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Early experience has a particularly great effect on most organisms. Normal development may be disrupted

by early environmental influences; individuals that survive have to cope with the damaging consequences.

Additionally, the responses required to cope with environmental challenges in early life may have long-term

effects on the adult organism. A further set of processes, those of developmental plasticity, may induce a

phenotype that is adapted to the adult environment predicted by the conditions of early life. A mismatch

between prediction and subsequent reality can cause severe health problems in those human societies

where economic circumstances and nutrition are rapidly improving. Understanding the underlying

mechanisms of plasticity is, therefore, clinically important. However, to conduct research in this area,

developmental plasticity must be disentangled from disruption and the adverse long-term effects of coping.

The paper reviews these concepts and explores ways in which such distinctions may be made in practice.
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1. INTRODUCTION
The early phase of life in many species is characterized by

the presence of responses to environmental stimuli. This

developmental plasticity is important in generating a range

of phenotypes suitable for different environments and,

thus, promoting the perpetuation of the genotype.

Developmental plasticity may, however, also play a role

in the generation of human disease (Bateson 2001;

Bateson et al. 2004).

The human foetus and infant can respond to unba-

lanced nutrition and other adverse influences by changing

their developmental and growth trajectories (Gluckman &

Hanson 2004b). The processes involved may include

induction of attributes that adapt the individual for the

type of environment in which he or she is likely to live later

in life. People who are born particularly small have health

disadvantages both in infancy and in later life (Barker

1998). But even within the normal range of birth sizes,

birth weight is inversely related to the risk of developing

coronary heart disease, Type 2 diabetes and hypertension

(Barker 2001). Developmental pathways may affect the

incidence of human disease in other ways. Those born as
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heavier babies and similarly brought up in affluent

environments generally enjoy a reduced risk of such

chronic disease as adults (excluding those whose increased

size is owing to maternal pathological conditions, such as

diabetes mellitus; Barker 2001; Barker et al. 2001;

Eriksson et al. 2001). Postnatal ill-effects arising from

these distinct developmental pathways observed in

humans appear to result from the mismatch between the

postnatal environmental state and the phenotype devel-

opmentally selected in utero or in early infancy. The

relationship between constrained or impaired foetal or

infant development and fast growth in childhood may be

responsible for the increased risks of the diseases of

affluence (Eriksson et al. 2001; Gluckman & Hanson

2004a). The epidemiological observations that led to this

view (Barker & Osmond 1986; Rich-Edwards et al. 1997),

and which remain somewhat controversial (reviewed in

Gluckman & Hanson 2004d), suggest that such disease is

not simply the result of adult lifestyle, but that it has

important developmental determinants that are not

genetic in origin. Such observations have important

implications, given the increasing concern about the

epidemic of cardiovascular and metabolic disease world-

wide (Popkin 2001; Fall 2003). The one estimate of
q 2005 The Royal Society



Table 1. Types of developmental response to environmental influences

nature of the
response

time of conferred
advantage

outcome examples

developmental
disruption

nil survivors may be severely
dysfunctional

neural tube defect owing to maternal folate
deficiency (Kalter 2003)

immediately
adaptive

immediate survival but with possible
long-term costs (‘coping’)
to Darwinian fitness

premature delivery following maternal
infection—benefit is leaving infected intrauterine
environment early while cost is permanent
stunting (Hofman et al. 2004; Keelan et al. 2003;
Irving et al. 2000)

predictively
adaptive

not necessarily immediate,
anticipated to be advan-
tageous at a later period

advantageous if predicted
future and actual future
environments match

coat thickness in meadow vole pup (Lee & Zucker
1988); low sweat gland innervation in a hot
environment (Kawahata & Sakamoto 1951;
Diamond 1991)

disadvantageous if
predicted and future
actual environments
mismatch

impaired metabolic responses to a nutritionally
rich adult environment of prenatally constrained
individuals within the normal birth weight range
(Gluckman & Hanson 2004a)

672 P. D. Gluckman and others Environmental influences on development
the size of the effects of the early environment on later

disease risk (Barker et al. 2002) suggests that it is very

substantial.

