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Corticosterone (CS) has been shown to regulate behavior in the learned helplessness (LH) paradigm. Here we provide evidence for a U-

shaped relationship between the increasing doses of CS administered and escape failures in the LH model. Replacement with CS (20–

400 mg/ml in drinking water) in adrenalectomized (ADX) animals was utilized to examine how the selective activation of

mineralocorticoid (MR) and glucocorticoid (GR) receptors is related to the behavioral impairments induced by inescapable shock (IS).

Available MR and GR levels were determined in hippocampal cytosol by radioligand binding assays. Non-CS replaced ADX animals

showed a high percentage of escape failures assessed 48 h after IS. A CS does of 100mg/ml given to ADX animals markedly reduced

escape failures and resulted in an almost total reduction of available MR associated with a partial reduction of GR. However, the

administration of aldosterone (ALDO), a selective MR agonist, was not sufficient to restore normal coping behavior. Moreover, an

important role for GR was further shown by means of the specific GR antagonist, RU 38486, which blocked the reduction of LH in ADX

rats that were given 100 mg/ml CS. Higher doses of CS given to ADX rats reinstated the LH behavior, and SHAM rats that produced

stress CS levels also produced LH behavior. The results indicate a U-shaped dose response function with both negligible and high CS

levels being associated with LH behavior. Hence, along with a moderate reduction of available GR level in the cytosol, a large decrease in

MR availability seems to be necessary to prevent the acquisition and expression of LH. However, very high reduction of available GR is

associated with LH behavior.
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INTRODUCTION

Adrenal steroids play an important role in regulating both
learned and unlearned fear and anxiety (Korte 2001; Calvo
et al, 1998; Calvo and Volosin, 2001) and alterations in the
balance between Type I or mineralocorticoid receptors
(MR) and Type II or glucocorticoid receptors (GR) in the
brain appear to play a role in these behaviors as well as in
the etiology of depression and anxiety (de Kloet et al, 1988;
Korte, 2001). MR and GR are expressed throughout the
central nervous system, with GR showing a more wide-
spread distribution and MR showing a discrete localization,
such as in neurons of the hippocampus, regions of the

amygdala, and brain stem (Ahima and Harlan, 1990; Ahima
et al, 1991).

MR and GR mediate different aspects of corticosterone
(CS) action: for example, hippocampal MR is responsible
for the maintenance of stability in the stress response
system throughout the circadian cycle (Ratka et al, 1989;
Dallman et al, 1992), whereas GR facilitates the recovery of
the system after the exposure to a stressful stimulus (de
Kloet et al, 1988). Moreover, the activation of MR in
neurons from the hippocampal CA1 region stabilizes local
excitability while it is reduced by GR activation (Joels et al,
1998). Also, the optimal induction of long-term potentiation
(LTP)Fa plasticity phenomenon occurring in the hippo-
campus that is related to learning and memory processesF
depends on moderate levels of steroids with a predominant
activation of MR (Pavlides et al, 1995; Diamond et al, 1998).
This phenomenon could help to explain that in intact rats,
spatial learning is exceptionally sensitive to the manipula-
tion of central adrenal steroid receptors (Oitzl, 1998). Thus,
for spatial learning, MR activation was related to the
strategies adopted during the test, while GR activation was
associated with the consolidation of learning (Oitzl and
de Kloet, 1992; Oitzl et al, 2001). However, increased and
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sustained levels of glucocorticoids when administered out of
the context of the learning task may interfere with the
acquisition or retrieval, thus extinguishing a learned
response (Lupien and McEwen, 1997; de Kloet et al, 1999;
de Quervain et al, 2000).

Much evidence supports the hypothesis that CS has two
means of operation: a proactive one, through which CS
maintains the basal activity of the axis and controls the
sensitivity of the stress response system. Specifically, under
these basal conditions, the majority of MR and only a small
proportion of GR are occupied. In the second, reactive
mode, CS contributes to the culmination of the system
activation. In this last situation, a greater amount of GR is
occupied (De Kloet et al, 1998).

On a cellular level, CS modulates the excitability of
hippocampal neurons (Joels and de Kloet, 1992) and
regulates LTP in a biphasic fashion. Interestingly, one of
the first studies aimed to evaluate a possible relationship
among corticosteroid levels and LTP generation demon-
strated that it adopts an inverted U-shaped curve function,
since the basal levels of CS or the administration of MR
agonists induce LTP, whereas high CS levels induced by
stress or GR agonist administration reduce it and attenuate
memory (Diamond et al, 1992; Kerr et al, 1994).

