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Naturally occurring variations in maternal care in early ent in families with a history of depression. Children of
postnatal life are associated with the development of individdepressed parents commonly inherit not only a genetic
ual differences in behavioral and hypothalamic—pituitary— predisposition for depression but often, the compromised
adrenal responses to stress in the rat. These effects appear fyrental care of a depressed parent (see Field 1998). The
be mediated by the influence of maternal licking and groomenhanced vulnerability for depression derives from both

ing on the development of central cortlcotropln-releasmg9enetic and behavioral modes of transmission.

factor_(CRF) systems, which regule_lte the expression o The quality of the early family environment can serve as
behavioral, endocrine, and autonomic responses to stress - Sl : e
major source of vulnerability in later life. Individuals

through activation of forebrain noradrenergic systems. Thesé& e ; .
findings provide a neurobiologic basis for the observedWN© are the victims of physically or sexually abusive

relationship between early life events and health in adun_famlhes are at consm_ierably greater risk for mental illness
hood. In more recent studies, we explored the behavioraln adulthood (e.g., Bifulco et al 1991; Brown and Ander-

transmission of individual differences in stress reactivity,Son 1993). Perhaps somewhat surprisingly, persistent
and thus, vulnerability to stress-induced illness, acrossemotional neglect or conditions of harsh, inconsistent
generations. Biol Psychiatry 1999;46:1153-1166 €99 discipline serve to increase the risk of depression and

Society of Biological Psychiatry anxiety disorders to a level comparable to that observed in
more obvious cases of abuse (Holmes and Robbins 1987,
Key Words: CRF, stress, maternal behavior 1988). Indeed, low scores on parental bonding scales,

reflecting cold and distant parent—child relationships, also

significantly increase the risk of depression in later life
_ (e.g., Canetti et al 1997; Parker 1981). Children need not
Introduction be beaten to be compromised. The risk is not unique to
H’nental health. Russak et al (1997), in a 35-year follow-up
of populations in the Harvard Stress Mastery Study, found
that by midlife those individuals who as undergraduate

and an underlying vulnerability. Vulnerability can emerge students rated their relationship with parents as cold and
as a function of genetic inheritance, early family life or, as . o
g y y detached, had a 4-fold greater risk of chronic illness,

is usually the case, both. Indeed, there often appears to be’ . . .
. . including not only depression and alcoholism but also
a close correlation between the nature of the genetic an . .
eart disease and type Il diabetes.

familial factors (see Scarr and McCarthy 1983) such tha Individual differences in parental care are related to the

\cg?lgc?r:\?slr“ti)r/] ISir::(}SZtn(r:G:“SStIS?::y :t?:rlﬁg :rse trzzde"ndgmn;rhealth of the offspring. We argue that this effect is, in part
ging ' P Y appary least, mediated by parental influences on the develop-

ment of neural systems, which underlie the expression of
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lIness in adulthood commonly occurs as a function of a
existing high level of environmental demand, or stress
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decreased sensitivity to insulin and a risk of steroid-

Environment induced diabetes, hypertension, hyperlipidemia, hypercho-
lesterolemia, arterial disease, amenorrhea, impotency, and
¢ the impairment of growth and tissue repair, as well as
ofg;fgegggg;es immunosuppression (Baxter and Tyrrell 1987; Brindley
to Stress and Rolland 1989; Munck et al 1984). In addition, there
/ \ are essential changes in cognitive and emotional states
R during strgss. Central CRF systems activate ascending
Adequate HPA Response to Stress serotonergic and noradrenergic pathways so that under
Response to Stress Increased Risk for Heart Disease, conditions of threat, individuals become hypervigilant.
Reduced Risk for Disease Rttty v Y Attention is focused on the source of the threat. Glucocor-
et ticoids and catecholamines enhance learning for informa-

tion related to the stressor (see Cahill and McGaugh 1998),
whereas glucocorticoids impair attention and learning in

Figure 1. An outline of the the developmental hypothesis for the'€lation to events not directly associated with the stressor
role of individual differences in hypothalamic—pituitary—adrenal (S€e Lupien and Meaney 1998; McEwen et al in press for
activity in mediating the relationship between environmentalreviews). Although these responses are perfectly adaptive,
factors in early life and health in adulthood. continued activation of these same circuits results in

impairments. Elevated central CRF activity is associated

o with symptoms of anxiety and depression, and these
forms of chronic illness (see Chrousos and Gold 19924ffects may well rest on the CRF-induced drive of sero-

Early Environment ————— Disease

McEwen 1998; Sapolsky 1994). tonergic and noradrenergic systems (see Nemeroff 1996
and this volume). Exposure to chronically elevated glu-
Stress and Health cocorticoid levels can result in hippocampal dysfunction

