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In the Norway rat, mother–pup contact occurs primarily within
the context of a nest-bout, which begins when the mother
approaches the litter, gathers the pups under her, and licksy
grooms the pups. The mother then nurses the suckling pups while
continuing to occasionally lickygroom (see refs. 7–9, 14, 15).
Mothers of handled (H) pups spend the same amount of time
with their litters as do mothers of nonhandled (NH) pups;
however, they have shorter, but more frequent, nest-bouts (B. C.
Woodside, M.J.M., and J. Jans, unpublished observations) and
spend significantly more time lickingygrooming pups (see refs. 16
and 17) than do mothers of NH pups. This latter effect is likely
because of the fact that mothers of H litters are getting on and off
the pups more frequently, and lickingygrooming is closely associated with the early phase of each bout. Mothers of H pups also
showed substantially more arched-back nursing: mothers of NH
pups more frequently adopt a ‘‘blanket’’ posture lying over pups
(see ref. 18). These findings are consistent with the ‘‘maternal
mediation’’ hypothesis (see ref. 13).
The critical question is: Are the effects of handling on maternal
behavior related to the development of behavioral and endocrine
responses to stress? We reasoned that if these differences in
maternal behaviors are indeed critical, then the offspring of
mothers that naturally show higher levels of lickingygrooming
andyor arched-back nursing should exhibit behavioral and endocrine responses to stress that resemble those of H animals. To test
this idea, we examined maternal behavior from postnatal days
1–10 in a cohort of dams whose pups were unmanipulated,
looking for individual differences in lickingygrooming and
arched-back nursing, because these behaviors serve to distinguish
the behavior of mothers of H from those of NH pups. The
offspring of mothers that showed high or low levels of lickingy
grooming and arched-back nursing (high vs. low LG-ABN) were
then allowed to mature to adulthood and examined by using a
number of tests of fear in the presence of novelty. We also
examined levels of central benzodiazepine (BZ) (CBZ) receptor,
a2 adrenoreceptors, and corticotropin-releasing hormone (CRH)
receptor binding in the amygdala and the locus ceruleus, systems
that are implicated in the expression of fearfulness (see refs. 19
and 20).

ABSTRACT
The mothers of infant rats show individual
differences in the frequency of lickingygrooming and archedback nursing (LG-ABN) of pups that contribute to the development of individual differences in behavioral responses to stress.
As adults, the offspring of mothers that exhibited high levels of
LG-ABN showed substantially reduced behavioral fearfulness in
response to novelty compared with the offspring of low LG-ABN
mothers. In addition, the adult offspring of the high LG-ABN
mothers showed significantly (i) increased central benzodiazepine receptor density in the central, lateral, and basolateral
nuclei of the amygdala as well as in the locus ceruleus, (ii)
increased a2 adrenoreceptor density in the locus ceruleus, and
(iii) decreased corticotropin-releasing hormone (CRH) receptor
density in the locus ceruleus. The expression of fear and anxiety
is regulated by a neural circuitry that includes the activation of
ascending noradrenergic projections from the locus ceruleus to
the forebrain structures. Considering the importance of the
amygdala, notably the anxiogenic influence of CRH projections
from the amygdala to the locus ceruleus, as well as the anxiolytic
actions of benzodiazepines, for the expression of behavioral
responses to stress, these findings suggest that maternal care
during infancy serves to ‘‘program’’ behavioral responses to
stress in the offspring by altering the development of the neural
systems that mediate fearfulness.
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The development of responses to stress in the rat is influenced by
the early postnatal environment (for reviews see refs. 1–3). Thus,
postnatal handling during the first week of life decreases behavioral fearfulness and hypothalamic–pituitary–adrenal (HPA) responses under conditions of stress. These effects persist throughout the life of the animal (4, 5) and form a basis for vulnerability
to stress-related disease (6).
The handling paradigm reflects the remarkable plasticity that
exists within neural systems that mediate responses to stress. The
manipulation is actually rather subtle. Handled pups are simply
removed from the nest for 3–15 min and then reunited with the
mother. Handling does not represent a period of maternal
deprivation, because over the course of the day mothers are
routinely off their nests for periods of 20–25 min (see refs. 7–9).
At the same time the artificial and nonspecific nature of the
handling paradigm is unsettling (see refs. 10 and 11). Under
natural conditions, development in the rat typically occurs in the
rather dark, tranquil confines of a burrow where the major source
of stimulation is that of the mother and littermates: there is little
here that resembles the disruption associated with human handling. However, several studies have shown that postnatal handling actually alters the behavior of the mother toward her pups,
leading to the idea that the effects of postnatal handling may be
mediated by changes in mother–pup interactions (1, 12, 13).