Several explanations have been offered for the long-

term effects on the offspring of an altered maternal

environment (Hattersley & Tooke 1999; Hales & Barker

2001; Singhal et al. 2003; Gluckman &Hanson 2004a). In

this paper we identify these alternative hypotheses using

examples of direct and indirect changes in nutrient

availability. Since these explanations are not necessarily

mutually exclusive, we explore how the different influ-

ences on adult characteristics are confounded and how

they may be disentangled from each other. Clarity in

understanding these issues may assist in resolving the

continuing debate about the relative importance of

developmental factors in the genesis of adult disease. For

convenience, and because of the plethora of good

examples, we shall usually limit our discussion to

mammalian—especially human—development, but

many of our general points are applicable to a wide

range of animal and plant species.
2. DEVELOPMENTAL RESPONSES TO
ENVIRONMENTAL INFLUENCES
Development of an individual obviously depends on both

its genes and its environment, but the precise character of

the interplay between the developing individual and its

environment is critical. At each phase of development the

organism may be sensitive to particular environmental

cues with the effects of its responses impacting on

subsequent stages of development. In sheep, the nutri-

tional status of the mother at around conception can

influence how the late gestation foetus responds to

subsequent maternal nutritional stress (Harding 1997).

The setting of the hypothalamic pituitary adrenal axis may

also respond in parallel and, hence, lead to changes in the

postnatal responses to external stressors (Hawkins et al.

2001; Bloomfield et al. 2004). In the rat, prenatal under-

nutrition changes how the offspring responds to different

levels of nutrition (Vickers et al. 2000; Ozanne et al. 2004).

Such processes affect many physiological systems, such
Proc. R. Soc. B (2005)
as appetite, nutrient partitioning, cardiovascular control

and responses to stress, each of which may confer some

survival advantage in the appropriate environment.

In table 1, we classify the types of responses the developing

organism can make to an environmental influence.

(a) Developmental disruption

Developmentally disruptive events in response to

environmental stimuli irreversibly interfere with

embryonic development and, depending on their

nature, may have deleterious effects either in utero

and/or after birth. Generally, such cues act by interfer-

ing with a developmental process during periods of

vulnerability, such that structural deficits emerge. The

stimulus may be a drug, ionizing radiation, a major

environmental shift such as hyperthermia or hypoxia,

disease, or a gross nutritional disruption (e.g. folate

deficiency leads to neural tube defects) in humans and

other mammals.

(b) Immediately adaptive responses

Effects on homeostatic responses can also be developmen-

tally-specific, representing examples of specific adap-

tations to the conditions of foetal life. For example, the

availability of oxygen to the foetus is limited by the

capacity of the placenta to transfer oxygen, and the foetus

has no mechanism by which to increase oxygen avail-

ability. Therefore, under low oxygen conditions, the foetus

must conserve oxygen, by redistributing blood flow to vital

organs such as the heart and brain at the expense of others

such as muscle, gut and kidney, and by reducing oxidative

metabolism. After birth, the initial response of all

terrestrial vertebrates to shortage of oxygen is to increase

pulmonary ventilation. The foetus does not use its lungs

for ventilation, but it does make rhythmic breathing-like

movements that are essential to prenatal lung growth in

preparation for birth. However, these movements are

energy consuming and need not be continuous. When

oxygen supplies are poor, the foetus uses a specific

descending neural pathway to inhibit breathing move-

ments to conserve oxygen for high priority functions

(i.e. cardiac and brain utilisation). Postnatally, this
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inhibitory pathway must be inactivated so that ventilation

can be enhanced during conditions of low oxygen

(Johnston et al. 1990). A further example is that the

neural mechanisms underlying infant suckling and associ-

ated behaviour are different from those underlying adult

feeding (Williams et al. 1979). These examples illustrate

adaptive responses made by the developing organism that

have a clear, immediate value in utero or in the infant

period.

