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Maternal care and the development of stress responses
Darlene D Francis* and Michael J Meaney?

Studies dating from the 1950s have documented the impact of
early life events on the development of behavioral and
endocrine responses to stress. Recent findings suggest that
these effects are mediated through changes in
mother—offspring interactions and have identified central
corticotropin-releasing factor systems as a critical target for
the effects of variations in maternal care.
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Abbreviations

ACTH  adrenocorticotropin hormone

cBzZ central benzodiazepine

CnAmy central nucleus of the amygdala

CRF corticotropin-releasing factor

GABA  y-aminobutyric acid

GR glucocorticoid receptor

HPA hypothalamic-pituitary—adrenal axis

LC locus coeruleus

LG-ABN licking/grooming and arched-back nursing
MR mineral corticoid receptor

PVNh  paraventricular nucleus of the hypothalamus

SHR spontaneously hypertensive rat
VFD variable foraging demand
WKY Wistar—Kyoto

Introduction

Stress is a risk factor for a variety of illnesses, ranging from
auto-immune disorders to mental illness. The pathways
through which stressful events can promote the development
of such divergent forms of illness involve the same hormones
that ensure survival during a period of stress [1°*]. Stress-
induced increases in adrenal release of catecholamines
(adrenaline and noradrenaline) and glucocorticoids orches-
trate an increase in catabolism, involving lipolysis and the
mobilization of glucose reserves (see Table 1; [2,3%]). These
actions serve to increase the availability and distribution of
energy substrates. There are also emotional and cognitive
responses to stressors [4°]. During periods of stress, feelings of
apprehension and fear predominate, and individuals become
hypervigilant. The level of attention directed to the sur-
rounding environment is increased at the expense of our
ability to concentrate on tasks not related to the stressor
Glucocorticoids act on brain structures such as the hippocam-
pus and amygdala, to disrupt episodic memory [5°]. At the
same time, glucocorticotds and catecholamines act on areas of
the brain, such as the amygdala, to enhance learning and
memory for emotional stimuli (see [6-8]). Even though these

responses are highly adaptive, chronic activation of these sys-
tems can promote the development of hyperlipidemia,
hypertension, chronic immunosuppression and decreased
viral resistance, states of anxiety and dysphoria, and sleep dis-
orders [1°°,2,9].

We will discuss the implications of altered maternal behav-
ior early in an organism’s life on its subsequent vulnerability
to stress later in adulthood.

Corticotropin-releasing hormone

Behavioral and endocrine responses to stress are largely gov-
ermed by two central corticotropin-releasing factor (CRF)
neuronal populations (see [10-12]). One populatien of CRF
neurons is in the parvocellular region of the paraventricular
nucleus of the hypothalamus (PVNh), which project to the
hypophysial-portal system of the anterior pituitary [10]. In
responses to stressors, CRE, as well as co-secretagogues such
as arginine vasopressin, are released from PVNh neurons
into the portal blood supply of the anterior pituitary, where
it provokes the synthesis and release of adrenocorticotropin
hormone (ACTH; see [10]). Pituitary ACTH, in turn, caus-
es the release of glucocorticoids from the adrenal gland.
CRF neurons in the PVNh also activate adrenomedullary
catecholamine release [10]. 'The second population of CRF
neurons is in the central nucleus of the amygdala (CnAmy)
and projects to the locus coeruleus (I.C). They increase the
firing rate of L.C neurons, resulting in increased noradrena-
line release in the vast terminal fields of this ascending
noradrenergic system (see [13,14]).

The CRF neurons of the PVNh are an important nora-
drenergic target. Noradrenaline is the primary stimulus of
CRF release from PVNh neurons during stress [10]. The
amygdaloid CRF projection to the L.C [13,14] is also criti-
cal for the expression of behavioral responses to stress (see
[8,14,15]). Hence, the CRF neurons in the PVNh and the
CnAmy serve as important mediators of both behavioral
and endocrine responses to stress.

These findings have provided a basis for understanding
how stress can influence health. Yet, the influence of stress
on health can only be fully appreciated when the individ-
ual’s response to stress is taken into consideration. One
hypothesis that guides research on the development of
psychopathology focuses on the role of early life events in
determining individual differences in vulnerability to
stress [16-18]. This hypothesis is derived from the finding
that chronic activation of central and endocrine stress
responses can promote illness (see references cited above).
Thus, early life events that increase stress reactivity result
in a greater exposure to ‘stress hormones’ and thus greater
vulnerability for-stress-induced illness over the lifespan.
Support for this hypothesis has emerged from studies
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examining the influence of early life events on the devel-
opment of neural systems that regulate the expression
Stress responses.