MATERIALS AND METHODS
Animals. The animals were Long–Evans hooded rats obtained
from Charles River Canada (St. Constant, Québec) and housed
in 46 cm 3 18 cm 3 30 cm Plexiglas cages. Food and water were
provided ad libitum. The colony was maintained on a 12:12
light:dark schedule with lights on at 0800. The animals underwent
Abbreviations: HPA, hypothalamic–pituitary–adrenal; CRH, corticotropin-releasing hormone; oCRH, ovine CRH; BZ, benzodiazepine;
CBZ, central BZ; H, handled; NH, nonhandled; LG-ABN; lickingy
grooming–arched-back nursing; CnA, central nucleus of the amygdala.
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routine cage maintenance beginning on day 12 but were otherwise unmanipulated. All procedures were performed according
to guidelines developed by the Canadian Council on Animal
Care.
The behavior of each dam was observed (see ref. 21) for eight
60-min observation periods daily for the first 10 days postpartum.
Observers were trained by using video tapes and still photography
to a high level of inter-rater reliability (i.e., . 0.90). Observations
were performed at six periods during the light phase (0800, 1000,
1100, 1430, 1600, and 1800) and two periods during the dark
phase of the light:dark cycle (2000 and 0600). Within each
observation period the behavior of each mother was scored every
4 min (15 observations per period 3 8 periods per day 5 120
observations per mother per day) for the following behaviors:
mother off pups, mother carrying pup, mother licking and
grooming any pup, mother nursing pups in an arched-back
posture, a ‘‘blanket’’ posture in which the mother lays over the
pups, or a passive posture in which the mother is lying on either
her back or her side while the pups nurse (see ref. 19 for a
description of behaviors).
At the time of weaning on day 22 of life the male offspring were
housed in same-sex, same-litter groups of three or four animals
per cage until day 45 of life, and two animals per cage from this
point until the time of testing, which occurred no earlier than 100
days of age. All experiments were performed by individuals who
were blind to the developmental history of the animals.
Behavioral Testing. For the measures of novelty-induced suppression of appetitive behavior (see refs. 18 and 22), animals were
food deprived for 24 hr prior to testing and then provided with
food either in a novel environment or in the home cage. The novel
environment was a 180 cm 3 180 cm 3 30 cm arena in a well-lit
room with food provided in a cylindrical wire-mesh hopper
located in the center of the novel arena. The test session lasted for
10 min, and during this period the experimenter scored the
latency (sec) to begin feeding and the total amount of time spent
feeding. If an animal did not eat within the test period, a score of
600 seconds was assigned for latency measures and 0 for the
amount of time feeding. A separate group of animals was tested
in the same manner with food provided in the home cage rather
than in the novel environment.
Another set of animals were examined in an open-field test of
exploration. Animals were placed, one at a time, in a novel,
circular open field, 1.6 m in diameter. The critical measure was
the time (sec) the animal spent exploring the inner area of the
novel arena. Exploration was defined as the entire body of the
animal being away from the immediate vicinity of the wall (.10
cm) enclosing the open field. Each rat was tested for 5 min in the
novel environment. The open field was cleaned between each
subject to prevent olfactory cues from affecting the behavior of
subsequently tested rats.
In Vitro Receptor Autoradiography.For all experiments, brains
were obtained from adult (approximately 100 days of age)
offspring of high or low LG-ABN mothers (n 5 5 or 6 per group)
by rapid decapitation less than 1 min after removal from the home
cage. Brains were quickly removed, frozen in 270°C isopentane,
and stored at 280°C. Brains were sectioned in the coronal plane
at 15 mm, and sections were thaw-mounted onto gel-coated slides,
which were then stored at 280°C until the time of assay.
For CBZ receptor assays (22) slides were thawed and preincubated in assay buffer (0.17 M TriszHCl, pH 7.4) for 30 min at
4°C. The slides were then incubated with a saturating, 0.5 nM,
concentration of [3H]flunitrazepam (84.5 Ciymmol, New England Nuclear; 1 Ci 5 37 GBq) in assay buffer for 60 min at 4°C.
Nonspecific background binding was determined in parallel
sections by using 1 mM clonazepam. Post-assay washes (twice for
30 sec) were performed with assay buffer. The sections were left
to dry overnight and then were apposed to tritium-sensitive
Ultrafilm (Amersham Canada, Montreal) along with 3H microscales for 14 days.

