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Chronic stress has been associated with degenerative changes
in the rodent and primate hippocampus, presumably mediated
in part via neuronal glucocorticoid receptors (GRs). In the rat
brain, GRs are widely distributed and are particularly dense in
the hippocampus. The distribution of GRs in the primate brain,
however, has not been fully characterized. In this study, we
used in situ hybridization histochemistry and immunohisto-
chemistry to map the distribution of GR mRNA and GR protein,
respectively, in adult rhesus monkeys (Macaca mulatta). In
contrast to its well established distribution in the rat brain, GR
mRNA was only weakly detected in the dentate gyrus (DG) and
Cornu Ammonis (CA) of the macaque hippocampus, whereas it
was abundant in the pituitary (PIT), cerebellum (CBL), hypotha-
lamic paraventricular nucleus (PVN), and, to a lesser extent, the
neocortex. Immunohistochemical staining indicated a very low

density of GR-like immunoreactive cells within the macaque
hippocampal formation in contrast to the high density observed
within the PVN, prefrontal and entorhinal cortices, and cerebel-
lar cortex. Relative to the low level of GR, mineralocorticoid
receptor (MR) mRNA and protein expression were abundant
within the DG and CA of the rhesus monkey hippocampal
formation. These results indicate that, in the primate, neocorti-
cal and hypothalamic areas may be more important targets for
GR-mediated effects of glucocorticoids than the hippocampus.
Alternatively, it is also possible that glucocorticoid effects are
mediated through the MRs present in the hippocampal
formation.
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Hypothalamic–pituitary–adrenal (HPA) axis function is regu-
lated via the negative feedback actions of glucocorticoids (GCs)
at the level of the pituitary, hypothalamus, and suprahypotha-
lamic limbic structures such as the hippocampus and amygdala.
Feedback is mediated by the action of GC at two types of adrenal
steroid receptors, the type I or mineralocorticoid receptor (MR)
and the type II or glucocorticoid receptor (GR). Both types of
receptors have been extensively studied in the CNS of the rat,
dog, mouse, and hamster (Coirini et al., 1985; Reul and de Kloet,
1985; Luttge and Rupp, 1989; Reul et al., 1990). The GR has a
high affinity for synthetic glucocorticoid analogs such as dexa-
methasone and RU28362, with a lower affinity for corticosterone
and cortisol (Reul and de Kloet, 1985). In the rodent brain, the
GRs are widely distributed and are particularly dense in the
hippocampus and hypothalamic paraventricular nucleus (PVN)
(Fuxe et al., 1985; Reul and de Kloet, 1985; Uht et al., 1988; Van
Eekelen et al., 1988; Sousa et al., 1989; Jacobson and Sapolsky,
1991). In contrast, the MRs bind corticosterone (or cortisol) and
aldosterone with high affinity and are primarily localized in the
hippocampus and septum (Veldhuis et al., 1982; Reul and de

Kloet, 1985; McEwen et al., 1986; Jacobson and Sapolsky, 1991).
Available evidence from rat studies suggests that hippocampal
GRs participate in the shut-off of the HPA axis activation aimed
at restoring homeostasis, whereas MRs are involved in regulating
basal or trough levels of glucocorticoids (McEwen et al., 1986; de
Kloet et al., 1987; Jacobson and Sapolsky, 1991).

In the past decade a growing literature has described degener-
ative changes in the hippocampus as a result of chronic stress
(Sapolsky et al., 1986; Bremner, 1999). These reports, which were
originally based on studies of rat brain and later extended to
monkey and human brain, consistently conclude that stress-
related hippocampal damage is mediated by high levels of glu-
cocorticoids acting on hippocampal GRs. Whereas the anatomic
distribution of rat hippocampal GR has been extensively de-
scribed, surprisingly little is known about either GR or MR
distribution in the primate brain. The cDNAs for human GR and
MR have been cloned, and each corticosteroid receptor exists
in two isoforms (Hollenberg et al., 1985; Arriza et al., 1987;
Zennaro et al., 1995), allowing their structural and functional
characterization (Alnemri et al., 1991; Rupprecht et al., 1993).
There are, however, few quantitative or comprehensive analyses
of receptor binding available in primate brain (Tsuboi et al., 1979;
Yu et al., 1981; Sapolsky and Meaney, 1988; Brooke et al., 1994b),
partially because of the difficulty of obtaining tissue from adre-
nalectomized animals. Indeed, to our knowledge, there are no
detailed studies of regional expression of these receptors or their
mRNAs in the primate brain. In this study, we have mapped both
GR and MR mRNA as well as protein distribution in the ma-
caque CNS and pituitary using in situ hybridization histochemis-
try and immunohistochemistry, respectively. Our results suggest
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that extrapolation from rat brain to primate brain may be
misleading.

MATERIALS AND METHODS
Subjects and tissue collection. The brains and pituitaries used for analysis
in this study were obtained from eight adult rhesus monkeys. Two males
and two females, ages 5–13 years, were used for the in situ hybridization
study. The immunocytochemical study of GR and MR was performed in
tissue obtained from two males and two females ranging in age from 4 to
19 years old. After sedation with ketamine hydrochloride (10 mg/kg body
weight, i.m.) all animals were killed with an overdose of sodium pento-
barbital according to procedures recommended by the Panel on Eutha-
nasia of the American Veterinary Medical Association. For in situ
hybridization, the brains and pituitaries were quickly removed, and the
latter were frozen on dry ice. After a wash with cold PBS, brains were cut
into 1 cm coronal blocks using a rhesus brain matrix (A.S.I. Instruments,
Warren, MA). The brain blocks were then rapidly frozen on an alumi-
num plate on dry ice and stored at 270° C until further analysis. For
immunocytochemistry, three of the animals were perfusion-fixed under
deep anesthesia using cold Ringer’s solution followed by fixative contain-
ing 4% paraformaldehyde and 0.1% glutaraldehyde in sodium phosphate
buffer (PB; 0.1 M, pH 7.4). The fourth subject was perfusion-fixed with
2% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% picric acid to
compare the effects of different fixatives on the antigenicity of the
epitopes recognized by the antibodies. Coronal sections (60-mm-thick)
were obtained from the perfusion-fixed monkey brains on a vibrating
microtome.