Environmental regulation of the
hypothalamic-pituitary-adrenal axis and
behavioral responses to stress

One of the strongest models for environmental regulation of
the development of responses to stress is the postnatal han-
dling research with rodents. Handling involves a brief (i.c.
3-15 min) daily period of separation of the pup from the
mother. In the rat and mouse, postnatal handling decreases
the magnitude of behavioral and endocrine responses to
stress in adulthood (see [19] for a review). In contrast, longer
periods (i.e. 3-6 h) of daily separation from the mother
increase behavioral and endocrine responses to stress
[20*,21]. These effects persist throughout the life of the ani-
mal (see e.g. [22]) and are associated with differences in
health outcomes under conditions of stress [22-24].

The central CRF systems are critical targets for these envi-
ronmental effects (see Table 2). Postnatal handling
decreases, and maternal separation increases, CRF gene
expression in the PVNh and the CnAmy. Moreover, there
are potent effects on systems known to regulate CRF gene
expression in the PVNh and the CnAmy. Glucocorticoid
receptor systems are modulated, which then serve to
inhibit CRF synthesis and release in PVNh neurons [2,3*].
GABAergic/central benzodiazepine (CBZ) systems, which
regulate both amygdaloid CRF activity and noradrenergic
neurons of the LC [12], are also affected. Predictably,
stress-induced activation of ascending noradrenergic sys-
tems in adult animals is increased by maternal separation
and decreased by handling in early life [25]. Thus, envi-
ronmental manipulations can alter the expression of
behavioral and endocrine responses to stress by altering
the development of central CRF systems, as well as sys-
tems that regulate CRF activity.

In addition, maternal separation in ecarly life alters the
development of ascending serotonergic systems in both
monkeys (see [26]) and rats [27]. Repeated periods of
maternal separation in early life increase cerebrospinal
fluid measures of central noradrenaline and serotonin
responses to stress in the rhesus monkey [28]. Considering
the importance of the ascending noradrenergic and sero-
tonergic systems in depression, these findings suggest a
mechanism whereby early life events might predispose an
individual to depression in later life (see [17]).

Thus, long periods of maternal separation during infancy
may have long-term effects on stress-mediating path-
ways. It is not clear, however, whether maternal care
actively contributes to the normal development of the
neural systems that mediate stress responses or whether
it is simply the absence of the mother that is so disrup-
tive to the development of these systems. If maternal
care is important, then what are the relevant features of

Table 1

Summary of major metabolic/cardiovascular effects of
stress-induced increases in catecholamines and
glucocorticoids*.

Target
organ/tissue Effect Function
Liver Increase Maintain stable blood
gluconeogenesis sugar level
Selected Increase glycogenolysis  Increase
macromolecular  and lipolysis available energy
storage sites substrates

Increase heart rate Increase blood
and blood pressure flow

Heart, circulatory
system

GH target tissue  Decrease sensitivity

to GH

Dampen anabolic
processes

*Generated from [1**,2,9]. GH, growth hormone.

mother—infant interactions and how do they influence
neural development?

What are the critical features of environmental
manipulations?

Handling, although a brief interlude in the routine of
mother—pup interactions, does alter the behavior of the
mother towards its offspring [29]. Mothers of handled pups
spend the same amount of time with their litters as moth-
ers of nonhandled pups; however, mothers of handled
litters spend significantly more time licking/grooming
their pups [30*]. The question, then, is whether this
altered pattern of maternal behavior serves as a critical
stimulus for the environmental effects on the development
of endocrine and behavioral responses to stress.

Interestingly, there are substantial, naturally occurring varia-
tions in maternal licking/grooming in rat dams. Maternal
licking/grooming of pups occurs most frequently while the
mother nurses in the arched-back position; the frequency of
the two behaviors are closely correlated (r = +0.91) across
mothers [30°]. In a series of studies, mothers were divided
into two groups: those that spent a large amount of time lick-
ing/grooming and arched-back nursing (LG-ABN) and
those that spent little time performing these behaviors.
Note, there were no differences between these groups in
relation to the overall amount of time the mother was in con-
tact with her pups [31°]. If handling-induced differences in
licking/grooming or arched-back nursing are relevant for
effects on HPA development, then the offspring of high
LG-ABN mothers should resemble the handled animals.
This is exactly what was found [30°]. As adults, the offspring
of high LG-ABN mothers showed reduced plasma ACTH
and corticosterone responses to restraint stress. In the adult
rat, glucocorticoids act at specific receptor sites within
selected brain regions, such as the hippocampus, to decrease
CRF synthesis in PVNh neurons (see [3*]). The high
LG-ABN animals also showed significantly increased hip-
pocampal glucocorticoid receptor mRNA expression,
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Table 2

A summary of the effects of postnatal handling or maternal
separation on neural mediators of behavioral and HPA
responses to stress in the rat*.