Proc. Natl. Acad. Sci. USA 95 (1998)
CRH receptor binding was determined (24) with 125I-labeled
(on Tyr residues) ovine CRH (oCRH) (DuPontyNEN, Boston,
MA) in assay buffer containing 50 mM TriszHCl, pH 7.4, with 5
mM MgCl2, 2 mM EGTA, 0.1% BSA, 100 kallikrein inhibitor
unitsyml aprotinin, and 1 mM DTT. Nonspecific binding was
measured as 125I-oCRH binding in the presence of unlabeled 10
mM oCRH. Slides were incubated for 60 min at 22°C, and the
binding reaction was stopped with the addition of ice-cold 7.5%
polyethylene glycol (1 ml) in 50 mM TriszHCl buffer (pH 7.4). The
slides were then washed (three times, 15 min each) in assay buffer,
air dried, and apposed to Ultrafilm along with 125I standards for
10 days.
For a2 adrenoreceptor receptor binding assays (19) sections
were thawed and preincubated in 170 mM TriszHCl buffer (pH
7.6, containing 5 mM EDTA, 1 mM MgCl2, and 0.1% ascorbic
acid) for 30 min at room temperature. After the preincubation,
the sections were incubated with a saturating, 3 nM, concentration of [3H]clonidine (61.9 Ciymmol, New England Nuclear) in
assay buffer for 60 min at 22°C. Nonspecific binding was determined with the addition of 100 mM norepinephrine (Aldrich).
Sections were then washed (twice, 5 min each) in 0.17 M TriszHCl
buffer (pH 7.6) at 4°C and dried under a stream of cold air.
Autoradiograms were generated by apposing slides to tritiumsensitive Ultrafilm with the appropriate [3H] microscales for 90
days.
Autoradiograms were analyzed by obtaining optical densities
(expressed as mean 6 SEM in fmolymg of protein) determined
by computer-assisted densitometry using an MCID image analysis system (Imaging Research, St. Catherine’s, Ontario, Canada),
low activity tritium standards, and the rat brain atlas of Paxinos
and Watson (20). There were three or four sections used in the
analysis for each animal, and the mean from these values was then
used in the statistical analysis.
Statistical Analysis. For each experiment there were 1–3 pups
per litter representing 3–5 litters per group. No animals were used
in more than one experiment. Thus litter size limited the number
of animals included in any particular experiment. To control for
any potential ‘‘litter’’ effects we analyzed the data both by subject
and by litter. There were no differences between these two
methods of analysis in the statistical outcomes for any of the
experiments. For the sake of brevity, we provide the results of the
analysis by subject. The behavioral data were analyzed by using
Student’s t test for between-group comparisons. Autoradiographic data were analyzed by using a two-way (Group 3 Region)
analysis of variance with Tukey post-hoc tests where appropriate.
Correlational analysis was performed by using simple regression
analysis.

RESULTS
Maternal Behavior. A portion of these data has been summarized in a previous report (16). There were stable naturally
occurring individual differences in lickingygrooming and in
arched-back nursing posture. Because more than 90% of the
instances of lickingygrooming occurred while the mother was in
the arched-back nursing posture, these two measures were highly
correlated (r 5 10.91). We then rank-ordered the dams on these
measures and classified those mothers (n 5 4) whose scores fell
above the mean as high LG-ABN. The remaining dams (n 5 5)
were deemed low LG-ABN (see Fig. 1). The differences between
high and low LG-ABN mothers were stable over the first 8 days
of life for both lickingygrooming (see Fig. 1) and arched-back
nursing (data not shown). There were no differences between
high vs. low LG-ABN mothers in the frequency of nursing or in
the ‘‘mother on pups’’ category and likewise when the total of all
categories involving mother–pup contact were combined to form
a single measure of maternal contact, there were no differences
between the groups (see Fig. 1). Thus, the variations in lickingy
grooming or arched-back nursing did not occur simply as a
function of differences in the frequency of mother–pup contact.
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FIG. 1. Mean 6 SEM frequency of maternal contact (the total of
all behavioral categories involving contact between mother and pups),
arched-back nursing, and lickingygrooming in high versus low LGABN mothers over the first 10 days postnatally. The data represent the
frequency of the behavior from a total of 1,200 observations per
mother (120 observations per mother per day). p, P , 0.01. (Lower
Right) Mean 6 SEM frequency of lickingygrooming over 2-day blocks
for high versus low LG-ABN mothers. These data are derived from 240
observations per mother for each block. Differences between the
groups were significant (P , 0.05) for days 1–8, but not on days 9–10.

