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Abstract

Administration of bacterial endotoxin (lipopolysachharide; LPS) elevates proinflammatory
cytokines, such as interleukin-1β (IL-1β) and IL-6, and activates the hypothalamic-pituitary-
adrenal (HPA) axis. Corticosterone (CORT), the glucocorticoid (GC) effector hormone of the
HPA axis in rats, inhibits both proinflammatory cytokine production/release and activity of
the HPA axis itself. Exposure to chronic or repeated stressors often induces resistance to the
effects of GCs. The following experiments were conducted to test the hypothesis that an acute
stressor, inescapable tailshock (IS), alters responsivity of the HPA axis and proinflammatory
cytokine system to dexamethasone (DEX), a synthetic GC. First, we examined the ability of
various doses of DEX to suppress proinflammatory cytokine and HPA activity in response to
LPS challenge 24 h after either home cage (HCC) or IS treatment. Upon finding resistance to
DEX in IS animals, we examined the duration of the altered response to DEX by testing
animals 1, 4 and 21 days after IS. To test whether IS animals were selectively resistant to the
suppressive effects of DEX on the response to LPS, the ability of DEX to suppress HPA
activity in response to a non-inflammatory stressor, exposure to an elevated “pedestal”, was
assessed. Again, DEX resistance was observed in IS animals. Finally, we examined whether
changes in the responsivity to DEX were dependent upon the controllability of the stressor.
The induction of DEX resistance was independent of the degree of behavioral control that the
animal had over the stressor. Thus, a single session of IS induces DEX resistance of both
HPA axis and cytokine responses measured in vivo.
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1. Introduction

Exposure to an intense acute stressor, such as inescapable tailshock (IS), often
produces physiological changes that persist long after the termination of the acute
event. For example, elevated basal corticosterone (CORT) levels and reduced cortico-
steroid binding globulin levels can be observed for 48–96 h following a single session
of IS (Fleshner et al., 1995). Furthermore, IS has been shown to sensitize, or prime,
both the pituitary-adrenal axis and the proinflammatory cytokine response to sub-
sequent challenges (Johnson et al., 2002a,b). IS also produces an acute phase
response, characterized by decreases in negative acute phase proteins and increases
in positive acute phase proteins and core body temperature (Deak et al., 1997). The
mechanism(s) by which IS produces these effects is unknown. Interestingly, gluco-
corticoid (GC) hormones negatively regulate aspects of the acute phase response,
proinflammatory cytokine production/release and activity of the hypothalamic-pitu-
itary-adrenal (HPA) axis itself (Lee et al., 1988; Morrow et al., 1993; Johnson et
al., 1996; Pezeshki et al., 1996). Thus, a diminution of the negative feedback effects
of GCs could explain several behavioral and physiological changes observed after
IS, including the acute phase response, CORT basal shift, and sensitization of the
proinflammatory cytokine and HPA axis response.

The cascade of events following peripheral administration of lipopolysaccharide
(LPS; a component of the cell wall of gram negative bacteria) illustrates the negative
feedback function of GCs. LPS induces an innate immune response marked by
increased levels of circulating proinflammatory cytokines, such as interleukin-1β (IL-
1β), tumor necrosis factor-α (TNF), and IL-6 (Janeway and Travers, 1994). These
pleiotropic molecules mediate many of the behavioral, physiological, and hormonal
consequences of LPS administration. For example, proinflammatory cytokines have
been implicated as mediators of HPA axis activation by LPS (Besedovsky et al.,
1991; Derijk et al., 1991). As noted, GCs (CORT in the rat), the effector hormones
of the HPA axis, act to inhibit both proinflammatory cytokine production/release
and HPA axis activity, thereby limiting these responses and avoiding deleterious
consequences that may occur if these systems operate unabated (Ramachandra et al.,
1992; Buchman, 2001).

The effects of GCs are mediated by two intracellular receptors: the mineralocort-
icoid receptor (MR; or Type I receptor) and the glucocorticoid receptor (GR; or Type
II receptor). Dexamethasone (DEX), a synthetic glucocorticoid, has been widely used
to study GC effects on the functioning of the immune system and HPA axis. Contro-
versy has surrounded the site at which DEX inhibits HPA axis activity (see Cole et
al., 2000 for a review). Of relevance to the present experiments, low doses of DEX
appear to exert their effects by selective activation of GR on peripheral (e.g. pituitary
and spleen), rather than brain tissues (Miller et al., 1992; Cole et al., 2000).

