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Chronic stress induces both functional and structural adap-
tations within the hypothalamo-pituitary-adrenocortical
(HPA) axis, suggestive of long-term alterations in neuroendo-
crine reactivity to subsequent stressors. We hypothesized that
prior chronic stress would produce persistent enhancement
of HPA axis reactivity to novel stressors. Adult male rats were
exposed to chronic variable stress (CVS) for 1 wk and allowed
to recover. Plasma ACTH and corticosterone levels were mea-
sured in control or CVS rats exposed to novel psychogenic
(novel environment or restraint) or systemic (hypoxia) stres-
sors at 16 h, 4 d, 7 d, or 30 d after CVS cessation. Plasma ACTH
and corticosterone responses to psychogenic stressors were
attenuated at 4 d (novel environment and restraint) and 7 d
(novel environment only) recovery from CVS, whereas hor-
monal responses to the systemic stressor were largely unaf-

fected by CVS. CRH mRNA expression was up-regulated in
the paraventricular nucleus of the hypothalamus (PVN) at
16 h after cessation of CVS, but no other alterations in PVN
CRH or arginine vasopressin mRNA expression were ob-
served. Thus, in contrast to our hypothesis, reductions of
HPA axis sensitivity to psychogenic stressors manifested at
delayed recovery time points after CVS. The capacity of the
HPA axis to respond to a systemic stressor appeared largely
intact during recovery from CVS. These data suggest that
chronic stress selectively targets brain circuits responsible
for integration of psychogenic stimuli, resulting in de-
creased HPA axis responsiveness, possibly mediated in part
by transitory alterations in PVN CRH expression. (Endo-
crinology 147: 2008–2017, 2006)

THE HYPOTHALAMO-pituitary-adrenocortical (HPA)
axis is a vital regulator of homeostasis in vertebrates.

Real or perceived dangers are interpreted by the brain, and
appropriate physiological reactions ensue to restore ho-
meostasis. Threats to homeostasis can be categorized based
on stimulus attributes and the neurocircuitry regulating the
HPA axis response to these threats. Psychogenic stressors
(e.g. conditioned fear, response to novelty) are stimuli that do
not constitute a direct physical threat to homeostasis and
thus require active cognitive processing to achieve biological
significance (1, 2). Systemic stressors (e.g. respiratory dis-
tress, hemorrhage), in contrast, constitute a direct, internally
perceived disruption of homeostasis (1, 2). A wealth of data
suggest that HPA axis responses to these stressor subtypes
are regulated by distinct neurocircuits, with psychogenic
stressors primarily targeting limbic structures (including the
hippocampus and prefrontal cortex) and systemic stressors
triggering interoceptive cues that are conveyed directly to the
hypothalamus via efferents from the brainstem (1, 2).

Marked alterations in neuroendocrine responsiveness are
evident after disruption of the HPA axis by chronic stress.
Repeated experience with the same, or homotypic, stressor

produces habituation, or diminution of HPA axis responses
(3–8). Repeated homotypic stress followed by a novel, or
heterotypic stressor, induces facilitation. In this case, HPA
axis responses are the same or greater than the initial re-
sponse (4, 9–13), despite elevated circulating glucocorticoids
from the chronic stress exposure. Given that stress-induced
habituation and facilitation cannot be fully explained by
differences in glucocorticoid feedback efficiency (14, 15), it is
likely that plastic, perhaps permanent, changes occur in the
HPA axis after stress (16). Indeed, numerous studies indicate
that limited exposure to severe stressors produces lasting
alterations in HPA axis responsiveness and regulation. Prior
exposure to footshock potentiates the plasma ACTH re-
sponse to noise stress 14 d later (17), and CRH-induced
plasma ACTH levels are augmented up to 1 wk after social
defeat stress (18). Inescapable tail shock facilitates the plasma
corticosterone response to an inflammatory stressor (19) or
later tail shock stress (20) for at least 10 d after tail shock
treatment. Further evidence for dysregulation of the HPA
axis after prior stress exposure comes from studies indicating
dexamethasone resistance to processive and systemic stress
challenge in tail shock stressed rats up to 4 d after tail shock
exposure (21). With the exception of the preceding study (21),
there is a dearth of information on how stressor modality
modulates the expression of persistent neuroendocrine al-
terations after chronic stress treatment.

In the present experiments, we therefore used the chronic
variable stress (CVS) model of chronic stress in rats to: 1)
investigate the impact of prior stress history on determining
long-term neuroendocrine responsiveness to subsequent
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stressors and 2) evaluate the influence of stress challenge
modality (e.g. psychogenic vs. systemic). Our data indicate
that CVS initially induces a transient facilitation to novel
psychogenic and systemic stressors that is accompanied by
an increase in CRH mRNA in the paraventricular nucleus of
the hypothalamus (PVN). This facilitation is then followed
by decrements in HPA axis responses to psychogenic, but not
systemic, stressors at 4–7 d after CVS cessation that is par-
alleled by a return of CRH mRNA expression to normal
levels. These results suggest that chronic stress selectively
targets psychogenic stress circuitry, producing transitory ad-
aptations that can desensitize the HPA axis.

Materials and Methods
Experiment 1

We sought to determine whether stressor modality influences HPA
axis responses to novel stressors after recovery from chronic stress. Rats
underwent CVS for 1 wk and were then exposed to a novel psychogenic
or systemic stressor at several time points after CVS cessation.

Subjects

Male Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis,
IN; 175–199 g) were housed three per cage and acclimated to the
animal colony for 1 wk before initiation of experimental procedures.
Rats were maintained in a temperature- and humidity-controlled
room (lights on 0600 –1800 h) with food and water available ad libitum.
All experimental procedures were conducted in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Animals and approved by the University of Cincinnati Institutional
Animal Care and Use Committee.

