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Summary Intermittent exposure to mildly stressful situations provides opportunities to
practice coping in the context of exposure psychotherapies and stress inoculation training.
Previously, we showed that stress inoculation modeled in juvenile monkeys enhances subse-
quent indications of resilience. Here we examine stress inoculation effects in adult female
monkeys. We found that stress inoculation prevents social separation stress induced anhedonia
measured using sucrose preference tests and reduces the hypothalamic pituitary adrenal (HPA)
axis stress hormone response to a novel environment. Stress inoculation also increases gluco-
corticoid receptor (NR3C1) gene expression in anterior cingulate cortex but not hippocampus.
Increased anterior cingulate cortex NR3C1 expression induced by stress inoculation is not asso-
ciated with significant changes in GR1r promoter DNA methylation. On average, low levels of
promoter DNA methylation and limited GR1¢ expression were evident in monkey anterior cin-
gulate cortex as observed in corticolimbic brain regions of adult humans. Taken together these
findings suggest that stress inoculation in adulthood enhances behavioral and hormonal aspects
of coping without significantly influencing GR1¢ promoter DNA methylation as a mechanism for
NR3C1 transcription regulation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Stress inoculation entails intermittent exposure to mildly
stressful situations as a feature of resiliency training for peo-
ple who work in conditions where performance in the face

of adversity is required, e.g., medical and military person-
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nel, police, firefighters, and rescue workers (Meichenbaum
and Novaco, 1985; Saunders et al., 1996; Stetz et al., 2007).
Exposure psychotherapies likewise teach patients with mood
and anxiety disorders to imagine a graded series of stress
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inducing situations and then encourage direct interaction
with these stressors in vivo (McNally, 2007). These pro-
cedures promote learning (Craske et al., 2008; Tryon and
Misurell, 2008) and provide opportunities to practice coping
skills.

Previously, we found that juvenile squirrel monkeys
exposed to stress inoculation training sessions com-
prised of intermittent social separations subsequently show
diminished behavioral indications of anxiety and lower
stress-levels of cortisol compared to juvenile monkeys not
exposed to prior separations (Lyons et al., 2009, 2010b).
Stress inoculation also enhances prefrontal-dependent cog-
nitive control of behavior in juvenile monkeys (Katz et al.,
2009; Parker et al., 2005). Here we determine whether an
exposure-based form of stress inoculation modeled in adult
female monkeys enhances subsequent coping and increases
glucocorticoid receptor (NR3C1) gene expression in corticol-
imbic brain regions that control cognitive, motivational, and
emotional aspects of physiology and behavior.

Corticolimbic brain deficits in NR3C1 expression impair
glucocorticoid feedback regulation of the hypothalamic
pituitary adrenal (HPA) axis resulting in high levels of the
stress hormone cortisol in humans with major depression (Alt
et al., 2010; Holsboer, 2000; Pandey et al., 2013; Webster
et al., 2002). Induced deficits in forebrain NR3C1 expres-
sion also diminish sucrose preferences in mice (Boyle et al.,
2005) as a measure of anhedonia that reflects a core symp-
tom of major depression in humans (Chourbaji and Gass,
2008). Antidepressant medications that alleviate depressive
symptoms increase NR3C1 expression and signaling func-
tions (Anacker et al., 2011a; Okugawa et al., 1999; Peiffer
et al., 1991; Seckl and Fink, 1992). Consequently, increased
NR3C1 expression and signaling are considered potential
antidepressant actions in novel therapies and preventive
interventions (Anacker et al., 2011b; McQuade and Young,
2000).

This study tests for stress inoculation effects in adult
female monkeys because depressive disorders are more
prevalent in women than men (Kessler, 2003; Shively et al.,
2005). Specifically, we examine whether stress inocula-
tion enhances subsequent behavioral and hormonal aspects
of coping along with increased NR3C1 expression and
decreased DNA methylation of a promoter region homol-
ogous to GR1g in humans. Low levels of promoter DNA
methylation facilitate transcription factor binding and can
thereby increase gene expression (Klose and Bird, 2006).
Experience dependent epigenetic regulation of NR3C1
expression has been linked to differential DNA methylation
of GR1¢ in humans (McGowan et al., 2009) and a homologous
promoter in rats (Weaver et al., 2004).