Brain sections from adult Sprague Dawley rats (Harlan) were also
obtained to compare results with those from the primate brain. For in situ
hybridization, animals were anesthetized, and the brains were rapidly
removed, frozen on dry ice, and stored at 270°C until further analysis.
For immunocytochemical studies, the animals were perfused either with
a cold Ringer’s solution followed by fixative containing 4% paraformal-
dehyde and 0.1% glutaraldehyde in PB or with cold 0.9% saline followed
by a cold fixative solution containing 4% paraformaldehyde in PB. The
brains were then removed and, for the former fixative, coronal sections
(60-mm-thick) were obtained on a vibrating microtome. For the latter
fixative, the brains were post-fixed for 3 hr in 4% paraformaldehyde in
PB and then immersed in 0.1 M PB containing 20% sucrose for 48 hr at
4°C. The tissue was then frozen on dry ice, and 30-mm-thick coronal
sections were cut on a cryostat.

In situ hybridization. Serial 20 mm sections from the fresh frozen rhesus
tissue blocks and rat brains were collected via cryostat sectioning. The
sections were thaw-mounted onto glass slides precoated with gelatin and
poly-L-lysine or on Superfrost Plus slides (3 3 1 inch; Fisher Scientific,
Santa Clara, CA; 3 3 1.5 inch; Brain Research Laboratories, Waban,
MA), vacuum-dried overnight at 4°C, and then stored at 270°C in
airtight containers with desiccant.

In adjacent sections, radiolabeled human cRNA probes were used to
detect glucocorticoid (type II or GR) or mineralocorticoid (type I or
MR) receptor mRNAs by means of in situ hybridization following
procedures described previously (Young et al., 1997; Sánchez et al.,
1999). Frozen sections were thawed and fixed in 4% paraformaldehyde
(pH 7.4, 20 min at room temperature), rinsed twice for 5 min in 13 PBS
followed by a 15 min proteinase K digestion (10 mg/ml in 50 mM
Tris-HCl, pH 8.0, 5 mM EDTA) at room temperature. After a rinse in
deionized water, the sections were acetylated for 10 min in freshly
prepared 0.25% acetic anhydride in 0.1 M triethanolamine (TEA; pH
8.0), rinsed in 23 SSC, dehydrated in ascending ethanols, delipidated in
chloroform, rinsed in 95% ethanol, and air-dried. Sections were then
prehybridized for 2 hr at 53°C, rinsed in 23 SSC, dehydrated in ascend-
ing ethanols, and air-dried before hybridization. For studies of GR
mRNA, [ 35S]-radiolabeled antisense and sense cRNAs were transcribed
from a 472 bp cDNA EcoRI-XbaI fragment subcloned from a 4.79 kb
human GR cDNA clone (pOB7; Hollenberg et al., 1985) kindly provided
by Dr. R. M. Evans (The Salk Institute, La Jolla, CA). This 472 bp cDNA
clone spans nucleotides 2347–2846 of the a mRNA sequence of the
human GR, corresponding to 39 translated and nontranslated regions and
does not share sequence homology with the b mRNA isoform. This
nucleotide sequence of the human GR is highly conserved among spe-
cies, sharing a 95% homology with GRs of other primates and 93%
homology with the rat GR. To analyze MR mRNA, radiolabeled anti-
sense and sense strand RNA probes were transcribed from a 298 bp
cDNA clone amplified from a 3.75 kb cDNA clone encoding the human
MR (Arriza et al., 1987; kindly provided by Dr. R. M. Evans), using

custom-designed primers and following the PCR method. This 298 bp
PCR product was subcloned into the pCRII-TOPO vector (Invitrogen,
Carlsbad, CA) and corresponds to nucleotides 1515–1812 of the human
MR coding region, therefore recognizing both a and b MR mRNA
isoforms. The GR and MR probes did not cross-react because of the lack
of homology between nucleotide sequences of the two cDNAs. Antisense
and sense cRNA probes were synthesized incorporating [ 35S]-CTP (New
England Nuclear, Boston, MA) at a specific activity of 9 3 10 8 cpm/mg
probe. Purified cRNA probes were heat-denatured and added to the
hybridization solution at a final concentration of 0.3 mg probe 3 length
(in kilobases) per milliliter. Hybridization solution was applied to the
sections (150 ml to 3 3 1 inch slides or 210 ml to 3 3 1.5 inch slides) and,
after an overnight hybridization at 53°C, the sections were washed twice
for 15 min each in 23 SSC, 50% formamide, 0.1% 2-b-mercaptoethanol
(2-ME) at 53°C, then treated with ribonuclease A (RNase; 20 mg/ml in
RNase buffer) for 30 min at 37°C followed by incubation with DTT (1
mM) in RNase buffer for 30 min at 37°C. Thereafter, sections were
washed twice for 15 min each in 23 SSC and 0.1% 2-ME at 53°C. Final
high-stringency washes consisted of two 30 min washes in 0.13 SSC and
1% 2-ME at 53°C. The sections were then dehydrated in alcohol, air-
dried, and exposed to Kodak (Eastman Kodak, Rochester, NY) BioMax
MR film along with autoradiographic [ 14C]microscale standards (Amer-
sham, Arlington Heights, IL) for 10–15 d at room temperature. Specific
mRNA hybridization was determined by comparing the hybridization
signal from the antisense with that of the sense cRNA strand probe (see
Figs. 1, 2, 7 and 8). Representative sections were then dipped in NTB2
nuclear emulsion (Eastman Kodak), exposed for 3–8 weeks, developed,
and counterstained using thionin for microscopic examination of neuro-
anatomical localization of the receptor mRNAs.