and certain forms of cognitive impairments (Lupien and
Stress is a risk factor for several forms of illness. Inter-Meaney 1998; McEwen et al in press). Glucocorticoids
estingly, the effects of stress on health appear to belso enhance the behavioral effects of central cortico-
mediated by the activation of same systems that ensurgopin-releasing hormone (CRH; Schulkin et al 1998).
survival. For example, the hypothalamic—pituitary—adrenalGlucocorticoids administered systemically potentiate the
(HPA) response to stress is a basic adaptive mechanism increases in fear-related startle observed with central CRH
mammals that governs the metabolic and cardiovasculaidministration (Lee et al 1994). Specifically, glucocorti-
responses to the slings and arrows of everyday life, as welloids positively regulate CRH in the central nucleus of the
as to the more challenging conditions prevailing duringamygdala (Schulkin 1999). Induction of CRH gene ex-
chronic stress. During stress, the increased secretion giression in the amygdala by glucocorticoids results in an
corticotropin-releasing factor (CRF) and arginine vaso-enhanced state of anxiety in an animal (Schulkin et al
pressin (AVP) into the hypophysial-portal system of the1998). Herein lies the dilemma: The same stress hormones
anterior pituitary enhances the synthesis and release ®hat permit survival during stress can, ultimately, lead to
proopiomelanocortin-derived peptides, adrenocorticodisease.
tropin (ACTH) andB-endorphin (Plotsky 1991; Rivierand  These findings provide a basis for understanding how
Plotsky 1986). Elevated ACTH levels, in turn, increase thestress can influence health. Yet the influence of stress can
synthesis and release of adrenal glucocorticoids. Thenly really be fully appreciated when we factor into the
highly catabolic glucocorticoids act in synergy with cat- equation some appreciation of the individual's response to
echolamines to produce lipolysis, glycogenolysis, andstress. Not all individuals fall sick under conditions of
protein catabolism, resulting in increased blood glucosestress and questions concerning the basis for such individ-
levels (Baxter and Tyrrell 1987; Brindley and Rolland ual differences are central to understanding the etiology of
1989; Munck et al 1984). These actions ensure the survivathronic disease. The hypothesis that guides our research
of the organism during stress, in part by increasing thdocuses on the role of early life events in determining
availability of energy substrates. In addition, the deliveryindividual differences in vulnerability to stress-induced
of energy substrates is enhanced by increased blood flovliness. Early life events permanently influence the devel-
as a result of glucocorticoid- and catecholamine-induceapment of central CRF systems which, in turn, mediate the
increases in cardiovascular tone. Prolonged exposure texpression of behavioral/emotional, autonomic, and endo-
elevated stress hormone levels, however, can presentcaiine responses to stress (Caldji et al in press; Coplan et al
serious risk. Glucocorticoids and catecholamines promotd996; Kraemer et al 1989; Meaney et al 1996). In rodent
the suppression of anabolic processes, muscle atrophgnd nonhuman primate populations, maternal deprivation
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in infancy is associated with enhanced neural CRFantagonist,a-helical CRF, into the LC attenuate fear-
gene expression and increased stress reactivity. In adultelated behaviors (Butler et al 1990; Sweirgel et al 1993).
hood, these animals show greater activation of the HPAdence, the CRF neurons in the PVNh and the central
axis, sympatho-adrenomedullary systems, and centralucleus of the amygdala serve as important mediators of
monoaminergic systems, and thus, greater vulnerabilityhoth behavioral and endocrine responses to stress.
for stress-induced illness. Consequently, individual differ- As adults, neonatally handled (H) rats show decreased
ences in endocrine and sympathetic responses to stress daarfulness in the face of novelty and more modest HPA
serve as a source of vulnerability (or resistance) taresponses to stress. These effects are related to altered
pathology over the life span (Chrousos and Gold 1992CRF gene expression. First, H animals show decreased
McEwen and Stellar 1993; Seckl and Meaney 1994)CRF mRNA expression in the PVNh and the CnAmy (see
These findings provide a biologic basis for the link Plotsky and Meaney submitted; Viau et al 1993) and
between early life trauma and illness in later life that hasdecreased CRF content in the locus coeruleus (Plotsky and
been so frequently defined in epidemiologic studies. Theveaney submitted). Second, H animals show decreased
key assumption here is that early life events can alter th&€RF receptor levels in the locus coeruleus compared with
development of individual differences in stress reactivity.nonhandled (NH) rats (Plotsky and Meaney submitted).
Together, these findings suggest that there would be
increased CRF-induced activation of the locus coeruleus

Environmental Regulation of HPA and during stress in the NH animals. At least two recent
Behavioral Responses to Stress: Postnatal findings are consistent with this idea. By comparison to H
Handling Studies rats, acute restraint stress in NH animals produces 1) a

