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SUMMARY
Neurobiological studies of stress often focus on the hippocampus where cortisol binds with different
affinities to two types of corticosteroid receptors, i.e., mineralocorticoid receptor (MR) and
glucocorticoid receptor (GR). The hippocampus is involved in learning and memory, and regulates
the neuroendocrine stress response, but other brain regions also play a role, especially prefrontal
cortex. Here we examine MR and GR expression in adult squirrel monkey prefrontal cortex and
hippocampus after exposure to social stress in infancy or adulthood. In situ hybridization
histochemistry with 35S-labeled squirrel monkey riboprobes and quantitative film autoradiography
were used to measure the relative distributions of MR and GR mRNA. Distinct cortical cell layer-
specific patterns of MR expression differed from GR expression in three prefrontal regions. The
relative distributions of MR and GR also differed in hippocampal Cornu Ammonis (CA) regions. In
monkeys exposed to adult social stress compared to the no-stress control, GR expression was
diminished in hippocampal CA1 (P=0.021), whereas MR was diminished in cell layer III of
ventrolateral prefrontal cortex (P=0.049). In contrast, exposure to early life stress diminished GR but
not MR expression in cell layers I and II of dorsolateral prefrontal cortex (P’s<0.048). Similar
reductions likewise occurred in ventrolateral prefrontal cortex, but the effects of early life stress on
GR expression in this region were marginally not significant (P=0.053). These results provide new
information on regional differences and the long-term effects of stress on MR and GR distributions
in corticolimbic regions that control cognitive and neuroendocrine functions.
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INTRODUCTION
Stressful experiences generally trigger a neuroendocrine cascade that stimulates secretion of
cortisol from the adrenal cortex (Smith and Vale, 2006). Cortisol diffuses into the brain and
binds with different affinities to two types of corticosteroid receptor, i.e., Type I or
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mineralocorticoid receptor (MR) and Type II or glucocorticoid receptor (GR). MR has a high
binding affinity, is extensively occupied most of the time, and regulates the transcription of
genes involved in tonic neurotrophic effects (Woolley et al., 1991; McCullers and Herman,
1998; Gass et al., 2000; Rozeboom et al., 2007). GR has a low binding affinity, is mainly
occupied during periods of stress, and regulates the transcription of genes involved in
neurodegenerative effects (Kim and Diamond, 2002; Sousa and Almeida, 2002; Morsink et
al., 2006; Landfield et al., 2007). The relative balance between MR and GR distributions is
therefore important for understanding how stress levels of cortisol affect brain regions that play
a role in cognitive and neuroendocrine functions (Lupien and McEwen, 1997; Lopez et al.,
1998; Holsboer, 2000; de Kloet et al., 2005).

Although both MR and GR are expressed in human (Watzka et al., 2000; Webster et al.,
2002; Xing et al., 2004) and monkey (Patel et al., 2000; Sanchez et al., 2000; Pryce et al.,
2005) prefrontal cortex, cell layer-specific differences in the relative balance between MR and
GR prefrontal distributions have received little attention. In rats, for example, early life stress
down regulates GR but not MR expression in prefrontal cortex analyzed as one contiguous
region (Avishai-Eliner et al., 1999; Ladd et al., 2004). GR expression in a similar region of rat
prefrontal cortex is likewise down regulated by chronic stress conditions in adulthood
(Mizoguchi et al., 2003). Here we examine prefrontal cortical cell layer-specific patterns in
MR and GR expression in adult squirrel monkeys exposed to chronic social stress in infancy
or adulthood. Stress-induced changes in MR and GR expression are also examined in regions
of the squirrel monkey hippocampus.