Several studies have shown that a subset of patients with affective disorders, most
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notably depression, is resistant to DEX (Murphy et al., 1991; Ribeiro et al., 1993;
Modell et al., 1997). That is, the negative feedback effects of DEX are less pro-
nounced in some patients with affective disorders. Furthermore, GC resistance
appears in subsets of AIDS, Alzheimer’s, asthma and leukemia patients, as well as
in healthy elderly volunteers (Oxenkrug et al., 1983; Martignoni et al., 1990; Norbi-
ato et al., 1992; Kaspers et al., 1994; Barnes et al., 1995). In fact, it has been postu-
lated that resistance to the negative feedback effects of endogenous GCs could play
a role in the origin and pathogenesis of many of these disorders (Nasman et al.,
1995; DeRijk and Sternberg, 1997; Leung et al., 1998; Norbiato et al., 1998; Miller
et al., 1999; Holsboer, 2000).

Experimentally, repeated or chronic stressor exposure has been shown to produce
a state of functional GC resistance in which the effects of GC administration are
absent or blunted in repeatedly stressed animals. Exposure to footshock on 2 con-
secutive days renders the CORT response to subsequent ether exposure on day 3
resistant to the suppressive effects of DEX (Greenberg et al., 1989). Additionally,
after 5 consecutive days of LPS administration, adrenal activity in response to photic
stimuli on day 7 is resistant to DEX suppression (Weidenfeld and Yirmiya, 1996).
Furthermore, 2 consecutive days of social defeat block the suppressive effects of
DEX on pituitary-adrenal activity induced by corticotropin releasing hormone (CRH)
7 and 14 days later (Buwalda et al., 1999). Recently, repeated social reorganization
of mice has been reported to abolish the suppressive effects of CORT on splenocyte
proliferation to a mitogen in vitro (Sheridan et al., 2000; Stark et al., 2001). In sum,
at least 1 day following the final exposure to certain repeated stressors, components
of both the HPA axis and immune system have been shown to be resistant to the
effects of GCs.

IS produces several physiological changes that resemble effects of repeated
stressor exposure. For example, elevated basal CORT levels and reduced corticos-
teroid binding globulin levels, which occur following IS (Fleshner et al., 1995), have
also been reported following repeated exposure to stressors. The present experiments
address the possibility that IS also produces GC resistance, another change remi-
niscent of repeated stressor exposure. As already noted, such GC resistance could
explain many of the persistent effects of IS.

The following experiments were conducted to test the hypothesis that an acute
stressor, IS, alters responsivity of the HPA axis and proinflammatory cytokine system
to DEX in vivo. First, we examined the ability of various doses of DEX to suppress
proinflammatory cytokine and HPA activity in response to LPS 24 h after IS
exposure. Upon finding a resistance to DEX in IS animals, we examined the duration
of the altered response to DEX by testing animals 1, 4 and 21 days after IS. To
examine whether IS animals were selectively resistant to the suppressive effects of
DEX on the response to LPS, the ability of DEX to suppress HPA activity in response
to exposure to an elevated “pedestal” was assessed. Finally, we examined whether
these changes in the responsivity to DEX were dependent upon the controllability
of the stressor.
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2. Materials and methods

2.1. Subjects

Adult male viral-free Harlan Sprague Dawley rats (Indianapolis, IN; 275–375 gm)
were individually housed in hanging metal cages (24.5 cm × 19 cm × 17.5 cm
) with standard rat chow and water available ad libitum. The colony room was main-
tained at 25°C on a 12-h light-dark cycle (lights on 0700). Rats were given at least
2 weeks to acclimatise to the colony prior to experimentation. All rats were briefly
handled on the 3 days prior to experimentation. Care and use of the animals were
in accordance with protocols approved by the University of Colorado Institutional
Animal Care and Use Committee.

2.2. Inescapable tailshock treatment

The IS procedure was identical to that previously reported (Nguyen et al., 1998).
Briefly, rats were restrained in Plexiglas tubes (23.4 cm long and 7 cm in diameter)
and modified fuse-clip electrodes coated with electrode paste were securely fastened
to their tails. Each rat received 100 5-s tail shocks (1.6 mA) once per min on a
variable intertrial interval ranging from 30 to 90 s. Upon stressor termination, rats
were returned to their home cages.

2.3. Drug treatment

Dexamethasone. DEX (Sigma) dissolved in propylene glycol was injected s.c. at
doses ranging from 10–50 µg/kg. Control injections were equivolume (1 ml/kg)
vehicle. DEX was administered 90 min prior to LPS administration or elevated ped-
estal exposure.

Lipopolysaccharide. LPS (Escherichia coli, 0111:B4; Sigma, Lot #17H4041) dis-
solved in sterile, endotoxin-free 0.9% saline vehicle was injected intraperitoneally
at a dose of 10 µg/kg. Control injections were equivolume (1 ml/kg) vehicle.