Immunocytochemistry. The sections from the perfusion-fixed monkey
and rat brains were processed for the immunohistochemical localization
of GR and MR proteins at the light-microscope level. The sections were
pretreated with sodium borohydride (1% in PBS, 0.01 M, pH 7.4) for 20
min and with 20% methanol and 0.3% H2O2 in PBS for 30 min. They
were preincubated with either 10% normal goat serum (NGS; Vector
Laboratories, Burlingame, CA) for GR immunostaining or normal don-
key serum (NDS; Jackson ImmunoResearch, West Grove, PA) for MR
immunostaining, 1% bovine serum albumin (BSA; Sigma, St. Louis,
MO) and 0.4% Triton X-100 in PBS for 2 hr at room temperature. The
sections were then incubated at 4°C for 48 hr in the GR or MR primary
antibody solutions using either of two polyclonal (rabbit) anti-human GR
antibodies [GR 57; 1:2000; Affinity Bioreagents; or GR (E-20); 1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA] or a polyclonal (goat)
anti-human MR antibody [MCR (N-17); 1:1000; Santa Cruz Biotechnol-
ogy), in PBS and 1% NGS (or NDS) and 1%BSA with 0.4% Triton
X-100. The two GR antibodies used react with both the a and b GR
isoforms. The sections were then incubated with biotinylated anti-rabbit
IgGs (1:200; Vector Laboratories) for 2 hr at room temperature and then
placed in avidin–biotin–peroxidase (ABC) complex (1:100; Vector Lab-
oratories) for 1.5 hr. Tissue was developed in chromagen solution by
using a 0.03% 3–39diaminobenzidine-4HCl (DAB) solution, containing
0.003% H2O2 and 0.1 M nickel sulfate in acetate-imidazole buffer (125
mM sodium acetate and 10 mM imidazole, pH 6.5) for 7–10 min at room
temperature. The specificity of immunostaining was established by com-
paring adjacent tissue sections that where incubated either with the
absorbed immunosera (i.e., GR57, E-20, or MCR antisera that had been
previously incubated overnight with a fivefold excess of their respective
peptide immunogens at 4°C) or without the inclusion of primary
antiserum.

An additional immunocytochemical study was performed on adjacent
sections to those used for in situ hybridization analysis to analyze the
effects of the fixatives and antibody penetration on the GR immunore-
activity obtained. Frozen sections (20-mm-thick) were thawed and fixed
in prechilled 95% EtOH for 10 min. After a 5 min wash in PBS at 4°C,
sections were incubated with an endogenous peroxidase blocking agent
(Dako, Carpinteria, CA) for 10 min, followed by pretreatment with an
avidin–biotin blocking kit (Vector Laboratories, Burlingame, CA) and
preincubation with 10% NGS and 0.2% BSA in PBS for 15 min at room
temperature. The sections were then incubated in the GR57 antibody
solution (1:1500) in PBS plus 1% NGS and 0.2% BSA at 4°C for 24 hr
followed by incubation with biotinylated anti-rabbit IgGs (1:200; in PBS
plus 1% NGS and 0.2% BSA) for 1.5 hr at room temperature. Sections
were then placed in ABC solution (1:100) for 45 min, developed with a
0.04% DAB solution, containing 0.01% H2O2 in Tris-imidazole buffer
(50 mM Tris and 10 mM imidazole, pH 7.2) for 30 min at room temper-
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ature and lightly counterstained with thionin. The specificity of immu-
nostaining was established by comparing adjacent tissue sections that
where incubated with the absorbed immunosera.

To determine if GR-like-immunoreactive profiles belonged to neurons
or glial cells, we double-labeled some sections with GR and either
microtubule-associated protein-2 (MAP-2) or glial fibrillary acidic pro-
tein (GFAP). After staining for GR, as described above, sections were
preincubated with 10% normal horse serum (NHS; Sigma) with 1% BSA
and 0.4% Triton X-100 in PBS for 2 hr at room temperature, followed by
incubation with either a monoclonal (mouse) anti-MAP-2 (1:1000;
Boehringer Mannheim, Indianapolis, IN) or anti-GFAP (1:1000; Sigma)
antibody in PBS with 1% NHS, 1% BSA, and 0.4% Triton X-100. The
sections were then incubated with biotinylated horse anti-mouse IgGs
(1:500; Vector Laboratories) for 1.5 hr at room temperature and placed
in ABC complex (1:100; Vector Laboratories) for 1.5 hr. Tissue was de-
veloped in chromagen solution by using a 0.04% 3–39diaminobenzidine-
4HCl (DAB) solution, containing 0.003% H2O2 in Tris-imidazole buffer
for 7 min.