METHODS
Experimental design

Twelve male squirrel monkeys (Saimiri sciureus) that were born and raised at the Stanford
University Animal Research Facility were randomized to the following treatment conditions
in adulthood at ∼9 years of age (range 7.2-10.6 years). In one condition, monkeys were exposed
to six intermittent social separations that each lasted three weeks in duration. During each
separation, monkeys were individually housed and could see, hear, smell, but not touch other
unfamiliar monkeys. After each intermittent separation, new male pairs were subsequently
formed and maintained for nine weeks. New pair formations (Coe et al., 1982) and social
separations (Lyons et al., 1999) are known to increase cortisol levels in adult squirrel monkeys.
In the no-stress control condition, adult monkeys were housed with the same male companion
in stable same-sex pairs. As part of prior studies, the monkeys from each adult treatment
condition were exposed, from 2.5 to 5.5 months of age, to postnatal psychosocial stress or no-
stress conditions described elsewhere in detail (Lyons et al., 2002). Randomization of monkeys
to the adult conditions was stratified by prior postnatal conditions to provide similar size
samples in the 2 × 2 factorial design (Figure 1). Monkeys were maintained throughout the study
with lights on:lights off at 0700:1900 hours, with unlimited access to food and water. There
were no significant weight differences between groups or following intermittent separations.
All procedures were conducted in accordance with the Animal Welfare Act, and were approved
by Stanford University’s Administrative Panel on Laboratory Animal Care.

Tissue collection and in situ hybridization
Brain tissues were collected 12-weeks after the end of the last adult social separation while all
monkeys were housed in pairs. Monkeys were anesthetized with an intramuscular injection of
10 mg/kg ketamine, followed by euthanasia with an intravenous overdose of 120 mg/kg
pentobarbital. Craniotomies were performed, brains were removed, and the left and right
cerebral hemispheres were separated by a mid-sagittal incision. Left cerebral hemispheres were
placed in a custom-designed acrylic brain matrix, and coronally cut into blocks that were frozen
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in isopentane on dry ice at -40°C. One block contained all prefrontal tissue from the anterior
commissure to the frontal pole, and another block included the entire hippocampus. All brain
tissue collections occurred between 08:00-09:30 hours to control for diurnal variation in MR
and GR expression (Holmes et al., 1997).

Twenty micrometer thick tissue sections cut on a Leica CM1900 cryostat were thaw-mounted
onto Superfrost Plus glass slides and stored at -80°C. Selected slides were fixed for 1 hr in 4%
paraformaldehyde before processing for in situ hybridization histochemistry. GR was
measured using a previously characterized 390 base antisense probe (cRNA) directed against
nucleotides 376-765 (spanning amino acids 4-133) of squirrel monkey GR cDNA (Genbank
#AF041834). MR was measured with a previously characterized 392 base cRNA directed
against nucleotides 1-392 (spanning amino acids 1-130) of squirrel monkey MR cDNA
(Genbank #AF245224). Both cDNAs were cloned in bifunctional vectors that permitted anti-
sense and sense strand riboprobe construction from bacterial promoters. Riboprobe synthesis
and hybridization were carried out as described elsewhere (Patel et al., 2000). Slides were
exposed to Biomax MR film for 1 to 3 days along with [14C]-radiolabeled standards
(Amersham) to assure that specific signal did not exceed the linear range of the film.
Hybridization controls included incubation of tissue with sense-strand constructs or RNase
pretreatment. As previously reported (Patel et al., 2000), no signal was generated in either
control condition.

Image analysis
Digital grayscale images of the radiographic films were analyzed using NIH Image v1.62
software without knowledge of the treatment conditions. Prefrontal GR and MR expression
were examined in adjacent 1-in-40 serial sections randomly selected from each monkey at the
genu of the corpus callosum. On each section three line transects were placed perpendicular
to the pial surface and traversed the full width of prefrontal cortical tissue (Figure 2a-c). The
medial transect was positioned to sample subcallosal agranular cortex lacking a well-developed
cell layer IV (Brodman Areas 25). The dorsolateral transect was positioned over dysgranular
cortex between Areas 6 and 8. The ventrolateral transect was positioned to sample granular
cortex with a well-developed cell layer IV (Area 11/44). Specific regions were determined
from Nissl stained sections and cytoarchitectonic maps of squirrel monkey prefrontal cortex.

