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Both the magnitude and the duration of the hormonal stress
response change dramatically during neonatal development
and aging as well as with prior experience with a stressor.
However, surprisingly little is known with regard to how pu-
bertal maturation and experience with stress interact to af-
fect hypothalamic-pituitary-adrenal axis responsiveness.
Because adolescence is a period of neurodevelopmental vul-
nerabilities and opportunities that may be especially sensi-
tive to stress, it is imperative to more fully understand these
interactions. Thus, we examined hormonal and neural re-
sponses in prepubertal (28 d of age) and adult (77 d of age) male
rats after exposure to acute (30 min) or more chronic (30 min/d
for 7 d) restraint stress. We report here that after acute stress,
prepubertal males exhibited a significantly prolonged hor-
monal stress response (e.g. ACTH and total and free cortico-

sterone) compared with adults. In contrast, after chronic
stress, prepubertal males exhibited a higher response imme-
diately after the stressor, but a faster return to baseline, com-
pared with adults. Additionally, we demonstrate that this dif-
ferential stress reactivity is associated with differential
neuronal activation in the paraventricular nucleus of the hy-
pothalamus, as measured by FOS immunohistochemistry. Us-
ing triple-label immunofluorescence histochemistry, we
found that a larger proportion of CRH, but not arginine va-
sopressin, cells are activated in the arginine vasopressin in
response to both acute and chronic stress in prepubertal an-
imals compared with adults. These data indicate that experi-
ence-dependent plasticity of the hypothalamic-pituitary-ad-
renal neuroendocrine axis is significantly influenced by
pubertal maturation. (Endocrinology 147: 1664–1674, 2006)

IN RESPONSE TO STRESSORS, the hypothalamic-pitu-
itary-adrenal (HPA) axis is driven by the release of CRH

and arginine vasopressin (AVP) from the paraventricular
nucleus of the hypothalamus (PVN). These neuropeptides
then allow for the release of ACTH from the anterior pitu-
itary, which, in turn, stimulates the release of corticosterone
from the adrenals (1). In the short term, this response allows
the animal to cope with the immediate demands imposed by
the stressful event. However, longer or more chronic expo-
sures to stress hormones can result in a number of negative
effects, particularly with regard to neurobiological function
(2).

Throughout an individual’s life span, both the magnitude
and the duration of the hormonal stress response change
dramatically. For instance, neonates show reduced stress
reactivity in response to stressors that typically elicit robust
stress responses in adults (3). Conversely, aged adults show
heightened and more prolonged stress responses compared
with younger adults (4). The reduced stress reactivity expe-
rienced by neonates has been posited to protect the devel-

oping organism from the damaging effects of stress hor-
mones (3), whereas the extended exposure to stress
hormones in the aged may contribute to the age-related de-
cline in neurophysiological function and contribute to fat
deposition, bone mineral loss, and impaired immune func-
tion in the elderly (4–6). Thus, parameters that change stress
reactivity, such as development, may have profound conse-
quences as to whether stressors lead to adaptive or mal-
adaptive responses.

Although stress responsiveness in neonatal and adult life
stages has been well characterized, little is known about how
stress reactivity changes during puberty. This is interesting,
because many brain regions implicated in the control of the
stress response, including the hypothalamus, hippocampus,
amygdala, and prefrontal cortex, continue to mature during
pubertal development (7–11). The few studies comparing
HPA reactivity in prepubertal and adult animals show that
in response to acute stress, prepubertal animals have a sig-
nificantly prolonged hormonal stress response compared
with adults (12–15).