CVS protocol

Subjects were randomly assigned to unhandled control (n � 60) or
chronic stress (n � 72) groups. Our prior work has demonstrated that
handling does not affect subsequent ACTH and corticosterone responses
to an acute novel stressor (22); thus, we decided not to handle rats in the
control groups. The CVS paradigm consisted of twice daily exposure to
alternating stressors along with occasional overnight stressors for seven
consecutive days. Morning stressors were administered between 0830
and 1030 h, whereas afternoon stressors were conducted between 1430
and 1630 h. Overnight stressors began immediately after cessation of
afternoon stressors and ended with initiation of the next day’s morning
stressor. Stressors consisted of: 1) 1 h in plastic restraint tubes, 2) 1 h in
plastic restraint tubes in the cold (4 C), 3) 1 h shaker stress (100 rpm),
4) 20-min warm swim (31 C), 5) 5-min cold swim (18 C), 6) overnight
social isolation (one rat/cage), and 7) overnight social crowding (six
rats/cage) in a randomized order with each stressor (except the over-
night stressors) represented an equivalent number of times.

Acute novel stressor

Control and CVS groups were exposed to a psychogenic (novel en-
vironment) or systemic (hypoxia) stressor at 16 h, 4 d, 7 d, or 30 d (Fig.
1). Each time point represents independent control (n � 6 for each time
point) and CVS groups (n � 6 for each time point); thus, rats were not
repeatedly tested during recovery. For exposure to the novel environ-
ment, rats were removed from the colony room and placed on an ele-
vated plus-maze apparatus (4 in. wide � 40 in. long, 0.125-in. lip on open
arms, 14-in. height on closed arms) for 5 min under dimly lit conditions.
The elevated plus-maze was used as a novel environment to evoke
plasma ACTH and corticosterone secretion, not for assessment of anx-
iety-like behavior. The experiment was designed so that the number of
rats (n) used was appropriate for statistical analysis of the hormonal
measures; this n was not adequate for determination of CVS effects on
behavior, so these data are not included. The hypoxia stressor consisted
of placement into a clear Plexiglas chamber with 8% O2 and 92% N2 for
20 min. The large number of animals within this experiment precluded

conducting the novel environment and hypoxia exposures at the same
time, so the novel environment challenge was done on an initial cohort
of animals, with the hypoxia challenge done on another cohort of an-
imals a few months later. The CVS paradigm was identical for the novel
environment and hypoxia groups.

Tail blood was collected by tail vein nick at 20 and 40 min after the
end of novel environment exposure or placement into the hypoxia cham-
ber. Trunk blood was collected after decapitation at 60 min after the end
of novel environment exposure or onset of hypoxia. Brains were re-
moved, frozen in isopentane cooled on dry ice to �45 C, and stored at
�80 C. Brains were cryosectioned (14 �m) on a Microm cryostat, thaw-
mounted on Gold Seal Ultrastick slides (Portsmouth, NH), and stored
at �20 C until in situ hybridization analysis of CRH and arginine va-
sopressin (AVP) mRNA expression were conducted. Separate groups of
control (16 h recovery, n � 12) and CVS (16 h recovery, n � 12; 7 d
recovery, n � 12) rats were not exposed to the novel stressors and thus
represent basal HPA axis activation at these time points.

Physiological measures

The efficacy of the CVS paradigm was determined by examining
alterations in several physiological measures. Body weight (BW) was
recorded immediately before CVS initiation and at each recovery time
point (16 h, 4 d, 7 d, and 30 d). Adrenal and thymus glands were removed
and weighed. Physiological measures from the novel environment and
hypoxia exposure groups were not different from each other, so these
data were pooled and presented together in Table 1. In addition, the
physiological measures from the unstressed groups at 16 h and 7 d were
not different from acutely stressed groups, so data from these groups
were pooled and presented together in Table 1.

Experiment 2

This experiment was designed to ascertain whether the severity of the
psychogenic stress challenge influences neuroendocrine responsiveness
during recovery from CVS. Thus, rats underwent CVS and were exposed
to restraint, instead of a novel environment, at the same recovery time
points (see Fig. 1).

Methods for experiment 2 are identical with those of experiment 1,
with the following exceptions. Weight-matched rats were assigned to
control (n � 32) or CVS (n � 32) groups. Hypoxia (8% O2 for 30 min)
and cold room exposure (1 h) replaced restraint and cold restraint as
stressors so that restraint (30 min) could be used as a novel psychogenic
stress challenge. At the time of stress challenge (16 h, 4 d, 7 d, or 30 d),
rats were placed in plastic restraint tubes, and blood samples were
immediately taken by tail clip (0 min). Tail blood samples were taken
again 30 min after restraint initiation (30 min), and the rats were then
released from the restraint tubes into their home cages. Additional tail
blood samples were taken at 60 and 120 min after initial placement in
the restraint tubes. This restraint stress sampling protocol was used
because we have determined that it results in peak plasma ACTH and
corticosterone levels comparable with those observed after the hypoxia
stress protocol used in experiment 1 (23).

FIG. 1. Timeline of experimental procedure. Rats arrived and accli-
mated to the animal colony for 1 wk before the onset of the CVS
protocol. Rats were exposed to CVS for 1 wk or remained undisturbed
in their home cages as unhandled controls. Independent groups of
control or chronically stressed rats were given an acute stress chal-
lenge (novel environment, restraint, or hypoxia exposure) after 16 h,
4 d, 7 d, or 30 d recovery from chronic stress.
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Blood collection

Tail blood was collected into tubes containing EDTA and trunk blood
into Vacutainer tubes (BD Biosciences, Franklin Lakes, NJ) containing
K3EDTA. Blood samples were immediately placed on ice. Plasma was
obtained by centrifugation (1500 � g, 15 min, 4 C) and stored at �20 C
for subsequent analysis of plasma ACTH and corticosterone.

RIAs

Plasma corticosterone levels were measured using 125I RIA kits (MP
Biomedicals, Inc., Orangeburg, NY). Plasma ACTH concentrations were
determined by an RIA that used a specific antiserum generously donated
by Dr. William Engeland (University of Minnesota, Minneapolis, MN)
at a dilution of 1:120,000 (novel environment and restraint challenge
samples) or 1:210,000 (hypoxia challenge samples), with [125I] ACTH
(Amersham Biosciences, Piscataway, NJ) as labeled tracer (24). Plasma
samples from the novel environment and hypoxia groups were run in
separate RIAs due to the extremely large number of samples. Plasma
ACTH could not be assayed at the 16 h or 30 d recovery time points in
experiment 2 due to technical difficulties.