Postnatal handling decreases behavioral and endocrirfi€ater increase in cFOSIr in the locus coeruleus (Pearson
responses to stress in adulthood (Ader and Grota 196%! al 1997); and 2) larger increases in extracellular nor-
Bhatnagar et al 1995; Hess et al 1969; Levine 1957, 1962adrenaline levels in the PVNh (Liu et al in press). We
Levine et al 1967; Meaney et al 1989; Viau et al 1993;Propose that postnatal handling can decrease the expres-
Zarrow et al 1972). The central CRF systems are a criticapion of behavioral responses to stress by altering the
target for these handling effects. This is not surprisingdevelopment of the CnAmy-locus coeruleus CRF system.
considering the seminal role of these systems in mediating Postnatal handling also effects systems that regulate
both behavioral and HPA responses to stress. HypothdcRF activity. The expression of CRF in PVNh neurons is
lamic CRF neurons in the parvocellular region of thesubject to inhibitory regulation via glucocorticoid negative
paraventricular nucleus of the hypothalmus (PVNh) regufeedback. H rats show increased negative feedback sensi-
late the release of pituitary ACTH and adrenal glucocor-tivity to glucocorticoids (Meaney et al 1989; Viau et al
ticoids. CRF neurons in the central nucleus of the amyg1993). This effect is, in turn, related to the increased
dala (CnAmy) project to the locus coeruleus and increas@lucocorticoid receptor expression in the hippocampus
the firing rate of locus coeruleus neurons, resulting inand frontal cortex (Meaney et al 1985, 1989; O'Donnell et
increased noradrenaline release in the vast terminal fieldgl 1994; Sarrieau et al 1988; Viau et al 1993), regions
of this ascending noradrenergic system (see Gray an@hich are known to mediate the inhibitory effects of
Bingaman 1996; Lavicky and Dunn 1993; Valentino et alglucocorticoids over CRF synthesis in PVNh neurons (de
1998; van der Kooy et al 1984). One of the principal Kloet 1991; Jacobson and Sapolsky 1991). Interestingly,
noradrenergic targets here is actually the CRF neurons dflucocorticoids also serve to dampen stress-induced nor-
the PVNh. Noradrenaline is the major known source ofadrenergic responses in the PVNh (Pacak et al 1995).
drive over CRF release from PVNh neurons during stress H rats also show increased GARAeceptor levels in
(Plotsky 1991; Plotsky et al 1989). The activation of thethe NAergic cell body regions of the locus coeruleus and
CRF neurons of the PVNh is associated with increasedhe nucleus tractus solitarius as well as increased central
activity in the nucleus tractus solitarius (NTS), the dorsalbenzodiazepine (CBZ) receptor levels in the basolateral
medullary nucleus (DMN), as well as the locus coeruleusand central nucleus of the amygdala, the locus coeruleus,
(LC). Indeed, lesions of these regions, including the locusand the nucleus tractus solitarius. The GABA/BZ system
coeruleus, result in a significant decrease in stress-inducegerves to inhibit CRF synthesis in the central nucleus of
increased in extracellular PVNh levels of noradrenalinethe amygdala (Owens et al 1991) and to reduce noradren-
and reduced plasma ACTH responses (see Pacak et afgic responses to stress (see Gray 1987). Together, these
1995). The amygdaloid CRF projection to the LC (Koe- effects serve to either dampen CRF activity or to decrease
gler-Muly et al 1993; Moga et al 1989; van Bockstaele etthe effect of CRF at the level of the locus coeruleus and
al 1996) is also critical for the expression of behavioralNTS. Considering the importance of the central CRF
responses to stress. Microinjections of the CRF receptosystems in the regulation of stress responses, we feel that
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this model provides a reasonable working hypothesisnedian eminence CRF peptide content compared to either
for the mechanisms underlying the handling effect onH or NH pups.
endocrine and behavioral responses to stress (see Caldjiln addition to the effects on HPA responses to stress, the
et al in press). maternal separation animals also differed in behavioral
and emotional responses to stress (Caldji et al in press;
Plotsky and Meaney submitted; also see Patchev et al
1997). In brief, the maternal separation rats were virtually
the opposite of the H animals on the entire series of
measures described previously, especially amygdaloid
The handling procedure involves separating the pup fronmeasures of CRF mRNA expression and levels of CRFir
the dam for a period of-15 min and exposing the pup to in the locus coeruleus. Perhaps the most impressive
a novel array of sensory stimuli. In the course of normaldifference between the NH and maternal separation ani-
mother—pup interactions, the dam is regularly away frommals, lay in the effect on CRF mRNA expression in the
the nest, and the pups, for periods of 20 to 30 min (Jan€nAmy (Plotsky and Meaney submitted); CRF mRNA
and Woodside 1990; Rosenblatt 1994). Thus, the handlingevels in the CnAmy were 2-fold higher in the maternal
manipulation does not result in an abnormal period ofseparation animals compared with even the NH animals.
separation or loss of maternal care. But what about longelevels of CRFir were significantly increased in the locus
periods of separation, where there is a clear loss o€oeruleus (Plotsky and Meaney submitted) and Ladd et al
maternal care? We (Plotsky and Meaney 1993) studie@1996) reported that maternal separation in rats increased
adult animals that were separated from their mothers onc€RFir in the neighboring parabrachial nucleus, which,
per day for 180 min from days 2 to 14 of life. This along with the locus coeruleus, appears to be a major
manipulation was based on the observation of Calhoumarget for CRF projections from the CnAmy (see Gray
(1962) that in semi-naturalistic conditions, subordinate1990). Likewise, CRF receptor levels in the locus coer-
females were often obligated to locate nests at someleus were increased in maternal separation animals
distance from food and water sources, resulting in period¢Plotsky and Meaney submitted). In addition to the locus
of separation that extended as long as 2 to 3 hours. coeruleus, Ladd et al (1996) found that maternal separa-
The long-term effects of HPA responses to stress weréion increased CRF receptor binding in the raphelei.
qualitatively different depending on the duration of ma-These findings suggest that early-experience-induced
ternal separation. As adults, animals exposed to repeateshanges in CRF systems might regulate both noradrener-
periods of maternal separation showed significantly in-gic and serotonergic responses to stress (also see Higley et
creased plasma ACTH and corticosterone responses # 1991). Indeed, we found that PVNh levels of noradren-
either restraint or novelty stress compared to O minaline during a 20 min period of restraint stress were
separation controls (animals reared in the same manner atevated in maternal separation animals by comparison to
NH animals). Animals exposed to the 15 min period of both H and NH rats (Liu et al in press). These findings are
separation (animals reared in the same manner as Ebnsistent with those of Lavicky and Dunn (1993), who
animals) showed reduced plasma ACTH or corticosteronshowed that intracerebroventricular CRF infusion in-
responses to stress. The longer periods of maternal sepereased extracellular noradrenaline levels. Predictably, the
ration also resulted in decreased glucocorticoid receptomaternal separation animals were highly fearful in behav-
binding in the hippocampus, hypothalamus, and frontaioral tests of novelty (see Caldji et al in press). These
cortex, and impaired negative feedback sensitivity. Theeffects involved reduced exploration or feeding in a novel
negative feedback effect was apparent using exogenownvironment and an increased acoustic startle responsivity.
glucocorticoid treatment (corticosterone or dexametha- The increased fearfulness of the adult animals exposed
sone) to suppress either basal or stress-induced HP# prolonged periods of maternal separation in infancy was
activity (Plotsky and Meaney submitted). Interestingly, thealso associated with effects on the GAREBZ receptor
maternal separation animals showed evidence for an “easystem (Caldji et al in press). GABAreceptor binding
ly escape” from low-dose dexamethasone suppression afas significantly reduced in the central and basolateral
basal ACTH levels so commonly seen on hypercorticoid hucleus of the amygdala, as well as the frontal cortex.
depressed humans. In this study, basal ACTH levels irCBZ receptor binding in maternal separation animals was
maternal separation animals were suppressed at 4 but neduced in the central and basolateral nucleus of the
8, hours following treatment. As expected on the basis ohmygdala, as well as the locus coeruleus and the nucleus
the feedback differences, adult animals exposed to matetractus solitarius. These effects were associated with
nal separation for 180 or 360 min/day as neonates exhibdecreased expression of the mRNA for thesubunit of
ited a marked increase in hypothalamic CRF mRNA andhe GABA, receptor, which encodes for the CBZ site.