2. Materials and methods

2.1. Experimental design

Forty eight adult female squirrel monkeys (Saimiri sciureus)
served as subjects. Sixteen monkeys purchased as adults
were initially acclimated to the research animal facility and
the other 32 monkeys were born and raised at the facility.
Prior to the study, non-invasive magnetic resonance brain
images were acquired from all monkeys as part of another

project. Monkeys were then randomly assigned to stress
inoculation or non-inoculated control treatment conditions
using block randomization to generate equal sample sizes
(n=24) matched for age (6—17 yr) and prior background.

Stress inoculation training sessions were conducted as
follows. Monkeys were temporarily separated and housed for
3 wk alone, and then housed for 12 wk in groups each com-
prised of 2 familiar and 2 unfamiliar female monkeys. Social
separations and new group formations are known to reli-
ably increase plasma levels of the stress hormone cortisol in
squirrel monkeys (Gonzalez et al., 1981; Lyons et al., 1999).
A total of 7 intermittent separations and new group forma-
tions were conducted at 15-wk intervals to allow ample time
for recovery and provide repeated opportunities for coping
in the stress inoculation condition. Non-inoculated control
monkeys were continuously housed in groups each comprised
of 4 familiar female monkeys.

All. monkeys were maintained in climate-controlled
rooms with an ambient temperature of 26°C with lights
on from 07:00 to 19:00h. To control for ovarian hormone
effects, all measures were collected during nonbreeding
seasons when ovarian hormones remain stable at non-
detectable levels in these seasonally breeding primates
(Schiml et al., 1999). Monkeys were housed in species-
appropriate environments with various manipulable objects,
swinging perches, and foraging activities provided for
enrichment. All procedures were conducted at Stanford Uni-
versity in accordance with the Guidelines for Use and Care of
Laboratory Animals of the National Research Council. Animal
research at Stanford is accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care.
Experimental protocols were approved prior to implemen-
tation by the Stanford University IACUC.

2.2. Sucrose preference tests

Sucrose preference tests were administered 16 days after
completion of the treatment conditions. Monkeys were
initially separated and housed for 12 h alone. Standard two-
bottle choice tests (Boyle et al., 2005) were subsequently
administered from 07:00 to 11:00h to determine prefer-
ences for 1% sucrose solution versus plain water during
the social separations. Sucrose and water locations were
reversed mid-way through the 4h test to control for posi-
tional effects. Sucrose preference percentage scores were
calculated as the amount of sucrose solution consumed rel-
ative to total amounts of sucrose solution plus plain water.
Absolute amounts were also analyzed to confirm percentage
results.

2.3. Novel environment stress tests and
glucocorticoid feedback

Novel environment stress tests were administered 13 days
after completion of the treatment conditions. Monkeys were
initially administered a saline injection and then placed for
30min in a novel test environment. Saline injections and
exposure to novelty are known to stimulate stress hormone
responses in squirrel monkeys (Coe et al., 1982). Seven
days later, glucocorticoid feedback sensitivity was assessed
during an identical 30min novel environment stress test
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preceded by an injection of 2.5mg/kg hydrocortisone
sodium succinate. Blood samples for hormone determina-
tions were collected immediately after each 30min test
using established procedures (Lyons et al., 1999) between
13:30 and 15:30h to control for circadian effects. At the
same time of day, additional samples were collected 1 wk
before and 1 wk after the study in home cage conditions and
hormone levels were averaged to provide baseline assess-
ments. Plasma adrenocorticotropic hormone (ACTH) levels
determined in duplicate using a validated assay (Lyons et al.,
1999) without knowledge of the treatment conditions were
used to assess stress hormone responses because cortisol
assays cannot distinguish between endogenous cortisol and
hydrocortisone. Hydrocortisone was administered because
of concerns that dexamethasone may not penetrate the
brain (Meijer et al., 1998).