CRH and AVP in situ hybridizations

A one-in-10 series of brain sections from the novel environment
exposed rats was fixed in 4% phosphate-buffered paraformaldehyde for
10 min and rinsed twice in 5 mm potassium PBS (KPBS) for 5 min, twice
in KPBS containing 0.2% glycine for 5 min, and twice in KPBS for 5 min.
Sections were then acetylated in 0.25% acetic anhydride [suspended in
0.1 m triethanolamine (pH 8)] for 10 min, rinsed twice in 2� standard
saline citrate (SCC) for 5 min, and dehydrated through graded alcohols.

Antisense cRNA probes complementary to CRH (765 bp) (25) and
AVP (161 bp) (26) were generated by in vitro transcription using 35S-UTP.
The CRH fragment was cloned into a pGem3 vector, linearized with
HindIII, and transcribed with T7 RNA polymerase (Fisher Scientific Co.,
Pittsburgh, PA). The AVP fragment was cloned into a pCR 4-TOPO
vector, linearized with NotI, and transcribed with T3 RNA polymerase.
Each transcription reaction (15 �l) consisted of 1� transcription buffer,
62.5 �Ci 35S-UTP, 330 �m ATP, 330 �m GTP, 330 �m CTP, 10 �m cold
UTP, 66.6 mm dithiothreitol, 40 U ribonuclease inhibitor, 20 U T7 RNA
polymerase, and 2.5 �g linearized DNA. The transcription reaction was
incubated at 37 C for 60 min, and the labeled probe was separated from
free nucleotide by ammonium acetate precipitation.

35S-probe was diluted in hybridization buffer [50% formamide, 20 mm
Tris-HCl (pH 7.5), 1 mm EDTA, 335 mm NaCl, 1� Denhardt’s solution,
200 �g/ml herring sperm DNA, 100 �g/ml yeast tRNA, 20 mm dithio-
threitol, and 10% dextran sulfate] to yield 1,000,000 cpm/50 �l buffer.
A 50-�l aliquot of diluted probe was applied to each slide. Slides were
then coverslipped and incubated overnight at 55 C in humidified cham-
bers containing 50% formamide. The next morning, coverslips were
removed in 2� SCC, and slides were incubated in 100 �g/ml ribonu-

clease A for 30 min at 37 C. Slides were rinsed in 2� SCC, incubated in
0.2� SCC (65 C) for 1 h, dehydrated through graded alcohols, and
exposed to Kodak Biomax MR-2 film (Eastman Kodak, Rochester, NY)
for 7 d or 6 h for CRH and AVP probes, respectively. For each probe, all
tissue sections were processed in a single assay to minimize interex-
perimental error. Slides hybridized with sense probe were used as a
negative control. In addition, all autoradiographs included ARC 146-14C
standard slides (American Radiolabeled Chemicals, Inc., St. Louis, MO)
as internal controls. Subsequently, slides hybridized with the AVP probe
were coated with Kodak NTB2 liquid emulsion and exposed for 4 d at
4 C in the dark. Emulsion-dipped slides were developed with Kodak
D-19 for 4 min, rinsed in distilled water for 1 min, fixed in Kodak fixer
for 5 min, and then rinsed in running distilled water. Slides were coun-
terstained with cresyl violet, dehydrated in graded alcohols, placed in
xylene, and coverslipped with DPX Mountant (Fluka, Milwaukee, WI).

Image analysis

Semiquantitative analyses of in situ hybridization autoradiographs
were conducted using Scion Image 1.62 software (Scion, Frederick, MD).
Anatomical regions of interest were determined based on the Paxinos
and Watson rat brain atlas (27). Exposure to the acute novel stressor at
16 h and 7 d did not alter CRH and AVP mRNA expression from the
levels observed in unstressed rats, so these data were pooled together
for analyses.

CRH mRNA expression was assessed in the PVN. Background signal
was determined over a nonhybridized area and subtracted from total
gray level to obtain corrected gray level units. The mean value of two
to four sections through a given region (four to eight individual mea-
surements) was calculated for each rat and used in the statistical anal-
ysis. All in situ hybridization analyses were performed by an observer
unaware of group assignments.

AVP mRNA expression in parvocellular PVN was determined by
areal densitometry as previously described (26). Medial parvocellular
AVP mRNA-containing neurons were differentiated from magnocellu-
lar AVP mRNA neurons based upon their overall smaller size, relatively
low level of AVP expression, and localization within the CRH neuron-
containing region of the PVN. Emulsion-dipped sections for each animal
were matched to the midlevel of the medial parvocellular PVN. Mean
values for each animal were determined from one to two sections per
animal and then used in subsequent analysis of group effects. Gray level
measurements were taken over the medial parvocellular PVN, with care
taken to avoid magnocellular neurons. Background was subtracted from
the gray level measurements, and this value was multiplied by the area
sampled, yielding integrated gray levels units. AVP mRNA expression
in magnocellular neurons was not quantifiable because the exposure
time had been optimized for analysis of AVP mRNA expression in
parvocellular neurons.