Moreover, the frequency of maternal LG-ABN was not significantly correlated with either litter size (range 9 to 15) or the
gender composition (the ratio of males to females; range 0.67 to
1.6) of the litter (all r values , 0.15, not significant).
Behavioral Studies. In the open-field test the adult offspring of
high LG-ABN mothers showed significantly more exploration
than did the offspring of low LG-ABN mothers (see Fig. 2). In
addition, the time spent in exploration was significantly correlated (see Fig. 2) across animals with the frequency of both
lickingygrooming (r 5 10.59, P , 0.05) and arched-back nursing
(r 5 10.72, P , 0.02).
The offspring of high LG-ABN mothers showed a shorter
latency to begin eating and spent more time eating in a novel
environment than did the offspring of low LG-ABN mothers (see
Fig. 3). In contrast to the behavioral differences in the novel
testing situation, there were no differences between the groups on
any of these measures when food was provided to the animals in
the home cage. Under these conditions animals ate readily
throughout the test period (the means for all groups were , 15
sec; data not shown). Thus, the differences in the latency to begin
feeding were apparent only in the novel environment, suggesting
that the relevant variable is the animals’ reaction to novelty, and
not differences in appetite. As in the open-field test, there were
significant correlations across animals between the various measures of fearfulness and maternal behavior. Thus, maternal
lickingygrooming was significantly correlated with both the latency to begin eating (r 5 10.54, P , 0.05) and time spent eating
(r 5 10.70, P , 0.01). Likewise, maternal arched-back nursing
was significantly correlated with the latency to begin eating (r 5
10.59, P , 0.05) and time spent eating (r 5 10.71, P , 0.01).
Receptor Autoradiography Studies. CBZ receptor density
([3H]flunitrazepam binding) was significantly higher in the offspring of high LG-ABN mothers in the central and lateral nuclei
of the amygdala, as well as in the locus ceruleus (see Fig. 4). There
were no differences in CBZ receptor levels in the frontal cortex
or hippocampus (data not shown). We also correlated [3H]fluni-
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FIG. 2. (Top) Mean 6 SEM time spent in exploration of the inner
area of an open field in the adult offspring of high versus low LG-ABN
mothers. ppp, P , 0.001. The scattergrams depict the correlation
between maternal lickingygrooming (Middle) and arched-back nursing
(Bottom) and exploration.

trazepam binding levels in various brain regions to the frequency
of maternal LG-ABN during the first 10 days of life. In the
amygdaloid nuclei in particular, these correlations were striking.
Thus, maternal lickingygrooming was significantly correlated
with [3H]flunitrazepam binding in both the central (r 5 10.87,
P , 0.01; see Fig. 4) and lateral (r 5 10.81, P , 0.01) nuclei of

FIG. 3. Mean 6 SEM latency to begin eating (Upper) and time
eating (Lower) in a novel environment for the adult offspring of high
(n 5 10) versus low (n 5 6) LG-ABN mothers. p, P , 0.01.
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FIG. 5. (a) Mean 6 SEM a2 adrenoreceptor ([3H]clonidine)
binding (in fmolymg of protein) in the adult offspring of high versus
low LG-ABN mothers. p, P , 0.05. (b) Mean 6 SEM 125I-CRH
binding (in fmolymg of protein) in the adult offspring of high versus
low LG-ABN mothers. pp, P , 0.01.
(Top) Mean 6 SEM central benzodiazepine receptor
binding (in fmolymg of protein) in the adult
offspring of high versus low LG-ABN mothers. p, P , 0.01. The
scattergrams depict the correlation between maternal lickingy
grooming (middle) and arched-back nursing (Bottom) and [3H]flunitrazepam binding in the central nucleus of the amygdala.
FIG. 4.

