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Abstract

Imbalances in the corticosteroid milieu result in reductions in hippocampal volume in humans and experimental rodents. The
functional correlates of these changes include deficits in cognitive performance and regulation of the hypothalamic–pituitary–
adrenal axis. Since other limbic structures which are intricately connected with the hippocampal formation, also play an important
role in behavioural and neuroendocrine functions, we here used magnetic resonance imaging (MRI) to analyse how two of these
areas, the anterior cingulate and retrosplenial cortex, respond to chronic alterations of adrenocortical status: hypocortisolism
(induced by adrenalectomy, ADX), normocortisolism (ADX with low-dose corticosterone replacement), and hypercortisolism
(ADX with high-dose dexamethasone supplementation). Hypercortisolism was associated with a significant reduction in the volume
(absolute and normalized) of the left anterior cingulate gyrus as measured by MRI and confirmed using classical histological meth-
ods; a similar trend was observed in the right anterior cingulate region. In contrast, hypercortisolism did not influence the volume of
the adjacent retrosplenial cortex. The volumes of the anterior cingulate gyrus and retrosplenial cortex were unaffected by the absence
of adrenocortical hormones. These findings are the first to suggest that corticosteroid influences on the structure of the limbic system
extend beyond the hippocampal formation, i.e., to fronto-limbic areas also.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The prefrontal cortex, including the cingulate cortex,
regulates a variety of autonomic functions associated
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with the perception and response to stress in both rats
(Devinsky et al., 1995; Frysztak and Neafsey, 1991;
Frysztak and Neafsey, 1994; Henke, 1984; Neafsey,
1990; Sullivan and Henke, 1986) and humans (Damasio
et al., 1990; Wolf et al., 2002a). Adrenocorticosteroid
secretion represents the major endocrine response to
stress; besides orchestrating the organism�s physical
and physiological adjustments to stress, corticosteroids
act in the brain to coordinate the behavioural response
to stress and can induce changes in hippocampal struc-
ture and function. Assimilation of structural observa-
tions with large body of results from pharmacological
studies has lead to the consensus that corticosteroids
influences in the hippocampus are largely dependent
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on the balance between mineralocorticoid receptors
(MR) and glucocorticoid receptors (GR) activation
(for a review, see Sousa and Almeida, 2002). MR activa-
tion appears essential for the survival of existing and
newly generated neurons, while GR mediate neuronal
atrophy and synaptic loss (Leverenz et al., 1999; Sousa
et al., 2000; Vollmann-Honsdorf et al., 1997) or, in ex-
treme cases, cell loss (Sousa et al., 1999). Interestingly,
studies in both rodents (Sousa et al., 2000) and humans
(Starkman et al., 1999) have demonstrated that
hypercortisolemia-induced volumetric reductions are
reversible.

Surprisingly, studies on the influence of corticoste-
roid levels on the structure of other limbic brain
regions are sparse despite their implication in the reg-
ulation of the hypothalamic–pituitary–adrenal (HPA)
axis. Like the hippocampus, the cortex (including the
cingulate) expresses corticosteroid receptors (Chao et
al., 1989; Herman, 1993). Both the hippocampus and
cingulate cortex are activated by stressful stimuli
whose interpretation requires reference to previous
experience (�processive stressors�) and contribute to
the neural control of HPA activity (Diorio et al.,
1993). Extensive projections from the caudal anterior
cingulate cortex (ACC) to the retrosplenial cortex
(RSC) suggest that the RSC may also be involved in
the control of HPA activity. However, apart from a
single report showing that lesions in the RSC lead to
significant increases in corticosterone secretion (Suarez
and Perassi, 1988), there is a conspicuous lack of
information on this issue.

Besides their putative influence on HPA activity, both
the ACC and RSC are also implicated in several hippo-
campus-dependent cognitive functions. For example,
the medial prefrontal cortex (which includes the ACC)
processes short-term spatial memory in parallel with
the hippocampus (Lee and Kesner, 2003), and the
RSC is crucial in bridging neocortical and limbic struc-
tures involved in allothetic navigation (Whishaw et al.,
2001). As variations in the levels of corticosteroids are
also known to influence these cognitive processes
(McGaugh and Roozendaal, 2002; Oitzl et al., 1997),
evaluation of the structure of these extrahippocampal
regions following perturbations of the corticosteroid
milieu is pertinent.