On the other hand, CS plays a critical role in the
acquisition and expression of behavioral strategies when
animals are facing a particular aversive situation (Korte,
2001). For example, CS has been shown to facilitate the
acquisition and retention of the immobility acquired in a
forced-swim paradigm (de Kloet et al, 1988; Báez and
Volosin, 1994). CS has also been implicated in the
acquisition of inactivity during the exposure to inescapable
shock (IS) and in the expression of inactivity and escape
failures in a subsequent shuttle-box task (Báez et al, 1996).
On the contrary, in nonstressed animals, CS reduced the
possibility to develop learned helplessness (LH) and
facilitated escape responses during the shuttle-box task
(Edwards et al, 1990; Papolos et al, 1993; Báez et al, 1996;
King et al, 2001).

The aim of the present study was to characterize the
functional contribution of MR and GR in the LH paradigm.
The effect of the administration of increasing doses of CS to
adrenalectomize (ADX) animals was evaluated by measur-
ing available cytosol receptor levels in order to define MR
and GR involvement. The participation of each receptor
subtype was also investigated by the infusion of the selective
MR agonistFaldosterone (ALDO)Fand the administra-
tion of CS associated to the GR antagonist, RU 38486.

MATERIALS AND METHODS

Animals

Adult (280–320 g body weight) male Wistar rats were
housed in groups of three per cage. Food and water were
available ad libitum. Animals were maintained on a 12 h
light–dark cycle (lights on 0700–1900) and at a temperature
of 21–231C. All the animals were allowed a week to
habituate to the room before starting the experiments.

All the procedures were in agreement with the standards
for care laboratory animals as outlined in the ‘NIH Guide

for the Care and Use of Laboratory Animals’. The local
committee of ethics of the School of Chemical Sciences,
National University of Córdoba, Córdoba, Argentina
approved the experimental protocols.

Adrenalectomy

Bilateral adrenalectomy was performed in animals under
deep anesthesia (Ketamine (50 mg/kg)/xylazine (10 mg/kg)
i.p.) by means of an aseptic surgical procedure.

In the three experiments that were conducted, the animals
were submitted to adrenalectomy. Following surgery, a
period of 3 days was left to allow the animals to recover.
During this period, each animal was offered two bottles to
drink: one containing saline solution (0.9 or 3% as indicated
in each of the experiments performed) and the other tap
water. Control rats underwent a sham surgery procedure,
that is, adrenal glands were localized, manipulated but not
extirpated.

Success of the adrenalectomy was confirmed by the
determination of CS concentration in blood samples
collected 18 or 20 h after surgery using the tail clip method
(Spencer and McEwen, 1997). A small incision was made at
the tip of the rat’s tail to obtain the blood sample. For each
sample, approximately 300 ml of blood was collected in
chilled dry tubes. An acrylic restrainer loosely held rats
during blood sampling that lasted less than 90 s, and
animals were returned to their home cage afterwards. All
the adrenalectomized animals used for the experiments had
undetectable serum CS levels.

Steroid Administration

Drinking solutions of CS (Sigma) were prepared daily in
0.9% saline or tap water from a stock solution (16.6 mg/ml
in absolute ethanol) kept in a freezer at �201C. The
percentage of ethanol in each drinking solution was 2.4%.
The rats drink on average 0.72 ml ethanol/day and mostly
during the dark phase. This amount of alcohol does not
interfere with the animal’s behavior since it has cleared
from circulation at the time of behavioral evaluation (JC
Molina, personal communication).

The GR antagonist RU 38486 (kindly provided by
Roussel-UCLAF, Romainville, France) was dissolved in
propylene glycol and injected at a dose of 7.5 mg/kg, s.c.
This does was selected because it induces around 90% of GR
occupancy when administered to ADX animals (Pavlides
et al, 1995).

D-Aldosterone (Sigma) was dissolved in propylene glycol
in a concentration of 1 mg/ml. From this stock solution, a
0.125 mg/ml solution was prepared using the same vehicle
to obtain the desired concentration of ALDO (1 mg/100 g
body weight/day), according to the mean fill volume and
pumping rate of the mini-osmotic pumps. The solution was
introduced into Alzet 2001s osmotic minipumps with an
average pumping rate of 1 ml/h at 371C. The dose of ALDO
used in this experiment was previously reported to restore
salt appetite in ADX animals (McEwen et al, 1986),
suggesting that ALDO at this dose has a functional effect
on the brain.
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Subcutaneous Implantation of Mini-Osmotic Pumps

The osmotic pumps were implanted under the skin of the
animal under a very short exposition to halothane
anesthesia. After preparing the zone, a small incision was
made in the skin between the scapulae. Using a hemostat, a
small pocket was formed by spreading the subcutaneous
connective tissues apart. The minipumps were placed under
the skin with the flow moderator pointing away from the
incision, which was closed with sutures.