TABLE 1. Effect of CVS on physiological measures in experiment 1

BW change
(%)

Thymus weight
(mg)

Thymus weight
(mg/g BW) � 100

Adrenal weight
(mg)

Adrenal weight
(mg/g BW) � 100

16 h
Control (n � 24) 14.3 � 0.6 521 � 20 184 � 6 43.5 � 1.0 15.5 � 0.3
CVS (n � 24) 4.8 � 0.6a 460 � 17 179 � 7 44.8 � 0.9 17.4 � 0.3a

4 d
Control (n � 12) 18.5 � 0.8 537 � 34 189 � 12 41.2 � 0.9 14.1 � 0.3
CVS (n � 12) 11.4 � 1.3a 493 � 34 177 � 10 46.6 � 1.4a 16.8 � 0.3a

7 d
Control (n � 12) 22.0 � 1.0 498 � 22 163 � 5 42.6 � 1.6 14.0 � 0.4
CVS (n � 24) 17.3 � 0.8a 489 � 17 167 � 4 46.5 � 0.6a 15.9 � 0.2a

30 d
Control (n � 12) 50.3 � 3.7 430 � 22 117 � 5 46.8 � 2.0 12.7 � 0.4
CVS (n � 12) 49.0 � 1.7 444 � 21 122 � 5 47.9 � 1.5 13.3 � 0.5

Rats were exposed to CVS for 7 d or were unhandled controls. At each recovery time point, six rats per group received novel environment
exposure (5 min), whereas a different set of six rats per group were exposed to hypoxia (20 min). The total number of rats in each group is listed.
Unstressed rats from the 16 h control (n � 12), 16 h CVS (n � 12), and 7 d CVS (n � 12) groups are included in this table. Time points reflect
length of time after cessation of stress, and values represent the mean � SEM of each group.

a CVS is significantly different from corresponding control group (P � 0.05).
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Statistical analyses

Data are expressed as mean � sem. Organ weights are reported as
actual and adjusted weights (milligrams organ weight/grams total
BW � 100). Body and organ weight data were analyzed by two-way
factorial ANOVA with stress (control, CVS) and recovery (16 h, 4 d, 7 d,
and 30 d) as main factors. The effect of CVS on unstressed morning
hormone levels in experiment 1 was determined by one-way factorial
ANOVA. Stress hormone levels were analyzed by separate two-way
ANOVAs for each recovery day with stress as a main factor and time
as the repeated measure (experiment 1: 20, 40, and 60 min; and exper-
iment 2: 0, 30, 60, and 120 min). Alterations in basal HPA axis function
in experiment 2 were determined by analyzing differences in plasma
ACTH and corticosterone at the 0-min time point in the 16 h recovery
group using a priori planned Student’s t tests. Area under the curve was
calculated to yield a measure of integrated plasma hormone secretion
and then analyzed by individual Student’s t tests at each recovery time
point. CRH and AVP mRNA expression was analyzed by two-way
ANOVA with stress and recovery day as main factors. Significant main
effects or interactions from the ANOVAs were further analyzed using
Fisher’s least significant difference test. All data were analyzed by GB-
Stat software (Dynamic Microsystems Inc., Silver Spring, MD). Statistical
significance was set as P � 0.05. Outliers were detected using the Dixon-
Massey method (28), and data were reanalyzed after outlier removal.

Results
Experiment 1

Chronic stress effects on physiological indices. BW gain de-
creased during CVS exposure [stress, F(1,123) � 37.36; P �
0.0001] but increased during the recovery period [recovery,
F(3,123) � 373.09; P � 0.0001] (Table 1). A stress-recovery
interaction was observed [F(3,123) � 3.51, P � 0.017]. Post hoc
analyses indicated that CVS groups displayed lower BW gain
at the 16 h, 4 d, and 7 d recovery time points (P � 0.01), but
this difference had resolved by 30 d recovery.

CVS exposure increased both adrenal weight [stress,
F(1,123) � 11.45; P � 0.001] and adjusted adrenal weight
[stress, F(1,122) � 67.98; P � 0.0001] (Table 1). During recovery,
adrenal weight increased [recovery, F(3,123) � 3.48, P � 0.018],
and adjusted adrenal weight declined [recovery, F(3,122) �
42.94, P � 0.0001] (Table 1). A stress-recovery interaction was
observed for adjusted adrenal weight [F(3,122) � 4.02, P �
0.0091] but not for actual adrenal weight. Post hoc analysis
revealed that actual adrenal weight was elevated in the 4 d
and 7 d stressed recovery groups, and adjusted adrenal
weight was greater in the 16 h, 4 d, and 7 d stressed recovery
groups.

CVS did not stimulate thymic involution in these exper-
iments in this strain of rats (Table 1), consistent with other
studies from our laboratory (29, 30). Actual and adjusted
thymus weight declined during the stress recovery period, as
would be expected during the normal aging process [recov-
ery, actual, F(3,124) � 4.11, P � 0.0081; adjusted, F(3,123) � 33.82,
P � 0.0001] (Table 1).

Unstressed AM plasma ACTH and corticosterone levels. Chronic
stress did not alter unstressed AM plasma ACTH levels
(Tables 2 and 3) in either the novel environment or hypoxia
cohorts, but elevations in unstressed AM plasma corticoste-
rone levels were observed in the novel environment cohort
[F(2,17) � 6.86, P � 0.0077] (Table 2). Post hoc analysis
indicated that plasma corticosterone levels were increased
16 h after cessation of chronic stress (P � 0.01), but this
hypersecretion returned to control levels by 7 d recovery.

Although plasma corticosterone for the hypoxia cohort ap-
peared to be elevated in the 16 h CVS group, this hyperse-
cretion did not reach statistical significance.

Hormonal responses to novel environment. CVS rats tested at 7
d recovery exhibited a blunted plasma ACTH response after
novel environment exposure [stress, F(1,35) � 10.67, P �
0.0085] (Fig. 2). Plasma ACTH responses changed within the
sampling session at 16 h and 30 d recovery [16 h, time, F(2,35)
� 14.09, P � 0.0002; 30 d, time, F(2,35) � 7.73, P � 0.0033], and
there was a stress-time interaction at 16 h recovery [stress-
time, F(2,35) � 3.96, P � 0.036]. Post hoc analysis indicated
greater plasma ACTH levels in the 16 h recovery chronic
stress group at 20 min after the end of novel environment.
Conversely, lower plasma ACTH levels in the 7 d recovery
CVS group were observed 40 min after psychogenic stress
challenge. Integrated plasma ACTH secretion did not reach
statistical significance at 7 d recovery time point (P � 0.072),
and this measure also did not differ at any other recovery
time point (data not shown).