(c) Predictive adaptive responses

Some responses made by the developing organism to

environmental conditions may not have immediate adap-

tive value, but manifest their benefits later in life. It needs

to be emphasized that these are not simply the effects of

constraint in utero, but rather mechanisms by which the

foetus uses an early environmental cue to ‘predict its

future’ and adopts a developmental pathway that might

best suit it to its expected postnatal or adult environment.

The efficacy of this sort of plastic strategy will depend on

whether the prediction made is correct (i.e. well-matched

to actual environmental conditions in later life) or not

(mismatched; Bateson et al. 2004; Gluckman & Hanson

2004a,c). The evolution of the ability to mount a

predictive and adaptive plastic response will probably

depend on a number of features, such as the accuracy of

the cue and the frequencies of the various environmental

states, as well as the consequences of a mismatch

(Gluckman & Hanson 2004c) and the intrinsic costs of

plasticity itself (DeWitt et al. 1998).

An example of such a predictive adaptive response is

coat thickness in themeadow vole (Microtus pennsylvanicus;

Lee & Zucker 1988). The vole pup is born with a thicker

coat in autumn than in spring. Given the constancy of both

the intrauterine and the nesting thermal environments,

development of coat thickness, which is induced by

trans-placental transfer of melatonin signalling day-length

(Lee et al. 1989), can only be made in expectation of the

predicted postnatal thermal environment. Such predictive

responses may be an important component of mammalian

development. Through them, the foetus predicts its

postnatal environment based on maternal cues transduced

via the placenta and sets its physiological homeostatic

mechanisms tomatch that postnatal environment. Clearly,

a considerable amount depends on the accuracy of the

prediction. When a match between the predicted and

actual environment occurs, the offspring will almost

certainly thrive. Where the prediction is incorrect, how-

ever, the organism is left with a postnatal physiology that is

mismatched and inappropriate, putting it at increased risk

from predation or disease (Gluckman & Hanson 2004a).

Such errors in prediction might arise either because the

postnatal environment has shifted or because the foetus has

received faulty information on which to base its prediction.

The latter is most likely to happen in the presence of

maternal disease or placental dysfunction, but also as a

result of exaggerated maternal constraint (see below;

Gluckman & Hanson 2004b).

Predictive responses can be also induced in neonates.

The reported effects of the infant thermal environment on

the number of active sweat glands may represent a human

example (Kawahata & Sakamoto 1951; Diamond 1991).

The mechanisms underlying predictive adaptive responses
Proc. R. Soc. B (2005)
are likely to involve epigenetic change such as DNA

methylation and other functional and structural

changes, upon which subsequent development is con-

tingent, occurring during sensitive periods in development

(Waterland & Jirtle 2004).

While we have described each of the three possible

types of response as distinct processes, they have

characteristics that may overlap and grade into each other.
3. COPING AND TRADEOFFS
Between the pathological and adaptive extremes, the

developing organism might be forced by the environmen-

tal exposure to ‘cope’ in ways that might involve

homeostatic mechanisms or more substantial adjustments

in physiology and morphology to ensure survival. Some-

times this coping will have long-term effects on Darwinian

fitness by imposing costs that impact on the individual at a

later stage in its life. Coping responses allow the foetus to

survive a potentially deleterious environment until birth.

