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Abstract
Early-life experience including maternal care profoundly influences hormonal stress responses
during adulthood. Daily handling on postnatal day (P) 2–9, eliciting augmented maternal care
upon returning pups to their cage, permanently modifies the expression of the stress
neuromodulators corticotropin-releasing factor (CRF) and glucocorticoid receptor (GR). We have
previously demonstrated reduced hypothalamic CRF expression already at the end of the handling
period, followed by enhanced hippocampal GR mRNA levels (by P45). However, the initial site(s)
and time of onset of these enduring changes have remained unclear. Therefore, we used
semiquantitative in situ hybridization to delineate the spatiotemporal evolution of CRF and GR
expression throughout stress-regulatory brain regions in handled (compared with undisturbed)
pups. Enhanced CRF mRNA expression was apparent in the amygdaloid central nucleus (ACe) of
handled pups already by P6. By P9, the augmented CRF mRNA levels persisted in ACe,
accompanied by increased peptide expression in the bed nucleus of the stria terminalis and
reduced expression in the paraventricular nucleus. The earliest change in GR consisted of reduced
expression in the ACe of handled pups on P9, a time point when hippocampal GR expression was
not yet affected. Thus, altered gene expression in ACe, bed nucleus of the stria terminalis as well
as paraventricular nucleus may contribute to the molecular cascade by which handling (and
increased maternal care) influences the stress response long term.

Early-life experience influences hormonal and behavioral responses to stress long term, a
fact with implications for emotional health and cognitive function (1–3). In animal models,
brief daily handling of rat pups for the first 1–3 wk of life evokes neuroplastic processes that
lead to long-term reduction of the neuroendocrine stress responses (4–6).

Expression of key effector molecules involved in regulating the hypothalamic-pituitary-
adrenal (HPA) axis is permanently altered in adult animals handled early in life (6, 7). The
levels of corticotropin-releasing factor (CRF) mRNA in the hypothalamic paraventricular
nucleus (PVN), where CRF release elicits ACTH and glucocorticoid secretion, are reduced
in early-life handled rats. This reduction of hypothalamic CRF is associated with attenuated
hormonal stress responses: after restraint stress, plasma ACTH and corticosterone levels are
significantly lower in early-life handled rats compared with undisturbed controls (6, 7). In
addition, glucocorticoid receptor (GR) expression in hippocampal CA1 is increased in early-
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life handled rats, consistent with increased sensitivity to circulating glucocorticoids
[corticosterone (CORT)] and more efficient glucocorticoid-mediated negative feedback
(Ref. 8, but see Ref. 9). These changes in CRF and GR expression and function are
considered to underlie the enduring attenuation of neuroendocrine stress response that
follows early-life handling (7). Therefore, determining the origin and evolution of these
expression changes should provide an important foundation for understanding this long-term
plasticity of the stress response.

We have previously found that modulation of CRF expression in the PVN preceded changes
in the hormonal stress response and alterations in hippocampal GR expression (6). The aims
of the current studies were: 1) to determine the stress-regulatory regions that are initially
involved in handling-induced changes in CRF and GR expression; and 2) to delineate the
temporal evolution of these region-specific expression changes by examining CRF and GR
expression during, as well as at the completion of the daily handling paradigm.

Materials and Methods
Animals

Timed-pregnancy Sprague Dawley rats (Zivic-Miller Laboratories, Inc., Zelienople, PA)
were maintained in animal facilities approved by National Institutes of Health (NIH) and
kept on a 12-h light, 12-h dark cycle with access to unlimited lab chow and water. Delivery
was verified at 12-h intervals, and the day of birth was considered d 0. If needed, litters were
adjusted to 12 pups on postnatal day (P) 1. Experimental conditions were assigned per litter,
and cages were not changed during the course of the experiment. All of the experimental
procedures were approved by Institutional Animal Care Committee and conformed to NIH
guidelines.

Early-life handling
Immature rats were handled at 0830 according to previously described procedures (6).
Briefly, cages were brought from the vivarium into the laboratory, and the dam and pups
were placed in separate fresh cages. After 15 min, pups were returned to the home cage first,
followed by the dam. For mRNA analysis, rats were handled on P2 to P5 (killed on P6,
without handling), or from P2 to P8 (killed on P9). For analysis of plasma CORT, rats were
handled daily from P2 to P6, or from P2 to P9 and killed on the last day of handling.