Along the entire length of each line transect from the pial surface to the edge of white matter
continuous optical densities were collected using NIH image software. These data were used
to construct profile plots linearly interpolated to a common anatomical scale (i.e., percentage
of total cortical width) as described for a similar analysis of GR (Webster et al., 2002) and MR
(Xing et al., 2004) expression in human prefrontal cortex. Cortical cell layer-specific measures
were derived from the percentage of total cortical width representing each layer based on the
criteria of Rosabal (1967) for squirrel monkey prefrontal cortex. The percentages of total
cortical width for each cell layer in ventrolateral prefrontal cortex were as follows: layer I
(1-10%), layer II (11-18%), layer III (19-51%), layer IV (52-61%), layer V (61-76%), and layer
VI (77-100%). The percentages of total cortical width for each cell layer in dorsolateral
prefrontal cortex were: layer I (1-9%), layer II (10-14%), layer III (14-48%), layer IV (49-57%),
layer V (58-77%), and layer VI (78-100%). The percentages of total cortical width for each
cell layer in medial prefrontal cortex were: layer I (1-9%), layer II (10-21%), layer III (22-56%),
layer IV was not present, layer V (57-75%), and layer VI (76-100%). The validity of these
laminar specifications was confirmed by measuring the depth of each boundary on Nissl stained
sections adjacent to those that were used for MR and GR hybridizations. Optical density data
were background corrected, normalized to the maximum value for each region-specific
riboprobe assay to control for inter-assay variability, and averaged across two serial sections
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per monkey for each regional transect and type of receptor to serve as the units for statistical
analysis.

Optical density data for GR and MR were also collected from adjacent 1-in-40 serial sections
randomly selected to encompass the entire rostro-caudal extent of the hippocampus, i.e., 8-12
sections per monkey for each type of receptor. On each section, we manually traced the borders
of dentate gyrus, CA1, and CA2-3 regions. The anatomic level of analysis was determined
from Nissl stained sections and a squirrel monkey brain atlas (Gergen and MacLean, 1962).
Optical density data were background corrected, normalized to the maximum value for each
region-specific riboprobe assay to control for inter-assay variability, and averaged across 8-12
serial sections per monkey for each hippocampal region and type of receptor to serve as the
units for statistical analysis.

Statistical analysis
A single mixed factor four-way analysis of variance (ANOVA) was used to simultaneously
examine GR and MR expression along each prefrontal transect. Adult and postnatal stress
treatment conditions were considered between-subjects factors, and cortical layer and receptor
type were the within-subjects factors. An identical ANOVA was used to examine GR and MR
in hippocampus with region included in the analysis instead of cortical cell layer. Statistically
significant interactions discerned by the omnibus ANOVAs were subsequently deconstructed
and analyzed by two-way ANOVAs to assess adult and postnatal stress effects. Body weights
were compared by Student’s t-test. All test statistics are evaluated with two-tailed probabilities
(P<0.05).

RESULTS
Prefrontal cortical cell layer-specific differences in GR and MR expression

A significant receptor type-by-cortical layer interaction was discerned for all three prefrontal
regions (ventrolateral, F(5,40)=118.95, P<0.001; dorsolateral, F(5,40)=51.76, P<0.001;
medial, F(4,32)=13.48, P<0.001). Both GR and MR were clearly expressed in cortical cell
layers I-III, but differences in the relative distributions of GR and MR expression emerged in
the deeper cell layers (Figure 2d-f). MR expression was consistently diminished in cortical cell
layers V and VI, as the relative balance between MR and GR shifted in favor of GR expression
in the deeper cortical cell layers.

Stress-dependent differences in prefrontal MR and GR expression
A significant adult social stress-by-receptor-by-cortical layer interaction was discerned for the
ventrolateral prefrontal cortex (F(5,40)=78.21, P<0.001). Adult stress effects were not
significant for GR expression in the ventrolateral region (Figure 3a), but MR expression in
layer III was significantly diminished (-19%) by adult stress exposure compared to the no-
stress condition (F(1,8)=5.39, p=0.049; Figure 3b). Conversely, exposure to postnatal stress
diminished GR but not MR expression in layer I (-14%; F(1,8)=5.97; P=0.04) and layer II
(-18%; F(1,8)=5.44, p=0.048) of dorsolateral prefrontal cortex (Figure 4a-b). A similar
reduction in GR expression in layer I was also discerned in ventrolateral prefrontal cortex (data
not shown), but the postnatal stress effects in this region were not significant (F(1,8)=5.16;
P=0.053). No other stress-dependent main effects or interactions were discerned in prefrontal
cortex.