([3H]flunitrazepam)
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the amygdala, as well as in the locus ceruleus (r 5 10.63, P ,
0.05). The same pattern was observed for the correlations between maternal arched-back nursing (central nucleus of the
amygdala, r 5 10.94, P , 0.01, see Fig. 3; lateral nucleus of the
amygdala, r 5 10.76, P , 0.01; locus ceruleus, r 5 10.68, P ,
0.05). The magnitude of these correlations in the amygdaloid
nuclei was very high and the r2 value suggests that as much as
three-quarters of the naturally occurring variation in CBZ receptor levels could be accounted for by variation in maternal care in
early life.
Levels of a2 adrenoreceptor binding were significantly higher
in the locus ceruleus in the offspring of high compared with low
LG-ABN mothers (see Fig. 5a). Moreover, a2 adrenoreceptor
density in the locus ceruleus was significantly correlated with
levels of both maternal lickingygrooming (r 5 10.73, P , 0.05)
and arched-back nursing (r 5 10.65, P , 0.05). There were no
differences in any other brain region examined (see Fig. 5),
reflecting a rather high degree of regional specificity.
CRH receptor binding was examined in the locus ceruleus and
nucleus tractus solitarius, regions that are rich in noradrenergic
cell bodies. CRH receptor binding was significantly higher in the
offspring of the low LG-ABN mothers compared with those of
high LG-ABN dams (see Fig. 5b). In both cases the levels of CRH
receptor binding were significantly correlated with the frequency
of maternal arched-back nursing (locus ceruleus, r 5 20.82, P ,
0.01; nucleus tractus solitarius, r 5 20.66, P , 0.05). The
correlations with maternal lickingygrooming approached significance (locus ceruleus, r 5 20.56, P , 0.10; nucleus tractus
solitarius, r 5 20.48, P , 0.10).

DISCUSSION
The critical issue for the maternal-mediation hypothesis is the
functional equivalence between the effects of postnatal handling

and those of increased maternal lickingygrooming on behavioral
and neuroendocrine responses to stress. The adult offspring of the
high LG-ABN mothers showed significantly reduced behavioral
fearfulness in comparison to the offspring of low LG-ABN
mothers. Reduced fearfulness was the hallmark of the early
postnatal handling studies (1–2). The offspring of the high vs. low
LG-ABN mothers showed differences in CBZ, a2 adrenoreceptor, and CRH receptor binding in the amygdala–locus ceruleusy
nucleus tractus solitarius system that mapped onto previously
reported differences between H and NH rats (see Table 1). In
addition, we (16) recently found that differences in HPA function
between the offspring of high vs. low LG-ABN mothers are
similar to those found in H vs. NH rats (also see Table 1). Taken
together, these findings demonstrate a rather remarkable degree
of similarity between the effects of increased maternal LG-ABN
and those of postnatal handling. Moreover, in virtually each
instance there was a significant correlation between the specific
measure and the frequency of lickingygrooming as well as
arched-back nursing (see Results and ref. 16). These findings
support the maternal-mediation hypothesis for the effects of
postnatal handling. Thus, handling appears to alter the behavior
of the mother toward the offspring, and these changes in mother–
pup interactions appear to be the critical feature for the handling
effect on the development of responses to stressors.
Maternal care influenced the development of neural systems
that have been implicated in the expression of fear, notably CBZ,
CRH and a2 adrenoreceptor systems. These effects were highly
specific to the amygdala - locus ceruleus. Although the data are
correlational, there is a wealth of evidence for the idea that these
changes in receptor levels are functionally related to the differences in fearfulness between the offspring of high vs. low LGABN mothers.
The central nucleus of the amygdala (CnA) has long been
implicated in the expression of autonomic and behavioral responses to stress (reviewed in refs. 25 and 26). Lesions of the CnA
block the excitatory effects of both conditioned and unconditioned fear on startle responses and the development of conditioned emotional responses (see ref. 26). Lesions of the CnA also
attenuate many of the pathological indices associated with con-
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Table 1. Summary of findings from handling (H vs. NH animals)
and maternal observation studies (high vs. low LG-ABN mothers)
Measure

Handling

Maternal LG-ABN

ACTH response to acute stress
CORT response to acute stress
Hippocampal GC receptor
mRNA expression
PVNh CRF mRNA expression
GC negative-feedback sensitivity
Open-field exploration
Novelty-suppression of feeding
CBZ receptor
Central nucleus of Amygdala
Lateral nucleus of Amygdala
Locus ceruleus
Nucleus tractus solitarius
Hippocampus
Frontal cortex
Medial prefrontal cortex
CRF receptor
Locus ceruleus
a2 adrenoreceptor
Locus ceruleus
Nucleus tractus solitarius
PVNh

H , NH
H , NH

High , Low
High , Low

H
H
H
H
H

.
,
.
.
.