Prolonged Periods of Maternal Separation
on HPA and Behavioral Responses to Stress
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Moreover, the adult, maternal separation animals alsdehavioral and HPA responses to stress. But does this
showed increased expression of mMRNAs fordhenda;  imply that under normal conditions, maternal care actively
subunits, and decreased expression of éhesubunit contributes to the development of neural systems that
mRNA (Caldji et al in press). This profile is associated mediate stress responses, or simply that the absence of the
with decreased GABA binding (see Wilson 1996). Thesemother is so disruptive to pup physiology that it affects the
findings suggest that the composition of the GABA development of these systems? If maternal care is relevant,
receptor complex is influenced by early life events. Con-then what are the relevant features of mother—pup inter-
sidering the role of the GABAergic system in the inhibi- actions, and how do they influence neural development?
tion of CRF-induced activation of ascending noradrenerAnd what of the handling effects—do these findings bear
gic systems, it seems likely that these effects contribute t@ny relevance for understanding the normal development
the increased fearfulness observed in the maternal separafbehavioral and endocrine responses to stress in response
tion animals. The focus of our current research lies in thgo natural variations in maternal care?

hypothesis that the dampened GABAergic tone in the

maternal separation animals contributes to the enhanced .

CRF expression in the amygdala and increased stres¥Vhat Are the Critical Features of These

induced activation of the noradrenergic systems. Environmental Manipulations?

Maternal separatipn during early postnatal life in the rattpe handling paradigm has been useful in allowing us to
enhanced the magnitude of behavioral and HPA responsgscamine the remarkable plasticity that exists within neural
to stress. These findings are certainly comparable to thosgstems that mediate responses to stress, and to understand
reported in rhesus monkeys (see especially the studies @by individual differences in vulnerability to stress-re-
Higley et al 1991). In addition, Kraemer et al (1989) have|ateq disease might emerge in response to early life events
shown that repeated periods of maternal separation i(See Seckl and Meaney 1994). At the same time, the
early life increase CSF measures of central noradrenalingtificial and nonspecific nature of the handling paradigm
and 5-HT responses to social stress in the rhesus monkej unsettling (see Alberts 1994; Daly 1973). Normal
In humans, child abuse is associated with altered levels Qﬁevelopment in a rat pup occurs in the rather dark, tranquil
stress reactivity and an increased risk for depressiogonfines of a burrow, where the major source of stimula-
(DeBellis et al 1994; Heim et al 1997). Interestingly, tion is that of the mother and littermates. There is little that
Plotsky and Meaney et al (in press) have found thajesembles the disruption associated with human handling.
chronic administration of paroxetine reverses the effects oHowever, several authors, including Barnett (1967) and
maternal separation on HPA responsivity to acute stress ipevine (1975) have argued for the role of mother—pup
the rat. This finding is consistent with those showing thatinteractions in mediating the effects of handling. Han-
antidepressants can decrease central CRF mRNA expregfing, although a brief interlude in the routine of mother—
sion (Brady et al 1992) and increase glucocorticoid negapup interactions, provides for an increase in sensory
tive-feedback regulation of HPA activity (e.g., Rowe et al stimulation. This, in turn, alters the behavior and physiol-
1997). The results of these studies further underscore thegy of the pup; which are, of course, very relevant stimuli
importance of CRF action on ascending noradrenergigor the mother. Handling the pups does alter the behavior
neurons as a critical site for “programming” by early life of the mother towards the offspring (Bell et al 1971; Lee
events and for antidepressant drug action (see Nemeroff gind Williams 1974, 1975).
al 1991; Valentino et al 1998). Thus, the maternal sepa- Such changes are apparent in the temporal patterning of
ration studies appear to provide the basis for a usefulhe nest bouts. Typically, a nesting bout begins when the
model of vulnerability to depression (also see Plotsky andnother approaches the litter, gathers the pups under her,
Meaney in press). Although the exaggerated level of HPAand suckles; and terminates when the mother licks the
reactivity and decreased glucocorticoid feedback sensitivoups and leaves the nest (Rosenblatt 1994). Overall,
ity of the maternal separation animals may suggest somgothers of H pups spend the same amount of time with
functional similarity to depression, it would, we think, be their litters as mothers of NH pups. However, mothers of
unrealistic to consider these animals as a model of depre# litters have shorter, but more frequent nest bouts (Jans
sion (or any other form of psychiatric disorder). Our et al unpublished) and spend significantly more time
assumption is that these animals model a predisease stdieking and grooming (LG) their pups (Lee and Williams
of enhanced vulnerability associated with early life 1974, 1975; Liu et al 1997). The question, then, is whether
adversity. this altered pattern of maternal behavior serves as a critical

The decreased mother—pup contact resulting from longtimulus for the environmental effects on the development
periods of maternal separation seems likely to be a criticabf endocrine and behavioral responses to stress.
variable in understanding how this procedure increases We examined this question by recording naturally
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occurring variations in mother—pup interactions in nor-first 10 days of life, as was the level of hippocampal
mally reared animals. We (Liu et al 1997) found consid-glucocorticoid receptor mRNA and hypothalamic CRH
erable variation in two forms of maternal behavior: licking MRNA expression (alf results> .70; Liu et al 1997).

and grooming of pups and arched-back nursing (ABN).These studies suggest that the critical feature for the
Arched-back nursing, also referred to as “crouching,” ishandling effect on HPA development involves an increase
characterized by a dam nursing her pups with her bacln maternal licking and grooming. The results of these
conspicuously arched and legs splayed outward. Whilstudies suggest that the behavior of the mother towards her
common, it is not the only posture from which dams nurse offspring can “program” neuroendocrine responses to
A blanket posture represents a more relaxed version of thetress in adulthood.