For example, a general response of the foetus to maternal

nutritional deprivation is to reduce foetal growth

(reviewed in Harding & Gluckman 2001). The foetus

cannot outgrow the supply of nutrients delivered across

the placenta, and matching growth to supply is therefore

an important and inevitable aspect of the regulation of

foetal growth. This supply is limiting even under

physiological conditions and this limitation is termed

maternal constraint (Gluckman & Hanson 2004b). An

impaired growth trajectory may become irreversible if

foetal under-nutrition is prolonged (Mellor & Murray

1982). This change is clearly of benefit to the foetus,

enabling it to optimize the use of limited nutrients but, as

we have discussed, it may have postnatal costs. Pancreatic

development, and thereby insulin release, is altered

(Fowden & Hill 2001), the pathways by which insulin

exerts its effects on substrate uptake into tissues are

changed (Ozanne et al. 2003), and so is the growth of

blood vessels supplying nutrients to highly metabolically

active tissues (Bennis-Taleb et al. 1999). All these latter

processes will lead to a level of ‘insulin resistance’, which

economizes on energy consumption. If the offspring is

reared in an energy-poor environment, then such pheno-

typic attributes confer advantage and the individual is

more likely to survive to reproduce. Conversely, if the

individual is reared in a nutritionally enriched postnatal

environment, then it may be adversely affected by having

insulin resistance, with pathological consequences. This

example shows how a prenatal survival strategy may have

long-term costs in some environments.

If the developing organism increases its chances of

survival by, for example, economizing on the building of

structures that would have been helpful to it in later life,

the short-term gain may be at the expense of its

subsequent reproductive success. In polygynous species,

such as red deer, a small male may be unable to compete

with larger males for mates and, as a consequence, have a

low chance of fathering any offspring (Albon et al. 1987;

Kruuk et al. 1999). In such cases the risks of failing to

survive through devoting too many resources to growth

have to be balanced against the risks of failing to

reproduce. The balance, of course, is achieved during
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the course of evolution, with those individuals that find the

optimal trade-off being most likely to have descendants.

The developing organism is not like a machine that is

still being constructed and it does not have to be useful

while being built. Rather, the living organism has to

function at each stage of development and may play an

active role in its own survival and further development.

Consequently, it is likely to be equipped with specialized

anatomical and physiological adaptations enabling it to

deal with its foetal (if it is a mammal), neonatal and

juvenile environments. The particularities of the foetal

circulation provide an anatomical example. Foetal oxy-

genation is provided by the placenta rather than by the

lungs. Two unique vessels, the ductus venosus and ductus

arteriosus, together with the foramen ovale (a prenatal

perforation in the inter-atrial septum of the heart), create a

pattern of circulation in the foetus so that a substantial

fraction of the most oxygenated blood bypasses the foetal

liver and lungs to supply preferentially the foetal brain and

heart. Shortly after birth, these ducts and the foramen

ovale close and perfusion of the lungs increases enor-

mously to allow oxygenation via the lungs.
4. TIMING OF DEVELOPMENTAL INFLUENCES
In mammals, environmental influences that have long-

term consequences can operate even on the pre-ovulatory

oocyte and pre-implantation embryo. For example, the

allocation of embryonic stem cells to inner cell mass versus

trophectoderm is altered in blastocysts taken from rats fed

a low protein diet for only the first 4.5 days of pregnancy;

the offspring develop a higher blood pressure postnatally

(Kwong et al. 2000). Comparable effects have been

reported in larger animals, where the in vitro culture

conditions of sheep embryos can induce dramatic sub-

sequent effects such as very large offspring (Young et al.

2001; Walker et al. 1996). Increasing attention is focused

on the possible long-term effects of human in vitro

fertilization (Jackson et al. 2004).

Postnatal manipulation in infancy also has long-term

consequences. Handling of the neonatal rat pup has long-

term consequences for the neural regulation of the

glucocorticoid axis and, thus, to corticosterone release,

an important mediator of the stress response (Weaver et al.

2004). Different feeding regimes in human neonates,

particularly in those born prematurely (Singhal et al.

2003), have long-term metabolic consequences. Different

infant growth patterns may lead to different disease risks in

adult life (Eriksson et al. 2001).

Clearly, the effects of an environmental stressor may be

developmentally stage-dependent. For example, studies of

survivors of the Dutch winter famine of 1944–1945 show

specific long-term consequences of nutrient deprivation at

different stages in human pregnancy (Ravelli et al. 1998;

Ravelli et al. 1999).

Some developmental responses may have multi-gen-

erational effects. For instance, manipulation of maternal

dietary methyl group provision in agouti mice around

conception alters the degree of DNA methylation at the

agouti locus in the pre-implantation embryo and the

colour of the subsequently developing coat (Wolff et al.