Stressors

The animals were taken in their home cages to a separate
experimental room where they were exposed to the electric
footshock session. No other subjects were present in the
experimental room during stress exposure. At the end of the
stress session, rats were taken back to the initial room
where they were kept until the shuttle-box task. This second
test was performed in another experimental room, dif-
ferent from the one where inescapable footshock was
delivered.

Learned Helplessness Paradigm

Inescapable shock. Animals were placed in a closed
compartment (30� 30� 30 cm) of a standard automated
box (Ugo Basiles) where footshock was delivered through a
stainless steel grid placed on the floor. In each IS session, 10
trials of shocks (1 mA) of 15 s duration at intervals of 30 s
were applied. This shock regime was selected based on
previous studies demonstrating that animals acquire
behavioral inactivity following an initial period of activity
(Murúa and Molina, 1991; Báez et al, 1996; Centeno and
Volosin, 1997). Inactivity behavior involves the lack of any
visible movement with the animals standing with all four
paws on the floor. A trial was considered inactive when the
animal remained motionless at least for 10 s during the 15 s
shock delivery. The percentage of inactive trials was
calculated over a total of 10 trials.

Shuttle-Box Task

Escape–avoidance behavior was evaluated in a standard
two-way shuttle-box of 60� 30� 30 cm built with Plexiglas
walls and stainless steel rods on the floor separated from
each other by a distance of 1 cm. A wood divider placed in
the middle of the box separated two equal-sized compart-
ments. An acoustic signal (conditioned stimuli) was given
during the first 5 s of each trial before the footshock
administration; if no response occurred within this period,
a 1 mA shock (15 s/30 s) was applied. A total of 30 trials were
performed and the number of escape failuresFnoncrossing
response during the shock applicationFwas registered. A
shuttle-box trial was considered inactive when the animals
remained inactive for at least 10 s. The percentage of escape
failures was calculated over a total of 30 trials.

The boxes where the stressor was administered were
carefully cleaned between each animal evaluation. A person
blind to the treatment and experimental condition of each
animal did the behavioral evaluations.

Specific Cytosol Receptor Binding Assays

The particular features of specific binding assays for
corticosteroid receptors, as described by Spencer et al
(1990), permit evaluation of the levels of activation or
occupancy of such sites at any central nervous system
region dissected. Cytosol MR and GR binding normalized to
protein (MR and GR binding density) was determined in
ADX animals with or without CS replacement and in SHAM
rats under the same experimental conditions. From the
relation among these measures, the ‘apparent cytosol
receptor depletion (ACRD)’ was estimated based on the
assumption that the levels of available cytosolic receptors
determined in the ADX condition stand for 100% of the
receptors population. MR and GR binding density was
determined in cytosolic samples on hippocampus tissue
from individual intact and ADX animals using saturation
binding assays.

The saturating concentrations of the radiolabeled ligands
used herein (dexamethasone-3H and aldosterone-3H) were
selected from preliminary specific binding assays. In order
to standardize the protocols incubating conditions, satura-
tion curves were obtained using increasing concentrations
of radioligand. Bmax and Kd values were estimated in rat
hippocampus pools by means of Scatchard analyses. The
results (data not shown) were consistent with those from
literature where similar incubation conditions were used.

MR Determination

MR were estimated as the difference between total binding
to aldosterone-3H (10 nM) (NET-419, D-[1,2,6,7-3H(N)
aldosteroneF76.4 Ci/mmol, NENt Life Science Products
Inc.) in the presence of 100-fold of the selective GR
agonist RU 28362 (Roussel-Uclaf, Romainville, France).
Nonspecific binding was determined in the presence of
cold CS (5000 nM).

GR Determination

GR were estimated as the difference among total binding
to dexamethasone-3H (20 nM) (NET467[6,7-3H(N)] dexa-
methasone, 40.0 Ci/mmol, PerkinElmert Life Sciences) and
binding in the presence of 250-fold of the selective GR
agonist RU 28362 (Roussel-Uclaf, Romainville, France).

Tissue Sample Dissection

Animals were killed by decapitation (between 0800 and
1000). Brains were removed immediately and dissected on
ice to yield the hippocampus according to the method of
Heffner et al (1980). The regions were snap frozen on dry
ice and stored at �701C until the assays were performed.

Procedure

Each hippocampus was homogenized in TEMGD buffer
(10 mM Tris, 1 mM EDTA, 20 mM sodium molybdate, 5 mM
dithiothreitol, and 10% glycerol in double-distilled water,
pH 7.4; 15–20 strokes) in a proportion of 100 mg tissue/
700 ml buffer and centrifuged at 105 000 g for 60 min at 41C.
The supernatant or cytosol was added to the incubation
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solutions containing the radiolabeled steroid with or
without the cold ligand. Samples were incubated at 41C.
during 18–22 h. Sephadex LH-20 (Sigmas) columns were
used to separate bound from free steroid. Eluates containing
the bound fraction were collected into scintillation vials.
Radioactivity was measured in a liquid scintillation counter
(Beckmans, 35% efficiency).