Evaluation of brain structure (e.g., volume and cell
number estimations, synaptic density and dendritic
length measurements) is typically conducted post-
mortem. Direct comparison of post-mortem MR-based
hippocampal volumetry in mice at 11.7 T with stereol-
ogy on histological slices revealed high correlation
between both modalities (Redwine et al., 2003). Recent
in vivo MR studies with high field-strength and dedi-
cated head-coils demonstrate the feasibility to perform
repeated non-invasive imaging of the rodent brain with
submillimeter resolution. Thus, MRI has been employed
to study the dynamics of hippocampal lesions in rodent
epilepsy models, for example (Bouilleret et al., 2000;
John et al., 1996; Roch et al., 2002). Delineation of le-
sions by MRI report good correlations with histological
observations (Allegrini and Sauer, 1992; Ben-Horin
et al., 1996). Reliable depiction of limbic structures in
the rodent brain has also been demonstrated in vivo at
7 T (Wolf et al., 2002b). Here, a combined MRI and
conventional histological approach was used to address
the question of whether chronic alterations of the corti-
costeroid environment result in structural alterations in
the ACC and RSC of the adult rat; detection of changes
in these extrahippocampal structures will contribute to
our improved understanding of the behavioural and
neuroendocrine anomalies associated with disturbances
in corticosteroid secretion.
2. Materials and methods

2.1. Animals and treatments

Male Wistar rats (Charles River, Sulzfeld, Ger-
many), were used in this study. All treatments and
in vivo examinations were performed in accordance
with the European Communities Council Directives
of 24 November 1986 (86/609/EEC) and local regula-
tions on animal welfare. Animals were housed 5–6 per
cage under standard environmental conditions (tem-
perature 22 �C; relative humidity 70%; 12 h light:
12 h dark cycle [lights on at 6 a.m.]; ad libitum access
to food and drinking solution). Treatments were initi-
ated when the animals were 8 weeks of age and were
continued over a period of 11 weeks; body weights
were recorded twice weekly. The experiment included
the following treatment groups:

(i) Controls (CON) were sham-adrenalectomized rats
maintained on tap water (n = 5).

(ii) Adrenalectomized (ADX) rats (hypocortisolism)
were prepared surgically under halothane anesthe-
sia and maintained on 0.9% saline as drinking
solution (n = 5).

(iii) Corticosterone-replaced ADX (ADX + CORT)
animals (normo-cortisolism) were ADX as above
and received a drinking solution consisting of
7.5 lg/ml corticosterone (CORT) in 0.9% saline
(n = 6). CORT (Sigma, Deisenhofen, Germany)
was initially dissolved in 2-hydroxy-b-cyclodextrin
(Sigma). Pilot experiments showed that this
dose did not activate high-affinity glucocorticoid
receptors.

(iv) Dexamethasone-replaced ADX (ADX + DEX)
rats (hypercortisolism) were ADX as described
above and received the prototypic glucocorticoid
receptor agonist, dexamethasone (DEX), at a dose



Fig. 1. Landmarks used to delineate the anterior cingulate cortex in
MRI scans (a) and histological sections stained with Giemsa (b) are
shown. To estimate cross-sectional areas of regions of interest, a
systematic set of points was randomly overlaid on an image of the
scan/section and the points hitting the area under study were counted
(see Section 2).
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of 0.25 lg/ml in 0.9% saline (n = 7). Soluble DEX
(Fortecortine) was obtained from Merck (Darms-
tadt, Germany).

2.2. MRI acquisition

Animals were transferred to the MRI facility several
hours before scanning for adaptation. Animals were
anesthetized with halothane, orally intubated and
mechanically ventilated at a rate of 50 breaths/min with
1.7% isoflurane in 40% O2/60% N2. Ventilation was con-
trolled using a Datex AS/3 anesthesia monitor (Datex,
Finland). Animals were placed in a custom-built holder
with head fixation, an integrated surface head coil (cour-
tesy of M. Neumeir) and a heating pad. Body tempera-
ture was monitored with a rectal probe and maintained
at 38.0 ± 0.5 �C. A fibre-optic pulse oximeter (Nonin,
USA) was affixed to the left hindpaw to measure arterial
O2 saturation and heart rate throughout the experiment.