2.4. Sample collection

For blood samples taken from the tail, a small nick was made in a lateral tail vein
and the tail was caudally stroked until approximately 300 µl of blood was acquired
in a microfuge tube. The entire sampling procedure (i.e. from the time that the cage
was touched until collection was complete) was less than 2 min in order to minimize
the stress to the animals. Sera were separated from whole blood by centrifugation
and stored at �20°C until assayed.

For large blood samples (�300 µl), unanesthetized animals were decapitated.
Approximately 10 ml of trunk blood were collected in a conical tube and stored on
crushed ice until centrifugation. For collection of blood in which ACTH was to be
measured, trunk blood was also collected in 10 ml conical tubes with 0.117 ml of
15% (K3) ethylenedinitrilo tetraacetic acid (EDTA; Vacutainer). Sera were extracted
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and stored at �20°C until assayed. For samples in which ACTH was to be measured,
plasma was extracted not more than 1 h after collection and stored at �70°C
until assayed.

2.5. Limulus Amebocyte Lysate (LAL) assay

Serum gram-negative bacterial endotoxin levels were measured by the LAL assay
(BioWhittaker QCL-1000). The assay was performed according to the manufacturer’s
instructions. Briefly, samples diluted in LAL reagent water were mixed with LAL
proenzyme. Endotoxin catalyzes the conversion of proenzyme to enzyme. After a
brief incubation, substrate was added to each well. Finally, a 25% acetic acid solution
was added to each well to stop the enzyme-substrate reaction. Absorbances were
measured at 410 nm. In appropriate experiments, the LAL assay was used to verify
LPS injections. Animals injected with LPS, but lacking detectable serum endotoxin
levels were dropped from subsequent analyses.

2.6. Adrenocorticotropin Hormone (ACTH) assay

Plasma levels of ACTH were determined by radioimmunoassay. Plasma samples
(50 µl) and ACTH standards (10–1000 pg/ml) were incubated overnight at 4°C with
antiserum (rabbit antibody Rb7; courtesy of Dr. William Engeland, University of
Minnesota) and 100 µl of [125I] ACTH. Goat anti-rabbit IgG (Calbiochem) and nor-
mal rabbit serum were added and allowed to incubate for 30 min before the antibody-
bound ACTH was separated from free ACTH with a PBS buffer containing 5% PEG.
The bound fraction was counted with a gamma counter (Wallac, 1470 Wizard).

2.7. Corticosterone (CORT) assay

Serum CORT was measured by radioimmunoassay. Serum samples (20 µl) were
diluted in 0.01M phosphate buffered saline (PBS; 1 ml) and heat inactivated for 1
h at 70°C. Samples and corticosterone standards (25–2000 pg/tube) were incubated
overnight with antiserum (B3-163, Endocrine Sciences) and [3-H] corticosterone
(20 000 cpm/tube). Antibody-bound steroid was then separated from free steroid with
500 µl dextran-coated activated charcoal in 0.01M PBS. The bound fraction was
mixed with scintillation cocktail and counted with a liquid scintillation analyzer
(Packard, 1600TR).

2.8. Interleukin-1b and Interleukin-6 ELISAs

IL-1β and IL-6 levels were measured from serum using commercially available
ELISA kits (R&D Systems). The assays were performed according to the manufac-
turer’s instructions. The assays utilize goat anti-rat polyclonal antibody. Absorbances
were read at 450 nm.
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2.9. Statistics

In general, 2-way ANOVAs were performed on data collected from trunk blood
samples. Repeated measures ANOVAs were used to analyze data collected from
repeated tail-bleed samples. Post hoc tests were performed, when appropriate, by the
Student–Newman–Keuls method.

3. Results

3.1. Experiments 1a and 1b—methods

Effects of IS on DEX-induced suppression of HPA activity and proinflammatory
cytokine release in response to LPS. Experiments 1a and 1b were conducted ident-
ically with the exception of the dose of DEX employed. On day 1 of the experiments,
rats either remained in their home cages as controls (HCC) or were exposed to IS.
24 h following HCC or IS treatment, animals were injected s.c. with DEX or vehicle
(Veh). 90 min following DEX or Veh injection, all rats were injected i.p. with 10
µg/kg LPS. 2 h following LPS injection, rats were decapitated. Plasma from trunk
blood was assayed for IL-1β, IL-6, ACTH, and CORT. In Experiment 1a, 39 rats
(n=5–8/group) were randomly assigned to HCC-Veh, HCC-25 µg/kg DEX, HCC-
50 µg/kg DEX, IS-Veh, IS-25 µg/kg DEX, or IS-50 µg/kg DEX groups. In Experi-
ment 1b, 28 rats (n=6–8/group) were randomly assigned to HCC-Veh, HCC-10 µg/kg
DEX, IS-Veh, or IS-10 µg/kg DEX groups.