Proteins

Protein concentrations in the cytosolic fractions were
determined by the method of Bradford (using a commercial
BioRads kit) using bovine serum albumin as the standard.
The concentration of proteins was adjusted in the range of
0.5–1.5 mg of protein/ml of cytosol.

Serum CS Assay

Blood samples were centrifuged (41C) for 10 min at
3000 rpm. Serum was separated immediately afterwards
and stored at �301C. Serum CS was assessed in duplicate by
a modified competitive protein binding assay (Murphy,
1967). Briefly, 25 ml serum and 75 ml distilled water were
placed in boiling water for 90 s; after cooling, samples were
incubated with a corticosteroid binding globulin tracer
solution (2% horse serum containing 1,2,6,7-3H-cortico-
sterone (88 Ci/nmol; NEN Chemicals) as tracer). Unbound
steroid was removed using Florisil (mesh 60–100, Sigma).
Standard CS was supplied by Sigma. The serum CS
concentrations are expressed in terms of mg/dl. The
sensitivity of the method was 0.5 ng of CS. The intra- and
interassay coefficients of variation were lower than 7%.

Experimental Designs

Experiment 1: Effects of CS administration on behavioral
deficits induced by IS. This experiment was devised to
evaluate the effects of the administration of increasing doses
of CS to ADX rats on inactivity behavior and escape failures
during IS and shuttle-box task.

Following a recovery period of 3 days after adrenalec-
tomy, animals were randomly assigned to the different
experimental groups and they received two drinking bottles
both containing CS solutions (saline solution or tap water)
at a given dose until the end of the experiment. According
to the dose of CS administered, the following experimental
groups were formed: ADX rats without hormone replace-
ment and receiving vehicle (ADX-VEH) and ADX animals
with the following doses of CS: 20 mg/ml (CS 20), 50 mg/ml
(CS 50), 100 mg/ml (CS 100), 200 mg/ml (CS 200), and
400 mg/ml (CS 400). An additional group of sham-operated
rats that received vehicle treatment was included (SHAM-
VEH). SHAM-VEH rats were given the saline and tap water
solutions containing 2.4% ethanol, respectively.

The beginning of the hormone replacement was con-
sidered as the first day of the experiment (ie Day 1).
Animals were exposed to IS on Day 2 and the shuttle-box
task was performed 48 h later (ie Day 4). Therefore, the
hormone replacement treatment took place for three
consecutive days (Day 1 to Day 4). All experiments were
performed during the light cycle, between 0900 and 1200.

The drinking bottles containing CS solution were
removed from the animal cages immediately before the
30-min shuttle-box task. At 10 min after the completion of
the task, animals were killed, hippocampi were dissected for
the binding assays, and trunk blood was collected for serum
CS analysis. Hence, the total time elapsed between the
removal of the drinking solutions containing CS and the
blood collection for the analysis of CS levels was appro-
ximately 40 min in average.

Basal CS levels were assessed in blood samples collected
just prior to stress exposure from sham-operated controls,
using the tail clip method.

Experiment 2: Effect of GR blockade on behavioral deficits
induced by IS. This experiment was conceived to evaluate
the behavioral effects mediated putatively by MR activation
alone. The pharmacological approach consisted in the
selective blockade of GR with RU 38486 to permit only
the access of CS to MR. For this study, the 100 mg/ml dose of
CS was selected since it induced a high degree of reduction
of available MR accompanied by moderate reduction of
available GR.

As in Experiment 1, ADX rats were treated with CS or
VEH from Day 1 until Day 4. IS session took place on Day 2
and the shuttle-box task on Day 4. The animals that were
administered with RU 38466 received two subcutaneous
injections: one was given 2 h before IS and the other 2 h
before shuttle-box testing. Therefore, the following four
experimental groups of ADX rats were constituted: VEH;
RU 38486; CS 100; CS 100þRU 38486.

Experiment 3: Effect of ALDO on the behavioral deficits
produced by IS. The purpose of the third experiment was to
investigate the effect of a selective MR activation on
inactivity behavior during the IS session and on escape
failures during the shuttle-box task, using ALDO as a
specific agonist. After ADX, rats were placed in cages
equipped with two bottles: one containing a 3% sodium
chloride solution and the other tap water. The 3% sodium
chloride solution allowed a better discrimination of saline vs
water preference among intact and ADX animals than a
solution of lower concentration of sodium chloride (0.9%).
Graduated bottles facilitated the monitoring of the liquid
ingested that was registered in milliliter. ADX rats showed a
greater saline appetite with an increase in the consumption
of saline of around 12–14 ml/day as compared to intact rats
that ingested 3 ml in average. This last control was only
performed to set and monitor the mean drink ingestion in
each case.