NH
NH
NH
NH
NH

High
High
High
High
High

.
,
.
.
.

Low
Low
Low
Low
Low

H
H
H
H
H
H
H

.
.
.
.
5
5
5

NH
NH
NH
NH
NH
NH
NH

High
High
High
High
High
High
High

.
.
.
.
5
5
5

Low
Low
Low
Low
Low
Low
Low

H , NH

High , Low

H . NH
H . NH
H 5 NH

High . Low
High . Low
High 5 Low
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In all cases where differences are indicated, the comparisons were
statistically significant at at least P , 0.05. ACTH, adrenocorticotropin; CORT, corticosterone; GC, glucocorticoid; PVNh, paraventricular neucleus of the hypothalamus. See refs. 3 and 16 for the
handling studies.

ditioned fear, such as ulceration (27), while chronic CnA stimulation can mimic these effects (25–27).
The CnA projects directly to brainstem regions containing
noradrenergic cell bodies, including the nucleus tractus solitarius
and the locus ceruleus (28–30), and these projections contain
CRH (31). Thus, lesions to the CnA result in an 80–85% decrease
in CRHir levels in the locus ceruleus (32). A critical feature of this
system involves amygdaloid regulation of ascending noradrenergic systems which contain CRH receptors (24) and are associated
with the expression of fear and anxiety (e.g., see refs. 33 and 34).
Stress increases CRH mRNA levels in the amygdala (35) as well
CRH immunoreactivity levels in the locus ceruleus (36, 37). Both
stress and CRH infusion have been shown to increase the firing
rates of locus ceruleus neurons (see ref. 18) as well as tyrosine
hydroxylase expression (38). These effects are blocked by the
CRH receptor antagonist a-helical CRH (35, 37–39). Microinjections of a-helical CRH into the locus ceruleus also attenuate
novelty-induced suppression of exploratory behavior in the defensive withdrawal paradigm (40), stress-induced behavioral
freezing (41), and stress-induced release of norepinephrine (42).
Taken together, these data suggest that the CRH input from the
amygdala to the midbrain noradrenergic cell body regions and the
subsequent activation of ascending noradrenergic projections
provides a major neural circuit for the expression of fear-related
behaviors. Thus, the increased CRH receptor binding in the locus
ceruleus and nucleus tractus solitarius in the offspring of the low
LG-ABN mothers is consistent with the finding of increased
fearfulness in these animals.
Activity within the noradrenergic cell bodies is also subject to
inhibitory feedback regulation via somatodendritic a2 adrenoreceptors (see ref. 43). Thus, a2 adrenoreceptor agonists decrease
the firing rate of locus ceruleus neurons and norepinephrine
release at terminal sites. The increased a2 adrenoreceptor density
in the locus ceruleus of the offspring of the high LG-ABN
mothers may therefore provide another mechanism for the
decreased fearfulness in these animals.
Maternal LG-ABN was also associated with increased CBZ
receptor binding in the amygdala as well as the locus ceruleus.
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Both the lateral and central nuclei of the amygdala have been
proposed as critical sites for the anxiolytic effects of BZ agonists.
Thus, the direct administration of CBZ receptor agonists into the
amygdala yields an anxiolytic effect (44). Interestingly, the CRH
neurons within the amygdala, which appear to mediate the
expression of fearfulness, are a major target for benzodiazepine
effects. The CBZ receptor agonist alprazolam reduces CRH
content in the locus ceruleus (37). Moreover, de Boer et al. (45)
have shown that BZ administration attenuates the anxiogenic
effects of intracerbroventricular CRH treatment (also see ref. 46),
which probably reflects a downstream effect on locus ceruleus
neurons.
Considering the importance of this amygdaloid–locus ceruleus–CRH system in mediating behavioral responses to novelty (36,
39, 47), we propose that BZ–CRH interactions within the amygdala as well as BZ effects at the level of noradrenergic cell body
regions are critical neural substrates for the differences in the
response to novelty observed between the adult offspring of high
vs. low LG-ABN mothers. Thus, increased maternal LG-ABN
decrease fearfulness, in part at least, by decreasing target tissue
sensitivity to CRH, while increasing sensitivity to BZs in the
amygdala as well as to both BZs and a2 agonists in the noradrenergic cell body regions. The implicit assumption here for the
relevance of the CBZ receptor difference is that there exists an
endogenous BZ receptor agonist. This idea is consistent with the
finding that RO15–1788, a CBZ receptor antagonist, reinstates
fearfulness to novelty in habituated animals (18) and attenuates