Imaging was performed on a Bruker 7 T Avance
Biospec 70/30 imager. Using the intrahemispheric cleft
as the initial landmark, three mutually orthogonal
planes (sagital, axial and coronal) were defined using
rapid-acquisition relaxation-enhancement (RARE)
scans. This served as a three-dimensional scaffold for
the positioning of a package of 20 coronal slices of
0.75 mm thickness between the most posterior portion
of the olfactory bulb and the base of the fourth ventri-
cle. For high resolution imaging a RARE sequence
with TR = 4096 ms, TEeff = 19.4 ms, RARE factor 4,
6 averages and a 512 · 384 matrix (0.75 mm slice
thickness, 0.1 mm gap, field of view 3.5 cm) was used.
Total acquisition time was 39 min 19 s. During recon-
struction, images were interpolated to a 512 · 512
matrix resulting in a nominal in-plane resolution of
0.068 · 0.068 mm2.

2.3. Post-mortem procedures

Animals were sacrificed by decapitation immediately
after removal from the scanner, while they were still
anesthetized. Trunk blood was collected for subse-
quent analysis of serum corticosterone levels by radio-
immunoassay (Corticosterone RIA kit, ICN
Biochemicals, Costa Mesa, CA). Thymi were excised
and maintained on saline-soaked filter papers until
weighing.

2.4. Volumetry

The ACC was outlined according to the landmarks
defined by Wolf et al., 2002b (Fig. 1). Briefly, a line con-
necting the extreme most dorso-lateral point of the cor-
pus callosum was connected to the most dorsal and
medial intra-hemispheric point of the cortex; this line
was continued by the inter-hemispheric line until the
intersection of the corpus callosum with the midline
and then turned laterally following the corpus callosum
to its most dorso-lateral point. The entire cortex within
the limits previously defined was measured, starting at
the closure of genu of the corpus callosum and terminat-
ing at the rostral limit of the hippocampus (see Fig. 2);
the chosen profiles for measurement necessarily ex-
cluded some of the ACC as its limits are poorly defined
in MRI, thus potentially compromising the precision of
the volume estimates. Since the retrosplenial granular
cortex represents the caudal continuation of the ACC,
this region of the brain was measured from the rostral



Fig. 2. Examples of the first (rostral) and last (caudal) MR slices used for ACC and RSC volume estimations in one animal of each treatment group.
ACC was measured from the closure of the genu of the corpus callosum (first slice where it was closed) to the rostral limit of the hippocampus (last
slice before its appearance). RSC was measured from the rostral limit of the hippocampus (first slice where it was present) to the caudal opening of
the corpus callosum (last slice before it was opened). See Section 2. CON controls; ADX adrenalectomized rats; ADX + CORT adrenalectomized
rats with corticosterone replacement; ADX + DEX adrenalectomized rats with dexamethasone treatment.
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limit of the hippocampus until the slice prior to the
opening of the corpus callosum (see Fig. 2), using the
procedures described above.

The right and left anterior cingulate and retrosplenial
areas were manually delineated by one rater (JJC),
blinded to treatment status, in consecutive coronal slices
containing these regions using StereoInvestigatore
(MicroBrightField, Williston, VT) software. Intra-rater
reliability coefficient was 0.96. Volumes were calculated
by multiplying the area by the inter-slice distance. Deter-
mination of hemispheric volume (excluding the olfac-
tory bulb, cerebellum and brain stem) was also
performed and cingulate cortex volumes were normal-
ized according to this value.

2.5. Histological procedures and estimations

A subset (n = 4) of animals from each experimental
group was used for histological analysis. The left
hemispheres were removed and immediately immersed
in isopentane followed by liquid nitrogen. Consecutive
30 lm coronal cryosections were stained with Giemsa
and coverslipped. Multiple identical linear measure-
ments were taken from fresh sections and in slides fol-
lowing processing; importantly, measures in all three
dimensions (along the x, y and z axis) were obtained.
The determination of the shrinkage factor (SFv) re-
sulted from the calculation of tissue retraction in every
dimension; this procedure was performed in all exper-
imental groups to determine differential tissue shrink-
age factors.