The osmotic minipumps containing ALDO (1 mg/100 g
body weight/day) were implanted 3 days after adrenalec-
tomy between 0800 and 1000 h (ie on Day 1). The animals
were exposed to IS on Day 2, 24 h after the implantation of
the minipumps, which were maintained until the end of the
shuttle-box task (ie on Day 4). Hence, the treatment with
ALDO was performed for 3 consecutive daysFfor a length
of time similar to that with CS.

Control ADX rats were implanted with minipumps filled
with VEH and received the water/3% saline alternative to
drink. Thus, two experimental groups of ADX rats were
conformed: VEH and ALDO.
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Statistical Analyses

Results are expressed as mean7SEM. Data were analyzed
by using one- or two-way analysis of variance (ANOVA)
according to the factors introduced in the experimental
design. Where F ratios were significant, post hoc compa-
risons were made using Newman–Keuls test. Significance
levels were set at po0.05.

RESULTS

Experiment 1

Table 1 shows the percentage of inactive trials during IS
exposure of ADX animals with and without CS replacement.
ANOVA revealed significant differences among the experi-
mental groups (F (6, 55)¼ 8.06, po0.01). Subsequently, post
hoc comparisons indicated that ADX-VEH and SHAM rats
performed a high percentage of inactive trials, whereas ADX
rats treated with 20, 50, or 100 mg/ml of CS exhibited a
clearcut drop in inactivity during IS compared with both
groups.

The percentage of inactive trials of ADX rats replaced
with 200 mg/ml of CS was comparable to that in ADX-VEH
and SHAM groups. As for the CS 400 dose, the percentage of
inactive trials was lower than for the ADX-VEH and SHAM
groups and indeed significantly lower than the percentage
of inactive trials of CS 200 group.

The effects of CS replacement on escape failures in IS-
exposed ADX rats are shown in Figure 1. As for the
percentage of escape failures in the active avoidance task,
the one-way ANOVA indicated a significant effect of
treatment (F (6, 56)¼ 6.37, po0.01). ADX rats treated with
VEH displayed high percentage of escape failures. As
expected, the same effect was observed in SHAM rats. This
behavioral deficit decreased in ADX animals substituted
with 20 and 50 mg/ml of CS. Both groups showed a
significantly lower percentage of escape failures than the
ADX-VEH group. This CS effect was greater after the
replacement with the 100 mg/ml CS dose. In fact, post hoc
analysis revealed that the CS 100 group showed a lower
percentage of escape failures as compared to the CS 20 and
CS 50 groups, and also lower than the rest of the
experimental groups (ADX, SHAM, CS 200, and CS 400).
Besides, no significant differences were observed in the
pattern of behavioral deficits between ADX rats replaced
with the 200 or 400 mg/ml CS dose and SHAM and ADX-
VEH groups.

According to their affinity for CS and the doses
administered, the available cytosolic levels of MR and GR
were determined in the SHAM, ADX, CS 20, CS 50, CS 100,
and CS 400 groups. These determinations were performed
on hippocampal tissue belonging to the same animals used
for the behavioral assessments described above. The results
of the percentages of MR and GR ACRD are shown in
Figure 2.

The corresponding ANOVAs revealed a significant effect
of treatment for MR (F (4,15)¼ 3.6, po0.05) and GR (F (4,
15)¼ 209.6, po0.01) ACRD percentages. Subsequent post
hoc analyses revealed that in the CS 20 group the percentage
of MR ACRD was significantly lower as compared to the MR
ACRD of all the other animal groups. Concerning GR, there

was a significant and progressive increase in the ACRD
according to the CS dose administered. In other words, the
lowest ACRD took place with 20 mg/ml CS dose; meanwhile

Table 1 Inactivity During IS Exposure

SHAM 53.675.1%

ADX- VEH 50.376.3%

ADX+CS 20 28.375.2%*

ADX+CS 50 20.072.4%*

ADX+CS 100 22.574.4%*

ADX+CS 200 56.774.1%

ADX+CS 400 31.674.7%*

*po0.05 vs ADX-VEH, SHAM, and CS 200 (Newman–Keuls test).

Figure 1 Behavioral effect of adrenalectomy and CS replacement in
stressed animals. The percentage of escape failures in a shuttle-box task
carried out 48 h after IS exposure is represented. Results are expressed as
mean7SEM (n¼ 8–9 in each case). *po0.01 compared with the rest of
the groups, **po0.05 compared with VEH and CS 100 (Newman–Keuls
test).