Prior CVS experience attenuated the plasma corticosterone
response to novel environment at 7 d recovery [stress, F(1,35)
� 8.81, P � 0.014] (Fig. 3). Plasma corticosterone responses
changed during the stress sampling session at all recovery
time points [16 h, time, F(2,35) � 19.22, P � 0.0001; 4 d, time,
F(2,35) � 23.88, P � 0.0001; 7 d, time, F(2,35) � 5.51, P � 0.012;
30 d, time, F(2,35) � 23.77, P � 0.0001], and there was a
stress-time interaction at the 4 d recovery time point [stress-
time, F(2,35) � 4.79, P � 0.020]. Post hoc analysis revealed that
plasma corticosterone levels in CVS rats were lower at 60 min
after novel environment at 4 d recovery and at 40 and 60 min
after stress challenge at 7 d recovery. Integrated plasma
corticosterone secretion was markedly decreased in CVS rats
after 7 d recovery from chronic stress (P � 0.014), but no
differences were observed at other recovery time points (data
not shown).

TABLE 2. Effect of CVS on unstressed plasma hormone levels
(novel environment challenge)

Plasma ACTH
(pg/ml)

Plasma corticosterone
(ng/ml)

16 h Control (n � 6) 55 � 12 28 � 10
16 h CVS (n � 6) 52 � 5 109 � 31a

7 d CVS (n � 6) 39 � 5 17 � 7

Plasma hormone levels in the unstressed control or CVS treated
rats not exposed to the novel environment were measured at 16 h or
7 d after cessation of CVS. Values represent the mean � SEM of each
group.

a Significant difference from 16 h control group (P � 0.05).

TABLE 3. Effect of CVS on unstressed plasma hormone levels
(hypoxia challenge)

Plasma ACTH
(pg/ml)

Plasma corticosterone
(ng/ml)

16 h Control (n � 6) 21 � 8 38 � 12
16 h CVS (n � 6) 13 � 2 75 � 20
7 d CVS (n � 6) 28 � 10 42 � 17

Plasma hormone levels in the unstressed control or CVS-treated
rats not exposed to hypoxia were measured at 16 h or 7 d after
cessation of CVS. Values represent the mean � SEM of each group.
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Hormonal responses to hypoxia. Plasma ACTH levels were
lower after hypoxia exposure in CVS rats at 16 h recovery
[stress, F(1,35) � 5.59, P � 0.040], but not at other recovery time
points, and were greater in CVS rats at 7 d recovery [stress,
F(1,35) � 6.44, P � 0.030] (Fig. 4). Plasma ACTH levels de-
creased during the stress sampling session at all recovery
time points except 30 d recovery [time, 16 h, F(2,35) � 7.69, P �
0.0033; 4 d, F(2,35) � 8.77, P � 0.0018; 7 d, F(2,35) � 23.33, P �
0.0001]. A stress-time interaction was observed at the 7 d
recovery time point [stress-time, F(2,35) � 7.98, P � 0.0028].
Post hoc analysis indicated that plasma ACTH levels in CVS
groups are lower than control groups 20 min after hypoxia
stress challenge at 16 h recovery (P � 0.05) and are greater
20 min after hypoxia at 7 d recovery (P � 0.05). No differences
in integrated plasma ACTH secretion were observed at any
recovery time point (data not shown).

Previous chronic stress did not alter the plasma cortico-
sterone response to hypoxia at any recovery time point
(stress, P � 0.05 on all days) (Fig. 5). Plasma corticosterone
values increased across the sampling session on all recovery
days [time, 16 h, F(2,35) � 8.80, P � 0.0018; 4 d, F(2,35) � 11.59,
P � 0.0005; 7 d, F(2,35) � 5.64, P � 0.011; 30 d, F(2,35) � 18.60,
P � 0.0001], and there were no stress-time interactions at any
recovery time point. No differences in integrated plasma
corticosterone secretion were observed at any recovery time
point (data not shown).

CRH and AVP mRNA expression. A stress-recovery interaction
was observed for CRH mRNA expression in the PVN [F(4,65)
� 3.66, P � 0.0097], and post hoc analysis revealed that PVN

CRH mRNA expression was up-regulated 16 h after the end
of CVS exposure (Fig. 6A). PVN CRH mRNA expression was
not altered at any other recovery time point. AVP mRNA

FIG. 3. Chronically stressed rats tested at 4 d and 7 d recovery exhibit
an attenuated plasma corticosterone response to novel environment
exposure. Plasma corticosterone levels at 20, 40, and 60 min after the
end of a 5 min exposure to a novel environment at 16 h (A), 4 d (B),
7 d (C), or 30 d (D) recovery from CVS. Values represent mean � SEM;
n � 6 per group. *, P � 0.05 vs. control group.

FIG. 2. Chronically stressed rats tested at 16 h recovery exhibit tran-
sient augmentation of plasma ACTH, whereas chronically stress rats
challenged at 7 d recovery exhibit an attenuated plasma ACTH re-
sponse to novel environment exposure. Plasma ACTH levels at 20, 40,
and 60 min after the end of a 5-min exposure to a novel environment
at 16 h (A), 4 d (B), 7 d (C), or 30 d (D) recovery from CVS. Values
represent mean � SEM; n � 6 per group. *, P � 0.05 vs. control group.

FIG. 4. Chronically stressed rats tested at 16 h recovery exhibit
slightly lower plasma ACTH levels than controls 20 min after placement
into a hypoxia chamber, whereas chronically stressed rats tested at 7 d
recovery exhibit higher plasma ACTH levels. Plasma ACTH levels at 20,
40, and 60 min after placement into the hypoxia chamber at 16 h (A), 4 d
(B), 7 d (C), or 30 d (D) recovery from CVS. Values represent mean � SEM;
n � 6 per group. *, P � 0.05 vs. control group.
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expression in the parvocellular portion of the PVN was not
affected by previous stress exposure at any recovery time
point (Fig. 6B).

Experiment 2

Chronic stress effects on physiological indices. CVS exposure
decreased percent BW gain [stress, F(1,63) � 46.76; P � 0.0001]
(Table 4). Percent BW gain increased during recovery [re-
covery, F(3,63) � 343.84; P � 0.0001] (Table 4), and a stress-
recovery interaction was noted [stress-recovery, F(3,63) � 6.62;
P � 0.0007]. Post hoc analyses indicated that percent BW gain
was lower in the CVS groups at the 16 h, 4 d, and 7 d recovery

time points (P � 0.01), but this difference had resolved by the
30 d recovery time point.