In addition to development, experience with stressors can
influence stress reactivity. For instance, in adults, repeated
exposure to a stressor leads to habituation of the stress re-
sponse, such that stress hormone levels are blunted (16–19).
Whether experience with stress changes HPA reactivity in
prepubertal animals is unknown. Thus, in the present ex-
periments we examined hormonal and neural responses in
prepubertal and adult males after exposure to either acute (30
min) or more chronic (30 min/d for 7 d) restraint stress. We
report in this study that pubertal development and stress
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history interact to modulate both the immediate poststress
response and recovery to baseline after termination of the
stressor. Furthermore, this differential stress responsiveness
is associated with greater activation, of CRH, but not AVP,
neurons (as measured by FOS immunostaining) in the PVN
of prepubertal compared with adult males. Together, these
data indicate that experience-dependent plasticity of the
HPA neuroendocrine axis is significantly influenced by pu-
bertal development, and that CRH neurons of the PVN are
at least one neural locus involved in mediating these
changes.

Materials and Methods
Animals and housing

For all experiments, male Sprague Dawley rats were commercially
obtained from Charles River Laboratories (Harlan, NY), housed three
per cage (same age and poststress time point cage mates) in clear poly-
carbonate cages with wood chip bedding, and maintained on a 12-h
light, 12-h dark schedule (lights on at 0900 h). Prepubertal and adult
animals arrived on the same day. Prepubertal animals were weaned
from their mothers on the day of arrival (20 d of age) and evenly
distributed among the groups. All animals had ad libitum access to food
and water, and the vivarium was maintained at 21 � 2 C. All procedures
were carried out in accordance with the guidelines established by the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and the Animal Experimentation Guidelines from the com-
mittee on animal research of Rockefeller University.

Experimental design and tissue processing

Four experiments were conducted. In experiments (Exp) 1.1 and 1.2,
prepubertal (28 d of age) and adult (77 d of age) male rats were exposed
to a single 30-min session of restraint stress (acute stress), and hormonal
(Exp 1.1) and neural (Exp 1.2) responses were measured. In Exp 2.1 and
2.2, prepubertal (22 d of age) and adult (70 d of age) males were exposed
to 7 consecutive days of a 30-min session of restraint stress (chronic
stress). On the seventh day, hormonal (Exp 2.1) and neural (Exp 2.2)
responses were measured (i.e. at either 28 or 77 d of age). In these studies,
28-d-old males were defined as prepubertal because Sprague Dawley
rats at this age exhibit testosterone levels well below those found in
adults (Refs. 14, 20, and 21 and present study) and do not show appre-
ciable pubertal increases in testosterone secretion before 35 d of age (20).

For Exp 1.1, prepubertal (28 d) and adult (77 d) animals were weighed
and rapidly decapitated by guillotine either before (basal) or after a
30-min session of restraint stress. Two time points after the stressor were
examined: immediately after termination of the stressor (i.e. time zero)
and 45 min after the stress session (six animals per age and time point).
The 45-min point was chosen to assess recovery from the stressor and
was based on previous studies indicating that prepubertal animals show
a higher stress response compared with adults at this time point (12–15).

Animals were restrained in wire mesh restrainers, sized so that an-
imals were equally immobilized and thus exposed to equivalent stres-
sors. Upon termination of the stressor, animals were either immediately
decapitated or returned to their home cage until the appropriate time
point (i.e. 45 min). Trunk blood samples were collected in Vacutainer K3
EDTA-coated test tubes (BD Biosciences, Franklin Lakes, NJ) and spun
down at 4 C in a refrigerated centrifuge. All animals were killed between
1200–1500 h local time during their circadian nadir of corticosterone
secretion to minimize variations in basal hormone levels (22). Plasma
was removed and stored at �20 C until the RIAs for ACTH, cortico-
sterone, corticotropin-binding globulin (CBG), and testosterone were
performed (see below). Testes and adrenal glands were removed,
cleaned of fat, and weighed to verify developmental stage.

For Exp 1.2, prepubertal (28 d) and adult (77 d) males were treated
in an identical manner as described above (five animals per age and time
point), but instead of decapitation on the day of sampling, all animals
were perfused after an overdose of sodium pentobarbital (100 mg/kg)
to generate tissue for immunohistochemistry. Animals were transcar-
dially perfused with 150 ml 0.9% heparinized saline, followed by 200 ml

4% paraformaldehyde in 0.1 m phosphate buffer (PB). Brains were post-
fixed for 4 h in 4% paraformaldehyde, then stored in 30% sucrose at 4
C. Coronal brain sections were made on a Vibratome (Leica VT 1000S;
Wetzlar, Germany) (40 �m) and stored at �20 C in cryoprotectant until
processed for immunohistochemistry (see below).