Figure 2 Pattern of hippocampal MR and GR ACRD after the shuttle-
box task in SHAM and ADX animals replaced with the different doses of
CS. The percentage of ACRD was estimated based on the assumption that
the levels of available cytosolic receptors determined in the ADX condition
stand for 100% of the receptors population. Each value represents the
mean7SEM (n¼ 5–6 in each case). *po0.05 compared to MR ACRD
from the rest of the groups, apo0.05 vs GR ACRD in the rest of the groups
(Newman–Keuls test).
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the highest CS dose (400 mg/ml) produced a percentage of
GR ACRD similar to that in intact rats. The overall analysis
of the data revealed that the percentages of MR and GR
ACRD corresponding to SHAM animals (80% GR and 90%
MR) were similar to those of the CS 400 group (70% GR and
100% MR), without significant differences between them.

Serum basal CS levels obtained just prior to stress
exposure from sham-operated controls (n¼ 8) averaged
2.570.8 mg/dl samples. All of the ADX animalsFtreated
with VEH and regardless of the CS replacement treatment
receivedFhad undetectable levels of serum CS before the
behavioral evaluation was performed. This aspect will be
discussed below in relation to the interpretation of the
percentages of ACRD.

Experiment 2

This experiment was designed to evaluate the effect of GR
blockade on the behavioral changes induced by CS
administration in IS-exposed ADX rats. Based upon the
results obtained in the previous experiment, we selected the
100 mg/ml CS dose, which induced a remarkable reduction
in the inactivity produced by IS and in the subsequent
escape failures during the shuttle-box task. Thus, the
percentage of inactive trials and escape failures of IS-
exposed ADX rats treated with the specific GR antagonist
RU 38486 and 100 mg/ml of CS were analyzed.

Table 2 shows the percentage of inactive trials during IS.
ANOVA revealed a significant interaction between the
factors ‘CS replacement’ and ‘treatment’ (F (3, 28)¼ 7.6,
po0.01). Post hoc analysis revealed that the ADXþCS 100
group showed a lower percentage of inactive trials than
ADX-VEH rats, reproducing the results from the previous
experiment. Also, the percentage of inactive trials of the
ADXþCS 100þRU 38486 group was not significantly
different from the ADXþCS 100 and ADXþVEH groups
but corresponded to intermediate values among the latest
two groups, whose percentages of inactive trials were
statistically different. There was no significant effect
following the administration of RU 38486 by itself.

The two-way ANOVA applied to analyze the behavioral
recordings (percentage of escape failures) in the shuttle-box
task showed a significant interaction between the factors ‘CS
replacement’ and ‘treatment’ (F (1, 14)¼ 20.89, po0.01). As
depicted in Figure 3, the percentage of escape failures from
the ADXþCS 100 groups was significantly lower than the
ADXþVEH and ADXþRU 38486 groups. However, the
treatment with RU 38486 reversed the effect of CS
replacement. In fact, the percentage of escape failures was
significantly higher in the ADXþCS 100þRU 38486 group
as compared to the ADXþCS 100 group and similar to
ADX-VEH group.

Experiment 3

In contrast to CS treatment, ALDO administration to ADX
rats had no effect on LH behavior. No significant differences
were observed in any of the evaluated parametersFnamely,
the percentage of inactive trials displayed during IS
exposure and the behavioral performance during the
shuttle-box taskFbetween ADX rats treated with VEH
and those treated with ALDO (data not shown).

DISCUSSION

The studies described in this paper demonstrate that ADX
Wistar rats treated with VEH acquired and express LH
behavior at a level similar to SHAM animals with their
adrenals in place. A novel finding in the present study is
that ADX rats treated with moderate levels of CS that
deplete MR and some GR reduce LH markedly, whereas
replacement with high doses of CS, which more fully deplete
GR, return LH to the high levels seen in both ADX SHAM
rats. It should be noted that the available MR and GR levels
are measured right after behavioral tests and reflect the level
of receptor depletion at the time the behavior is assessed,
even though blood levels of CS are undetectable at the time
of behavioral testing. The effects on LH behavior are
reminiscent of a U-shaped dose-response curve that has
been found for neuronal excitability in the hippocampus.

Measurement and Meaning of ACRD

This study links available cytosol MR and GR levels with
behavior, reflecting MR and GR availability in the cytosol.
Blood levels of CS at the time of killing, right after the
behavioral tests, were very low, indicating that there was no
exogenous CS present at the time of the IS/SB exposure
events. This is due to the fact that CS consumed the night
before in the drinking water are cleared from the blood
when the animals enter the light phase of their cycle when
they are drinking less.