1998; Waterland & Jirtle 2003). Such intergenerational

effects in mammals are further confounders in interpreting
Proc. R. Soc. B (2005)
experimental and clinical observations. For example, the

growth of descendants of rats undernourished in utero did

not return to normal for several generations (Stewart et al.

1980). The female offspring of women exposed to famine

in Holland in 1944/45 in turn gave birth to growth-

impaired infants (Lumey 1992). The abnormal vascular

responses of rodent foetuses exposed to abnormal

maternal nutrition in utero persist into the second

generation (Brawley et al. 2003). At least three possible

mechanisms could be involved in such intergenerational

effects. The first is epigenetic change, by which DNA is

modified by environmental effects, either via methylation

at CpG islands or by changes in histone acetylation

(Jablonka et al. 1992). While previously considered to be

restricted to a single generation owing to reversal by

demethylation after meiosis, recent evidence suggests that

this clearing of a ‘memory’ via methylation in some alleles

is incomplete and that the effect may persist beyond one

generation (Waterland & Jirtle 2003). Secondly, the

female reproductive tract develops in the first half of

human foetal life. Girls that were growth retarded in utero

have reduced uterine size and this reduction may lead to

impaired uterine–placental function when, in time, these

women become pregnant (Ibanez et al. 2000). Thirdly,

changes in metabolic homeostasis induced in the foetus/

neonate may affect metabolic and cardiovascular function

when these offspring in turn become pregnant; these

outcomes may then induce particular phenotypes in the

next generation of offspring (Drake & Walker 2004;

Gluckman & Hanson 2004c).

At the molecular level, adaptive responses will be based

on physiologically regulated mechanisms with appropriate

changes in gene expression. Suites of genes are obviously

involved in any major phenotypic outcome induced by

developmental plasticity (Evans & Wheeler 2001). How-

ever, the induction of such changes is likely to be triggered

by epigenetic effects on the genome. Thus epigenetic

approaches may be particularly informative. Manipulating

the behavioural environment of the neonatal rat produces

highly specific changes in DNA methylation that affect

gene expression permanently, with consequent endocrine

and behavioural changes persisting into adulthood

(Weaver et al. 2004). This type of epigenetic change

(involving biochemical modification of DNA) is probably

a fundamentally important mechanism in developmental

plasticity. In contrast, developmental disruption owing to

very poor levels of nutrition or other extreme environ-

mental changes is not regulated.
5. IMPLICATIONS FOR EMPIRICAL WORK
These considerations raise some important questions in

the interpretation of empirical data. For example, if an

early environmental cue has long-term effects, one must

consider whether they have arisen because of develop-

mental disruption or whether the response is a conse-

quence of developmental plasticity and involves an

adaptive and regulated physiological response. In the

former case, the effects need not be related to the

triggering event. In the latter case, the responses should

relate functionally to the environmental events that

triggered them, having immediate benefit or long-term

predictive and adaptive significance (see table 1).



Figure 1. Proposed relationship between the environmental
(nutritional) plane to which the developing organism is
exposed to during the phase of developmental plasticity
and the consequences for its Darwinian fitness in adult life.
The relationship is determined by different mechanisms
according to the degree of shift in the environmental state
from the optimal, as suggested by the shaded columns.
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Studies of the reduction in nephron number in the

kidneys are illustrative of these issues. Nephron number is

reduced in the offspring of rodents in which the

maternal diet was protein-restricted during pregnancy

(Langley-Evans et al. 1999, 2003). Reduced nephron

number may play a role in the aetiology of human

hypertension, especially in those born with reduced body

weight (Ingelfinger 2003; Keller et al. 2003). Is this

reduced nephron number simply developmental disrup-

tion induced by a severe nutritional stimulus? Is it an

appropriate adaptive response in utero to conserve energy

under conditions of foetal nutrient limitation? Or is it a

predictive response without adaptive value in utero, but

induced in the expectation of a limited postnatal

environment because the kidney has a large postnatal

energy demand and nephron capacity is generally in

excess? If the postnatal environment is richer than

expected and the animal shows marked postnatal growth,

potentially exceeding the limited renal reserve, is this

outcome an example of an inappropriate prediction,

simply a trade-off, or the consequences of a developmental

disruption? The currently available evidence does not

easily separate these possibilities.