Data analysis. Autoradiograms from in situ hybridization studies were
analyzed using the NIH Image program (http://rsb.info.gov/nih-image).
The mean optical density (OD) per area was measured in each area of
interest [i.e., pituitary, hippocampal formation—including DG, hip-
pocampus proper (Cornu Ammonis subfields CA1-CA4)—hypothalamic
PVN, prefrontal, parietal, entorhinal /perirhinal and temporal cortices,
and cerebellar cortex] for both the antisense (AS) and sense (S) strand
radiolabeled cRNA probes. Specific mRNA hybridization signal was
calculated by subtracting the S from the total AS mean optical density
obtained in each area of interest. An average of three to four matched
sections were analyzed per region in a total of four animals (two males
and two females) for each region to generate mean OD units values.

Captured images were not altered, except for contrast enhancement
for illustration purposes and were printed using Adobe Photoshop soft-
ware (Adobe Systems, Mountain View, CA), except for Figures 3, 4 B–E,
5, 6 B,C, 9B–E, and 10 B, which are direct light photomicrographs.

Neuroanatomical localization of structures in both in situ hybridization
and immunocytochemistry studies was based on several macaque brain
atlases (Snider and Lee, 1961; Martin and Bowden, 1997; Paxinos et al.,
2000) and specific neuroanatomic reviews (Rosene and Van Hoesen,
1987).

RESULTS
There were no apparent age- or gender-related differences in the
pattern of GR mRNA hybridization signal or GR-like immuno-
reactivity across the animals used for these studies. The levels of
sense cRNA hybridization and immunostaining obtained with the
preabsorbed antibodies were consistently low across sections ex-
cept in the case of the GR hybridization signal in the hippocam-
pal formation (see below).

GR in situ hybridization
A very intense GR mRNA hybridization signal was found in
several regions, including the anterior lobe of the pituitary (AL),
molecular layer of the cerebellar cortex (ML) and PVN, as shown
in Figure 1 and quantified in Table 1. Moderate to high levels of
GR mRNA were found in neocortical /allocortical areas with
particularly high signal in temporal /entorhinal, parietal, cingu-
late, and prefrontal cortices. Surprisingly, low levels of GR
mRNA were found within the hippocampal formation, although
some signal was evident within apparent neuronal elements of the
DG. The hybridization signal detected in the Cornu Ammonis
and DG using the radiolabeled human cRNA antisense probe was
similar in density to that shown using the sense probe (Fig. 1) and,
therefore, likely represented nonspecific hybridization. This high
level of nonspecific hybridization in the hippocampus stands in
contrast to other regions studied where the sense strand produced
a uniform, low background level of hybridization and was in sharp
contrast to the high levels of specific GR mRNA signal found in
the rat hippocampus (Fig. 2; Sousa et al., 1989; Morimoto et al.,
1996).

Figure 1. Lef t, Representative autoradiograms showing GR mRNA in
situ hybridization signal with the [ 35S]-labeled human cRNA antisense
probe in the rhesus macaque pituitary and several regions of the CNS.
Note the low hybridization levels obtained in DG and CA1–4 of the
hippocampal formation, in comparison to the other regions sampled.
Right, Hybridization signal detected when using the sense cRNA radio-
labeled probe in adjacent sections. Scale bar, 1.5 mm. AC, Anterior
commissure; AL, anterior lobe of the pituitary; BNST, bed nucleus of the
stria terminalis; CA1–4, Cornu Ammonis subfields (1–4); CBL, cerebel-
lum; CEA, central nucleus of amygdala; DG, dentate gyrus of the hip-
pocampus; Ent ctx, Entorhinal cortex; GL, cerebellar cortex, granular
layer; HIPP, hippocampal formation; ML, cerebellar cortex, molecular
layer; MEA, medial nucleus of amygdala; P, cerebellar cortex, Purkinje
cell layer; PIT, pituitary; PL, posterior lobe of the pituitary; PreS, presub-
iculum; ProS, prosubiculum; PVN, hypothalamic paraventricular nucleus;
SON, supraoptic nucleus; Sub, subiculum; VMH, ventromedial hypotha-
lamic nucleus; V, third ventricle.
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GR immunocytochemistry
Both GR antisera used in this study (GR57 or E-20) as well as the
different fixative techniques (paraformaldehyde–glutaraldehyde
and paraformaldehyde–picric acid–glutaraldehyde fixative-
perfused sections, snap-frozen sections fixed with ethanol)
yielded similar results. Neither the preabsorbed GR (GR57 and
E-20) or MR antisera (MCR) used in this study showed specific
immunoreactivity in monkey or rat tissue.

As shown in Figure 3, GR-IR cells were detected within the
same regions of the rhesus monkey brain that expressed GR
mRNA, including the PVN, prefrontal and entorhinal cortices, as
well as the cerebellar cortex. The strongest immunostaining was
observed in the PVN (Fig. 3A,B). Within neocortical areas and
the entorhinal cortex, GR-IR cells were particularly dense in
layers II and III, whereas a more moderate density of immuno-
reactive processes were visible in layers IV-VI, and layer I was
almost devoid of GR-IR cells (Fig. 3E,F). Intense nuclear immu-
noreactivity predominated, although weak cytoplasmic staining
was also detected in scattered cells throughout these areas. The
cell nucleolus did not exhibit immunoreactivity. In some cases,

Figure 3. Light micrographs (A, C, E, 103; B, D, F, 403) showing the
immunohistochemical localization of GR in coronal sections through
sampled regions of the rhesus monkey CNS. A, B, High density of strongly
immunoreactive neuronal nuclei in the PVN; C, D, section through the
cerebellar cortex showing clusters of intensely immunostained nuclei
(arrows) in the molecular cell layer (ML), very close to the Purkinje cell
layer (P), and low density of moderately GR-IR cells in the rest of ML;
very few GR-IR processes are detected in the granule cell layer (GL); E,
F, the entorhinal cortex (but also neocortical areas, such as the prefrontal
cortex) shows high densities of intensely GR-IR cells in layers II-VI. Note
the predominant and intense nuclear immunoreactivity (arrows) in all
these regions. The big nuclear profile size of most of the GR-IR cells
seem to belong to neurons (arrows), except for a few scattered small
GR-IR nuclei (arrowheads), which could belong to glial cells. The cell
nucleolus does not exhibit immunoreactivity (double arrow), and some
GR-IR neurites were detected (open triangles). Scale bars: E, 150 mm
(103); F, 50 mm (403).