The volume of the left ACC was estimated on the ba-
sis of the Cavalieri�s principle. Briefly, every 4th section
was used for the estimates; the cross-sectional area of
the ACC was estimated by point counting (final magni-
fication · 112) using a test point system in which the
interpoint distance, at the tissue level, was 150 lm.
The volume of the left ACC was then calculated from
the number of points that fell within the area of interest
and the distance between the systematically sampled
sections.
2.6. Statistical analysis

Results are expressed as means and standard devia-
tions. Effects of treatment were examined by one-way
analysis of variance (ANOVA). Post-hoc linear poly-
nomial contrast tests were applied to test whether
means differed significantly from each other (pair-wise
comparisons). Correlation between volumetric determi-
nations in MRI and histological sections was deter-
mined by Pearson�s correlation test and Bland–
Altman agreement analysis (Altman and Bland,
1983). Differences were considered to be significant if
p < 0.05.
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3. Results

3.1. Biological efficacy of hormone manipulations

The efficacy of the various hormonal manipulations
was proven by their effects on body weight as judged
by ANOVA (F = 99.7; p < 0.001). Compared to the
CON and ADX + CORT-treated groups, ADX resulted
in a significant decrease in body weight over the experi-
mental period (p < 0.005). ADX + DEX-treated ani-
mals showed an even greater loss of body weight as
compared to CON (p < 0.001) and other treatment
groups (vs. ADX and vs. ADX + CORT p < 0.001)
(Fig. 3(a)).

ANOVA on ranks showed that all treatments re-
sulted in significant reductions of daytime plasma
CORT levels (F = 13.8; p = 0.003) (Fig. 3(b)). ADX
and ADX + DEX animals had undetectable levels of
CORT. Pair-wise analysis revealed that CORT levels
in ADX + CORT animals were significantly higher
than in both ADX (p = 0.019) and ADX + DEX-
treated rats (p = 0.03) and significantly lower than
those found in CON animals (p = 0.005). The elevated
CORT levels in adrenal-intact animals reflect the
stressful nature of the MRI procedure inasmuch as
blood samples were collected immediately after MRI
acquisition.

As expected, thymus weight proved to be a better
indicator of the corticosteroid status during the entire
experimental period. ANOVA revealed a significant ef-
fect of treatment on thymus weight at the time of au-
topsy (F = 6.0; p < 0.05). As compared to controls, the
thymus to body weight ratio was significantly increased
in ADX animals (p = 0.04), and this ratio was signifi-
cantly decreased in the ADX + DEX group of animals
(p = 0.002). Attesting to the fact that the CORT-
replacement paradigm did not involve occupation of
glucocorticoid receptors, ADX + CORT-treated rats
did not show any significant reduction in their thymus
to body weight ratios (Fig. 3(c)).
Fig. 3. Effects of hormonal manipulations on body weight (a), serum
corticosterone level (b) and thymus/body weight (c). CON controls;
ADX adrenalectomized rats; ADX + CORT adrenalectomized rats
with corticosterone replacement; ADX + DEX adrenalectomized rats
with dexamethasone treatment. Lines indicate significant differences
(p < 0.05) between experimental groups: (A) CON vs. ADX p < 0.005;
CON vs. ADX + DEX p < 0.001; ADX vs. ADX + CORT p < 0.005;
3.2. MR volumetry

3.2.1. Hemispheric volumes

Although there was a slight increase in the volume of
both left and right hemispheres in ADX animals and a
reduced volume in ADX + DEX-treated animals, ANO-
VA failed to reveal significant differences (F = 3.1;
p = 0.54 for right and F = 2.7; p = 0.74 for left hemi-
spheric volumes) in this parameter (Fig. 4(a)).
ADX vs. ADX + DEX p < 0.001; CORT vs. ADX + DEX p = 0.001;
(B) CON vs. ADX p = 0.005; CON vs. ADX + CORT p < 0.01; CON
vs. ADX + DEX p < 0.01; ADX + CORT vs. ADX p < 0.02;
ADX + CORT vs. ADX + DEX p < 0.05; (C) CON vs. ADX
p < 0.05; CON vs. ADX + DEX p = 0.002; ADX vs. ADX + DEX
p < 0.001; ADX + CORT vs. ADX + DEX p < 0.001.
3.2.2. Anterior cingulate cortex and retrosplenial cortex

volumes

ANOVA indicated a significant effect of treatment
on the absolute volume of the left ACC (F = 5.8;