Hippocampal MR and GR expression
A significant adult social stress-by-receptor-by-region interaction was discerned for the
hippocampus (F(2,16)=5.38, P=0.016). GR expression in hippocampal CA1 was significantly
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diminished (-20%) in monkeys exposed to adult social stress compared to the no-stress
condition (F(1,8)=8.20, P=0.021). A similar reduction in GR expression was evident in CA2-3
(Figure 5), but the adult stress effect in this region was not statistically significant (F(1,8)=3.27;
P=0.108). No other stress-dependent main effects or interactions were discerned, but regional
differences in the relative balance between MR and GR distributions were evident in the
hippocampus (F(2,8)=125.68, P<0.001). MR expression was prevalent in dentate gyrus and
CA2-3 with lower levels in CA1, whereas GR expression was similar in all hippocampal
regions (Figure 5).

DISCUSSION
This study indicates that profile plots of MR differ from GR expression in prefrontal cortex.
The relative distributions of MR and GR expression also differ in certain regions of the
hippocampus. Exposure to adult social stress down regulates GR in hippocampal CA1, and
down regulates MR expression in cell layer III of ventrolateral prefrontal cortex. In contrast,
exposure to early life stress down regulates GR but not MR expression in cell layers I and II
of dorsolateral prefrontal cortex. Similar reductions likewise occur in ventrolateral prefrontal
cortex, but the effects of early life stress on GR expression in this region were marginally not
significant. These results provide new information on regional differences and stress effects
on MR and GR expression in corticolimbic brain circuits.

Previous studies of corticosteroid receptor expression in brain tissues have largely relied on
rodents in which the neocortex is not as highly developed as that in humans and other primates.
Consequently, prefrontal cortical cell layer-specific differences in the relative distributions of
MR and GR expression have not received much attention. In a broad survey of adult brain
tissues opportunistically collected from four squirrel monkeys, we first described distinct
laminar patterns of MR and GR expression in prefrontal cortex (Patel et al., 2000). Here we
provide profile plots of MR and GR expression in prefrontal cortical tissues collected from 12
different adult squirrel monkeys (Figure 2). These plots confirm that GR is expressed
throughout all layers of prefrontal cortex, whereas MR expression is prevalent in layers I-III.
Pyramidal cells in these superficial layers project to cortical locations (Hutsler et al., 2005). In
deeper regions of prefrontal cortex, MR but not GR expression declines to very low levels in
cell layers V and VI that project to subcortical targets. Similar profiles have been reported in
recent studies of MR (Xing et al., 2004) and GR (Webster et al., 2002) expression in human
prefrontal cortex, but MR and GR profiles differ in prefrontal cortex of rats. Rat GR is expressed
in all prefrontal cortical layers with a slight preponderance in layers II and V (Bizon et al.,
2001). On the other hand, MR is not highly expressed in the prefrontal cortex of rats (Ahima
et al., 1991).

Regional distributions of hippocampal MR and GR also differ in squirrel monkeys relative to
rats. Both MR and GR are clearly expressed in rat and squirrel monkey dentate gyrus, but
robust species differences emerge in certain CA regions. MR in rats is consistently expressed
throughout all hippocampal CA regions (Herman et al., 1989; Han et al., 2005), whereas
squirrel monkey MR is prevalent in CA2 and CA3 with lower levels in CA1 (Figure 5b, e).
Conversely, squirrel monkey GR is expressed at similar levels in all CA regions (Figure 5a,
d), whereas GR in rats is expressed in CA1 with very low levels of expression in CA3 (Herman
et al., 1989; Han et al., 2005). The relative distributions of hippocampal MR and GR expression
in squirrel monkeys differ from rats but are similar to humans, baboons, marmoset monkeys,
and two different macaques (Seckl et al., 1991; Brooke et al., 1994b; Sanchez et al., 2000;
Neal et al., 2003; Pryce et al., 2005).

