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There is evidence for hypercortisolemia playing a role in the generation of psychiatric symptoms and
for epigenetic variation within hypothalamic-pituitary-adrenal (HPA) axis genes mediating behavioral
changes. We tested the hypothesis that expression changes would be induced in Fkbp5 and other HPA
axis genes by chronic exposure to corticosterone and that these changes would occur through the
epigenetic mechanism of loss or gain of DNA methylation (DNAm). We administered corticosterone
(CORT) to C57BL/6J mice via their drinking water for 4 wk and tested for behavioral and physiological
changesandchanges ingeneexpressionlevelsusingRNAextractedfromhippocampus,hypothalamus,
and blood for the following HPA genes: Fkbp5, Nr3c1, Hsp90, Crh, and Crhr1. The CORT mice exhibited
anxiety-likebehavior in theelevatedplusmazetest.Chronicexposure toCORTalsocausedasignificant
decrease in the hippocampal and blood mRNA levels of Nr3c1 and a decrease in Hsp90 in blood and
caused an increase in Fkbp5 for all tissues. Differences were seen in Fkbp5 methylation in hippocampus
and hypothalamus. To isolate a single-cell type, we followed up with an HT-22 mouse hippocampal
neuronal cell line exposed to CORT. After 7 d, we observed a 2.4-fold increase in Fkbp5 expression and
adecrease inDNAm. IntheCORT-treatedmice,wealsoobservedchanges inbloodDNAminFkbp5.Our
results suggest DNAm plays a role in mediating effects of glucocorticoid exposure on Fkbp5 function,
with potential consequences for behavior. (Endocrinology 151: 4332–4343, 2010)

Strong evidence for a role for hypercortisolemia in the
generation of psychiatric symptoms comes from ob-

servations of patients with Cushing syndrome, a condition
characterized by hypersecretion of cortisol. The syndrome
typically includes anxiety, depression, irritability, and in-
somnia (1). Psychiatric impairment in Cushing syndrome
is directly correlated with cortisol concentrations (1, 2)
and symptoms improve in direct relationship to resolution
of the hypercortisolemia (3).

The relationship between hypercortisolemia and psy-
chiatric symptoms is mediated by the hypothalamic-pitu-
itary-adrenal (HPA) axis, involving a number of critical
proteins including the glucocorticoid receptor (GR), en-
coded by the gene Nr3c1, CRH, a neuropeptide regulating

ACTH, and glucocorticoid secretion through activation of
the CRH receptor-1. The GR protein interacts with a mo-
lecular complex that includes the chaperone heat shock
protein 90 and the cochaperone FKBP5. Variations in the
genes encoding these proteins may influence the response
to glucocorticoids. Previous studies have found elevated
levels of FKBP5 expression in response to glucocorticoid
administration, and genetic variation in this gene has been
associated with disorders characterized by abnormal glu-
cocorticoid regulation, including posttraumatic stress dis-
order (4) and mood disorders (5–7).

Epigenetics plays a critical role in brain diseases. A dra-
matic example is Rett syndrome, in which loss of function
of methyl-CpG-binding protein 2 (MeCP2), which recog-
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nizes DNA methylation (DNAm), leads to a failure to
maintain gene silencing in the brain and a subsequent loss
of developmental milestones (8). Whereas Rett syndrome
results from a mutation, there is also ample evidence that
the epigenetic machinery can be altered by the environ-
ment (9, 10). For example, administration of the anticon-
vulsant and antibipolar disorder medication valproate can
cause changes in DNAm (11). Epigenetics may be a mech-
anism through which GR signaling influences brain func-
tion and mood. Glucocorticoid hormones alter gene ex-
pression in brain (12, 13), and these alterations may be
related to epigenetic modifications. Several genes, includ-
ing some central to the HPA axis, appear to be epigeneti-
cally modified by glucocorticoids. For example, in a par-
adigm in which a human lung cancer cell line was exposed
to dexamethasone, FKBP5 showed elevated levels of his-
tone H3 acetylation and histone H3-lysine 4 trimethyla-
tion, indicating chromatin activation (14).