What studies could help to tease out the different

possible effects of environment on early mammalian

development? By way of an example, consider a range of

foetal nutritional conditions ranging from very low to

extremely high (figure 1). Developmentally disruptive

effects are most likely to be seen under very poor

nutritional conditions; coping responses that have long-

term adverse effects are most likely to be seen in low but

not extreme conditions; predictive adaptive responses are

likely to be expressed from moderately low to moderately

high condition; and coping and disruptive effects may
Proc. R. Soc. B (2005)
again be expressed in excessively high conditions. These

effects are likely to grade into each other. Empirical

programmes of research need to establish the precise

shape of the function depicted in figure 1. Research design

must consider the potentially confusing effects of trans-

generational or within-generation changes in nutrition.
6. THE HUMAN PERSPECTIVE
The longer-term effects of environmental influences in

early life may, however, become more important as

longevity becomes a greater feature of the human species.

A functional and evolutionary approach suggests that the

pregnant woman may signal to her unborn baby about its

future world. If the foetal forecast is wrong, however, the

offspring is at greater health risk because its physiological

adaptations aremismatchedwith the environment inwhich

he or she will live. Gluckman &Hanson (2004b) suggested

that the foetal environment was likely to match the

postnatal environment during most of hunter–gatherer

evolution. Further, the combination ofmaternal constraint

on foetal growth and adaptive response mechanisms

promoted fitness by creating an asymmetry that allowed a

greater probability of survival through periods of poor

nutrition. The rapid advances in longevity in recent times,

however, togetherwith theextremechanges in thepostnatal

nutritional/energy environment, have created a greater

probability of mismatch (Gluckman & Hanson 2004c).

Similarly, recent suggestions that rapid infant growth is the

key risk factor (Barker et al. 2002; Eriksson et al. 2001) can

be interpreted as permissive release from the constraint of

foetal life in the presence of high nutrient availability

(Gluckman & Hanson 2004c; Eriksson et al. 1999).

The diversity in past and present ecological conditions

is likely to introduce complexity into the relationship

between developmental prediction and later health. For

example, some populations will have adapted to con-

ditions of nutritional stress, especially seasonal food

shortages, over a long time span (Truswell & Hansen

1976), while others will have been buffered from such

effects leading to genetic differences between populations

(Hattersley & Tooke 1999; Neel 1999; Diamond 2003).

Recent studies on polymorphisms in a regulatory pathway

affecting insulin sensitivity (Eriksson et al. 2002, 2003)

demonstrate that the capacity of early environmental

influences to affect later disease risk can be influenced by

genotype. The possibility of a ‘thrifty genotype’ (Neel

1962) well adapted to harsh conditions is not incompa-

tible with the plastic induction of deprivation-adapted

phenotypes from a pool of uniform genotypes. Indeed, we

would suggest that environmental factors acting on

development must be considered alongside genetic factors

in understanding the origins of many human diseases.

In summary, developmental cues may impact on

long-term outcomes for the organism in one of several

ways. These possibilities have implications for under-

standing the ecology of human disease. Distinctions

should be made between (i) developmental disruption

in response to environmental cues acting during the

phase of developmental plasticity, (ii) immediately

adaptive responses with long-term consequences and

(iii) those adaptive responses induced early in develop-

ment, but conferring long-term advantage. The
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empirical data, whether clinical or experimental, need

to be interpreted in light of these considerations. Doing

so will greatly improve our resolution of the important

issue of the relative weight of developmental factors in

the origin of health and disease.

We thank Dr C. Pinal for her assistance with the manuscript.
Many of these concepts were discussed at a workshop held in
February 2004 at the Liggins Institute, University of
Auckland sponsored by the International Society for the
Developmental Origins of Health and Disease and we thank
the other participants for their contributions to the
discussion.
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