Fig. 4. Volumetric determinations derived from MRI images. CON,
controls; ADX adrenalectomized rats; ADX + CORT adrenalecto-
mized rats with corticosterone replacement; ADX + DEX adrenalec-
tomized rats with dexamethasone treatment. (a) Hemispheric volumes.
(b) Cingulate cortex volume: CON vs. ADX + DEX p = 0.008; ADX
vs. ADX + DEX p = 0.006; ADX + CORT vs. ADX + DEX
p = 0.04. (c) Cingulate cortex volume expressed as a function of
hemispheric volumes: CON vs. ADX + DEX p = 0.02; ADX vs.
ADX + DEX p = 0.04. (d) Retrosplenial cortex volume. (e) Retro-
splenial cortex volume expressed as a function of hemispheric volumes.
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p < 0.005). Post-hoc tests revealed a significant reduc-
tion on the left ACC in ADX + DEX-treated animals
when compared to CON (p = 0.008), ADX (p = 0.006)
and ADX + CORT (p = 0.04)-replaced groups. On the
contralateral side, there was a similar trend but ANO-
VA failed to reveal a significant effect of treatment
(F = 3.0; p = 0.06) on the volume of the ACC (Fig.
4(b)).

Normalized values (anterior cingulate/hemispheric
volume) were also significantly affected by treatment
on the left hemisphere (F = 3.4; p < 0.05) but not on
the right (F = 1.3; p = 0.32). Comparisons among
groups revealed that ADX + DEX-treated animals have
a significant reduction of the normalized left ACC vol-
ume when compared to controls (p = 0.02) and ADX
(p = 0.04) rats (Fig. 4(c)).

None of the treatments caused significant volumetric
alterations in the left or right RSC (F = 0.49; p = 0.69
for right side and F = 0.12; p = 0.95 for left side)
(Fig. 4(d)).

Normalized values (retrosplenial/hemispheric vol-
ume) also failed to reveal significant differences on both
hemispheres (F = 0.68; p = 0.58 for right and F = 0.46;
p = 0.72 for left side) (Fig. 4(e)).

In order to test for the occurrence of a shift on the
demarcation between the two regions (since we were
using external landmarks), we computed and analysed
the combined RSA and ACC volumes. ANOVA of these
combined volumes revealed a significant effect of treat-
ment on the left hemisphere (F = 4.26; p = 0.02), AD-
X + DEX-treated animals having a statistically
significant smaller volume (10.2 ± 0.30 mm3) than both
CON (11.6 ± 0.31 mm3; p = 0.006) and ADX
(11.4 ± 0.19 mm3; p = 0.014) but not ADX + CORT–
treated (10.9 ± 0.3 mm3; p = 0.084) rats. On the right
side there was a similar trend (CON 12.0 ± 0.48 mm3;
ADX 11.7 ± 0.30 mm3; ADX + CORT 11.1 ±
0.36 mm3; ADX + DEX 10.5 ± 0.33 mm3) but ANOVA
failed to reveal a significant effect of treatment
(F = 3.198; p = 0.050).

To further elucidate the observed volume reductions,
the number of slices measured and a per slice average
volume were computed for each region (data shown
on Table 1). On the number of slices ANOVA failed
to reveal significant differences between groups both
for ACC (F = 1.100; p = 0.376) and for RSC
(F = 0.305; p = 0.822). According to the whole volume
results, analysis of per slice volumes indicated a signifi-
cant effect of treatment on the left ACC (F = 3.401;
p = 0,042), but not on the right ACC (F = 1.678;
p = 0.209), the left RSC (F = 0.228; p = 0.875) or the
right RSC (F = 0.093; p = 0.963). Post-hoc analysis con-
firmed a significant volume reduction on the left ACC in
ADX + DEX-treated rats as compared to CON
(p = 0.02) and ADX (p = 0.015) but not AD-
X + CORT-treated (p = 0.106) rats.