arched-back position where the mother is almost lying on The offspring of the high and low LG-ABN mothers
the suckling pups. As you can imagine, it providesalso differed in behavioral responses to novelty (Caldji et
substantially less opportunity for movements such agl 1998). As adults, the offspring of the low LG-ABN, like
nipple-switching. Dams also nurse from their sides and\H animals, showed increased startle responses, de-
often will move from one posture to another over thecreased open-field exploration, and longer latencies to eat
course of a nursing bout. Licking and grooming of pupsfood provided in a novel environment. These animals also
occurs most frequently while the mother nurses in theshowed increased CRF receptor levels in the locus coer-
arched-back position, so as you might imagine, the freuleus and decreased CBZ receptor levels in the basolateral
quency of the two behaviors are closely correlated=( and central nucleus of the amygdala, as well as in the locus
+.91) across animals. coeruleus (Caldji et al 1998) and increased CRF mRNA

We then split the animals into two groups based onéxpression in the CnAmy (Francis et al unpublished).
these behaviors: animals h|gh or low in ||Ck|ng and Predictably, stress-induced increases in PVNh levels of
grooming and arched-back nursing (LG-ABN). Note, Norepinephrine were significantly higher in the offspring
there were no differences between these groups in thef the low LG-ABN offspring (Caldji et al 1999). These
overall amount of time in contact with pups (Caldji et al differences map perfectly onto the differences in H and
1998). Differences in the frequency of licking and groom- NH animals, and provide further support for the idea that
ing or arched_back nursing do not occur S|mp|y as athe effeCtS Of hand”ng are mediated by Changes in mater-
function of time in contact with pups. Finally, the results nal behavior. - o
relationship between the frequency of licking and groom-maternal behavior have such profound impact on devel-
ing or arched-back nursing and either litter size or gendePPment. However, for a rat pup, the first weeks of life do
consideration, since Moore et al (e.g., 1997) reported thafieme of the burrow, and the social environment in the
ever, this refers only to anogenital licking. Our studies1he mother, then, serves as a primary link between the
measure both anogenital and body licking. environment and the developing animal. It seems reason-

We then allowed the offspring to mature to adulthoog@ble that variations in mother—pup interaction would serve
and examined HPA responses to stress. The logic here {8 Carry so much importance for development. This seems
simple. If handling-induced differences in licking and to be particularly true for tactile stimulation. Tactile

grooming or arched-back nursing are relevant for theStimulation derived from the mother serves to dampen
effects on HPA development, then the offspring of High HPA activity, protecting the animal against the catabolic

LG-ABN mothers should resemble the H animals. This is€ffects of stress hormones (see Levine 1994), and to foster
exactly what was found (Liu et al 1997). As adults, the 9roWth-hormone release in the young (Schanberg et al
offspring of High LG-ABN mothers showed reduced 1984). Obviously, these effects serve to promote growth

plasma ACTH and corticosterone responses to restrairﬂ”d development. Such stimu!ati_on also seems to alter the
stress. These animals also showed significantly increasedfVe€lopment of stress reactivity in adulthood.
hippocampal glucocorticoid receptor mRNA expression,
enhanced glucocorticoid negative feedback sensitivity
and decreased hypothalamic CRH mRNA levels. In eac
case, these effects mimic those observed in H versus N
animals. Moreover, the magnitude of the corticosteroneThe differences in maternal behavior in the high and low
response to acute stress was significantly correlated withG-ABN mothers are not unique to the first litter (Francis
the frequency of both maternal licking and groomimg< et al 1998). Across 12 dams, in one study, there was a
—.61) andarched-back nursingr (= —.64) during the  correlation of+.84 between the licking and grooming of

The Stability of Individual Differences in
aternal Behavior
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the first and second litters. If one animal was excludedwere independent of the social rank of the mother. Equally

from the data set, the correlation soarst®5. Clearly, a impressive findings exist in humans, where Miller et al

high degree of correspondence in the behavior of th€1997) found that scores on parental bonding measures

mothers across their two litters. The differences in materbetween a mother and her daughter were highly correlated

nal behavior are stable. These findings are comparable twith the same measures of bonding between the daughter

those of primate studies in which individual differences inand her child. These findings suggest a common process of

maternal behavior remained consistent across infants (seéetergenerational transmission of maternal behavior. The

Fairbanks 1996). The effect of these individual differencesext question concerns the mode of transmission.

in maternal licking and grooming and arched-back nursing

on the development of fearfulness in the presence of

novelty was as profound for litter 2 as for litter 1. The Mode of Transmission: Genomic or
Nongenomic?

High LG-ABN mothers are less fearful, and beget less
fearful offspring. The question is whether these character-
istics in the offspring occur as a function of genomic-
The results of these studies suggest that individual differbased inheritance. Are the offspring of high LG-ABN
ences in behavioral and neuroendocrine responses to strassthers less fearful as a function of genetic transmission
are, in part, derived from naturally occurring variations in of traits which determine fearfulness? If this is the case,
maternal care. Mothers that show increased arched-badken the differences in maternal behavior may be simply
nursing and pup licking and grooming beget offspringan epiphenomenon, and not causally related to the devel-
with more modest responses to stress. It is easy to see haypment of individual differences in behavioral and neu-
such effects might serve as a possible mechanism bgoendocrine responses to stress. This is certainly a possi-
which selected traits might be transmitted from onebility since maternal behavior in the rat is related to
generation to another. Before we make make this leap, it ifearfulness, and selective breeding studies suggest that
important to show that the individual differences in ma- variations in genotype can contribute to the development
ternal behavior show intergenerational transmission. Taf fear-related behavior.
study this question, we simply mated the offspring of high  This question can be also expressed in terms of maternal
versus low LG-ABN mothers; male and female offspring behavior. The female offspring of high LG-ABN mothers
of high LG-ABN mothers and the male and female are, as adults, high LG-ABN mothers. Likewise, the
offspring of low LG-ABN mothers. The female offspring female offspring of low LG-ABN mothers become low
of high LG-ABN mothers showed significantly more LG-ABN mothers. The trait is stable. Thus, the individual
licking and grooming and arched-back nursing than diddifferences in maternal behavior are transmitted from one
the female offspring of low LG-ABN mothers (Francis et generation to the next. The question is, how?
al 1998). Hence, the differences in maternal behavior are The issue is not one of inheritance, that much seems
transmitted from one generation to the next. clear. The question concerns the mode of inheritance. We
The intergenerational transmission of parental behaviofFrancis et al 1998) addressed this question using a
has also been reported in primates. In rhesus monkeygriation of the study described previously in which we
there is clear evidence for family lineages expressing childnated the male and female offspring of high and low
abuse (Maestripieri 1998, 1999). There is also evidenc&G-ABN mothers, highs with highs and lows with lows.
for transmission of individual differences in parental stylesThe pups of the female offspring were then either handled
falling within the normal range. Fairbanks (1989) found or nonhandled during the first 2 weeks of life. Again, the
that daughters reared by mothers that consistently spentafspring of the high LG-ABN mothers showed signifi-
higher amount of time in physical contact with their cantly more licking and grooming and arched-back nurs-
offspring, became mothers who were similarly moreing of pups than did the offspring of low LG-ABN
attentive to their offspring. In rhesus monkeys, Bermanmothers. Handling the pups of these mothers, as expected,
(1990) found that the rate of rejecting the infant by increased maternal licking and grooming and arched-back
mothers was correlated with the rejection rate of theirmnursing. Interestingly, handling affected the maternal be-
mothers. In primates, such individual differences in ma-havior only of the female offspring of the low LG-ABN-
ternal behavior may be revealed in juvenile, nulliparousderived mothers. Low LG-ABN mothers with handled
females. Thus, we found that among juvenile femalepups showed significantly more licking and grooming and
vervet monkeys, time spent in proximity to nonrelatedarched-back nursing of pups than did the low LG/ABN-
infants was associated with the maternal behavior of theiderived mothers of nonhandled pups. This findings was
mothers (Meaney et al 1991). In all cases, these findingpredictable based on earlier studies (Lee and Williams