Hormonal assay
Rats were decapitated on P6 or P9 (0800–0930 h). Trunk blood was collected from
undisturbed and handled rats. For the latter group, samples were collected at different time
points after the pups’ handling and return to the home cage. Thus, 0 min denotes pups who
were not returned to the home cage and were killed immediately after handling; 15 min and
30 min denote that rats were killed after a 15- or 30-min sojourn in the home cage after
handling. Plasma CORT was analyzed using a commercial RIA kit (ICN, Costa Mesa, CA)
as previously described (10); assay sensitivities were 0.5 µg/dl.

In situ hybridization histochemistry
Rats were decapitated on P6 or P9 (0800–0900). Brains were rapidly removed, frozen on
powdered dry ice, and stored at −80 C. In situ hybridization histochemistry for CRF and GR
mRNA was performed as previously described (6, 11). Briefly, 20-µm coronal sections were
collected on gelatin-coated slides and stored at −80 C. Sections were thawed, air-dried, and
postfixed in 4% paraformaldehyde in phosphate buffer. Sections were dehydrated/
rehydrated through graded ethanols, exposed to 0.25% acetic anhydride in 0.1 M

triethanolamine (pH 8), and dehydrated. Sections were incubated with prehybridization
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buffer (at 42 C for CRF probe and 55 C for GR probe) for 1 h in a humidified chamber then
hybridized overnight with CRF deoxyoligonucleotide probe or with GR ribonucleotide
probe (originally from Dr. K. Yamamoto, courtesy Dr. J. Masters, Pfizer, Inc., Ann Arbor,
MI). Sections hybridized with the riboprobe underwent a 30 min ribonuclease digestion at
37 C (6). All sections were washed in serial standard sodium citrate buffers of increasing
stringency, dehydrated, and apposed to film for 7–14 d (6, 11). Selected sections were
dipped in emulsion (NTB-2; Eastman Kodak Co., Rochester, NY), and developed after 3
wk.

Semiquantitative analysis and statistical considerations
Four anatomically matched sections per brain region per rat (n = 8–12 rats per group) were
used for each analysis. Unbiased methods for section sampling have been previously
described (12) and analyses were conducted without knowledge of treatment. CRF and GR
mRNA in situ hybridization histochemistry signal was analyzed on digitized films using the
ImageTool software program (UTHSC, San Antonio, TX) as described elsewhere (12). The
linear range of ODs was determined using 14C standards. The significance of differences
between groups were determined using Student’s t test (Prism GraphPad, San Diego, CA)
with Welch’s correction for unequal variance, when needed. Significance levels were set at
P < 0.05.

Results
CRF mRNA, but not GR mRNA, levels are altered in amygdaloid central nucleus (ACe)
already by P6

The temporal onset and progression of CRF and GR mRNA expression changes were
determined in rats that were handled from P2 to P5 and killed on P6. Enhanced CRF mRNA
expression in ACe was evident already by P6 in handled rats compared with age-matched
undisturbed controls (146.0 ± 7.76%; P < 0.001; Fig. 1A). CRF mRNA levels in PVN were
not yet reduced in this group (compare Fig. 1B with Fig. 2C), and the peptide’s expression
in bed nucleus of the stria terminalis (BnST) was unchanged (108 ± 4.6% of control levels,
P = 0.87; data not shown). Handling-induced differences in GR expression in ACe (Fig. 1C)
or PVN (Fig. 1D) were not observed in handled rats killed on P6.

CRF mRNA expression is enhanced in ACe and BnST and reduced in PVN at the end of the
handling paradigm (P9)

Changes in CRF expression in several stress-responsive brain regions of handled pups were
found by P9. At this age, handling increased CRF mRNA expression in ACe (151.4 ± 9.2%;
Fig. 2A) and in BnST (163.6 ± 9.12%; Fig. 2B) compared with undisturbed controls (P <
0.001). In contrast, CRF mRNA levels in PVN were significantly reduced in handled rats
(55.04 ± 4.47%) compared with undisturbed controls (P < 0.001; Fig. 2C), consistent with
our previous findings (6). Representative bright-field and dark-field photomicrographs of
coronal brain sections from undisturbed and handled rat pups depict the region-specific
alteration of CRF mRNA signal intensity in ACe, BnST, and PVN.