CVS exposure increased adjusted adrenal weight [stress,
F(1,63) � 8.30; P � 0.0056] (Table 4), but actual adrenal weight
was not altered. During recovery, actual adrenal weight in-
creased [recovery, F(3,63) � 5.98, P � 0.0013], and adjusted
adrenal weight declined [recovery, F(3,63) � 12.29, P �
0.0001]. A stress-recovery interaction was observed for ad-
justed adrenal weight [stress-recovery, F(3,63) � 3.34, P �
0.026] but not for actual adrenal weight. Post hoc analysis
revealed that adjusted adrenal weight was greater at 16 h
(P � 0.01) and 7 d (P � 0.05) recovery.

Thymic involution was not observed after chronic stress ex-
posure, and thymus size decreased during the course of the
recovery period (Table 4). Actual and adjusted thymus weight
declined during the stress recovery period [recovery, actual,
F(3,63) � 8.77, P � 0.0001; adjusted, F(3,63) � 22.34, P � 0.0001].

Hormonal responses to restraint. Responsiveness of the HPA
axis to restraint, a more severe psychogenic stress challenge,
was evaluated at the same recovery time points as in exper-
iment 1. Plasma ACTH secretion in the CVS group was
attenuated at 4 d recovery [stress, F(1,63) � 4.95, P � 0.043] but
was not affected at 7 d recovery (Fig. 7). Plasma ACTH
secretion increased during the stress sampling sessions [time,
4 d, F(3,63) � 21.42, P � 0.0001; 7 d, F(3,63) � 18.42, P � 0.0001],
and a stress-time interaction was observed for plasma ACTH
and corticosterone at 4 d recovery [stress-time, F(3,63) � 5.48,
P � 0.0029]. Post hoc analysis indicated that plasma ACTH
secretion in the CVS group was attenuated relative to con-
trols 30 min after initiation of restraint stress at 4 d recovery
(P � 0.05). In addition, integrated plasma ACTH secretion in
the CVS group was blunted at 4 d recovery from CVS (data
not shown).

Hypersecretion of plasma corticosterone was observed at
the 0-min time point in the 16 h recovery CVS group (Fig. 8).
Plasma corticosterone secretion in the CVS group was at-
tenuated at 4 d recovery [stress, F(1,63) � 4.63, P � 0.049], but
plasma corticosterone secretion was not affected by prior
chronic stress at other recovery time points (Fig. 8). Plasma
corticosterone levels increased during the stress sampling
sessions [time, 16 h, F(3,63) � 65.62, P � 0.0001; 4 d, F(3,63) �
105.94, P � 0.0001; 7 d, F(3,63) � 130.81, P � 0.0001; 30 d, F(3,63)
� 114.94, P � 0.0001], and a stress-time interaction was
observed for plasma corticosterone at 4 d recovery [stress-
time, F(3,63) � 5.21, P � 0.0038]. Post hoc analysis indicated
that plasma corticosterone secretion in the CVS group was
blunted relative to controls 30 and 60 min after initiation of
restraint stress at 4 d recovery (P � 0.01). Integrated plasma
corticosterone secretion in the CVS group was attenuated at
4 d recovery from CVS (data not shown).

Discussion

Contrary to our hypothesis, the present study demon-
strates that CVS produces a delayed manifestation of HPA
axis hyporesponsiveness to novel psychogenic stressors.
This deficit is observed following two different psychogenic
stimuli of different intensities (novel environment and re-
straint), supporting a general action of chronic stress on
psychogenic stress processing in brain. Importantly, hor-

FIG. 5. Plasma corticosterone levels in chronically stressed rats do
not differ from controls after placement into a hypoxia chamber.
Plasma corticosterone levels at 20, 40, and 60 min after placement
into the hypoxia chamber at 16 h (A), 4 d (B), 7 d (C), or 30 d (D)
recovery from CVS. Values represent mean � SEM; n � 6 per group.

FIG. 6. CRH mRNA expression in the PVN is up-regulated 16 h after
CVS cessation, but no alterations are observed at any other recovery
time point. AVP mRNA expression in the parvocellular PVN is not
altered by prior CVS exposure. Semiquantitative analysis of CRH (A)
and AVP (B) mRNA expression. Values represent mean � SEM; n �
6–12 per group. *, P � 0.05 vs. control group.
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monal responses to a novel systemic stressor (hypoxia) are
largely unaffected by prior stress history, suggesting that
HPA axis response capacity to homeostatic perturbation is
maintained. Finally, CRH gene transcription in the PVN is

up-regulated immediately after CVS cessation (16 h recov-
ery), but no other differences in PVN CRH or AVP mRNA
expression were observed.

Our finding of attenuated HPA axis responses to novel
psychogenic stressors during recovery from CVS is quite
surprising. Indeed, the only report we have found of HPA
axis hyporesponsiveness to novel stress occurs in rats ex-
posed to prolonged withdrawal (8 d) from intermittent mor-
phine (31–33). In these studies, plasma ACTH, but not
plasma corticosterone, responses to novel restraint stress are
lower in rats undergoing withdrawal. Numerous reports,
however, indicate that potentiation of HPA axis responses to
subsequent novel stressors occurs in subjects with prior

TABLE 4. Effect of CVS on physiological measures in experiment 2

Body weight change
(%)

Thymus weight
(mg)

Thymus weight
(mg/g BW) � 100

Adrenal weight
(mg)

Adrenal weight
(mg/g BW) � 100

16 h
Control (n � 8) 9.5 � 1.6 521 � 28 167 � 8 48.8 � 1.1 15.7 � 0.5
CVS (n � 8) 1.6 � 0.3a 534 � 31 184 � 11 51.4 � 1.5 17.7 � 0.5a