Whereas expression and DNAm changes in the brain
are more obviously relevant to glucocorticoid-induced
changes in behavior, comparable changes in blood might
provide a clinically valuable surrogate, given the easy ac-
cess to this tissue in patients. Some earlier studies have
shown partial correlation in gene expression between
brain and blood (15, 16). Furthermore, two papers have
demonstrated that epigenetic marks in lymphocytes can
distinguish patients from controls in two brain diseases,
Rett syndrome (17) and Alzheimer’s disease (18). In the
realm of HPA axis genes, previous work has shown that
FKBP5 mRNA levels in lymphocytes have functional rel-
evance because they have a positive correlation with
plasma cortisol (5).

In this report we tested the hypothesis that differential
exposure to high-dose corticosterone would cause behav-
ioral abnormalities as well as expression changes in HPA
axis genes mediated through DNAm changes in the pro-
moter or other key regions. We used a paradigm in which
corticosterone was added to the drinking water (100 �g/
ml) and given to mice for 4 wk followed by a 4-wk recovery
period in which corticosterone was not administered. We
then tested the mice for behavioral and physiological
changes as well as expression and methylation differences
in mRNA and DNA extracted from hippocampus, hypo-
thalamus, and blood for the following genes: Fkbp5,
Nr3c1, Hsp90, Crh, and Crhr1. We followed up these
results in two ways. First, we sought greater homogeneity
within the brain to determine whether subtle differences in
Fkbp5 methylation we observed in hypothalamus and hip-
pocampus might be amplified by examining a narrower
brain subregion and then a single neuronal cell line. Sec-
ond, we sought to replicate the results we observed in

blood of DNAm change in Fkbp5, using tissues derived
from a second cohort.

Materials and Methods

Animals
Four-week-old male C57BL/6J mice (Jackson Laboratories,

Bar Harbor, ME) were housed in conventional polycarbonate
mouse cages in a temperature- and humidity-controlled room on
a 12-h light, 12-h dark cycle with light onset at 0600 h. All
animals received ad libitum access to water and standard labo-
ratory chow (Harlan Teklad 2018, Indianapolis, IN) for 1 wk
after arrival in the laboratory. At 5 wk of age, animals were given
ad libitum access to solutions containing corticosterone [Sigma-
Aldrich, St. Louis, MO; 100 �g/ml with 1% ethanol; cortico-
sterone (CORT) group] or vehicle (1% ethanol; control group)
in place of their normal drinking water, and this treatment con-
tinued for 4 wk (cohorts 1 and 2). The CORT and vehicle solu-
tions were made fresh daily, and the animals were given ad li-
bitum access to 0.9% saline solution to prevent symptoms of
adrenal insufficiency. A second cohort was used in which the
animals were treated with CORT for 4 wk followed by a recovery
period during which CORT was not administered. All proce-
dures were approved by the Institutional Animal Care and Use
Committee at Johns Hopkins University School of Medicine and
were performed in accordance with guidelines established in the
National Research Council’s Guide for the Care and Use of Lab-
oratory Animals.

Blood collection
Blood samples were collected weekly 3 h after onset of the

light cycle (0900 h) to verify plasma corticosterone levels. Ani-
mals remained in a quiet room, and about 20 �l of whole blood
was collected from each mouse into heparinized glass capillary
tubes through a small nick at the tip of the tail. Blood glucose
levels were determined simultaneously by a handheld glucometer
(Freestyle, Alameda, CA). Blood samples were centrifuged at 4 C
and plasma was collected and frozen at �80 C for later RIA.
Total RNA was extracted from remaining blood cells at each
time point. A second blood sample (�70 �l whole blood) was
collected immediately after the first for genomic DNA
extraction.

Elevated plus maze (EPM)
Mice were tested for anxiety-like behavior in an elevated plus

maze (arms: 6.0 � 29.5 cm; center: 6.0 � 6.0 cm; Harvard Ap-
paratus, Holliston, MA) raised 55.0 cm above the ground. Two
arms had 15.0 cm high opaque walls (closed), whereas the re-
maining two arms remained open (open). Animals were moved
to a quiet room outside the testing room. Each animal was tested
in the EPM for 5 min. The apparatus was thoroughly cleaned
with 70% ethanol after testing of each animal. The test was video
recorded and subsequently scored to measure time spent in the
open and closed arms, using computerized behavioral scoring
software Hindsight (Scott Weiss, UK), by observers blinded to
the subject’s treatment group.