We found that, at a CS dose of 400 mg/ml, the ACRD for
MR is almost complete and GR is depleted by 70%, which is

Table 2 Inactivity During IS Exposure

ADX+VEH 50.376.3%

ADX+RU 38486 65.072.9%

ADX+CS 100 22.574.4%*

ADX+CS 100+RU 38486 38.878.7%**

*po0.05 compared with ADX+VEH and ADX+RU 38486, **po0.05
compared with ADX+RU 38486 (Newman–Keuls) n¼ 8 in each case.

Figure 3 Effect of RU 38486 administration on escape failures in ADX
rats replaced with CS. The percentage of escape failures in the shuttle-box
task performed 48 h post-IS is represented. The GR antagonist was
administered 2 h before IS and 2 h before shuttle-box task. Each value
represents the mean7SEM (n¼ 4 in each case). *po0.01 vs the rest of the
groups (Newman–Keuls test).
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comparable to the SHAM group (90 and 80%, respectively).
In both cases, the animals expressed a similar pattern of
behavioral alterations during the active avoidance testing.
Hence, these results lead to the important conclusion that
the maintenance of active escape behavior requires the
cytosolic depletion of virtually all MR and some GR,
whereas the depletion of a high percentage of GR (as may
occur in stress) reinstates passive (ie LH) behavior.

Concerning the measure of ‘ACRD’, it is important to
note that the present studies, which compare available
receptor binding levels in ADX rats with and without CS
replacement, make the assumption that there are no
differences between the various treatments in total receptor
expression. However, because measurement of receptor
occupancy is limited by the inability of the binding assay to
measure total receptor levels in the presence of circulating
hormone, ADX has been used to estimate total available
receptors.

A possibility that cannot be ruled out is that the CS
exposure as well as the clearance of endogenous corticos-
teroids impacts on receptor protein expression. Therefore,
and based on recent findings (Spencer et al, 2000; Kalman
and Spencer, 2002), it is possible that MR and/or GR levels
may have been affected by the hormone manipulations,
including the exposure to different doses of CS.

Another aspect of the measurement of MR and GR levels
is the clearance of CS from the blood and from the
receptors. As noted above, at the time of receptor binding
assays, blood levels of CS were almost undetectable,
indicating rapid clearance of CS from the blood. Because
CS appears to clear rapidly from receptors, within several
hours after maximum receptor occupancy (Hache et al,
1999; Kitchener et al, 2004), the measures of MR and GR
ACRD may represent either: (1) receptor levels that have
been downregulated by prior CS exposure or (2) receptor
levels that have not yet recovered due to a lag in receptor
recycling. Future studies will need to use alternative
experimental approaches, such as Western blotting of total
receptor protein, which were beyond the scope of the
present investigation. Nevertheless, the reported ACRD is a
measure of prior CS exposure and is more reflective of the
effect of CS on the brain than is the blood level of CS, and
the reported levels of receptor depletion are related to
different expressions of active avoidance and LH behavior.

Possible Strain Differences in LH Susceptibility

The high expression of LH in ADX animals was originally
reported in rats of the Sprague–Dawley strain, and it is
important to note that ADX rats in those studies showed a
greater vulnerability to develop the LH behavior compared
to animals with intact adrenals (Edwards et al, 1990; King
et al, 1993). In the current study, we found in Wistar rats a
high proportion of both SHAM and ADX animals that
acquire and express the behavioral deficits (SHAM 83% vs
ADX 82%), but it is conceivable that, with a shorter
duration of IS exposure (Murúa and Molina, 1991), we
might have been able to show a further increase in LH after
ADX. This possibility remains to be tested. Nonetheless, it is
possible that intact animals from the Wistar strain, in
contrast to Sprague–Dawley rats, possess inherent differ-
ences, both in the vulnerability to develop alterations in the

behavioral performance, and in the basal and stress-induced
activity of the hypothalamic–pituitary–adrenal axis and/or
the sensitivity to CS.

Relationship to LH Expression to Apparent MR and
GR Depletion

An analysis of MR and GR ACRD from SHAM animals and
ADX animals replaced with different doses of CS allowed us
to establish a more exact relationship with the LH behavior.
At low doses of CS in the 20–50 mg/ml range and at an
intermediate dose of 100 mg/ml, ADX rats displayed few
behavioral deficits such as low scores of inactivity and
escape failures. At the 20 mg/ml CS dose, there was low MR
depletion that increased markedly with the intermediate
dose (CS 100) at which there was some GR depletion. In
fact, animals replaced with 100 mg/ml of CS showed such
low level of inactivity and escape deficits that we conclude
that a fully stimulated MR system plus a partially depleted
GR system corresponds to the most adequate and optimal
condition to impede the acquisition and later expression of
the behavioral impairments induced by IS.