4 d
Control (n � 8) 13.2 � 0.9 711 � 44 221 � 14 50.9 � 1.6 15.8 � 0.5
CVS (n � 8) 6.2 � 0.6a 604 � 43 201 � 13 49.8 � 1.4 16.7 � 0.4

7 d
Control (n � 8) 17.9 � 0.9 544 � 37 161 � 9 46.7 � 0.8 13.9 � 0.4
CVS (n � 8) 13.2 � 1.0a 601 � 53 184 � 12 50.7 � 1.5 15.6 � 0.2a

30 d
Control (n � 8) 35.2 � 1.0 472 � 38 127 � 10 56.4 � 1.8 14.6 � 0.6
CVS (n � 8) 35.4 � 1.1 461 � 25 120 � 7 53.2 � 2.1 13.9 � 0.5

Effect of CVS on physiological measures in experiment 2. Rats were exposed to CVS for 7 d or were unhandled controls. At each recovery
time point, eight rats from each group were restrained for 30 min. The total number of rats in each group is listed. Time points reflect length
of time after cessation of stress; values represent the mean � SEM of each group.

a CVS is significantly different from corresponding control group (P � 0.05).

FIG. 7. Chronically stressed rats tested at 4 d recovery exhibit an at-
tenuated plasma ACTH response 30 min after novel restraint stress
challenge. Plasma ACTH levels could not be determined at 16 h or 30 d
recovery due to technical difficulties with the ACTH assay. Plasma
ACTH levels at 0, 30, 60, and 120 min after placement into plastic
restrainers for 30 min at 4 d (A) or 7 d (B) recovery from CVS. Values
represent mean � SEM; n � 8 per group. *, P � 0.05 vs. control group.

FIG. 8. Chronically stressed rats tested at 4 d recovery exhibit an
attenuated plasma corticosterone response 30 and 60 min after novel
restraint stress challenge. Plasma corticosterone levels at 0, 30, 60,
and 120 min after placement into plastic restrainers for 30 min at 16
h (A), 4 d (B), 7 d (C), or 30 d (D) recovery from CVS. Values represent
mean � SEM; n � 8 per group. *, P � 0.05 vs. control group.
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stress experience. For example, subjects with a single prior
exposure to a severe stressor (foot shock or IL-1) exhibit
enhanced plasma ACTH and corticosterone responses to a
subsequent novel challenge stressor for several days to
weeks (17, 19, 34). Potentiation of HPA axis responses to
novel stressors also occurs after brief (12–24 h) recovery from
repeated homotypic stress (10, 15). Our studies differ fun-
damentally in several ways from the above reports. We ad-
ministered several different stressors in an unpredictable
sequence over the course of a week and then examined HPA
axis responsivity at several recovery time points. It is possible
that the CVS-induced hyporesponsiveness we observed is
due to: 1) the interval between chronic stress cessation and
stress challenge, 2) the nature of the chronic stress paradigm,
or 3) an interaction of these two factors. Future studies will
therefore determine whether long-lasting attenuation of
stress responsiveness is a general feature of CVS-related ad-
aptation or pathology.

Facilitation of HPA axis responses is typically observed in
chronically stressed rats confronted with a novel stressor 16 h
after chronic stress cessation (4, 10, 15). Although overt po-
tentiation of the HPA axis responses at 16 h recovery was not
observed in the current study, responses to acute novel stres-
sors are equivalent to those of unstressed controls. Mainte-
nance of the HPA response in the face of increased negative
feedback effects of repeated and cumulative glucocorticoid
exposure is consistent with stress-induced facilitation, as de-
fined by Dallman (13, 35, 36). The attenuation of psychogenic
stress responses in CVS groups at later recovery time points
indicates that stress-induced facilitation, if present, is: 1)
short-lived after CVS, or 2) the magnitude is so small as to
be overridden by the HPA axis hyporesponsiveness.

In the current studies, diminished HPA axis responses to
restraint are observed only at 4 d recovery from CVS, whereas
attenuation of HPA axis responses to novel environment is seen
at both 4 and 7 d recovery. The different time course of HPA
hyporesponsiveness in the two experiments may be related to
the intensity and/or controllability of the challenge stressors.
Our data clearly indicate that restraint produces a larger HPA
axis response than novel environment exposure, which may
permit an earlier escape from the poststress hyporesponsive-
ness. Stressor controllability may also be a factor in the differ-
ential time course; in the novel environment, the animal has the
opportunity to limit exposure to aversive components by en-
tering the closed arms, whereas restraint is an imposed and
inescapable stress. Finally, subtle differences in the CVS para-
digms used in two experiments may have influenced the ex-
pression of HPA axis hyporesponsiveness.

Increased CRH gene transcription was observed in the
PVN at 16 h recovery from chronic stress, consistent with our
prior work (30, 37) and other reports of chronic stress-in-
duced up-regulation of CRH mRNA expression (38, 39). Our
data further demonstrate that this chronic stress-induced
enhancement of PVN CRH mRNA expression returns to
control levels within 4 d of recovery from CVS. Thus, HPA
axis hyporesponsiveness at 4 and 7 d recovery may be related
to falling levels of CRH biosynthesis, which may reduce the
capacity for pituitary ACTH release in response to stress.
Notably, reduced CRH mRNA levels are related to HPA axis
nonresponsiveness to psychogenic stress in the visible bur-

row model of chronic social stress, further supporting a re-
lationship between CRH synthesis and HPA axis responsiv-
ity (40). Indeed, Hellhammer and Wade (41) have suggested
that chronic stress is associated with increased hypothalamic
CRH secretion. After a period of recovery during which hy-
pothalamic CRH secretion normalizes, there is diminished
ACTH release ultimately resulting in diminished corticosterone
production (42). The fact that the responsivity of the HPA axis
to hypoxia is retained suggests an alternative mechanism of
activation in this pathway, perhaps mediated by differential
release of other secretagogues, such as AVP. Given the different
circuitries involved in communicating psychogenic and sys-
temic stressors (43), it is plausible that the different types of
stimuli may invoke different subpopulations of PVN neurons.