2.4. Brain tissue collection

Brain tissue from a randomly selected subset of stress inoc-
ulated monkeys (n=6) and non-inoculated controls (n=12)
was collected 33 days after completion of the treatment
conditions using random block sampling to match for age
and prior background. Fewer stress inoculated monkeys than
non-inoculated controls were examined to preserve oppor-
tunities for future long-term studies of stress inoculation
brain effects. All brains were collected using established
procedures (Patel et al., 2008) between 08:00 and 10:00h
to control for circadian effects. Fresh frozen blocks of ante-
rior cingulate cortex and hippocampus were cut coronally
into 20 wm sections, mounted on glass slides, and stored at
—80°C for the following studies of NR3C1 expression and
GR1¢ promoter DNA methylation.

2.5. Measures of NR3C1 expression

A 1-in-40 series of anterior cingulate cortex sections at
the genu of the corpus callosum was examined with
in situ hybridization histochemistry for cell layer specific
expression of total NR3C1 measured over exon 2 with a squir-
rel monkey-specific riboprobe (GenBank #AF041834) using
methods described elsewhere in detail (Patel et al., 2008).
Briefly, for each section of anterior cingulate cortex we
placed line transects perpendicular to the pial surface that
traversed the full width of cortex. Continuous optical den-
sities were collected along the length of each line transect
using NIH image software. These data were used to construct
profile plots linearly interpolated to reflect percentage of
cortical width as described for human brain tissue (Webster
et al., 2002). Cortical cell layer specific measures were
derived from the percentages of cortical width for each
layer based on criteria for squirrel monkeys (Rosabal, 1967);
layer | (1-9%), layer Il (10—21%), layer Ill (22—56%), layer IV
is 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 to measure NR3C1
hybridization. Optical density data were background cor-
rected and averaged across two serial sections per monkey
to serve as units for statistical analysis.

Measurements of total NR3C1 expression measured over
exon 2 were additionally collected from a different 1-in-
40 series of sections randomly selected to encompass the
entire rostro-caudal extent of hippocampus. On 8—12 hip-
pocampal sections per monkey, we manually traced the
borders of dentate gyrus, CA1, and CA2—3 regions deter-
mined from adjacent Nissl stained sections and a squirrel
monkey brain atlas (Gergen and MacLean, 1962) as described
elsewhere (Patel et al., 2008). Optical density data were
background corrected and averaged across all serial sections
for each monkey to serve as units for statistical analysis. Pre-
viously we reported that NR3C1 expression primarily reflects
NR3C1 a protein in squirrel monkey brain tissue (Patel et al.,
2000a).

In addition to in situ hybridization histochemistry, bulk
tissue dissected from anterior cingulate cortex sections was
used to simultaneously extract RNA for cDNA libraries and
genomic DNA for methylation (see below) using the AllPrep
DNA/RNA Micro Kit (Qiagen). Quantitative real time poly-
merase chain reactions (PCR) were used to measure both
total NR3C1 and GR1¢ expression with GAPDH as the refer-
ence gene. Standard SYBR Green methods were used with
the following primers derived from GenBank #AF294761,
#AF041834, and #KF042852.

e GAPDH forward: 5 TGCCCCCATGTTCGTGATG 3'.

o GAPDH reverse: 5 TAAGCAGTTGGTGGTGCAG 3'.

e Total NR3C1 over exons 2 and 3: forward: 5 CTCT-
GAACTTCCCTGGTCGA 3'.

o Total NR3C1 over exons 2 and 3: reverse: 5 TTGTTGCT-
GTTGAGGAGCTAGA 3'.

e GR;r forward: 5 CGCAGCCCCAGAGAGAC 3'.

o GRyr reverse: 5 CTACTCGGATTTTCTTCTTTACC 3.

2.6. Measures of methylation

Bisulfite conversion of genomic DNA extracted from anterior
cingulate cortex as described above was performed using
an EpiTect Kit (Qiagen). The GR1r promoter was amplified
and cloned from a single 549 bp fragment generated from 2
rounds of PCR (53 °C and 55°C annealing temperatures) and
a semi-nested PCR (58 °C annealing temperature).