These findings confirm previous results that pointed
indirectly to the same effect for endogenously released CS,
since giving rats metyrapone before IS to inhibit CS
synthesis and abolish the stress-induced CS peak prevented
LH behavior induced by IS (Báez et al, 1996). Interestingly,
following the administration of metyrapone, CS levels are
maintained around 10 mg/dl, indicating that most of MRs
and part of GRs should be occupied, and the animals
showed few escape failures, similar to the CS 100 group in
the present report.

In contrast, high doses of CS would be associated with a
greater capacity to express behavioral deficits, as it was
observed in ADX animals that received 200 or 400 mg/ml of
CS. These results are consistent with previous work from
our laboratory (Báez et al, 1996) that demonstrated in
Wistar rats that IS-exposed rats treated with metyrapone
and then supplemented with high doses of CS or
dexamethasone displayed a high percentage of escape
failures during the active avoidance testing.

As it has been shown in other studies (Murúa and
Molina, 1991; Báez et al, 1996; Centeno and Volosin, 1997),
inactivity during IS and behavioral deficits during shuttle-
box task are related. Moreover, glucocorticoids are func-
tionally involved in the inactivity induced by IS, which leads
to the behavioral expression observed later during the
shuttle-box task. However, although the administration of
CS at 200 mg/ml facilitated LH, we found that the admin-
istration of a higher doseFCS 400Fwas associated with a
somewhat lower percentage of inactivity during IS expo-
sure, whereas these same animals manifested a high
percentage of escape failures in the shuttle-box task. This
discrepancy requires a more exhaustive investigation but
does not detract from the main findings of the study.

The U-Shaped Dose-Response Cruve and Possible
Explanations

CS has a wide range of regulatory effects on brain function.
Some of them rely on tonic (permissive or proactive) effects
of the hormone, whereas others are due to the dynamic
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actions of stress-induced phasic increases in corticosteroid
secretion (de Kloet et al, 1998). Our estimates of ACRD,
which are subject to several uncertainties that are outlined
above, are relative measures of CS exposure. What these
estimates point to is that CS exposure and activation of MR
and GR produce effects on the brain that result in altered
escape behavior in the LH paradigm. These effects may
involve alterations in neuronal excitability such as have
been described for serotoninergic, cholinergic, glutamater-
gic, and noradrenergic function in hippocampus (Joels and
de Kloet, 1992) and for LTP and long-term depression (see
below). The basic rule appears to be that low-to-moderate
levels of MR occupancy and increasing levels of GR
activation gradually shift each of these endpoints in a U-
shaped or inverted U-shaped pattern.

High levels of GR ACRD are associated with a reversal of
the suppression and an enhancement of LH. It is possible
that the rat strain differences (see Discussion) may be
related either to CS serum concentration or to the level of
expression of GR.

Intermediate GR ACRD induces suppression of LH
behavior, while either very low or very high GR ACRD is
associated with LH behavior. These findings could be
related to the inverted ‘U’ function that has been described
in electrophysiology among the levels of CS and the primed
burst potentiation (PBP) and LTP phenomena (Diamond
et al, 1992; Kerr et al, 1994; Pavlides et al, 1995), in which
intermediate concentrations of CS in plasma (10–20 mg/dl)
yielded a peak potentiation, and MR and some GR
occupancy appears to be related to optimal performance.

However, although there exists a similarity in the
behavioral performance of the ADX-VEH and the SHAM
and ADXþCS 400 groups, there are likely to be other
factors that contribute to the two extreme arms of the ‘U’. It
is conceivable that the elevation of LH in either or both
ADX and SHAM animals could be mediated by changes in
central CRH activity (Dunn and Berridge, 1990; Owens
and Nemeroff, 1991). This hyothesis is supported by the
observations of Takamori et al (2001), who demonstrated
that the administration of specific antagonists of CRF
receptor subtype 1 (CRF1) in the behavior acquisition
phase, that is, 60 min before IS, reduced the number of
escape failures.

Finally, as the lowest dose of CS, ALDO administered to
ADX rats showed that MR occupancy alone is not sufficient
to block the onset and expression of the behavioral deficits
induced by IS exposure. The dose of ALDO used in this
experiment was previously reported to restore salt appetite
in ADX animals (McEwen et al, 1986), suggesting that
ALDO at that dose has a functional effect on the brain.
Rather, some GR occupancy is required, as indicated by the
fact that giving the GR antagonist RU 38486 to ADX rats
that received 100 mg/ml of CS prevented the suppression of
LH behavior seen at that dose. Future studies should
investigate the transition between MR and MRþGR
occupancy using combined treatments with ALDO and a
specific GR agonist, such as RU 28362.

In conclusion, CS levels that produce a high percentage
of MR depletion associated with a modest GR depletion are
necessary to avoid the instatement of behavioral impair-
ments in stressed animals, and thus suppress LH
behavior. High levels of GR depletion are associated

with a reversal of the suppression and an enhancement
of LH.
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