Alterations in glucocorticoid negative feedback inhibition
might also underlie the neuroendocrine hyporesponsiveness
that we observed. Indeed, chronically stressed rats exhibit en-
hanced corticosterone feedback of acute stress-induced HPA
activity (44), and blunting of the ACTH stress response after
chronic morphine treatment/withdrawal is associated with en-
hanced sensitivity to glucocorticoids (32). Decreased pituitary
CRH responsiveness and increased negative feedback inhibi-
tion are, however, unlikely to be the sole mechanism(s) under-
lying the delayed HPA axis hyporesponsivity because the sys-
temic stress challenge elicited similar, or perhaps facilitated,
plasma ACTH and corticosterone responses at these recovery
time points. Therefore, it is likely that the observed hypore-
sponsivity may also be related to altered activity or function of
neurocircuits regulating psychogenic stress responses.

It is well known that psychogenic and systemic stressors
use primarily different neural circuitry. Psychogenic stres-
sors (e.g. novel environment, restraint) are believed to recruit
forebrain limbic structures, including the hippocampus, me-
dial prefrontal cortex, and amygdala (1, 2, 45). These regions
appear to relay information to the PVN via intermediary
neurons in the bed nucleus of the stria terminalis, hypothal-
amus, and perhaps brainstem (1, 2). Systemic stressors (e.g.
hypoxia) activate brainstem structures such as the nucleus of
the solitary tract, which directly activate PVN neurons (1, 2,
46). Thus, the differential responsiveness of the HPA axis to
novel environment and restraint vs. hypoxia in the current
study suggests that relevant neuroadaptations likely occur in
forebrain regions mediating psychogenic stress responses.
Numerous alterations in central stress circuitry are observed
16 h after cessation of CVS, including decreased hippocam-
pal adrenocorticosteroid receptor and 5-hydroxytryptamine
1A receptor expression (37, 47, 48), enhanced hypothalamic
glutamic acid decarboxylase expression (49), and altered ex-
pression of �-aminobutyric acid-A, NMDA, and non-NMDA
receptors in the PVN (50, 51). Although the persistence of
these changes remains to be assessed, the possibility for
long-term changes in neurotransmission clearly exists.

Overall, our results are consistent with long-lasting,
chronic stress-induced neuroplastic changes in HPA axis
responsiveness. However, there are alternative interpreta-
tions that may explain these data. First, the decreased neu-
roendocrine responsiveness to novel psychogenic stressors
in our experiments may be associated with an “increase in the
threshold of activation of the stress axis” (32), such that a
more intense stressor is required for activation of the HPA
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axis. This is not likely because we observed diminution of
peak and integrated plasma ACTH and corticosterone levels
after both mild (novel environment) and severe (restraint)
psychogenic stressors. Indeed, the restraint stress challenge
provokes hormonal responses that are nearly equivalent to
those seen after hypoxia stress challenge. Second, the tem-
poral dynamics of the plasma ACTH response to the psy-
chogenic (novel environment and restraint) and systemic
(hypoxia) stress challenges in experiment 1 are markedly
different, suggesting that the selection of sampling times
may have missed differences in response to hypoxia. How-
ever, the temporal profile of plasma corticosterone secretion
is very similar between the novel environment and hypoxia
stress challenges, and we did not observe any indication of
altered plasma corticosterone levels in the CVS groups.

Modest hypersecretion of basal plasma corticosterone was
observed in groups exposed to novel environment, but this
hypersecretion did not reach statistical significance for the
hypoxia challenge groups. Basal levels of plasma ACTH
were not altered by CVS in either the novel environment or
hypoxia challenge groups. These data are congruent with our
previous findings and those from other laboratories, indi-
cating that chronic stress produces modest, and inconsistent,
elevations in basal plasma corticosterone (22, 29, 30, 37, 47,
49, 50, 52–56), without altering basal plasma ACTH levels (29,
37, 50, 52, 53). Dissociations between ACTH and corticoste-
rone data are not uncommon (57, 58) and can be explained
by several factors. First, although it has been classically
thought that glucocorticoid production is driven solely by
ACTH release, recent studies suggest that glucocorticoid
production is also modulated by non-ACTH mechanisms,
such as adrenal splanchnic innervation (59). Second, the
ACTH RIA we used measures immunoreactive ACTH, not
bioactive ACTH. Because dissociations between bioactive
and immunoreactive ACTH levels have been previously re-
ported (60), it is possible that bioactive ACTH levels may
have corresponded more closely with the corticosterone
data. Finally, there is the possibility that CVS may have
enhanced responsiveness of the adrenal glands to ACTH,
such that a given amount of ACTH provokes a greater cor-
ticosterone response. Indeed, there is some evidence to sug-
gest that chronic stress does increase adrenocortical respon-
siveness to a single dose of ACTH (61, 62).

Until recently, research on HPA axis dysfunction in psy-
chopathologies has focused primarily on hyperactivity of the
HPA axis. It is becoming increasingly clear, however, that
hypoactivity of the HPA axis may also be important in patho-
physiological conditions (42, 63). Hypocortisolism has been
reported in posttraumatic stress disorder (64), chronic fa-
tigue syndrome (65), and fibromyalgia (66), and stress ap-
pears to be a contributing factor in the development of these
disease states (42). These findings have led Heim et al. (42) to
suggest that these stress-related disorders represent a class of
diseases with the common endocrine dysfunction of hypo-
cortisolism. The present finding of HPA hyporesponsiveness
after CVS is consistent with Heim’s contention and suggests
that this may be an appropriate model for some aspects of
HPA dysfunction that often accompany these disorders.

In summary, CVS provoked robust physiological adapta-
tions in HPA axis responsiveness to subsequent novel stress

challenge; psychogenic stress challenge after CVS, but not
systemic stress challenge, elicits delayed neuroendocrine hy-
poresponsivity. This HPA axis hyporesponsiveness after
CVS may represent normal recovery from chronic stress or
perhaps represents a period of increased vulnerability to
further insult. These data suggest that the CVS model may
provide valuable insights into mechanisms of neuroendo-
crine dysfunction in chronic stress-related disorders, such as
depression and posttramautic stress disorder.
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