Forward 1: 5 TAATTTTTTAAAAGTGTAAGAAATTTAG 3'.
Forward 2: 5 TTTAAAAGTGTAAGAAATTTAGTTTG 3'.
Forward 3: 5 AGGGGTGGGGGTTGAATT 3'.

Reverse 1: 5" TCCCCAAAAAATAAAACAAAAAAAC 3.
Reverse 2: 5" CTTTCTCCAATTTCTCTTCTC 3'.

All PCRs were performed using PyroMark PCR (Qiagen)
with the following conditions: activation (95°C, 15min),
followed by 40 PCR cycles of 94°C denaturation (30s),
annealing (see above, 30s), 72°C extension (60s), and a
final extension of 10min at 72°C. Resulting PCR products
were purified, TA cloned into a pDrive cloning vector (Qia-
gen), and transformed into high efficiency DH5a cells (NEB).
A total of 15—20 colonies were picked for each sample and
processed for sequencing to determine percent methylation
at each of the 39 CpG sites depicted in Fig. 1.
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1 2 3 4 5 6 7
Monkey GTACGTATGCGCCGACCCCCGCTCTCCCGTCCCCTCCTCT-AAGCCTCCCCGGAGGGCGT
Human GTACGTATGCGCCGACCCCCGCTATCCCGTCCCTTCC-CTGAAGCCTCCCCAGAGGGCGT
8 9 10 11 12 13 14 15 16 17
Monkey GTCTGGCCGCCCGGCCCCGAGCGCGGCCGAGACGCTGCGGCACCCTTTCGGTGCGAACCT
Human GTCAGGCCGCCCGGCCCCGAGCGCGGCCGAGACGCTGCGGCACCGTTTCCGTGCAACCCC
18 19 20 21 22 23
Monkey GTAGTCCCTTTCGAAGTGACACACTTCACGCAACTCGG--——-——- GGCGGGGGJGCCGACC
Human GTAGCCCCTTTCGAAGTGACACACTTCACGCAACTCGGCOCGGCGGCGGCGGLGCGEGCC
24 25 26 27 28 29
Monkey ACTG-CGCAGCTCTGCCGCGGGCGGTGCCCCGGCTCT————————- CCAGTTGTCACCCG
Human ACTCACGCAGCTCAGCCGCGGGAGGCGCCCCGGCTCTTGTGGCCCGCCCGCTGTCACCCG
30 31 32 33 34 35
Monkey CAGGGGCGCTGGCCGCG---G-————- AGGG--ACAGCGAGTTCCCGAGTGGGTTCGGAG
Human CAGGGGCACTGGCGGCGCTTGCCGCCAAGGGGCAGAGCGAGCTCCCGAGTGGGTCTGGAG
36 37 38 39
Monkey CCGCGGAGCTGGGCGGGGGCGGGAGGGAGGTAGCGAG
Human CCGCGGAGCTGGGCGGCGGCGGEAAGCGAGCGTAGCGAG

Figure 1

Genomic sequence for GRyr promoter in humans and squirrel monkeys. Numbers represents CpG dinucleotides analyzed

by bisulfite sequencing. Boxes depict NGFI-A (or EGR-1) transcription factor binding sites identified in humans based on experimental
evidence (McGowan et al., 2009) and conserved in monkeys based on BIOBASE (Transfac matrix table, 2013.1). Sequence alighment
was performed using Geneious 4.8.3. Underline indicates transcription start site.

2.7. Data analysis

Sucrose preferences were analyzed by one-sample t-tests
and analysis of variance (ANOVA) with body weights con-
trolled as a statistical covariate for 22 stress inoculated
monkeys and 23 non-inoculated controls. Hormone data
from the same monkeys were analyzed by ANOVA with
stress inoculation as a between-subjects factor and sample
collection condition as a within-subjects repeated mea-
sure. Relationships between hormones and behavior were
assessed by linear regression and Spearman rank order cor-
relations. Hormone and behavior data were not collected
from 2 stress inoculated monkeys and 1 non-inoculated con-
trol monkey that did not complete the 105-wk treatment
conditions for reasons unrelated to the study.