3.2. Experiment 1a—results

Effects of IS on DEX-induced suppression of HPA activity and proinflammatory
cytokine release in response to LPS. The results of Experiment 1a are shown in Figs.
1(a,b) and 2(a,b). DEX suppressed ACTH [F(2,33) = 13.327, p � 0.0001], IL-1β
[F(2,33) = 9.385, p � 0.001], and IL-6 [F(2,33) = 23.571, p � 0.0001] responses
to LPS. IS treatment did not alter the suppressive effects of DEX on any of these
responses. Both the 25 and 50 µg/kg doses of DEX reduced the ACTH and IL-6
response to LPS. However, only the 50 µg/kg dose of DEX reduced the IL-1β
response to LPS. Interestingly, while DEX maximally suppressed the CORT response
to LPS in HCC rats, the drug was less effective in IS rats. ANOVA revealed signifi-
cant effects of Stress [F(1,33) = 14.572, p � 0.001], Drug [F(2,33) = 78.441, p
� 0.0001], and Stress × Drug interaction [F(2,33) = 5.16, p � 0.05]. The CORT
response to LPS did not differ between HCC and IS treated animals that received
vehicle or 50 µg/kg DEX injection. However, IS treatment impaired the ability of
25 µg/kg DEX to suppress the CORT response to LPS.

3.3. Experiment 1b—results

Effects of IS DEX-induced suppression of HPA activity and proinflammatory cyto-
kine release in response to LPS. Since the doses of DEX used in Experiment 1a
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Fig. 1. ACTH (A and C) and CORT (B and D) levels (means ± SEM) in response to LPS in high (A
and B) and low (C and D) dose DEX pretreated home cage control (HCC) or inescapably shocked (IS) rats.

were completely suppressive on some responses, a lower dose of DEX was employed
in Experiment 1b. 10 µg/kg DEX suppressed the ACTH, CORT, IL-1β, and IL-6
responses to LPS in HCC treated animals. However, this dose of DEX did not sup-
press these same responses in IS treated animals (Figs. 1(c,d) and 2(c,d)). This
resulted in significant Stress × Drug interactions for ACTH [F(1,24) = 4.557, p �
0.05], CORT [F(1,24) = 18.604, p � 0.0005], IL-1β [F(1,24) = 6.961, p � 0.05],
and IL-6 [F(1,24) = 6.253, p � 0.05]. Post hoc tests indicate that DEX significantly
blunted the ACTH, CORT, IL-1β, and IL-6 responses to LPS in HCC, but not IS
treated animals.

3.4. Experiments 2a, 2b and 2c—methods

Timecourse of DEX resistance after IS. In Experiments 2a, 2b and 2c rats were
injected s.c. with 10 µg/kg DEX or Veh 1, 4, and 21 days, respectively, following
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Fig. 2. IL-1β (A and C) and IL-6 (B and D) levels (means ± SEM) in response to LPS in high (A and
B) and low (C and D) dose DEX pretreated home cage control (HCC) or inescapably shocked (IS) rats.

HCC or IS treatment. Ninety min following DEX or Veh injection, a baseline blood
sample was taken and 10 µg/kg LPS was injected i.p. Subsequent blood samples
were taken 1, 2 and 3 h after LPS injection. Tailblood samples were processed and
assayed for CORT levels. Immediately following the final blood sample, rats were
decapitated and trunk blood was collected for cytokine analysis. In Experiment 2a,
27 rats (n=6–7/group) were tested for DEX resistance 1 day following HCC or IS
treatment. In Experiment 2b, 26 rats (n=6–8/group) were tested for DEX resistance
4 days following HCC or IS treatment. In Experiment 2c, 32 rats (n=7–9/group)
were tested for DEX resistance 21 days following HCC or IS treatment.

