G + E, where G and E refer to
 independent genetic and environmental fac-
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 tors, respectively. This is called genotype-by-

 environment interaction (G x E), and is some-

 times represented as

 P = G + E + f(G,E).

 If thef functions are always zero, then the

 normal decomposition of phenotypes from quan-

 titative genetics (e.g., Falconer, 1989) suffices

 for evolutionary inferences. But when the f
 functions are nonzero, then selection among

 genotypes becomes a function of the environ-

 ment. This can yield nontrivial dependence

 of evolutionary rate and outcome on the envi-

 ronment.

 In addition, when there is environmental

 variation and genotype-by-environment in-

 teraction, genotypes will be selected on the
 basis of both their average effect on the pheno-
 type and the phenotypic plasticity (Stearns,

 1992). In a major review, Falconer (1990)
 found that plasticity characters usually responded

 to selection, as recently shown for Drosophila
 (Hillesheim and Stearns, 1991; Gebhardt and

 Stearns, 1992, 1993a,b).
 While numerous examples (in the section

 on hormones in life history, p. 5) show that
 hormone responses are sensitive to the envi-

 ronment, the potential for selection on the

 plasticity in hormone responses is not widely
 demonstrated. For that, an analysis of geno-

 type-by-environment interaction is required.
 Because of abundant evidence that such geno-
 type-by-environment interactions are the rule,
 rather than the exception (Falconer, 1989),
 it is more reasonable to assume that there will

 be genetic differences in hormonal respon-
 siveness to environmental conditions. A strong
 example of this is the enhanced risk of diabetes
 from thrifty genotypes (see the section on obe-

 sity and NIDD, p. 12).
 The evolutionary implications of reaction

 norms are extremely complex for life history
 characters, because certain types of reaction
 norms can cause genetic correlations to change
 in both magnitude and direction (sign), de-

 pending upon the environment (Stearns et
 al., 1991). When such changes occur, the pat-
 terns of pleiotropy among life history charac-
 ters are expected to shift qualitatively. Given
 genetic variation in hormone signaling that

 affects multiple life history char acters over mul-
 tiple environments, a vast array of evolution-

 ary outcomes can arise, particularly with re-

 spect to evolutionary patterns of life history
 characters. When epistasis is included as a

 further factor that may be confounded with
 pleiotropy and plasticity, there would seem

 to be no limit to the evolutionary possibilities
 that could be generated from seemingly sim-
 ple hormonal connections between life his-

 tory characters.
 This wide range of outcomes is of particular

 importance for the comparative study of life

 history. The comparative method in the study

 of life history evolution continues to give ma-
 jor insights (e. g., Stearns, 1983; Finch, 1990;

 Rose, 1991). The range of unpredictable evo-
 lutionary phenomena that can arise with plei-
 otropy, plasticity and epistasis, however, sug-
 gests the need for much skepticism about the

 use of the comparative method to understand
 life history (pace Harvey and Pagel, 1991). It
 is argued elsewhere that results obtained by

 the comparative method may usually be dubi-
 ous (Leroi, Rose, and Lauder, 1994). This
 general line of criticism applies with full force
 to the use of the comparative method to infer

 the causal mechanisms of life history evolu-
 tion. These caveats do not preclude the use
 of comparative methods to find patterns of
 evolution; they warn mostly against inferences
 concerning causes of evolution. Causal analy-
 sis would require some unraveling of the de-
 tails of pleiotropy, plasticity and epistasis that
 have been discussed here. These are not in-
 tractable problems. There are good experi-
 mental studies of this kind (e.g., Service et
 al., 1988; Lenski et al., 1991) that point to
 future causal studies of life history evolution.