Measurements of GR1g promoter DNA methylation in
anterior cingulate cortex were analyzed by ANOVA for 6
stress inoculated monkeys and 12 non-inoculated controls.
Corresponding measurements of NR3C1 and GR1¢ expression
were not analyzed for 1 of the 6 stress inoculated monkeys
because of poor RNA quality. Stress inoculation was con-
sidered a between-subjects factor and cortical cell layer
and individual CpG sites were treated as within-subjects
repeated measures. Relationships between methylation
and expression were assessed by linear regression. All
descriptive statistics are presented as mean+SEM and
test statistics are evaluated with two-tailed probabilities
(P<0.05).

3. Results

Sucrose preference percentage scores obtained during
social separation stress tests (Fig. 2A) were greater in
monkeys exposed to stress inoculation compared to non-
inoculated controls (F(1,42)=6.91, P=0.012 with body
weight controlled as a covariate). Sucrose preference per-
centage scores without controlling for body weight were
also greater than the no-preference 50% threshold for
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Figure 2  Stress inoculation prevents social separation stress

induced anhedonia and reduces stress hormone responses. (a)
Sucrose preferences assessed during social separations and (b)
ACTH levels measured before and after novel environment
stress tests preceded by injection of saline or hydrocortisone.
Asterisks indicate significant group differences (P<0.05) with
details provided in the text.

stress inoculated monkeys (£(21)=3.99, P<0.001) but not
non-inoculated controls (¢(22)=1.36, P=0.187). Absolute
amounts of consumption confirmed that stress inocu-
lated monkeys preferred sucrose solution to plain water
(F(1,21)=13.04, P=0.002).

Next, we determined whether treatment effects general-
ize to stress hormone responses and glucocorticoid feedback
regulation of the HPA axis assessed by administration
of hydrocortisone. Plasma levels of ACTH were mea-
sured because cortisol assays cannot distinguish between
endogenous cortisol and exogenous hydrocortisone. A stress
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inoculation main effect (F(1,43)=7.23, P=0.01) and stress
inoculation-by-hydrocortisone interaction (F(2,86)=3.41,
P=0.038) were discerned for ACTH as depicted in Fig. 2B.
Novel environment stress tests preceded by saline increased
ACTH above baseline levels measured in undisturbed
home cage conditions (F(1,43)=89.94, P<0.001). Post-
stress ACTH levels after saline were smaller in stress
inoculated monkeys compared to non-inoculated controls
(F(1,43)=5.42, P=0.025). Hydrocortisone suppressed post-
stress ACTH levels relative to saline (F(1,43)=122.08,
P<0.001) but this measure of sensitivity to glucocorticoid
feedback did not differ in stress inoculated monkeys com-
pared to non-inoculated controls (F(1,43)=1.26, P=0.268).

In keeping with the possibility that stress inoculation
does not modify sensitivity to glucocorticoid feedback and
instead reduces responses to stressful qualities of diverse
events, we found that diminished post-stress ACTH levels
after saline predicted greater protection against social sep-
aration stress induced anhedonia (8=-0.41, t(42)=2.79,
P=0.008 for the entire sample with body weight con-
trolled as a covariate). A significant relationship was likewise
discerned for the entire sample using a non-parametric
Spearman rank order correlation not controlling for body
weight (rg=-0.37, df 43, P=0.013). Inverse Spearman
rank order correlations were also detected for stress inoc-
ulated monkeys (rs=-—0.26) and non-inoculated controls
(rs=—0.31) analyzed separately instead of combined but
these correlations were not significant due partly to smaller
sample sizes in each of the separate treatment condi-
tions.

In addition to protecting against separation stress
induced anhedonia and reducing the HPA axis stress hormone
response, stress inoculation increased NR3C1 expression in
all cell layers of anterior cingulate cortex (Fig. 3). Increased
NR3C1 expression was confirmed by a stress inoculation main
effect (F(1,15)=4.69, P=0.047) and the absence of a stress
inoculation-by-cell layer interaction (P=0.235). A stress
inoculation main effect was also discerned when NR3C1
expression for anterior cingulate cortex and hippocampus
was examined in the same ANOVA (F(1,15)=6.70, P=0.021)
but analysis of hippocampus alone did not show stress inoc-
ulation effects in any hippocampal sub-region (P=0.502;
Fig. 4).