Robust differences between primates and rodents in MR and GR expression warrant attention
because these differences are larger than those induced in rodents by exposure to stressors that
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are known to alter cognitive and neuroendocrine functions. When neonatal rats are repeatedly
separated from their mother and later studied as adults, they exhibit an increased
neuroendocrine stress response, resistance to dexamethasone suppression, and diminished GR
expression in frontal cortex compared to controls (Ladd et al., 2004). In similar fashion,
neonatal rats raised by mothers that display low levels of licking and grooming develop a
subsequent stress reactive phenotype with decreased hippocampal GR expression and
methylation of a cytosine residue in the GR promoter (Meaney and Szyf, 2005; Kaffman and
Meaney, 2007). Early life stressors that affect maternal availability in squirrel monkeys (Lyons
et al., 2002) do not alter GR or MR expression in the hippocampus, but down regulate GR
expression in cell layers I and II of dorsolateral prefrontal cortex (Figure 4). Similar reductions
in GR occur in cell layer I of ventrolateral prefrontal cortex, but these effects of early life stress
are marginally not significant. That early life stress permanently down regulates GR expression
in layer I is of interest because this layer has a very high concentration of dendritic terminals
and plays an important role in neocortical development (Marin-Padilla, 1998).

In addition to enduring postnatal effects, we found that exposure to adult social stress down
regulates MR but not GR expression in cell layer III of ventrolateral prefrontal cortex (Figure
3). This prefrontal region in primates is comprised of granular cortex that is functionally (Dias
et al., 1996;Birrell and Brown, 2000) and cytoarchitecturally (Uylings et al., 2003) similar to
dorsal medial prefrontal cortex in rats. During cortical development, cell layers II and III mature
later and establish a broad network of corticocortical projections (Hutsler et al., 2005). Because
of these intra- and inter-hemispheric connections with various cortical locations, cell layer III
is thought to be involved in complex neurocognitive functions. In ventromedial prefrontal
cortex of monkeys, for example, cell layer III projects to temporal lobe regions involved in
aspects of learning and memory (Petrides and Pandya, 2002).

Consistent with numerous studies of rats (Kitraki et al., 1999; Paskitti et al., 2000; Karandrea
et al., 2002), adult social stress also down regulates squirrel monkey GR expression in
hippocampal CA1 (Figure 5). Chronic exposure to adult social stress decreases hippocampal
GR but not MR ligand binding, and increases dexamethasone resistance in cynomolgus
macaques (Brooke et al., 1994a). Resistance to dexamethasone suppression is thought to reflect
stress sensitization as down regulation of hippocampal GR impairs glucocorticoid feedback
inhibition and facilitates increased activation of the hypothalamic-pituitary-adrenal axis (HPA)
by subsequent stress exposure (Sapolsky and Plotsky, 1990; Marti et al., 1994; Bhatnagar and
Dallman, 1998). As described elsewhere in greater detail (Karssen et al., 2007), exposure to
adult social stress in our study appeared to sensitize the HPA axis as squirrel monkey cortisol
levels were greater after the fifth compared to the first adult social separation. After the initial
increases in cortisol during each social separation, cortisol levels returned to baseline and then
increased again for a short time thereafter during new pair formations. In a follow-up study of
the same monkeys we did not, however, find evidence for impaired glucocorticoid feedback
inhibition in response to exogenous cortisol (Lyons et al., 2007). Social housing after each
separation may have prevented the expected deficit in glucocorticoid feedback, but social
housing was not sufficient to restore normal levels of hippocampal GR expression.