Target Postnatal Maternal
handling separation

CRF mRNA (PVNh) { T
CRF mRNA (CnAmy) l T
CREFir {locus coeruleus) { T
CREF receptor binding J )
(locus coeruleus, raphé)

GR mRNA (hippocampus) T l
GR mRNA (PVNh) No effect 1
GC feedback inhibition of CRF T 3
GABA, receptor T {
CBZ receptor/y2 mRNAT T {

{amygdala, locus coeruleus,
nucleus tractus solitarius)

*Generated from [16,19,21,27]. tThe y2 subunit of the GABA,
receptor complex is thought to encode for the CBZ receptor site.
CRFir, immunoreactive CRF; GC, glucocorticoid.

enhanced glucocorticoid negative feedback sensitivity and
decreased hypothalamic CRF mRNA levels. Moreover, the
magnitude of the corticosterone response to acute stress was
significantly correlated with the frequency of both maternal
licking/grooming (r = —0.61) and arched-back nursing
(r = —0.64) during the first 10 days of life, as were the levels
of hippocampal glucocorticoid receptor mRNA and hypo-
thalamic CRF mRNA expression (all correlation values
> 0.70) [30°]. These studies suggest that the critical feature
for the handling effect on HPA development involves an
increase in maternal licking/grooming,

The offspring of the high and low LG-ABN mothers also
differed in their behavioral responses to novelty [31°]. As
adults, the offspring of the low LG-ABN mothers
showed increased startle responses, decreased open-field
exploration, and longer latencies to eat food provided in
a novel environment, reflecting a greater fear of novelty.
These animals also showed increased CRF receptor lev-
els in the locus coeruleus and decreased CBZ receptor
levels in the basolateral and central nucleus of the amyg-
dala, as well as in the LC, and increased CRF mRNA
expression in the CnAmy (DD Francis, J Diorio,
M] Meaney, unpublished data). These differences map
perfectly onto the differences between handled and non-
handled animals, and provide support for the idea that
the effects of handling are mediated by changes in
maternal behavior.

1t may be surprising that rather subtle variations in mater-
nal behavior have such a profound impact on
development. However, for a rat pup, the first weeks of life

do not hold a great deal of stimulus diversity. Stability is
the theme of the burrow, and the social environment in the
first days of life is defined by the mother and littermates.
The mother serves as a primary link between the environ-
ment and the developing animal. It seems reasonable that
variations in the mother—pup interaction would serve to
carry so much importance for development.

These findings are consistent with the results of studies
using the cross-fostering technique as a test for the mater-
nal-mediation  hypotheses. For  example, the
spontaneously hypertensive rat (SHR) is a strain bred for
hypertension. Even though the selective breeding sug-
gests a genetic background, the expression of hypertension
is also influenced by epigenetic factors (see [32]). SHR
pups reared by wild-type (Wistar-Kyoto [WKY]) mothers
do not exhibit hypertension to the extent of kin reared by
SHR dams. When borderline hypertensive rats (BHRs), a
hybrid formed by SHR-WKY matings, are reared by WKY
mothers, they do not express the hypertensive phenotype.

The influence of maternal behavior on the development
of behavioral and endocrine responses to stress is also
apparent in studies with BALBc mice, a strain that nor-
mally is very fearful and shows elevated HPA responses
to stress. BAL.Bc mice cross-fostered to C57 mothers are
significantly less fearful and have reduced HPA respons-
es to stress [33]. Importantly, C57 mothers normally lick
and groom their pups about twice as frequently as
BALBc¢ mothers. G57 pups cross-fostered to BALBc
mothers are more fearful, but not to the same level as
non cross-fostered BALBc mice. Comparable findings
have emerged from studies of rat strains: for example,
Fischer 344 rats, by comparison to Long-Evans rats, are
more responsive to novelty and have increased HPA
responses to acute stress. Interestingly, Long-Evans
dams lick/groom their offspring significantly more often
than do Fischer 344 mothers [34].