In Exp 2.1, prepubertal (22 d) and adult (70 d) males were exposed
to chronic stress (30 min/d for 7 d) and decapitated, and blood samples
were collected on the seventh day of stress (i.e. at either 28 or 77 d of age).
The same stress procedure was used, and the same time points were
measured as in Exp 1.1 (six animals per age and time point). In Exp 2.2,
prepubertal (22 d) and adult (70 d) animals were treated in an identical
manner as those in Exp 2.1 (five per age and time point), but on the day
of sampling (i.e. at either 28 or 77 d of age), animals were perfused to
generate tissue for immunohistochemistry.

RIAs

ACTH, corticosterone, and testosterone assays were conducted on the
trunk blood samples collected in Exp 1.1 and 2.1 using commercially
available kits and reagents and were performed as indicated by the
supplier. ACTH measurements were obtained with an ACTH 125I RIA
Kit (DiaSorin, Stillwater, MN) using the overnight incubation protocol
(option A), whereas corticosterone and testosterone measurements were
made using Coat-A-Count kits (Diagnostic Products Corp., Los Angles,
CA). For each hormone, all samples were run in duplicate in a single
assay, and values were averaged. The lower limit of detectability and
intraassay coefficient of variation for each assay were as follows: ACTH,
10.02 pg/ml and 8.4%; corticosterone, 9.69 ng/ml and 6.5%; and tes-
tosterone, 0.02 ng/ml and 12.6%.

For CBG quantification, a radioligand binding assay was performed as
previously described (23, 24). Briefly, plasma was diluted in an equal
volume of 1% charcoal and 1% dextran-coated charcoal/Tris buffer [50 mm
Tris-0.1% Norit-A charcoal (pH 7.4)] to eliminate steroids from plasma.
After a 10-min incubation, the suspension was centrifuged at 2000 � g (10
min at 4 C), and a portion of the resulting supernatant (stripped plasma)
was further diluted 1:66.67 with Tris buffer (TB; pH 7.4). A radioligand
binding assay for CBG was conducted in triplicate by incubating 50 �l
diluted plasma with 50 �l [1,2,6,7-N-3H]corticosterone (specific activity, 88
Ci/mmol; NEN Life Science Products, Boston, MA) and 50 �l TB (final
dilution, 1:800) for 1 h. Free and bound [3H]corticosterone were separated
by rapid filtration over Whatman GF/B glass-fiber filters (Clifton, NJ) that
were soaked for 1 h in cold TB containing 0.3% polyethylenimine (Sigma-
Aldrich Corp., St. Louis, MO). After filtration, filters were immediately
rinsed three times with ice-cold TB and placed into liquid scintillation glass
vials. Filter-bound radioactivity was quantified using a standard liquid
scintillation counter (LS6500, Beckman Instruments, Fullerton, CA). Sepa-
rate nonspecific binding tubes were also assayed (50 �l competitor plus 50
�l [3H]corticosterone). All samples were assayed in triplicate, and median
value was used for analyses. Free corticosterone was derived from CBG
values as described by Barsano and Baumann (25). Specifically, free cor-
ticosterone was calculated as follows:

0.5 �nM CORT � nM CBG � Kd

� ��nM CBG � nM CORT � Kd�
2 � 4�nM CORT/�1/Kd���,

where CORT is corticosterone.