The Transmission of Individual Differences
in Maternal Care to the Offspring
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1974, 1975; Liu et al 1997). What was interesting is thatMoreover, in the adult females, maternal behavior was
handling had no affect on the maternal behavior of thetypical of high LG-ABN mothers. Likewise, the adult
high LG/ABN-derived females. Thus, handling pups did offspring of high LG-ABN mothers reared by low LG-
not increase maternal behavior in those animals, whicltABN dams resembled the normal offspring of low LG-
naturally show high levels of licking and grooming and ABN mothers.
arched-back nursing. These findings suggest that specific environmental
We allowed the pups to grow to maturity. As adults, theevents can alter the trajectory of development not only in
animals showed the predictable differences in behaviorathe affected offspring, but into the next generation. In the
and HPA responses to stress. The handled offspring of lowarly 1960s, Denenberg’s group (1963, 1964) provided
LG-ABN mothers did not differ from either the handled or evidence for such nongenomic transmission. These re-
nonhandled offspring of high LG-ABN mothers on mea- searchers compared the offspring of handled—handled
sures of plasma corticosterone responses to stress oratings with those of nonhandled—nonhandled matings
behavioral fearfulness under conditions of novelty. Theyand found that, as adults, the offspring of the handled
were, after all, handled pups. Predictably, the nonhandlegarents were significantly less fearful in response to
offspring of low LG-ABN mothers showed significantly novelty than were the offspring of nonhandled parents;
increased HPA responses to stress and increased fearftihus providing evidence for a transgenerational effect. For
ness in responses to novelty. reasons that we have never understood, despite being
The critical part of the study concerns the maternalpublished in Nature, the results of this remarkable study
behavior of these animals. If the differences in maternahave remained almost ignored. Our contribution to this
behavior are transmitted only through genetic inheritancestory is to have identified maternal behavior as a potential
then the prediction is that the offspring of low LG-ABN mediator for such transgenerational effects.
mothers should also be low LG-ABN mothers, regardless Our findings are also consistent with the results of other
of whether they were handled or not in early life. A laboratories using the cross-fostering technique as a test
behavioral mode of transmission would suggest that théor maternal-mediation hypotheses. For example, the
maternal behavior of the handled offspring of low LG- spontaneously hypertensive rat (SHR) is a strain bred for
ABN mothers should resemble that of high LG-ABN hypertension, which appears in adolescence. While the
mothers, which is in character with the maternal behavioiselective breeding suggests a genetic background, the
if not the genetic background of their mothers. expression of the hypertensive trait is also influenced by
The answer is clear. The handled offspring of low epigenetic factors (see McCarty and Gold 1996). SHR
LG/ABN-derived mothers did not differ from the off- pups reared by wild-type, Wistar-Kyoto (WKY) mothers
spring of high LG/ABN-derived mothers in their fre- do exhibit hypertension to the extent of kin reared by SHR
quency of licking and grooming or arched-back nursing.dams. When borderline hypertensive rats (BHR), a hybrid
The nonhandled offspring of low LG/ABN-derived moth- formed by SHR-WKY matings, are reared by WKY
ers were, as we would expect, low LG-ABN mothers mothers, they do not express the spontaneous hypertensive
themselves. These findings provide evidence for a nonphenotype.
genomic mechanism of inheritance. In a recent collaboration with Anisman’s group, we
The same can be said for the effects on fearfulness. Aexamined the potential effects of maternal behavior on the
adults, the offspring of the handled LG-ABN mothers, development of behavior and endocrine responses to stress
beneficiaries of high levels of maternal licking and groom-in BALBc mice. The BALBc is normally a strain that is
ing that they are, resembled the offspring of either H orvery fearful and shows elevated HPA responses to stress.
NH, high LG-ABN mothers on measures of fearfulness.However, BALBc mice cross-fostered to C57 mothers are
The offspring of nonhandled LG-ABN mothers, as we significantly less fearful, with lower HPA responses to
would expect, show greater fearfulness in novel surroundstress (Zaharia et al 1996). Importantly, C57 mothers lick
ings. Hence, the handling experience was transmitted tand groom their pups about twice as frequently as BALBc
the next generation via the alteration in maternal behavionnothers (Anisman et al 1998). If the genetic influence was
Thus, it appears that individual differences in maternalparamount, then we would expect no such relationship
behavior can be transmitted from one generation to théetween maternal behavior and phenotype. Comparable
next through a behavioral mode of transmission. In supfindings have emerged with rat strains. Typically, Fisher
port of this conclusion, we (Francis et al 1999) recently344 rats are more responsive to novelty and have increased
found that, as adults, the biologic offspring of low LG- HPA responses to acute stress by comparison to Long-
ABN mothers cross-fostered onto high LG-ABN mothersEvans rats. Moore and Lux (1998) reported that Long-
are indistinguishable from the natural progeny of highEvans dams lick and groom their offspring significantly
LG-ABN mothers on behavioral measures of fearfulnessmore often than do Fisher 344 mothers. These findings are