Although early experiences can permanently alter GR expression in the forebrain of rats (Ladd
et al., 2004; Meaney and Szyf, 2005; Kaffman and Meaney, 2007), little is known about the
duration of adult experience-dependent changes in MR or GR expression. Down regulation of
GR expression in hippocampus (Kitraki et al., 1999; Paskitti et al., 2000; Isgor et al., 2004)
and prefrontal cortex (Mizoguchi et al., 2003) persists for a long time after termination of adult
stress in rats. In squirrel monkeys, MR and GR expression in certain regions of hippocampus
and prefrontal cortex are diminished 12 weeks after the final separation when all adult monkeys
are socially housed in pairs. Further research is needed to determine whether adult social stress-

Patel et al. Page 6

Psychoneuroendocrinology. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induced changes in corticosteroid receptor expression derive from an epigenetic mechanism
like that found in neonatal rats (Meaney and Szyf, 2005; Kaffman and Meaney, 2007).

These results should be interpreted in the context of potential limitations. Our findings for male
monkeys may or may not hold true for females. Small samples diminished the power to detect
potentially interesting interactions between postnatal and adult stress effects. Small sample
sizes may also have contributed to our observation that in much of squirrel monkey prefrontal
cortex, MR and GR expression are relatively resistant to change induced by social stress. Our
study was not powered to detect small differences, but it is noteworthy that rodent studies
support the observation that MR and GR expression regulation in hippocampus are regionally
specific (Herman et al., 1989) and rigorously defended against change (Herman et al., 1999).
We did not examine MR or GR protein in this squirrel monkey study, but MR and GR mRNA
levels correspond with protein levels in rats, marmosets, and rhesus monkeys (Sanchez et al.,
2000; Pryce et al., 2005). Co-localization of MR and GR mRNA within the same cells has not
been established for prefrontal cortex, but our data suggest that co-localization more likely
occurs in cell layers I-III, which primarily project to cortical locations, compared to layers V
and VI which project to subcortical targets.

In summary, this study provides new information on regional differences and stress effects on
MR and GR distributions in primate prefrontal cortex. The relative balance between MR and
GR distributions is important for understanding how stress levels of cortisol affect
corticolimbic regions involved in cognitive and neuroendocrine functions. The presence of two
corticosteroid receptors with different affinities for cortisol affords tremendous flexibility, but
also creates opportunities for MR/GR imbalance and dysregulation (de Kloet et al., 2005).
Cortical layer-specific differences in MR and GR distributions should be considered in studies
of stress and prefrontal cortex-dependent functions.
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Figure 1.
Schematic representation of the experimental design and subject numbers.
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Figure 2.
Relative distributions of GR and MR expression in prefrontal cortex. Representative images
of (a) GR expression, (b) MR expression, and (c) the locations of line profile transects depicted
on Rosabal’s (1967) drawing of squirrel monkey prefrontal cortex. Profile plots of GR and MR
densities are presented for the (d) ventrolateral, (e) dorsolateral, and (f) medial transects (N =
12 adult monkeys; mean ± SEM). Asterisks signify significant cell layer-specific differences
in the relative distributions of GR and MR expression (P<0.05).
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Figure 3.
Adult stress effects on GR and MR expression in ventrolateral prefrontal cortex. Cortical cell
layer-specific densities of (a) GR and (b) MR are presented for six adult monkeys from the
adult stress condition and six adult monkeys from the adult no-stress condition (mean ± SEM).
Asterisk signifies a significant adult stress-dependent main effect (P<0.05).
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Figure 4.
Postnatal stress effects on GR and MR expression in adult dorsolateral prefrontal cortex.
Cortical cell layer-specific densities of (a) GR and (b) MR are presented for 7 adult monkeys
previously exposed to postnatal stress and 5 adult monkeys from the postnatal no-stress
condition (mean ± SEM). Asterisks signify significant postnatal stress-dependent main effects
(P<0.05).
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Figure 5.
Adult stress effects on GR and MR expression in hippocampus. Representative images of (a)
GR expression, (b) MR expression, and (c) the boundaries used to delineate each hippocampal
region. Region-specific densities of (d) GR and (e) MR are presented for six adult monkeys
from the adult stress condition and six adult monkeys from the adult no-stress condition (mean
± SEM). Asterisk signifies a significant adult stress-dependent main effect (P<0.05).
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