Table 1
Detailed analysis of data generated through MR images

CON ADX ADX + CORT ADX + DEX

ACC slice number 5.25 ± 0.25 5.25 ± 0.25 5.17 ± 0.17 4.86 ± 0.14
RSC slice number 3.75 ± 0.25 3.75 ± 0.25 3.50 ± 0.22 3.71 ± 0.18
Left ACC per slice volumea 1.51 ± 0.060 1.52 ± 0.065 1.45 ± 0.036 1.35 ± 0.033
Right ACC per slice volume 1.55 ± 0.078 1.52 ± 0.045 1.46 ± 0.024 1.41 ± 0.044
Left RSC per slice volume 1.03 ± 0.018 0.99 ± 0.021 1.00 ± 0.029 0.98 ± 0.068
Right RSC per slice volume 0.98 ± 0.035 0.92 ± 0.031 0.98 ± 0.030 0.98 ± 0.075

CON, controls; ADX adrenalectomized rats; ADX + CORT adrenalectomized rats with corticosterone replacement; ADX + DEX adrenalecto-
mized rat with dexamethasone treatment. Mean number of MRI slices used for ACC and RSC volume estimations and average per slice volume for
each region studied.
a Left ACC per slice volume: CON vs. ADX + DEX p = 0.020; ADX vs. ADX + DEX p = 0.015.

Fig. 5. Volumetric determinations of the left anterior cingulate cortex
in histological sections. CON, controls; ADX adrenalectomized rats;
ADX + CORT adrenalectomized rats with corticosterone replace-
ment; ADX + DEX adrenalectomized rat with dexamethasone
treatment.

Fig. 6. Correlation between volumetric determinations from MRI
images and histological analysis. For each animal, the volume
estimated from histological sections is plotted on the x-axis and the
volumes estimated from MRI against the y-axis; r represents Pearson�s
coefficient of correlation.
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3.3. Histology

The shrinkage factor was 1.08, 1.17, 1.07 and 1.04,
respectively, for controls, ADX, ADX + CORT and
ADX + DEX treatment groups. The slight variations
found in ADX and ADX + DEX-treated groups are
likely to reflect the expected reduced water content in
brain tissue of experimental groups (Fig. 5).

Although ANOVA on the histology data did not
reach significance (F = 2.83; p = 0.08), a strong correla-
tion was found between the histological and MRI esti-
mations of volumes of the left ACC (r = 0.91;
p < 0.001) (Fig. 6). The mean difference between the
two methods of estimation was �0.28 ± 0.56 mm3

(Bland–Altman analysis of agreement).
4. Discussion

Recent studies demonstrate high correlations between
MR volumetry and histology-based morphometry (Red-
wine et al., 2003); this high degree of agreement between
methods is not trivial insofar that it will serve a valida-
tion purpose in future applications of MRI for the in
vivo evaluation of brain structures on a longitudinal ba-
sis, i.e., repeated measures in the same individual. In
addition, recent advances in the application of contrast
agents, ranging from selectively staining hippocampal
substructures with Mn (Watanabe et al., 2002) to cell-
specific labeling with ferrous derivatives compounds
(Bulte et al., 2003), promise more detailed in vivo anal-
ysis in the future.

Despite the limited number of animals in each exper-
imental group, the results of the present study revealed a
significant correlation between ACC volumes obtained
by MRI assessment vs. conventional histology-based
analysis. It should be noted that the ability to precisely
outline the cingulate gyrus (except for its most rostral
portion) contributes importantly to this significant
correlation. It is pertinent to note that in parallel study
of the hippocampal formation, using the same
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experimental paradigm, we also observed a high correla-
tion between histology-based morphology and MR vol-
umetry (Schubert et al., 2004).

That corticosteroids influence hippocampal-
dependent learning and memory processes is now well
established (Arbel et al., 1995; Endo et al., 1996; Sousa
and Almeida, 2002). Importantly, most studies on the
neuromorphological effects of altered corticosteroid sta-
tus have, to date, focused on the hippocampal formation
because of this area�s high concentration of corticoste-
roid receptors, its key role in memory and learning pro-
cesses and its involvement in the control of the HPA
axis. As an example, it has been shown that depressed
patients, who have impaired glucocorticoid negative
feedback of the HPA axis, also have decreased hippo-
campal volumes (see for a review Campbell et al.,
2004). However, the full spectrum of effects of cortico-
steroid imbalance on the structure and function of other
brain regions, including areas displaying significant lev-
els of corticosteroid receptors, remains under-appreci-
ated. This study redressed this deficit in knowledge
with respect to the ACC and RSC. Both these structures
express (predominantly) glucocorticoid receptors (Chao
et al., 1989; Diorio et al., 1993), and have been impli-
cated in cognitive processes similar to those in which
hippocampal involvement has been demonstrated (see
Jackson et al., 1998; Kesner et al., 1996; Lee and Kesner,
2003); further, these regions are also thought to contrib-
ute to the control of HPA axis activity (Diorio et al.,
1993).