Table 1. Quantification of GR mRNA hybridization signal in different
structures of the CNS and pituitary of adult rhesus monkeys

Region (OD) Mean 6 SEM

PIT 57.00 6 7.15
CBL 44.22 6 5.01
PVN 27.39 6 5.76
Neocortex 20.99 6 5.07
DG 12.70 6 2.72
CA1 13.62 6 4.85
CA2 11.44 6 0.00
CA3 6.15 6 2.11

Data represent specific mean gray levels obtained by subtraction of the OD units
generated with the sense radiolabeled cRNA from those obtained with the antisense
probe in adjacent sections and after background subtraction. Mean gray levels
expressed as optical (OD) units. Results derived from in situ hybridization histo-
chemistry; three or four sections quantified per animal; n 5 4 animals, (two males
and two females).

Figure 2. A, C, GR mRNA in situ hybridization signal within the rat
paraventricular nucleus (PVN ) and hippocampal formation (HIPP). Note
the high levels of GR mRNA detected in both rat regions; B, D, hybrid-
ization signal detected when using the sense cRNA radiolabeled probe in
adjacent sections. Scale bar, 0.5 mm.
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GR-immunoreactivity was observed in the proximity of neurites,
most likely apical dendrites of pyramidal neurons within the
prefrontal and entorhinal cortices (Fig. 3F, open triangles). Coro-
nal sections through the macaque cerebellar cortex showed clus-
ters of intensely immunostained nuclei in the molecular cell layer
(ML) in the vicinity of the Purkinje cell layer (Fig. 3C,D) and,
occasionally, in the Purkinje cell layer itself. A low density of
moderately GR-positive nuclei were present in the rest of the
molecular cell layer with very few immunoreactive cells detected
in the granule cell layer. Overall, the density of GR-IR cells in the
cerebellum was lower than expected based on the levels of GR
mRNA detected in this region by in situ hybridization (Fig. 1).
Most of the GR-immunopositive nuclei found within the prefron-
tal and entorhinal cortices, as well as in the cerebellar cortex
showed colocalization with MAP-2 (see Fig. 5A,B), indicating a
neuronal phenotype.

Within the rhesus monkey hippocampal formation, the density
of GR-immunoreactive cells was low, and those positive cells
detected were weakly immunoreactive (Fig. 4). Only a moderate
density of weakly immunoreactive nuclei were observed in the
subiculum-prosubiculum and granule cell layer of the DG (Fig.

4B). In the DG, the large nuclear profile size appeared to belong
to neurons, and this was confirmed by the colocalization of GR
with MAP-2 in these cells (data not shown). Weak cytoplasmic
GR immunoreactivity was observed within the pyramidal cell
layer of the subiculum-prosubiculum. Only scattered and moder-
ately immunoreactive nuclei were consistently detected through-
out the molecular, and less throughout the pyramidal layers of
CA1-CA4 Ammon’s horn hippocampal subfields in the rhesus
monkey. The predominant small nuclear profile size of many of
these GR-immunoreactive cells indicated that they might be glia
(Fig. 4C–E), and this was confirmed by the observation that most
of these GR-IR cells were also GFAP-immunopositive (Fig. 5D).
Surprisingly, the MAP-2-immunopositive putative neurons
within CA1-CA4 pyramidal cell layers lacked GR immunostain-
ing (Fig. 5C). In contrast, using the same antibodies developed to
recognize the human GR, the rat hippocampus showed a high
density of strongly GR-IR nuclei within the granule cell layer of
the DG and pyramidal cell layer of CA1 and CA2 (Fig. 6).
Consistent with the apparent species difference in GR-IR in the
hippocampal formation, neither the number nor intensity of GR-
immunopositive cells in the macaque amygdala was as high as in

Figure 4. Photomicrographs of coronal sections
through the macaque hippocampal formation,
where a very low density of moderately GR-IR
cells was observed. A, Low magnification view of
the primate hippocampus; B, granule cells in the
DG, where some moderately stained GR-IR nu-
clei were found (arrows); representative images
of CA1 ( C), CA2–3 ( D), and CA4 (E) subfields,
showing a very low density of very lightly stained
GR-immunoreactive nuclei whose predominant
small nuclear profile size could belong to glial
cells (arrowheads). Scale bar (applies to B–E), 50
mm; 403.
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the central nucleus of the amygdala in the rat using the same
human antibody (data not shown).

MR in situ hybridization
In comparison with the distribution pattern of GR mRNA, the
MR mRNA hybridization signal was intense throughout the ma-
caque hippocampal formation. Message was evident in the DG as
well as in Cornu Ammonis subfields CA1–CA4, with the highest
MR mRNA levels detected within the DG and CA2-CA3 (Fig.
7A). In the rat, the MR mRNA hybridization signal was also high
in DG and CA subfields (Fig. 8A), although levels were lower in
CA3 than in the other Ammon’s horn subfields. Hybridization of
adjacent sections using the MR sense cRNA probe yielded unde-

tectable signal in either the macaque or rat hippocampal forma-
tion (Figs. 7B, 8B).