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consistent with a behavioral transmission hypothesis. Théonal, and economic context are overriding determinants
nexus of this hypothesis is not to underestimate theof the quality of the relationship between parent and child
importance of genetic-based inheritance, but to underscor@&isenberg 1990). Human parental care is disturbed under
the potential for traits to move from one generation toconditions of chronic stress. Conditions that most com-
another via a behavioral mode of transmission that in-monly characterize abusive and neglectful homes involve
volves variations in maternal behavior. economic hardship, martial strife, and a lack of social and
Under normal circumstances, of course, BALBc miceemotional support (see Eisenberg 1990). Such homes, in
are reared by BALBc mothers. The genetic and environturn, breed neglectful parents. Perhaps the best predictor
mental factors conspire to produce an excessively fearfubf child abuse and neglect is the parents’ own history of
animal. This is usually the reality of nature and nurture.childhood trauma. More subtle variations in parental care
Genetic and environmental factors work in concert, andalso show continuity across generations. Scores on the
are often correlated (Scarr and McCartney 1983). Becausearental Bonding Index, a measure of parent—child attach-
parents provide both genes and environment for theifment, are highly correlated across generations of mothers
biologic offspring, the offspring’s environment is there- and daughters (Miller et al 1997). In nonhuman primates,
fore, in part, correlated with their genes. The offspring’sthere is also strong evidence for the transmission of stable
genes are correlated with those of the parents’, and thixdividual differences in maternal behavior (see Berman
parents’ genes influence the environment they provide fon990: Fairbanks 1996).
the offspring. The reason why many epidemiologic studies Individual differences in behavioral and endocrine re-
based on linear regression models often find that thgponses to stress in the rat are associated with variations in
epigenetic factors, such as parental care, do not adghaternal care during infancy (Caldji et al 1998; Liu et al
predictive value above that of genetic inheritance is1997). The adult offspring of mothers that exhibited a low
because of this correlation. The environment the parenfrequency of pup licking and grooming and nursing in the
provides commonly serves to enhance the genetic differarched-back or crouched posture showed increased HPA
ences—they are redundant mechanisms. The knowledg@sponses to stress and increased fearfulness by compari-
of an animal's BALBc pedigree is sufficient to predict a son to the offspring of high LG-ABN mothers. These
h|gh |eVe| Of t|m|d|ty in adulthood. Addltlona| information individua' differences in materna' care were Very re"ab'y
on maternal care would statistically add little to the transmitted from one generation to the next. As mothers,
predictability—the two factors work in the same direction. {he daughters of high LG-ABN show significantly more
But this is clearly different from concluding that the jicking and grooming and arched-back nursing than do the
maternal care is not relevant, and the results of thqjaughters of low LG-ABN mothers. Moreover, we have
cross-fostering studies attest to the importance of sucfroyided evidence for the idea that the inheritance of
epigenetic influences. individual differences in maternal care can occur via a
Redundancy is also a key feature of development in thgapavioral mode of transmission.
brain. The brain has multiple routes to the same endpoint. The stress responsivity of the offspring mirrors that of
What is the value of this process? It can provide foriheir mothers. Low LG-ABN mothers are more fearful
diversion. If the genetically determined trajectory is Notinan are high LG-ABN dams (Francis et al 1998), and
adaptive for the animal, then the ability to move in the jicewise, their offspring are more fearful and timid than
direction of the current environmental signal would be of 5,6 those of high LG-ABN mothers. We believe that this
adaptive value. This is why there is so much room for thejg in fact, a crucial point in understanding the basis for the
influence of postnatal factors and why they can overrideansmission of individual differences in parental behav-
earlier influences. Thus, we can completely alter thejor | the rat, maternal behavior emerges as a resolution of
phenotype of the BALBc mouse if it is reared in the care jnteresting conflict (Rosenblatt 1994). Females rats,
of a C57 mother. Hence, environment can alter theness they are in late pregnancy or lactating, generally
genet!cally influenced .tr.ajectory. This, after all, is the show an aversion towards pups. The novelty of the pups is
adaptive value of plasticity. a source of aversion for females, typical of the generally
neophobic adult rat. Habituation to the novelty results in
an altered set of responses towards pups. Thus, continuous
exposure to the novel pups renders females more likely to
Individual differences in parental care can influence theexhibit maternal behavior. For responsive females the
development of stress reactivity and thus, we think,positive cues associated with pups emerge from tactile,
vulnerability for chronic illness in later life. But what gustatory, and auditory cues (see Stern 1997). Thus,
accounts for such variations in parental care? pup stimuli can either be aversive, eliciting withdrawal,
Human clinical research suggests that the social, emaar positive, eliciting approach. The onset of maternal