GR mRNA levels are reduced in ACe but remain unchanged in the hippocampus on P9
Handling-induced changes in GR mRNA expression in ACe, PVN, and hippocampal CA1
were examined in P9 rats. Consistent with earlier findings, handling did not alter GR mRNA
levels in hippocampal CA1 (P = 0.261; Fig. 3A). However, ACe GR expression levels were
lower in handled pups (75.82 ± 4.55%; P < 0.001; Fig. 3B), whereas expression levels in
PVN (P = 0.676; Fig. 3C) were unaffected.
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The return of the pups to their mothers during the last days of the handling paradigm,
induces a transient elevation of plasma corticosterone levels

To investigate the potential role of recurrent activation of the HPA axis in the handling-
induced programming of the stress response, we measured plasma CORT levels at baseline,
immediately after handling, and 15 min and 30 min after the pups’ return to their home cage
on P6 and P9. As shown in Fig. 4, baseline plasma CORT levels of handled pups, and
hormone levels obtained after handling (time 0 of pups’ return to the cage), did not differ
from those of undisturbed pups on either day. However, on P9, plasma CORT levels were
higher in handled pups 15 min after their return to the dam (P < 0.05). This transient
enhancement of CORT returned to basal levels 30 min after the pups’ return to the cage.

Discussion
These studies demonstrate that: 1) CRF expression in ACe is enhanced by daily handling
already by P6. 2) By P9, enduring up-regulation of CRF mRNA in ACe is associated with
similar changes in the BnST and by reduced CRF mRNA in PVN (3). The earliest changes
in GR expression are found in ACe by P9 (4). In the latter days of the handling paradigm
(after P6), daily return of pups to the mother is accompanied by a significant and transient
activation of glucocorticoid release. These findings provide a spatiotemporal fingerprint of
the stress-related regions involved in the early phases of HPA programming by handling
(and subsequent enhancement of maternal care). In addition, this sequence of events,
together with the hormonal response evoked by maternal care, suggest plausible
mechanisms for the profound and long-lasting modulation of the neuroendocrine stress
responses by early-life experience.

The initial molecular change evoked by recurrent daily handling consisted of increased CRF
mRNA levels in ACe. ACe is involved in complex integrative pathways stimulated by
maternal-derived sensory input, particularly licking and grooming (2, 10, 13). The primary
role of augmented maternal care (initiated by the return of handled pups to their cages) in
handling-evoked programming of the HPA axis has been well documented (13), and was
evident also in our hands (data not shown). Maternal stimulation of anogenital areas may be
conveyed via brain stem nuclei including CRF-expressing neurons in Barrington’s nucleus
to the paraventricular nucleus of the thalamus (14). Paraventricular nucleus of the thalamus
neurons project heavily to ACe (15), the central integrator of maternal-derived input and of
stress signals (10). Our data suggest that a key consequence of daily activation of this
circuitry is augmentation of CRF gene expression in ACe already by P6.

By P9, the handling-evoked changes in ACe were accompanied by reduced CRF mRNA in
the hypothalamic PVN, a reduction that persisted and probably contributed to the lifelong
diminished stress response of handled rats. The relationship of increased CRF expression in
ACe and the subsequent reduced expression of the gene in the PVN is not entirely clear:
ACe may inhibit PVN directly (16) or multi-synaptically (17), but extensive research
indicates that the ACe generally facilitates PVN CRF expression (18–20) and function (21–
23). Therefore, handling may exert independent and opposing effects on CRF expression in
these regions. Clues to such mechanisms arise from analyzing plasma CORT levels evoked
by the procedure: we found modest but significant elevations of plasma CORT in handled
pups after their return to the dam. Levels were not increased immediately after handling,
(i.e. ~20 min from the initial disturbance of the pups), and CORT levels peaked
approximately 15 min after the return of pups to the dam, suggesting that this glucocorticoid
output was initiated by maternal stimulation of the pups. Glucocorticoids exert a differential
effect on CRF mRNA expression in ACe and PVN: CORT increases CRF expression in
ACe and reduces CRF mRNA levels in PVN in mature animals (21, 24, 25), as well as in
developing rats (26–29). Thus, the recurrent elevations of plasma CORT (presumably
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starting on P7) may underlie the differential effects of handling on CRF expression in ACe
and PVN.