MR immunocytochemistry
In agreement with the data derived from in situ hybridization, a
high density of intensely stained MR-immunopositive cells was
evident within the hippocampal formation of the adult rhesus
macaque (Fig. 9), including DG, hippocampus proper (i.e., Cornu
Ammonis subfields: CA1, CA2, CA3, and CA4), subiculum, and
prosubiculum. High densities of intensely MR-immunopositive
nuclei were found within the granule cell layer of the DG as well
as in the narrow pyramidal cell layer of CA2 and CA3. Scattered
immunopositive nuclei were also evident in the stratum oriens of
these two Ammon’s horn subfields. In the CA1 subfield, a high
density of moderately immunopositive cells was observed in the
pyramidal cell layer (Fig. 9C). In addition to the predominant
localization of immunoreactivity in the nucleus, weak cytoplas-
mic and dendritic immunostaining was also detected in CA1 (Fig.
9C) and CA4 pyramidal neurons (Fig. 9E), although the density
of MR-IR cells was lower in this subfield, and the staining
intensity was weaker than in the rest of the hippocampus proper.

Figure 5. Light micrographs showing immunohistochemical colocaliza-
tion of GR ( purple) with MAP-2 ( A–C) or with GFAP (D) (brown) in
coronal sections through sampled regions of the macaque CNS. A, Colo-
calization of GR (in nucleus) and MAP-2 (in cytoplasm and dendrites) in
cerebellar cortex neurons (arrowheads); B, prefrontal cortex neurons
showing double staining for GR and MAP-2 (arrowheads); C, CA1
pyramidal neurons in the hippocampus were MAP-2-immunopositive
(open triangles), but did not show GR immunoreaction (double arrows
point to small GR-IR nuclei scattered among the pyramidal neurons); D,
glial cells in CA1 pyramidal cell layer showing colocalization of GR
(nucleus) and GFAP (arrows). Scale bar, 20 mm.

Figure 6. GR-immunoreactive cells in the rat hippocampal formation. A,
Low magnification; high densities of strongly immunoreactive cells were
found within the pyramidal cell layer of CA1 and CA2 (B) and the
granule cell layer of the DG (C), in comparison to the scattered and
moderately or weakly immunostained nuclei present in the rest of the
Cornu Ammonis subfields. Note the predominant and intense nuclear
immunoreactivity. Scale bar, 50 mm.
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The large nuclear profile of these cells suggested that they were of
neuronal phenotype. Similar to the macaque, in the rat (Fig. 10)
a high density of darkly stained MR-immunopositive large nuclei
was present in the DG and Ammon’s horn of the hippocampus.

DISCUSSION
The patterns of the GR mRNA and protein distribution observed
in this study suggest that the GR is only weakly expressed in the
rhesus hippocampal formation in contrast to the high levels of
expression detected in pituitary, cerebellar cortex, hypothalamic
PVN and neocortex. The high levels of both MR-like immuno-
reactivity and mRNA detected in the primate hippocampal for-
mation may provide an alternative target for glucocorticoid
effects.

The distribution and levels of GR and MR specific immuno-
staining paralleled the mRNA hybridization signal obtained with
the GR and MR cRNA probes, respectively. An exception was
the cerebellar cortex, where we observed very high levels of GR
mRNA, but only a moderate density of GR-immunoreactive cells.
This mismatch, previously reported in rat (Morimoto et al.,
1996), may reflect posttranslational modifications or differences in

protein stability among areas. The fact that both the MR mRNA
hybridization and immunohistochemical signals were very intense
in primate hippocampal sections adjacent to those used for the
GR studies, as well as the high levels of GR mRNA and protein
in the rat hippocampal sections, argue against a generalized
problem of penetrability of the GR probe or antibodies in the
primate hippocampus caused by fixation/digestion conditions dur-
ing the experiments or packing density of the cells in comparison
to other regions. Although the GR cRNA probe used hybridizes
with the a, but not the b, GR mRNA, the use of GR antibodies
that react with both the a and b GR isoforms in our immunohis-
tochemical studies indicate that the levels of both GR isoforms
are low in the rhesus hippocampus.

The pattern of GR and MR distribution in the rat was consis-
tent with previous reports (Table 2) and is consistent with results
from receptor-binding studies (McEwen et al., 1986; Jacobson
and Sapolsky, 1991). Interestingly, CA1-CA2 pyramidal cells and
DG granule cells coexpress GR and MR in the rat, suggesting
integration of the activation of both receptors depending on the
circulating levels of corticosterone (de Kloet et al., 1994). In
contrast to the rat, the monkey hippocampus contained low levels
of GR mRNA and protein that were mainly detected within the
DG granule cell layer and the subiculum-prosubiculum pyramidal
cell layer. The colocalization of GR with GFAP in the molecular
layers of different subfields suggests that these small GR-IR
nuclei belong to glial cells. In contrast to GR, MR mRNA and
protein levels were high in the rhesus hippocampal formation,
specifically in the DG granule cell layer and CA1–CA3 pyramidal
cell layers, in agreement with previous reports of MR mRNA in
human (Seckl et al., 1991) and nonhuman hippocampus (Johnson
et al., 1996).