Under normal circumstances, of course, BALBc mice are
reared by BALBc mothers. The genetic and environ-
mental factors conspire to produce an excessively fearful
animal. This is the essence of nature and nurture: genet-
ic and environmental factors work in concert, and are
often correlated (see [35]). Because parents provide both
genes and environment for their biological offspring, the
offspring’s environment is correlated with their genes.
The environment the parent provides commonly serves
to enhance the genetic differences — they are redun-
dant mechanisms. The knowledge of an animal’s BALBc
pedigree is sufficient to predict a high level of timidity in
adulthood. Additional information on maternal care
would statistically add little to the predictability — the
two factors work in the same direction. But this is clear-
ly different from concluding that maternal care is not
relevant, and the results of cross-fostering studies attest
to the importance of such epigenetic influences. The
value of this process is that it can provide for variation. If



Maternal care and the development of stress responses Francis and Meaney 131

Figure 1

A schematic representing the potential
outcomes of the proposed relationship
between environmental adversity and infant
care. The key feature of this formulation is the
hypothesized relationship between fearfulness
{i.e. reactivity to stress) and maternal behavior
{see [43] for a review). Thus, variations in
maternal care affect the development of
neural systems that mediate stress reactivity
(see [16,19,21,27,30°,31°]), which may then
influence maternal behavior. These effects
then serve to influence the development of the
subsequent generation and thus provide a
basis for the transmission of individual
differences in stress reactivity from one
generation to the next. F1, first generation;
F2, second generation; rec, receptor.

Low levels of resources
High predation Environmental
Social turmoil, isolation, etc. conditions
Maternal care
Developmental
signal F1
Neural development
CRF i
4 gene expression , Oxytocin
l GABA,/CBZ, rec levels Dopamine Developmental
GR levels consequence for F1
and
developmental
signal for F2
Increased behavioral/ Maternal
endocrine reactivity to stress m=lp|  pohavior of Fi
Neural Developmental
development of consequence for F2
next generation
Current Opinion in Neurobiology

a genetically determined trajectory is not adaptive for
the animal, then development that can move in the
direction of the current environmental signal would be of
adaptive value. Hence, environmental events may alter
the path of developmental trajectories in favor of more
adaptive outcomes.

The transmission of individual differences in
maternal care to the offspring

Individual differences in behavioral and neuroendocrine
responses to stress are, in part, derived from variations in
maternal care. Such effects might serve as a mechanism
by which selected traits could be transmitted from one
generation to the next. This includes individual differ-
ences in maternal behavior. Adult, female offspring of
high LG-ABN mothers show significantly more LG-
ABN than female offspring of low LG-ABN mothers
(DD Francis e al, Soc Neuwrosci Abstr 1998, 24:452).
Moreover, handling of female pups in early life causes

them to become high LG-ABN mothers, regardless of
parentage, which suggests that the mode of transmission
is indeed behavioral.

The intergenerational transmission of parental behavior
has also been reported in primates. In rhesus monkeys,
for example, there is evidence for family lineages
expressing abuse of infants [36]. Fairbanks [{37] found
that daughters reared by mothers who consistently spent
a large amount of time in physical contact with their off-
spring became mothers who were similarly more
attentive to their offspring. Also, in rhesus monkeys,
Berman [38] found that the rejection of infants by their
mothers is correlated to whether their mothers were
rejected as infants. In all cases, these findings were inde-
pendent of the social rank of the mother. In humans,
measures of parental bonding between a mother and
daughter were highly correlated with the same measures
of bonding between the daughter and her child [39].
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These findings suggest a common process of intergener-
ational transmission of maternal behavior.

Environmental regulation of maternal behavior
In humans, social, emotional and socio-economic context
are overriding determinants of the quality of the relation-
ship between a parent and child [40]. Parental care is
disturbed under conditions of chronic stress. Conditions
that most commonly characterize abusive and neglectful
homes involve economic hardship, martial strife and a lack
of social and emotional support (see {40]). Such homes, in
turn, breed neglectful and even abusive parents. More
subtle variations in parental care also show continuity
across generations. Scores on the parental bonding index, a
measure of parent—child attachment, are highly correlated
across generations of mothers and daughters (DD Francis
er al., Soc Neurosci Abstr 1998, 24:452). So what are the
mechanisms that underlie this apparent transmission of
parental behavior from one generation to the next?

Individual differences in behavioral and endocrine
responses to stress in the rat are associated with variations
in maternal care during infancy [31°,32]. Predictably, the
stress responsivity of the offspring mirrors that of their
mothers. Low LG-ABN mothers are more fearful than are
high LG-ABN dams, and likewise, their offspring are more
fearful and timid than are those of high LLG-ABN mothers.
"T'his 1s a crucial point in understanding the basis for the
transmission of individual differences in parental behavior.