Single-labeled FOS immunohistochemistry

Tissue from Exp 1.2 and 2.2 was processed for FOS immunostaining
to measure stress-induced changes in neuronal activation in prepubertal
and adult males exposed to either acute or chronic stress. FOS immu-
noreactivity is a widely used technique to asses stress-induced neuronal
activation in response to a variety of stressors, including restraint (21,
26–31). To minimize potential variability and achieve optimal staining,
each brain region in the acute and chronic groups was processed si-
multaneously. Free-floating sections (40 �m) were washed five times for
10 min each time in 0.1 m PB and incubated for 10 min in 0.05% H2O2
in 0.1 m PBS. Sections were then washed three times for 10 min each time
in 0.1 m PB with 0.1% Triton X-100 (PBT), blocked in 2% normal goat
serum in PBT for 1 h, and incubated in rabbit anti-Fos (1:20,000; Santa
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Cruz Biotechnology, Inc., Santa Cruz, CA) in 2% normal goat serum in
PBT for 48 h at 4 C. Sections were then washed five times for 10 min each
time in PBT and incubated in biotinylated goat antirabbit IgG (1:200;
Vector Laboratories, Inc., Burlingame, CA) in PBT for 1 h at room
temperature. Sections were washed three times for 10 min each time in
PBT and incubated in avidin-biotin horseradish peroxidase complex
(1:200; Vectastain ABC Kit, Vector Laboratories, Inc.) in PBT for 1 h at
room temperature. After three 10-min washes in PBS, horseradish per-
oxidase was visualized with 0.02% 3,3�-diaminobenzidine in a 3-m so-
dium acetate buffer containing 2.5% nickel sulfate and 0.05% H2O2.
Sections were then washed five times for 10 min each time in PBS,
mounted onto Fisher Brand Plus slides (Fisher Scientific, Pittsburgh,
PA), dried, dehydrated in increasing concentrations of alcohol (70%,
95%, and 100%), cleared in xylenes, and coverslipped with DPX Moun-
tant (Sigma-Aldrich Corp.). Processing tissue in the absence of the pri-
mary antibody resulted in no detectable immunostaining by the sec-
ondary antibody.

Triple-labeled FOS/CRH/AVP immunofluorescence
histochemistry

A randomly chosen subset of animals (three or four per age and time
point) that had been previously used in the single-labeled FOS experiments
were processed for triple-label immunofluorescence histochemistry to
quantify cell number and colocalization of FOS, CRH, and AVP in the PVN
in prepubertal and adult animals exposed to either acute or chronic stress.
Again, to minimize potential variability, all PVN sections from animals in
either the acute or chronic groups were run simultaneously and were
anatomically matched. For triple-label immunofluorescence, free-floating
sections (40 �m) were washed five times in PBT for 10 min each time and
incubated in normal donkey serum for 1 h, then in goat anti-Fos (1:5000;
Santa Cruz Biotechnology, Inc.), rabbit anti-CRH (1:5000; Peninsula Lab-
oratories, Inc., Belmont, CA), and guinea-pig anti-AVP (1:5000; Peninsula
Laboratories, Inc.) simultaneously for 48 h. Sections were washed three
times in PBT for 10 min each time, then placed in the appropriate donkey
secondary antibody conjugated to the CY-2, CY-,3 and CY-5 fluorescent
chromogens (1:200; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) for 1 h. Sections were washed three times for 10 min each time
in PB, mounted on gelatin-coated slides, dried, dehydrated in increasing
concentrations of ethanol (70%, 95%, and 100%), cleared in xylenes, and
coverslipped with Krystalon (EM Science, Gibbstown, NJ). Processing tis-
sue in the absence of the primary antibodies resulted in no detectable
immunostaining by the appropriate secondary antibody.

Microscopic analysis of single-labeled FOS
immunohistochemistry

The areal density (cells per unit area) of FOS-immunoreactive (FOS-ir)
cell profiles was quantified in the infralimbic cortex of the medial pre-
frontal cortex (mPFC), nucleus accumbens shell (AcbSh), ventral lateral
septum (vLS), PVN, and central nucleus of the amygdala (CeA). These
areas were chosen for examination because they have been demon-
strated to display stress-induced increases in FOS expression in adult
rats (32) and to play important roles in modulating HPA axis activity (e.g.
mPFC, CeA, and PVN) (1, 33). Brain sections were inspected under light
microscopy using a Labophot microscope (Nikon, Melville, NY). Three
sections through each nucleus, separated by 120 mm and anatomically
matched across animals, were used for analysis. Each brain region was

centered in the field of view at �4, and the magnification was increased
to �20. At least two bilateral counts were made for each brain area. A
cell was considered immunopositive when dark blue reaction product
was observed in the nucleus. All data are expressed as mean number of
FOS-ir cells per 40,000 �m2. One experimenter, blind to the experimental
conditions of the animals, was responsible for FOS-ir areal density
measures.