Thus, the cascade of molecular changes elicited by handling may commence with CORT-
independent increase of CRF synthesis in ACe by P6. This may facilitate CORT release
upon subsequent daily return of the pups to the dam (28, 30). Given that GR expression
remains unaltered in the PVN, these elevations of plasma CORT act to down-regulate CRF
expression in PVN by P9, when sensitivity of the transcript to glucocorticoids is established
(26). The enduring reduction of PVN CRF then decreases cumulative CORT release long
term, leading to the long-lasting increase in hippocampal GR observed after P45. In ACe,
whereas the transient elevation of plasma CORT on P7–P9 might contribute to the observed
augmentation of CRF expression on P9, reduced CORT at older ages prevents long-lasting
enhancement of the peptide’s expression. Indeed, we did not find long-term increase of ACe
CRF mRNA (6, 7), a finding consistent with the reduced behavioral stress responses and
anxiety of adult animals handled early in life. In this context, the reduction of GR expression
in ACe on P9, although transient (Avishai-Eliner, S., unpublished observation), may
function to reduce the sensitivity of CRF-ACe to the handling-induced plasma CORT
elevation, mitigating enduring up-regulation of the peptide’s expression in the amygdala.

In summary, daily handling of neonatal rats provokes profound and lasting alterations of the
neuroendocrine (and behavioral) stress response. The current studies provide information
about the early phases of this programming effect; identify key alterations in the expression
of the stress neuromodulators CRF and GR; and point to the likely underlying mechanisms.

Abbreviations

ACe Amygdaloid central nucleus

BnST bed nucleus of the stria terminalis

CA cornu ammonis

CORT corticosterone

CRF corticotropin-releasing factor

GR glucocorticoid receptor

HPA hypothalamic-pituitary-adrenal

P postnatal day

PVN paraventricular nucleus
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FIG. 1.
CRF mRNA expression is altered already in rats handled from P2 to P5 and killed on P6,
whereas GR expression is not affected. Semiquantitative analyses of CRF (A and B) and GR
(C and D) in situ hybridization signals in the ACe (A and C) and the PVN (B and D) were
conducted. At this age, CRF mRNA expression was increased in ACe of handled rats (A);
CRF mRNA levels in PVN and GR mRNA levels in both regions did not differ between
handled and undisturbed rats. Values are expressed as percent of undisturbed values (means
± SEM); *, P < 0.05. n = 8–12 animals per group.
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FIG. 2.
CRF mRNA is differentially regulated in stress-responsive brain regions in 9-d-old (P9) rats
that have experienced handling from P2 to P8. Photomicrographs of coronal brain sections
—from undisturbed (Undist.) and handled rats—after in situ hybridization show typical CRF
mRNA signals. Quantification of each region is located on the right. A, The ACe; B,
anteriodorsal BnST (AD-BnST), at the level shown in the diagram. In both of these regions,
handling led to increased CRF mRNA expression. C, The PVN, where handling led to
reduced CRF expression. BLA, Basolateral nucleus of the amygdala; Piri, piriform cortex.
ODs were averaged from four sections per brain-region per animal (n = 8–12 animals per
group) and are expressed as percent of undisturbed values (means ± SEM); *, P < 0.05.
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FIG. 3.
GR mRNA expression is modified in rats that have been handled from P2 to P8 and killed
on P9 in a region-specific manner. Comparative bright-field photomicrographs from
undisturbed and handled rats indicate unaltered GR expression levels in hippocampal CA1
region (A) and PVN (C) and significant down-regulation in ACe (B) of handled rats. BLA,
Basolateral nucleus of the amygdala; DG, dentate gyrus. Quantitative analysis is shown on
the right, and values are expressed as percent of undisturbed values (means ± SEM); *, P <
0.05. n = 8–12 animals per group.
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FIG. 4.
Plasma CORT levels in 9-d-old handled rats are elevated after pups are returned to their
cage. Baseline plasma CORT levels in the handled and undisturbed groups were not
significantly different on P6 (A) or on P9 (C). B and D, Plasma CORT levels were measured
at the end of the handling paradigm (0 min) and in rats killed 15 min or 30 min after the
pups’ return to the dam. B, Transient elevation of plasma CORT was not found in rats
handled from P2 to P6 and evaluated on P6. D, Plasma CORT levels in P9 pups killed 15
min after their return to the dam were increased and this elevation was transient. Values are
means ± SEM; *, P < 0.05. n = 6 animals per group.
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