Detectable levels of GR mRNA have been reported in the
hippocampal formation of human (Seckl et al., 1991, 1993; Tohgi
et al., 1995; Wetzel et al., 1995; Lopez et al., 1998) and nonhuman
primates (Johnson et al., 1996) by means of in situ hybridization
or RT-PCR (De Rijk et al., 1998). In agreement with our results,
GR mRNA was detected in DG, although some studies also
reported hybridization within the Ammon’s horn, particularly in
CA3. Unfortunately, these studies do not report GR mRNA and
protein levels of expression in other CNS regions, making it
difficult to compare the relative abundance of GR in the hip-
pocampus. Separate immunohistochemical observations support
our conclusion that the macaque hippocampal formation—in
particular the hippocampus proper—may not be the major site of
GR expression (Öngür and Price, 1997; Leverenz et al., 1999a).
While the human hippocampus may be different from that of the

Figure 7. A, Representative autoradio-
gram showing MR mRNA in situ hy-
bridization signal within the rhesus
monkey hippocampal formation. Note
the high levels of MR mRNA detected
within the DG and Ammon’s horn sub-
fields, specifically within CA2-CA3 sub-
fields. B, Hybridization signal detected
when using the sense cRNA radiola-
beled probe in adjacent sections. Scale
bar, 1.5 mm.

Figure 8. A, MR mRNA in situ hybridization signal within the rat
hippocampal formation. Note the high levels of MR mRNA detected
within the DG and Ammon’s horn subfields; B, hybridization signal
detected when using the sense cRNA radiolabeled probe in adjacent
sections. Scale bar, 1 mm.
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monkey, some human studies also contradict predictions about
corticosteroid receptor regulation based on the rodent literature.
For example, the upregulation (Wetzel et al., 1995), or lack of
change (Seckl et al., 1993), of hippocampal GR mRNA in hyper-
cortisolemic Alzheimer’s disease patients is opposite to the pre-
dicted decreased levels expected with high plasma corticosterone
in rats.

Although the distribution of GRs and MRs has not been fully
characterized in the primate brain, there have been some quan-
titative analyses of receptor binding. Given the caveat that in
most studies the true binding values may be masked because of
receptor occupancy by endogenous hormones (Tsuboi et al., 1979;
Sarrieau et al., 1986; Brooke et al., 1994a), the reported number
of available (unoccupied) GR binding sites in the primate hip-
pocampus was lower than in the neocortex, cerebellum, or hypo-
thalamus (Brooke et al., 1994b). It is noteworthy that in some of
these cases dissection of the hippocampal formation included the
entorhinal cortex, an area showing high levels of GR in our study.
To avoid the confound of endogenous hormones, other studies
have measured binding of [3H]-dexamethasone or [3H]-cortisol
in adrenalectomized or metyrapone-treated primates (Gerlach et

al., 1976; Sapolsky and Meaney, 1988). Although the reported
binding was high in Cornu Ammonis and hippocampal DG, these
ligands cannot distinguish between the MR and GR in the pri-
mate. Apart from the higher affinity of cortisol for the MR,
dexamethasone has high affinity for both primate corticosteroid
receptor types (Rupprecht et al., 1993), an important species
difference from rat receptors (Krozowski and Funder, 1983; Su-
tanto and de Kloet, 1987). Thus, the high levels of MR found
within the macaque Ammon’s horn and DG could be at least
partially responsible for the previously reported binding of glu-
cocorticoids in the primate hippocampus.

There is evidence that stress-induced glucocorticoid elevations
participate along with excitatory amino acids in mediating alter-
ations in hippocampal morphology, including dendritic atrophy,
suppression of ongoing neurogenesis (Cameron et al., 1995;
McEwen, 1997), and even neuronal loss (Sapolsky et al., 1985).
The thesis of hippocampal involvement in the neurodegenerative/
cognitive effects of corticosteroids has been supported by the high
density of GRs in the rodent hippocampus (McEwen et al., 1986)
thought to be a principal neural target tissue of GCs (Sapolsky
and Pulsinelli, 1985; McEwen et al., 1992). GRs have been impli-

Figure 9. Immunohistochemical localization of
MR in the rhesus monkey hippocampal formation.
A, Low magnification field of view; B, high density
of moderately MR-IR nuclei (arrows) within the
DG granule cell layer; C, high density of MR-IR
cells, moderately immunostained, in the CA1 sub-
field, where weak cytoplasmic (star) and dendritic
(open triangles) immunostaining was detected in ad-
dition to the predominant nuclear immunoreactivity
(arrows); E, this same pattern was observed in the
CA4 pyramidal cell layer, although less density of
MR-IR cells was detected; D, intensely MR-IR cells
in the pyramidal cell layer of CA2 and CA3. Scale
bar, 50 mm.
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cated in the GC-mediated degeneration of pyramidal cells in the
Ammon’s horn after chronic stress in rats (Kerr et al., 1991;
Watanabe et al., 1992) or psychosocial conflict in tree shrews
(Magariños et al., 1997). The alterations reported, including
neuronal loss, dendritic atrophy, and alterations in synaptic struc-

ture, are similar to the effects of chronic administration of high
levels of corticosterone (Woolley et al., 1990). Paradoxically, the
damage is found primarily among the CA3 pyramidal neurons,
(Woolley et al., 1990; Magariños et al., 1997), which contain
considerably lower levels of GRs than other Ammon’s horn
subfields or the DG in the rat. In spite of this anatomical mis-
match, it is generally accepted that GCs act directly on rat
hippocampal neurons to compromise their ability to survive dif-
ferent metabolic insults (Sapolsky et al., 1988; Lawrence and
Sapolsky, 1994), including endogenously released excitatory
amino acids (Sapolsky and Pulsinelli, 1985; Armanini et al., 1990;
Virgin et al., 1991; Moghaddam et al., 1994), at least partially
through GC-induced inhibition of glucose uptake by these neu-
rons (Kadekaro et al., 1988).