Decreases in the volume of the hippocampal forma-
tion, primarily due to changes in the volume of the
dentate gyrus, have been previously reported after
ADX in rats (Sloviter et al., 1989). Interestingly, the
opposite hormonal condition (i.e., hypercortisolism)
also results in significant decreases in the volumes of
several layers of the hippocampal formation (Sousa
et al., 1998). The present study in which the effects
of hypo- and hyper-cortisolism on the volumes of
the cingulate (anterior and retrosplenial) cortex were
evaluated are, to the best of our knowledge, the first
of their kind. No detrimental effects of ADX could
be observed on ACC or RSC volumes. In contrast,
a significant reduction was found in the volume of
the ACC in ADX animals supplemented with dexa-
methasone (ADX + DEX). While this difference was
only statistically significant in the left hemisphere, a
similar reduction was also noted in the contralateral
hemisphere. Remarkably, and demonstrating the selec-
tive vulnerability of the ACC to the induced hypercor-
tisolismic state, no volumetric differences were found
in the adjacent RSC. These findings prompted us to
analyse ACC volumes in histological sections in order
to confirm the volume estimates provided by MRI
scanning; indeed, we observed a strong correlation be-
tween the MRI and histological data.
The volumetric differences found in the ACC of dexa-
methasone-treated animals most likely depend on the
relative abundance of the two corticosteroid receptors
in this region: while the ACC expresses a high level of
glucocorticoid receptors, its complement of mineralo-
corticoid receptors is low (Chao et al., 1989). It therefore
appears that the relative abundance of each corticoste-
roid receptor subtype, rather than its absence per se,
may render the ACC vulnerable to the excess of circulat-
ing corticosteroids. Interestingly, although the RSC
shows a pattern of corticosteroid receptor distribution
similar to that found in the ACC, dexamethasone-
induced hypercortisolism did not produce marked
changes in RSC volume. This result resembles the obser-
vation that pyramidal neurons in the hippocampus are
not subject to ADX, corticosteroid and stress-induced
cell death despite their expression of both mineralocor-
ticoid and glucocorticoid receptors (Hassan et al.,
1999; Sloviter et al., 1989). Since virtually all neurons ex-
press corticosteroid receptors, the present differential re-
sponses of the ACC and RSC (as well as of the various
hippocampal cell types) raise the interesting question of
what might be the unique properties of particular cell
types (e.g., anterior cingulate cells) that render them
more vulnerable to corticosteroids.

Extensive and reciprocal connections between the
hippocampus and prefrontal cortex have been previ-
ously described. As previously mentioned, the ACC
and possibly the RSC are implicated in the control of
the HPA axis (Diorio et al., 1993; Feldman et al.,
1995; Mizoguchi et al., 2003) and, therefore, may also
be players in brain dysfunctions associated with dysreg-
ulation of this axis (e.g., depression, anxiety, post-
traumatic stress disorder) (Hamner et al., 1999), as well
as in disorders of cognition (Lupien et al., 1999, 2002;
Monk and Nelson, 2002; Newcomer et al., 1998; Porter
et al., 2002). Importantly, chronic stress, which results in
activation of glucocorticoid receptors, is known to in-
duce dysfunction of both the hippocampus (McEwen,
1999) and prefrontal cortex (Mizoguchi et al., 2000).

In conclusion, the present results demonstrate that
manipulations of the corticosteroid milieu affect the
structure of the limbic system beyond the hippocampal
formation, including the ACC. Curiously, despite the
intimate interconnectivity between the anterior and pos-
terior divisions of the cingulate cortex, the presently-
observed differential vulnerability of these structures to
dexamethasone exposure is intriguing and warrants fur-
ther enquiry with respect to the potential mechanisms
underlying this difference.
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