Transcriptional control of NR3C1 is mediated by promo-
ters within a conserved CpG island that renders expression
susceptible to epigenetic regulation by DNA methylation.
For the promoter region homologous to GR1¢ in humans
(Fig. 1), we focused on monkey anterior cingulate cortex
and found no DNA methylation at 6 CpG sites with low
levels of DNA methylation at the remaining 33 of 39 CpG
sites (Fig. 5A). Methylation differences between CpG sites
(P=0.620), stress inoculation main effects (P=0.833), and
the stress inoculation-by-CpG site interaction (P=0.186)
were not significant for anterior cingulate cortex. DNA
methylation analyzed separately at each CpG site, or
averaged across all 39 sites, did not predict NR3C1 expres-
sion. Relative measures of expression further suggest that
GR1¢ does not robustly regulate NR3C1 expression in mon-
key anterior cingulate cortex. On average, amounts of
GR1¢ expression are only 4.5% of total NR3C1 expres-
sion and do not differ significantly with stress inoculation
(Fig. 5B).
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Figure 3  Anterior cingulate cortex NR3C1 expression mea-

sured by in situ hybridization histochemistry is increased in all
cell layers by stress inoculation. (a) Representative image of
NR3C1 expression, (b) profile plots, and (c) cell layer-specific
expression of NR3C1 in anterior cingulate cortex. Asterisk
indicates a significant group difference across all cell layers
(P=0.047) with details provided in the text.
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Figure 4 Hippocampal NR3C1 expression measured by in situ
hybridization histochemistry does not differ significantly by
stress inoculation. (a) Representative images delineating sub-
regions of hippocampus and (b) sub-region measures of NR3C1
expression.

4. Discussion

Stress inoculation in adult female monkeys protects against
subsequent stress induced anhedonia measured using
sucrose preference tests. Protection against stress induced
anhedonia represents a stressor specific inoculation because
sucrose preference tests were administered during social
separations that resembled those used for the prior stress
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Figure 5 Anterior cingulate cortex GR1f methylation and
expression do not differ significantly by stress inoculation. (a)
Percentage of methylated clones averaged across 39 CpG sites
for GR1r and (b) GR1 expression as a percentage of total NR3C1
expression.

inoculation training sessions. Therefore we conducted addi-
tional tests in a novel environment that increased HPA axis
stress hormone responses and found lower hormone levels
in stress inoculated monkeys compared to non-inoculated
controls. Follow-up studies with hydrocortisone suggest that
stress inoculation does not modify physiologic sensitivity
to glucocorticoid feedback regulation and instead reduces
responses to stressful qualities of diverse events. Stress inoc-
ulation also increases NR3C1 expression in anterior cingulate
cortex but not hippocampus and without significantly influ-
encing GR1g promoter DNA methylation.

These findings in adult female monkeys indicate that
stress inoculation effects are not restricted to sensitive or
critical periods during development as initially suggested
by previous research (Lyons et al., 2009, 2010b). Stress
inoculation-like training sessions also increase adult male
monkey hippocampal neurogenesis and alter the expres-
sion of genes involved in cell proliferation and survival
(Lyons et al., 2010a). Antidepressant medications in humans
increase hippocampal neurogenesis as a form of adult neu-
roplasticity through NR3C1 mediated mechanisms (Anacker
et al., 2011b). In monkeys we found that stress inoculation
increases NR3C1 expression in anterior cingulate cortex but
not neurogenic regions of adult hippocampus.