the behavioral differences to novelty in H and NH rats (48). The
results of human clinical studies are also of relevance. Glue et al.
(49) found that subjects that were high on neuroticism showed
reduced sensitivity to the BZ midazolam. Roy-Byrne and colleagues (50, 51) found reduced sensitivity to diazepam in patients
with panic disorders and proposed that the reduced CBZ sensitivity was related to the expression of anxiety. These findings are
consistent with the idea that decreased CBZ receptor levels are
associated with an increased expression of fear and anxiety, such
as occurred in the offspring of the low LG-ABN mothers.
It is not clear how lickingygrooming andyor arched-back
nursing regulate these neural systems. However, maternal licking
influences central nervous system development (14, 15, 52, 53),
and regular tactile stimulation from the mother is an essential
feature of pup development, serving to regulate physiology in a
manner most conducive to somatic and neural growth. Our
findings suggest that this stimulation in the neonate is also an
important mediator of the effects of maternal care on long-term
development in the offspring.
The origins of the individual differences in maternal care are
not clear. It is possible that these differences in maternal behavior
reflect individual differences in fearfulness in the dams themselves, in which case these findings might reflect an example of a
nongenomic mode of inheritance. We cannot completely exclude
a possible genetic mode of inheritance; however, two lines of
evidence argue for the importance of maternal behavior as a
critical variable. First, neonatal handling produces exactly the
same profile of behavioral, pharmacological, and endocrine
responses to stress as those observed in the offspring of high
LG-ABN mothers. Handling also significantly increases maternal
LG-ABN. Simply put, the mothers of H pups are high LG-ABN
mothers regardless of their genetic background (see ref. 18), and
the H pups then resemble the offspring of high LG-ABN
mothers. Interestingly, adoption in early life increases maternal
lickingygrooming of pups and, as adults, the offspring resemble
H animals (54). Maternal behavior is regulated by stimuli associated with the pups (see refs. 14 and 15). Handling increases pup
vocalizations, which have, in turn, been associated with increased
maternal lickingygrooming (see ref. 55). This finding might well
underlie the increased lickingygrooming observed in the mothers
of H pups (see refs. 16 and 17). Second, we (56, 57) have examined
the potential effects of maternal behavior on the development of
behavior and endocrine responses to stress in BALByc mice,
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normally a strain that is very fearful and shows elevated HPA
responses to stress. However, BALByc mice cross-fostered to C57
mothers are significantly less fearful, with lower HPA responses
to stress. Importantly, C57 mothers lick and groom about twice
as frequently as BALByc mothers. If the genetic influence was
paramount, then we would expect no such relationship between
maternal behavior and phenotype. We do not dispute the likelihood of a polygenetic influence on the development of fearfulness. However, these data suggest that the emergence of fearfulness occurs, in part at least, as a function of parental care, and thus
a nongenomic mode of inheritance.
We believe that the effects of maternal care on the development of behavioral and endocrine responses to stress reflect a
naturally occurring plasticity whereby the behavior of the mother
results in the programming of rudimentary responses to threatening stimuli. Like humans, the Norway rat inhabits a tremendous
variety of ecological niches, each with varied sets of environmental demands. This plasticity could allow animals to adapt defensive systems to the unique demands of the environment. Because
most mammals usually spend their adult life in an environment
that is either the same or quite similar to that in which they were
born, developmental ‘‘programming’’ of central nervous system
responses to stress in early life is likely to be of adaptive value to
the adult (see ref. 22). Such programming affords the animal an
appropriate behavioral response, minimizing the need for a long
and perhaps unaffordable period of adaptation in adult life. The
mother’s behavior serves as the major link between the pup and
its habitat (14, 15, 52), and thus serves as a very reasonable source
of ‘‘environmental information’’ for the programming of neural
systems that mediate behavioral and endocrine responses to
stress.
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