3.5. Experiment 2a—results

Timecourse of DEX resistance after IS—1 day post-IS. Consistent with prior results
(Fleshner et al., 1995), IS treatment elevated basal CORT levels 24 h later (Fig.
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3(a)). This resulted in a significant effect of Stress at the baseline timepoint
[F(1,24) = 18.052, p � 0.001]. Furthermore, DEX suppressed basal CORT levels,
resulting in a significant effect of Drug [F(1,24) = 9.165, p � 0.01]. IS treatment
did not alter the ability of DEX to suppress basal CORT levels. Repeated measures
ANOVA of the post-LPS timepoints revealed a significant Time × Stress × Drug
interaction [F(2,48) = 3.215, p � 0.05]. In HCC-Veh animals, LPS administration
elevated CORT levels 2 and 3 h after injection. DEX suppressed this response at
both timepoints. As previously reported, IS animals exhibited a more rapid rise in
CORT levels such that elevated CORT levels were detectable 1 h after LPS (Johnson
et al., 2002a). Furthermore, DEX did not suppress the CORT response to LPS in IS
treated animals at any timepoint (Fig. 3(a)). As in Experiment 1, IS altered the ability
of DEX to suppress the IL-1β and IL-6 response to LPS (Fig. 4(a,b)). This resulted
in a significant Stress × Drug interaction for both IL-1β [F(1,30) = 4.305, p �

Fig. 3. LPS-induced CORT levels (means ± SEM) in DEX pretreated home cage control (HCC) or
inescapably shocked (IS) rats 1 (A), 4 (B), and 21 (C) d following stressor treatment.
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Fig. 4. LPS-induced IL-1β (A, C and E) and IL-6 (B, D and F) (means ± SEM) in DEX pretreated
home cage control (HCC) or inescapably shocked (IS) rats 1 (A and B), 4 (C and D), and 21 (E and F)
d following stressor treatment.

0.05] and IL-6 [F(1,30) = 7.915, p � 0.01]. Post hoc tests revealed that DEX signifi-
cantly suppressed both the IL-1β and IL-6 responses to LPS in HCC, but not IS ani-
mals.
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3.6. Experiment 2b—results

Timecourse of DEX resistance after IS—4 days post-IS. Consistent with prior
results (Fleshner et al., 1995), basal CORT levels were elevated 4 days after IS
treatment (Fig. 3(b)). This resulted in a significant effect of Stress at the baseline
timepoint [F(1,23) = 5.318, p � 0.05]. Furthermore, DEX suppressed basal CORT
levels in IS treated animals, resulting in a significant Stress × Drug interaction
[F(1,23) = 5.223, p � 0.05]. The low basal CORT levels observed in HCC-Veh
animals precluded interpretation of the effectiveness of DEX in suppressing basal
CORT levels in HCC animals. Repeated measures ANOVA of the post-LPS timepo-
ints revealed a significant Stress × Drug interaction [F(1,23) = 4.594, p � 0.05]. In
HCC-Veh animals, LPS administration elevated CORT levels. DEX suppressed this
response. However, IS altered the ability of DEX to suppress the CORT response
to LPS (Fig. 3(b)). Post hoc tests indicate that DEX suppressed the CORT response
to LPS in HCC animals, but did not alter the CORT response to LPS in IS animals.
DEX suppressed the IL-1β [F(1,22) = 7.432, p � 0.05] and IL-6 [F(1,23) =
37.152, p � 0.0001] responses to LPS administration. IS treatment 4 days prior did
not alter the ability of DEX to suppress these responses (Fig. 4(c,d)).

3.7. Experiment 2c—results

Timecourse of DEX resistance after IS—21 days post-IS. Basal CORT levels were
not different between HCC and IS animals 21 days following treatment (Fig. 3(c)).
This is consistent with the results of Fleshner et al. (1995), which show that the
CORT basal shift persisted for up to 4 days after IS. DEX suppressed basal CORT
levels, resulting in a significant effect of Drug [F(1,28) = 7.794, p � 0.01]. IS treat-
ment did not alter the ability of DEX to suppress basal CORT levels. Repeated
measures ANOVA of the post-LPS timepoints revealed significant effects of Drug
[F(1,28) = 22.903, p � 0.0001] and Time [F(2,56) = 123.864, p � 0.0001]. CORT
levels were elevated 2 and 3 h after LPS injection. IS treatment did not alter this
response. Furthermore, DEX suppressed the CORT response to LPS and IS treatment
did not alter this effect (Fig. 3(c)). DEX suppressed the IL-1β [F(1,28) = 6.758, p
� 0.05] and IL-6 [F(1,23) = 22.04, p � 0.0001] responses to LPS administration.
IS treatment 21 days prior did not alter the ability of DEX to suppress these responses
(Fig. 4(e,f)).