Regional differences in NR3C1 plasticity may be rele-
vant for understanding adaptations involved in physiological
versus cognitive aspects of emotion regulation (Caudal
et al., 2014; de Kloet et al., 2005). Hippocampus plays
important roles in learning, memory, and glucocorticoid

feedback control of the HPA axis, whereas frontal brain
regions that include anterior cingulate cortex are involved in
glucocorticoid feedback, appraisal, and emotion regulation
(Etkin et al., 2011; Herman, 2013). Differences in appraisal
and habituation as forms of emotion regulation have been
found in mice engineered to overexpress forebrain NR3C1
(Hebda-Bauer et al., 2010). Conversely, induced deficits in
forebrain NR3C1 expression diminish sucrose preferences
as a measure of anhedonia in mice (Boyle et al., 2005;
Chourbaji and Gass, 2008). Induced changes in anterior
cingulate cortex NR3C1 expression may therefore modify
cognitive appraisal without necessarily changing physiologic
sensitivity to glucocorticoid feedback control of the HPA
axis.

As found for most promoter regions and particularly
GR1f in corticolimbic brain regions of adult humans (Alt
et al., 2010), we discovered low levels of DNA methylation
across 39 CpG sites for GR1g in anterior cingulate cortex
of monkeys. These findings diverge from the increases seen
in DNA methylation of GR1¢ along with decreased total
NR3C1 expression in adult human hippocampus associated
with childhood abuse (McGowan et al., 2009). Decreased
total NR3C1 expression in humans with major depression also
occurs in amygdala and cingulate gyrus but DNA methylation
of GR1g in these brain regions maintains the same low levels
observed in healthy human controls (Alt et al., 2010).

Amounts of GR1g expressed as a percentage of total
NR3C1 expression are surprisingly limited in monkey ante-
rior cingulate cortex. Low GR1g expression differs from
a report that GR1g represents 40—60% of total NR3C1 in
human hippocampus (McGowan et al., 2009). Our results
agree with evidence that GR1¢ is not a major promoter as is
GR1g or GR1¢ in hippocampus, amygdala, nucleus accum-
bens, inferior prefrontal gyrus, and cingulate gyrus (Alt
et al., 2010). Site-specific methylation of GR1z and GR1¢
has been associated with childhood abuse and negatively
correlates with total NR3C1 expression in human hippocam-
pus (Labonte et al., 2012). Studies of GR1g and GR1¢ are
needed to determine whether increased NR3C1 expression in
monkey anterior cingulate cortex is mediated by differential
DNA methylation of these alternative promoters. Epigenetic
mechanisms that involve acetylation should also be consid-
ered based on recent research results (Charmandari et al.,
2011).

Our findings should be interpreted with respect to
potential limitations. Results from adult females may or
may not hold true for males. Sex differences in sucrose
preference tests and HPA axis stress hormone responses
have been reported for rodents (Solomon et al., 2012;
Young, 1996) and sex differences may warrant attention
in monkeys. Stress inoculation training sessions and sub-
sequent test procedures required transfer of animals into
new environments. To determine whether habituation or
extinction of fear from repeated transfers is crucial, more
studies in different contexts are needed. Generally, con-
textual changes like those used in our test procedures
reinstate or increase stress responses instead of produc-
ing inoculation-like effects (Bouton et al., 2006; Herman,
2013). Sample sizes for our brain research are small but
confirm low levels of DNA methylation and limited GR1g
expression in monkey corticolimbic regions as reported for
humans (Alt et al., 2010). Although similar patterns of NR3C1
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expression are found in human and squirrel monkey brain
(Patel et al., 2000a), NR3C1 transactivation differs in
humans and monkeys (Patel et al., 2000b). We did not exam-
ine NR3C1 protein in this study but other investigations have
found that NR3C1 expression corresponds with protein in
rhesus monkey and marmoset brain research (Pryce et al.,
2005; Sanchez et al., 2000).

In summary, we found that stress inoculation in adult
female monkeys prevents social separation stress induced
anhedonia and reduces the HPA axis stress hormone response
to a novel environment. Stress inoculation also increases
NR3C1 expression in anterior cingulate cortex but not
hippocampus and does not significantly influence DNA
methylation of the GR1¢ promoter. On average, low levels
of DNA methylation and limited GR1¢ expression are evident
in monkey anterior cingulate cortex as reported in humans
for corticolimbic brain regions. These findings suggest that
stress inoculation in adulthood enhances behavioral and hor-
monal aspects of coping without significantly influencing
GR1¢ promoter DNA methylation as a mechanism for NR3C1
transcription regulation.
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