 CONCLUSIONS

 VERSATILITY IN LIFE HISTORY

 The fact that hormones interconnect physi-
 ological mechanisms and thus fitness compo-
 nents might, intuitively, be expected to lead
 to some type of coadaptional rigidity in evolu-
 tion. Much like gears in a mechanical clock,
 changes in one piece of the machinery might
 then be thought to alter operations in the rest
 of the works. The mechanisms suggested by
 population genetics, that hormone effects can
 generate, however, are almost the opposite.
 Patterns of pleiotropy that are age specific and

 varied in sign will frequently lead to the main-
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 tenance of genetic polymorphism. In theory,

 this genetic polymorphism should allow rapid
 response to selection upon life history charac-

 ters or to selection upon the functions that

 sustain life history characters. In fact, when

 such characters are subjected to selection, they

 respond readily. Moreover, fitness components

 and other life history characters also respond

 to selection as correlated suites of characters, as

 shown by the indirect effects for selection of

 lifespan on the basis of the reproductive schedule.

 Such selection responses appear to be con-

 tained within envelopes and might be consid-

 ered analogous to the proportions of a domi-

 nant eigenvector in a projection matrix. That

 is, evolution allows considerable change in

 life history characters, but such change is co-

 ordinated over diverse characters. This itself

 suggests the involvement of hormones, or anal-

 ogous mechanisms, in their functional coordi-
 nation. In any case, the phenomenon of rapid

 change in large numbers of life history and
 associated characters in experimental systems

 corroborates the view of life history versatility
 that we have advanced here.

 PREDICTIONS AND THEIR LIMITS

 Life histories are not only remarkably mal-
 leable evolutionarily, they may be so in ways

 that are difficult to predict. The interconnec-
 tion of functional characters giving rise to an
 interconnection of fitness components can, at

 the level of fitness itself, generate epistasis.
 Such epistasis in turn allows multiple evolu-
 tionary outcomes under the same selective con-
 ditions. That is, epistasis can make evolution
 truly historical. To date, there are very few
 studies that bear on this. One that does, the
 Bush and Paigen (1992) study of the evolution
 of gene regulation in a mouse hormonal sys-
 tem, indicates a high degree of evolutionary
 instability, with the selective outcome not fol-
 lowing phylogeny. This is not conclusive sup-
 port for our view, but it negates notions that
 hormonal involvement in evolutionary mech-
 anisms must generate a coadaptational rigidity.
 In particular, our arguments and the findings
 that corroborate them indicate that compara-
 tive analysis of adaptations will be difficult
 when hormones generate pervasive pleiotropy
 and possibly epistasis. This illustrates the de-
 gree to which the naive application of a classic

 concept, the comparative method from one

 biological culture, that of evolutionary biol-

 ogy, is undermined by a lack of appreciation
 of the full biological hierarchy.

 A VIEW OF FUTURE BIOLOGY

 Within a decade we will know the complete
 nucleotide sequences of many genomes. It will

 be some time, however, before we understand

 the function(s) of most of these genes in such
 detail as is known for the genes that regulate
 the bacteriophage lambda's life history. More-
 over, we must then work out the fitness and

 fitness-component levels of the biological hi-

 erarchy described in the Introduction, for the
 meaning of any piece of the hierarchy cannot

 be fully resolved without pursuing its causal
 connections throughout all levels. Thus, while
 molecular biology may give us the genetic mes-

 sages, we still need the rest of biology to dis-
 cern their meaning. And that meaning must

 ultimately be rendered in terms of fitness and
 its components.

 Some evolutionary biologists may have lit-
 tle interest in moving through the levels of
 biological causation. But this disinterest may
 blind them to interactions between biological
 mechanisms that give rise to unexpected evo-
 lutionary phenomena. Moreover, it is easy

 to make errors of inference, in comparative
 biology for example, by neglecting mecha-
 nisms at other levels. We anticipate that the
 biological sciences will increasingly involve
 greater pursuit of causal connections between
 hierarchic levels, regardless of disciplinary en-

 trenchment. With respect to life history, this
 is of more than theoretical significance. The

 successful postponement of human aging, a
 profound technological goal of biomedical re-
 search, depends vitally on a spectrum of biol-
 ogy from population genetics to molecular and
 cell biology. We suggest that successful ap-
 proaches to cancer, vascular disease, and Alz-
 heimer's disease, for example, will require mo-
 lecular or physiological interventions that are
 designed in relationship to our fitness as mem-
 bers of a particular species in its full evolution-
 ary context.
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