Cellular damage has also been reported in CA2/CA3 pyramidal
neurons of vervet monkeys exposed to fatal social stress (Uno et
al., 1989) or cortisol (Sapolsky et al., 1990). An inverse correla-
tion between plasma cortisol concentrations and hippocampal
formation volume has been detected in patients with spontaneous
Cushing’s syndrome (Starkman et al., 1999), recurrent depressive
disorder (Sheline et al., 1996), or post-traumatic stress disorder
(PTSD) (Bremner et al., 1995). However, not all studies have
consistently found negative effects of glucocorticoids on the pri-
mate hippocampus. Chronic high-dose GC administration did not
result in neuronal loss or in density or volume changes of any
hippocampal subfield, including CA2/3 (Leverenz et al., 1999b),
areas considered most vulnerable to GC neurotoxic effects (Land-
field et al., 1981; Sapolsky et al., 1985). Similarly, no “major
morphological changes or signs of neuronal cell death” were
found in hippocampi of corticosteroid-treated or depressed pa-
tients (Müller et al., 1998; D. F. Swaab, personal communication),

Figure 10. MR immunohistochemical localization in the rat hippocam-
pal formation. A, Low magnification field of view; B, high density of
darkly immunostained MR-IR nuclei in the rat CA1 of the hippocampus,
as a representative example. Scale bar, 50 mm.

Table 2. Relative densities of GR-/MR-immunoreactive and GR/MR mRNA-containing cells in some regions of the rat CNS

Region

GRa,b MRc

GR-IR cells GR mRNA MR-IR cells MR mRNA

Hippocampal formation
DG, CA 1 and 2 111 1111 111 111

CA 3 and 4 1/11 1 111 111

Amygdaloid nuclei (CEA, MEA) 11/111 111 11 1/11

Neocortex 11 11 11 11

Septal region
Lateral septal nucleus 11 1/11 111 111

Medial septal nucleus 2/1 1 11 11

BNST, caudate putamen 11/111 11 11/111 1/11

Hypothalamus
PVN 111 111 1 2

SON 2/1 11/111 1 2

VMH, arcuate n. 11/111 111 11 2/1
Thalamic nuclei 11 11/111 11/111 11

Brainstem
Locus coeruleus 111 111 2 2

n. solitary tract, ambiguus, trigeminal, red 1/11 11 11 111

Spinal cord 11 1 11 111

Cerebellar ctx (Purkinje and granule cells) 11/111 11/111 11 1/11

Circumventricular organs (subfornical organ) 2/1 1 111 2

White and pia matter, choroid plexus 1 (glia) 1 2/1 2

References: aGR immunohistochemical studies (Fuxe et al., 1985; Uht et al., 1988; Ahima and Harlan, 1990; McGimsey et al., 1991; Cintra et al., 1994; Morimoto et al., 1996);
bGR in situ hybridization studies (Sousa et al., 1989; Morimoto et al., 1996); cMR immunohistochemical, Western blot and in situ hybridization studies (Arriza et al., 1988;
Van Eekelen et al., 1988; Chao et al., 1989; Ahima et al., 1991; Agarwal et al., 1993). 1111, Very high density of immunopositive cells or very high levels of mRNA
hybridization signal; 111, high density; 11, moderate density; 1, low density; 2, non-detectable levels. For abbreviations, see list in Figure 1, legend.
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whereas changes in the hypothalami were reported (Erkut et al.,
1998). Accordingly, despite elevated baseline cortisol in children
with PTSD (De Bellis et al., 1999a), no decreases in hippocampal
volume were observed by means of MRI (De Bellis et al., 1999b).
A low density of GR in the primate hippocampal formation could
partially explain these results and introduces the possibility that
glucocorticoids effects are different in the primate and rodent
hippocampus. Although the (low) GR levels detected in the DG
could be mediating GC effects on neurogenesis, GC effects, if any,
on Ammon’s horn pyramidal neurons are probably indirect either
through the heavy excitatory afferent input they receive from the
DG granule neurons, or through their interaction with GR-
expressing glial cells. The paucity of GRs in the primate CA1–4
pyramidal neurons suggests that the mechanism of adrenal ste-
roid actions in the hippocampus proper needs to be re-evaluated.

Interestingly, stress and GCs also increase extracellular gluta-
mate accumulation in neocortical areas (Lowy et al., 1993;
Moghaddam, 1993; Moghaddam et al., 1994; Stein-Behrens et al.,
1994) where signs of neuronal degeneration have been detected in
addition to the damage reported in the primate hippocampus
(Uno et al., 1989, 1990). The high density of GR in the neocortex,
hypothalamus, and cerebellum suggests that, in primates, these areas
might also serve as targets for the neurodegenerative actions of GCs,
mediating the cognitive, behavioral, and endocrine impairments
observed after chronic stress or prolonged exposure to GCs.

In summary, very low levels of GR mRNA and protein were
observed in the primate hippocampal formation, particularly in
the Ammon’s horn subfields, where high levels of MR mRNA and
protein were detected. This pattern is in stark contrast to that in
the rat. Both MRs and GRs interact to regulate HPA axis activity
(Arriza et al., 1988; Spencer et al., 1998). The hypothesis that the
GR:MR ratio reflects regional susceptibility to stress or GCs (de
Kloet et al., 1993) and that MRs may serve a neuroprotective role
in response to excitotoxic challenge (McCullers and Herman,
1998) reinforces the need to explore the potential role of the high
density of MRs present in the primate hippocampus.
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