3.8. Experiment 3—methods

Effects of IS on serum DEX levels. On day 1, 13 rats (n=6–7/group) were exposed
to HCC or IS treatment. 24 h later, a baseline blood sample was taken and 10 µg/kg
DEX was administered s.c. Subsequent blood samples were taken 30, 90, 150 and
210 min after DEX injection. Serum DEX levels were assessed using a commercially
available DEX forensic kit (Neogen Corp.). The assay was performed according to
the manufacturer’s instructions. DEX (Sigma) was used to create a standard curve.
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3.9. Experiment 3—results

Effects of IS on plasma DEX levels. Blood levels of DEX 30, 90, 150 and 210
min after injection are shown in Fig. 5. Measurable blood levels were present 30
min after injection and increased to the 210 min timepoint. This resulted in a signifi-
cant effect of Time [F(3,33) = 144.228, p � 0.0001]. Repeated measures ANOVA
also revealed a significant Stress × Time interaction [F(3,33) = 5.347, p �
0.0041]. Post hoc tests indicate that IS treated animals had higher blood levels of
DEX 210 min after injection. IS treatment did not alter blood levels of DEX at any
other timepoint.

3.10. Experiment 4—methods

Effects of IS on the CORT response to ACTH challenge. 24 h following HCC or IS
treatment, 32 animals (n=4–6/group) were administered 100 µg/kg DEX to suppress
endogenous ACTH levels. 90 min following DEX administration, baseline blood
samples were taken and animals were injected i.p. with 0.25, 0.8, or 2.5 IU/kg ACTH
(Sigma) dissolved in sterile saline. Subsequent blood samples were taken 15, 30, 45
and 60 min post ACTH injection. Blood samples were processed and assayed for
CORT levels.

3.11. Experiment 4—results

Effects of IS on the CORT response to ACTH challenge. CORT levels were
assessed 15, 30, 45 and 60 min after ACTH administration (Fig. 6). ACTH adminis-
tration elevated CORT levels [F(2,26) = 6.636, p � 0.01]. Post hoc analyses indicate

Fig. 5. Plasma DEX levels (means ± SEM) following DEX injection in home cage control (HCC) or
inescapably shocked (IS) rats 1 d following stressor treatment.
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Fig. 6. Plasma CORT levels (means ± SEM) following injection of 0.25 (A), 0.8 (B), and 2.5 (C) IU/kg
ACTH in home cage control (HCC) or inescapably shocked (IS) rats 1 d following stressor treatment.

that the 0.8 IU/kg and 2.5 IU/kg doses induced a larger CORT response than the
0.25 IU/kg dose. IS treatment did not alter the CORT response to any dose of ACTH.

3.12. Experiment 5—methods

Effects of IS on DEX-induced suppression of the CORT response to elevated ped-
estal exposure. 49 rats (n=5–7/group) were injected with 0, 1, 10, or 100 µg/kg DEX
24 h after HCC or IS treatment. 90 min following injection, rats were placed on an
elevated, uncovered square pedestal (33 cm2; raised 61 cm above the ground). This
procedure has previously been shown to elevate CORT levels (Pace et al., 2001).
After 30 min, rats were removed from the pedestal and quickly decapitated. Trunk
blood was collected for analysis of serum CORT levels.

3.13. Experiment 5—results

Effects of IS on DEX-induced suppression of the CORT response to elevated ped-
estal exposure. DEX dose-dependently suppressed the CORT response to elevated
pedestal exposure, resulting in a significant effect of Drug [F(3,41) = 46.651, p �
0.0001]. ANOVA also revealed a significant Stress × Drug interaction [F(3,41) =
3.593, p � 0.05]. Post hoc tests indicate that 1 µg/kg DEX significantly suppressed
the CORT response to elevated pedestal exposure in HCC, but not IS animals (Fig.
7). 10 and 100 µg/kg DEX significantly suppressed the CORT response to elevated
pedestal exposure in both HCC and IS treated animals. However, CORT levels from
IS-100 µg/kg DEX animals were significantly higher than those from HCC-100
µg/kg DEX animals.

3.14. Experiment 6—methods

Effects of stressor controllability on DEX-induced suppression of HPA activity in
response to LPS. Many consequences of IS are not present in animals exposed to
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Fig. 7. CORT levels (means ± SEM) in response to pedestal exposure in DEX pretreated home cage
control (HCC) or inescapably shocked (IS) rats.

the same amount and duration of escapable shock (ES; Short and Maier, 1993; Amat
et al., 1998a,b; Will et al., 1998). To determine whether the induction of DEX resist-
ance depended upon stressor controllability, 43 rats (n=6–8/group) were exposed to
HCC, ES, or IS. The ES-IS procedure was identical to that previously described.
Briefly, rats were restrained in Plexiglas wheel turn chambers and modified fuse-
clip electrodes coated with electrode paste were securely fastened to the tail. Each
rat received 100 tail shocks (1.0 mA) once per min on a variable intertrial interval
ranging from 30 to 90 s. Each shock could be terminated by the rat turning a small
wheel in the front wall of the chamber as previously described. Rats in the IS treat-
ment group were paired (yoked) with a rat in the ES group and received the same
intensity, duration, and pattern of shock. After termination of the stressor, rats were
returned to their home cages.