Confocal microscopy and analysis of FOS/CRH/AVP
immunofluorescence histochemistry

Confocal microscopy was used to examine the cell number and co-
localization of FOS, CRH, and AVP with a Zeiss Axiovert 200M fluo-
rescence microscope (Carl Zeiss, Thornwood, NY) and a Zeiss LSM 510
META scanning confocal attachment. Sections were excited sequentially
with an argon-krypton laser using the standard excitation wavelengths
for CY-2, CY-3, and CY-5. Stacked images were collected as 1-�m mul-
titract optical sections. LSM 3.95 software (Carl Zeiss) was used to
superimpose CY-2 (green), CY-3 (red), and CY-5 (blue) images of the
sections. To evaluate the extent of colocalization, each channel was
observed and quantified independently. Channels were then combined,
and double- or triple-labeled cells were identified. Two bilateral counts
from anatomically matched sections were made for each animal. Each
section of the PVN was examined in its entirety in 1-�m steps. One
experimenter, who was blind to the experimental conditions of the
animals, was responsible for confocal analyses.

Statistical analysis

For the four experiments, all parametric data were analyzed using a
two-way ANOVA (age � time point), whereas percentage data were
first arcsine transformed, then analyzed using two-way ANOVAs. Sig-
nificant main effects and interactions were analyzed with Tukey’s hon-
estly significant difference tests. Differences were considered significant
at P 	 0.05. All data are reported as the mean � sem. For presentation
purposes, hormonal data (Exp 1.1 and 2.1) are presented first, followed
by the neural data (Exp 1.2 and 2.2)

Results
Experiential and developmental interactions on the
hormonal stress response

Peripheral measures.In the acute stress groups (Exp 1.1), there
were significant main effects of age on body [F(1,30) 

3740.553 P 	 0.05), testis [F(1,30) 
 1812.232; P 	 0.05], and
adrenal [F(1,30) 
 107.580; P 	 0.05] weights and circulating
testosterone concentrations [F(1,30) 
 83.859; P 	 0.05], but
no significant main effect of time point or interaction between
these two variables (Table 1). Similarly, in the chronic stress
groups (Exp 2.1), there were significant main effects of age
on body [F(1,30) 
 2611.356; P 	 0.05], testis [F(1,30) 

1876.009; P 	 0.05], and adrenal [F(1,30) 
 111.728; P 	 0.05]
weights and significantly lower circulating levels of testos-
terone [F(1,30) 
 23.957; P 	 0.05], but no significant main

TABLE 1. Mean (�SEM) body, paired testis, adrenal weights, and plasma testosterone concentrations in prepubertal (28 d old) and adult
(77 d old) males in Exp 1

Measurement
Acute stress Chronic stress

Prepubertal Adult Prepubertal Adult

Body weight (g) 4.28 � 2.80 52.89 � 3.30a 87.33 � 2.35 339.06 � 4.15a

Testes (g) 0.70 � 0.03 3.15 � 0.05a 0.66 � 0.03 3.14 � 0.04a

Adrenal (mg) 27.00 � 2.00 65.00 � 3.00a 28.00 � 1.00 65.00 � 3.00a

Testosterone (ng/ml) 0.07 � 0.03 2.59 � 0.27a 0.04 � 0.01 2.66 � 0.52a

Prepubertal and adult males were exposed to a single 30-min session of restraint (acute stress) or a daily 30-min session of restraint for 1
wk (chronic stress). Note that data are collapsed across time points.

a A significant difference between prepubertal and adult males; P 	 0.05.
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