Individual Differences in Maternal Behavior



1162 BIOL PSYCHIATRY D.D. Francis et al
1999;46:1153-1166

Low levels of resources

High predation Environmental
Smialm:&‘:‘y I impoverist Conditions
Figure 2. A schema representing the potential
* outcomes of the proposed relationship between
Maternal Care Degj;‘;';';‘;'l““‘ environmental adversity and infant care. The key
‘ feature of this formulation is the hypothesized

Neural development relationship between fearfulness and maternal
-~ e behavior (Fleming et al 1988, for a review). Thus,
variations in maternal care affect the development

Developmental

 CRH gene , Oxytocin Consequence of neural systems that mediate stress reactivity,
GABAWCBZ rec. ~ Dopamine F1 and which may then serve to influence maternal be-
; ' ] "g;:;‘;';fr“l‘:‘z‘ havior. These effects serve to influence the devel-
opment of the subsequent generation and provide
I d behavioral/endocri al H [ ;i _
Bt 1o e ocrine| ——gp | Matemal a basis for the transmission of individual differ
ences in stress reactivity from one generation to
¢ the next.
Neural/behavioral Developmental
development of the Consequence
next generation for F2, etc...

behavior clearly depends on decreasing the negativaesponsivity to pups than are less fearful animals. Hence,
withdrawal tendency associated with neophobia, and inthese effects serve as the basis for comparable patterns of
creasing the positive-approach responses. Amygdaloithaternal behavior in the offspring (F1) and for the
lesions, which dampen fearful reactions to novelty, alsdransmission of these traits to the subsequent generation
increase maternal responsivity in nulliparous femaledF2; see Figure 2).

(F|em|ng and Anderson 1987) |nteresting|y’ a hormonal These individual differences are transmitted to the
regimen that facilitates the expression of maternal behayeffspring in terms of effects on the development of neural
ior in the rat (i.e., exogenous administration of estrogersyStems mediating the expression of fearfulness. Perhaps

and progesterone; see Bridges 1994), also reduces tﬁ@e pivotal finding is that maternal care in infancy regu-
animals fear of novelty (Fleming et al 1989). Such lates the development of central CRF systems, which serve

findings may apply to the human condition. Fleming to activate behavioral, endocrine, and autonomic re-

(1988) reported that many factors contribute to the qua“t)pponses_to stress. Variations in maternal care in the infant
: . rat also influences the development neural systems, such
of the mother’s attitude towards her newborn, but none - ;
. : as glucocorticoid and GABA receptor systems, which

were correlated more highly than the women'’s level of

) ) rovide an inhibitory tone over CRF synthesis and release.
anxiety. Mothers who felt depressed and anxious were, ncﬁ i y

e o . In addition, we propose that there are also effects of
surprisingly, less positive towards their baby (also seg,

) . , aternal care on neural systems mediating attraction to
Field 1998). Behaviorally, more fearful, anxious mothers

;pup-related stimuli. We found preliminary evidence for
such as the low LG-ABN dams, appear to be less matereqceq oxytocin receptor levels in the amygdala of the

nally responsive towards their offspring. low LG-ABN mothers, as well as alterations in ascending
Under natural conditions, and the sanctity of the bur-4onamine systems. Both systems have been implicated in
row, rat pups have little direct experience with the envi-the expression of maternal behavior in the rat (see Bridges
ronment. Instead, conditions such as the scarcity of foodang Freemark 1995: Pederson 1995: Stern 1997 for re-
social instability, low dominance status, and so forth,yjews). Individual differences in maternal care could,
directly affect the status of the mother and thus, maternajerefore, be derived from early environmental effects on
care. The effects of these environmental challenges on th@e development of neural systems mediating fearfulness
development of the pups are then mediated by alterationgs well as those involved in maternal responsivity. To-
in maternal care (Figure 2). Variations in maternal caregether, these effects, in turn, provide the basis for stable
can, thus, serve to transduce an environmental signal to thadividual differences in stress reactivity and maternal
pups. The environmentally driven alterations in maternabehavior in the offspring.
care then influence the development of neural systems that Perhaps the most compelling evidence for this process
mediate behavioral and HPA responses to stress (Figu@merges from the studies of Rosenblum and colleagues
2). These effects can thus serve to increase or decreagsee Rosenblum and Andrews 1994 for a review). Bonnet
stress reactivity in the offspring. We propose that moremacague mother—infant dyads were maintained under one
fearful, anxious animals, such as the low LG-ABN moth- of three foraging conditions: low foraging demand (LFD),
ers, are therefore more neophobic and lower in maternakhere food was readily available; high foraging demand
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(HFD) where ample food was available, but required longwere most successful in avoiding the pitfalls associated
periods of searching; and variable foraging demandwith such a “criminogenic” environment were those that
(VFD), a mixture of the two conditions on a schedule thatwere shy and somewhat timid. Under such conditions, a
did not allow for predictability. At the time that these parental rearing style that favored the development of a
conditions were imposed, there were no differences in thgreater level of reactivity to threat would be adaptive. The
nature of mother—infant interactions. Following a numberobvious conclusion is that there is no single ideal form of
of months of these conditions, however, there were highlyparenting. Different environments demand different traits
significant differences in mother—infant interactions. Thein the offspring. A final issue concerns the cost of such
VFD condition was clearly the most disruptive. Mother— increased stress reactivity. The shy and timid child in the
infant conflict increased in the VFD condition. Infants of London slum may be at an advantage with respect to the
mothers housed under these conditions were significantidemands of the immediate environment. The question is
more timid and fearful. These infants showed signs ofwhether such traits would later also confer a increased risk
depression common observed in maternally separatefibr stress-induced illness. We would argue that it does, and
macaque infants, remarkably, even while the infants werghat this risk reflects the cost of adaptation to a high level
in contact with their mothers. As adolescents, the infantof environmental demand, such as a low socio-economic
reared in the VFD conditions were more fearful andenvironment, in early life.
submissive and showed less social play behavior.

More recent studies have demonstrated the effects of
these conditions on the development of neurobiologiCrhis work was presented at the conference, “Norepinephrine: New Vistas
systems that mediate the organisms behavioral and ender an Old Neurotransmitter,” held in Key West, Florida in March 1999.
crine/metabolic response to stress. In collaboration withThe conference was sponsored by the Society of Biological Psychiatry
Nemeroff's group (Coplan et al 1996, 1998), Rosenblumth“_’ugh an unrestricted educational grant provided by Pharmacia &
showed that, as adults, monkeys reared under VFD conL—JpJOhn'
ditions showed increased cerebrospiral fluid levels of
CRF. Increased central CRF drive would suggest altereReferences
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