24 h following the IS-ES procedure, rats were injected s.c. with 10 µg/kg DEX
or Veh. 90 min following the DEX or Veh injection, all rats were injected i.p. with
10 µg/kg LPS. Rats were decapitated 2 h following LPS injection and trunk blood
was collected for analysis of ACTH and CORT levels.

3.15. Experiment 6—results

Effects of stressor controllability on DEX-induced suppression of HPA activity in
response to LPS. 10 µg/kg DEX suppressed the ACTH and CORT responses to LPS
in HCC treated animals. However, this dose of DEX was incapable of suppressing
these same responses in IS and ES treated animals (Fig. 8). This resulted in signifi-
cant Stress × Drug interactions for ACTH [F(2,37) = 5.635, p � 0.01] and CORT
[F(2,37) = 8.317, p � 0.001]. Post hoc tests indicate that DEX significantly blunted
the ACTH and CORT responses to LPS in HCC, but not IS nor ES treated animals.
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Fig. 8. ACTH (A) and CORT (B) levels (means ± SEM) in response to LPS in DEX pretreated home
cage control (HCC), escapably shocked (ES), or inescapably shocked (IS) rats.

4. Discussion

On a procedural note, DEX was selected as the ligand in these studies to allow
for the measurement of endogenous corticosterone. The extrapolation of these results
to other GCs (including CORT) is hindered by a few considerations, including differ-
ences in tissue access and receptor binding affinities between DEX and other GCs.
Nonetheless, the present experiments show that exposure to a single session of IS
induces a state of functional DEX resistance. Prior IS exposure impaired DEX-
induced suppression of the proinflammatory cytokine response to LPS challenge.
Furthermore, a single session of IS reduced the inhibitory effects of DEX on HPA
axis activity (as assessed by circulating CORT levels) to either pedestal exposure or
LPS challenge. Since pedestal exposure does not change brain or circulating cytokine
levels (unpublished observations), the inability of DEX to suppress HPA activity
most likely does not depend on the inability of DEX to suppress the proinflammatory
cytokine response in IS animals. Suppression of the HPA axis by DEX remained
altered up to 4 days after IS, while suppression of circulating proinflammatory cyto-
kine levels returned to normal within 4 days of IS, further suggesting that resistance
of the HPA axis and proinflammatory cytokine system to DEX may be independent.
Failure of IS to potentiate CORT release to ACTH challenge does not conclusively
rule out the possibility that increased adrenal sensitivity to low levels of ACTH
contribute to elevated CORT levels in IS animals in the face of DEX administration.
However, the inability of DEX to suppress the ACTH response to LPS in IS and
ES animals suggests that more than the sensitivity of the adrenal gland to ACTH is
altered. We also found that the resistance of the HPA axis to suppression by DEX
was independent of the degree of behavioral control that the animal had over the
shock session. Since escapably and inescapably shocked animals differ in their sero-
tonergic responses to subsequent challenge (Amat et al., 1998a,b), the fact that ES
and IS animals both showed DEX resistance suggests that these serotonergic alter-
ations are not necessary for DEX resistance.
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The induction of DEX resistance by IS is consistent with several behavioral and
physiological consequences of IS exposure. IS produces many changes that are simi-
lar to those which occur during immune challenge or sickness, including acute phase
responses, such as the emergence of sickness behaviors (e.g. decreased social interac-
tion and food and water intake), alterations in acute phase proteins, and fever (Short
and Maier, 1993; Deak et al., 1999). Additionally, IS primes the proinflammatory
cytokine response to subsequent LPS challenge such that increases in proinflamma-
tory cytokines are detectable earlier in animals previously exposed to IS (Johnson
et al., 2002b). Furthermore, elevated basal CORT levels and a primed pituitary-
adrenal axis can be observed for several days following a single exposure to IS
(Fleshner et al., 1995; Johnson et al., 2002a). Since GCs negatively regulate several
aspects of the acute phase response, sickness behaviors, transcription and translation
of proinflammatory cytokines, and HPA axis activity, resistance to the effects of
endogenous GCs could explain many changes observed after IS (Lee et al., 1988;
Morrow et al., 1993; Johnson et al., 1996; Pezeshki et al., 1996).