In che rat, maternal behavior emerges as a resolution of an
interesting conflict {41]. Females rats, unless they are in
late pregnancy or lactating, generally show an aversion
towards pups. The novelty of the pups is a source of aver-
sion for females, which is typical of the generally
neophobic adult rat. Amygdaloid lesions or specific hor-
monal regimens that dampen fearful reactions to novelty
also increase maternal responsivity in nulliparous females
[42,43]. Importantly, intracerebroventricular infusion of
CRF reduces maternal responsivity {44]. In humans, the
mother’s attitude towards her newborn is highly correlated
with her level of anxiety [43]. Mothers who feel depressed
and anxious are, unsurprisingly, less positive towards their
baby (see also [45]). That is to say, more fearful, anxious
mothers, such as low LLG-ABN rat dams, appear to be less
maternally responsive towards their offspring. Uvnas-
Moberg [46] has proposed a neural basis for these effects
that is based on the functionally antagonist effects of oxy-
tocin and CRE. She suggests that oxytocin has anxiolytic
effects and promotes parental care, whereas CRF is anxio-
genic and apparently disruptive of maternal behavior.

Under natural conditions, and the sanctity of the burrow, rat
pups have little direct experience with the environment.
Instead, it is their mother — and thus maternal care — that
1s affected by conditions such as the scarcity of food, social
instability and low dominance status. The effects of these
environmental challenges on the development of the pups

may then be mediated by alterations in maternal care (see
Figure 1). Variations in maternal care could, in turn, serve to
transduce an environmental signal to the pups and thus
influence the development of neural systems that mediate
behavioral and HPA responses to stress. Unfavorable envi-
ronmental conditions produce animals that are more
neophobic (see [19]) and lower in maternal responsivity to
pups (i.e. low LG-ABN mothers). This pattern of maternal
care could then result in offspring that are more fearful and,
ultimately, become low LG-ABN mothers. Hence, these
individual differences in the quality of maternal care may
serve as the basis for comparable patterns of maternal
behavior in the offspring (F1) and for the transmission of
these traits to subsequent generations (see Figure 1). A key
question here concerns the effects of early life events on
the development of neural systems that mediate maternal
behavior (see Figure 1 and [46]).

Perhaps the most compelling evidence demonstating per-
turbations in the nature of maternal care emerges from the
studies of Rosenblum and colleagues (see [47]). Bonnet
macaque mother—infant dyads were maintained under one
of three foraging conditions: low foraging demand (LFD),
where food was readily available; high foraging demand
(HFD), where ample food was available, but required long
periods of searching; and variable foraging demand (VFD),
a mixture of the two conditions on a schedule that did not
allow for predictability. Exposure to these conditions over a
period of months had a significant influence on
mother—infant interactions. The VFD condition was clear-
ly the most disruptive. Mother—infant conflict increased in
the VFD condition. Infants of mothers housed under these
conditions were significantly more timid and fearful. These
infants also showed signs of depression commonly observed
in maternally separated macaque infants. As adolescents,
the infants reared in the VFD conditions were more fearful,
submissive and showed less social play behavior.

More recent studies have demonstrated the effects of these
conditions on the development of neurobiological systems
that mediate the organism’s behavioral and endocrine/meta-
bolic response to stress [48,49°°] As adults, monkeys reared
under VFD conditions showed increased cerebrospinal fluid
levels of CRF. Increased central CRF drive would suggest
altered noradrenergic and serotonergic responses to stress,
and this is exactly what was seen in adolescent VFD-reared
animals. These findings provide a mechanism for the
increased fearfulness observed in the VFD-reared animals.
We would predict that if the environmental conditions
remained stable, these differences would, in turn, be trans-
mitted to the offspring (see Figure 1).

Conclusions

The studies reviewed here underscore two critically
important points. First, variations in maternal care that fall
within the normal range of the species can still have a pro-
found influence on development. One does not need to
appeal to the more extreme conditions of abuse and
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neglect to see evidence for the importance of parental care.
Second, environmental demands can alter parental care
and thus infant development. Indeed, we hypothesize that
environmentally induced alterations in maternal care
mediate the effect of variations in the early postnatal envi-
ronment on the development of specific neural systems
that mediate the expression of fearfulness. Such individual
differences in fearfulness, in turn, influence the parental
care of the offspring, providing a neurobiological basis for
the intergenerational transmission of specific behavioral
traits. The key issue, and one with broad social implica-
tions, is understanding the neural mechanisms that
underlie the relationship between environmental stressors
and maternal care.
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