As noted, GC resistance has been observed in many patients with affective dis-
orders, AIDS, asthma and leukemia. Several mechanisms of GC resistance have been
proposed, including decreased corticosteroid receptor expression, mutant receptors
with low ligand binding affinity, impairments of heat shock proteins normally asso-
ciated with unliganded corticosteroid receptors, and a hypothalamic-limbic system
overdrive that overcomes suppression of the HPA axis by exogenous GCs
(Amsterdam et al., 1989; Hala et al., 1996; Kojika et al., 1996; Leung et al., 1998).
The resistance of proinflammatory cytokine secretion and HPA axis activity to DEX
suppression in IS animals could have been produced by any of these mechanisms.
In general, there may be increased drive on these systems or hyper(re)active counter-
regulatory systems that interfere with DEX suppression. Conversely, there may be
pharmacokinetic (e.g. increased DEX metabolism) or pharmacodynamic (e.g. alter-
ation of GR number and/or function) related changes that alter tissue sensitivity to
DEX. Since plasma concentrations of DEX did not differ between HCC and IS
animals, altered metabolism of DEX most likely does not account for DEX resist-
ance. Furthermore, although the effects of IS on cytokine secreting cell GR
expression is unknown, previous studies have determined that IS does not alter
expression of GR protein in the pituitary (Deak et al., 1999). Thus, if an IS-induced
decrease in GC negative feedback leads to resistance of the HPA axis to DEX sup-
pression, the decreased negative feedback is not the result of GR down regulation.

Systemically administered DEX penetrates CNS tissue poorly due to the presence
of the multiple drug resistance gene encoded p-glycoprotein at the blood–brain bar-
rier (Meijer et al., 1998). By acting as an extrusion pump, the p-glycoprotein limits
access of DEX to the brain. Due to its low access to CNS tissue, small amounts of
DEX (such as those used in the present studies) cannot effectively substitute for
endogenous CORT at the level of the CNS. In response to reduced CORT at GC
receptors in the CNS, there is an increase in secretion of central neuropeptides that
are capable of activating ACTH secretion, mainly corticotropin releasing hormone
(CRH) and arginine vasopressin (AVP). AVP synergizes with CRH to induce the
release of ACTH from the anterior pituitary (Gillies et al., 1984) and several studies
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have shown that both acute and chronic stressors can increase the percentage of
CRH-containing neurons in the paraventricular nucleus of the hypothalamus that
coexpress AVP (de Goeij et al., 1992; Tilders et al., 1993; van Dijken et al., 1993;
Makino et al., 1995; Schmidt et al., 1995, 1996; Aubry et al., 1999). Of relevance
to the present experiments, DEX resistance in aged animals has been attributed to
the enhanced activity of hypothalamic AVP neurons (Hatzinger et al., 2000). Since
GCs potently inhibit AVP production (Kovacs et al., 2000), this type of increased
drive may ultimately reflect impaired central GC negative feedback. However, due
to the peripheral site of action of DEX, the present experiments do not address
whether IS does indeed induce central GC resistance.

IS-induced alterations in macrophage migration inhibitory factor (MIF) represent
a particularly interesting possible mechanism to account for DEX resistance. MIF is
a proinflammatory cytokine that antagonizes the anti-inflammatory effects of GCs.
For example, MIF dose dependently reverses DEX induced suppression of the proin-
flammatory response to LPS in vitro (Calandra and Bucala, 1997; Bucala, 1998).
Furthermore, low levels of GCs induce MIF production, while high to pharmacologi-
cal levels of GCs inhibit MIF production (Calandra et al., 1995). Thus, MIF appears
to be CORT inducible and act as a GC counter regulatory mechanism. Clearly any
alteration that shifts the GC-MIF balance towards MIF would lead to GC resistance.

As noted previously, DEX resistance could arise from an impairment in the func-
tioning of the peripheral GR. Recently a proinflammatory cytokine, IL-1α, has been
shown to impair DEX induced translocation of the GR to the nucleus (Pariante et
al., 1999). Moreover, incubation of cells with IL-1α led to a decrease in DEX induced
GR mediated gene transcription (Pariante et al., 1999). Interestingly, IS exposure
increases circulating and tissue levels of IL-1β protein and administration of αMSH,
a functional IL-1 antagonist, blocks the acute phase response and sickness behaviors
induced by IS (Nguyen et al., 2000; Milligan et al., 1998). Whether this IL-1β
increase leads to impairments in GR function that underlie DEX resistance is
unknown.

Although the present experiments do not implicate any particular mechanism, they
do clearly demonstrate that a single session of a stressor can induce resistance to
the effects of DEX as assessed by HPA and cytokine responses to LPS. Such GC
resistance is capable of explaining a number of the enduring consequences that are
produced by the same stressor, and may have implications for the understanding of
a variety of stress-related disorders.
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