Tail suspension test
Animals were tested using the tail suspension test to assess

depressive-like behavior. Mice were moved to a quiet testing
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room and tested in a separate behavioral room. Each mouse was
suspended by its tail from an aluminum bar and secured with
adhesive tape. Behavior was recorded for 6 min. Observers
blinded to the subject’s treatment group scored video recordings
for time spent struggling or immobile, using computerized be-
havioral scoring software (Hindsight; version 1.5).

Tissue acquisition
Animals were killed by decapitation. Brains were removed,

frozen immediately on powdered dry ice, and stored at �80 C.
Spleen, adrenal glands, and thymus were dissected and weighed.
Whole carcasses were frozen for later body composition and fat
distribution analysis.

Hippocampus, dentate gyrus, and hypothalamus
dissection

Frozen mouse brains were sectioned using a cryostat, and
200-�m sections were mounted on plain glass slides. For the first
cohort of mice, entire hippocampal and hypothalamic tissues
were dissected. For the second cohort, a 19-gauge needle (inner
diameter 0.686 mm � outer diameter 1.086 mm) was used to
punch out the dentate gyrus from sections containing the hip-
pocampus (bregma �1.22 through �2.30 mm). A similar
approach was used to punch out the relevant regions from the
hypothalamus (bregma �0.58 through �1.06 mm). Samples
were stored at �80 C until processed for genomic DNA
and mRNA.

Body composition by nuclear magnetic
resonance (NMR)

In this established procedure (19), all of the skin and fat at-
tached to the skin is gently removed from the carcass. The skin
and attached sc fat (i.e. the pelt) are then analyzed for fat content
separately from the rest of the body, which contains bone, mus-
cle, organs, and visceral fat. Fat pads that are included in the pelt
include all fat attached to the skin and outside the peritoneal
cavity (i.e. including dorso-sc and inguinal fat pads). All fat
within the rest of the body (i.e. inside the muscle layer of the
body) is nonpelt, and it includes all of the visceral fat and in-
traorgan (e.g. liver, heart) fat. Because most of this is visceral fat,
we use that term as a descriptor. The two samples were analyzed
by NMR technology (EchoMRI, Waco, TX), which reports fat,
lean, and water content of the animal. Samples (at room tem-
perature) were placed into a plastic restrainer and inserted into
the NMR machine. Use of the NMR method to determine body
composition has a significant correlation (r � �0.98, P � 0.01)
with adipose content determined by a chemical method (lyoph-
ilization and ether extraction) (19–21).

RIA
Plasma hormone levels were determined by commercially

available RIA kits for corticosterone (MP Biomedicals, Costa
Mesa, CA) according to the manufacturer’s instructions as pre-
viously described (22). All samples were run in duplicate and
comparisons were made within assay with coefficient of variance
of 3.9%.
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FIG. 1. Organ weights and physiological measurements. A, Thymus, spleen, and adrenal glands were weighed for corticosterone-treated (black
bars) and vehicle-treated (white bars) mice. The absence of data for thymic mass of corticosterone-treated mice reflects a complete atrophy of the
organ after 4 wk of treatment with corticosterone. B, Weight measurements of the same organs from corticosterone and vehicle-treated mice
after the mice were allowed to recover for 4 wk in the absence of corticosterone in the drinking water. C and D, Effect of corticosterone (4 wk
CORT) on the blood glucose level and total adipose tissue mass, respectively. The right panel of each graph shows corresponding measurements
after the recovery period (4 wk REC). Adipose tissues were further analyzed by visceral (black bars) and sc (white bars) fat (E). Asterisks indicate
differences that are statistically significant (P � 0.05) between the CORT and control groups. Organ weights were not normalized to body weights
because mean body weight between the CORT-treated and the control groups were virtually identical.
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Cell lines
HT-22 cells derived from the mouse hippocampus were cul-

tured using DMEM (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT) under stan-
dard conditions (5% CO2, 37 C). Cells were trypsinized and
replated in six-well plates before treatment with corticosterone.
Corticosterone (Sigma) was prepared by first making a stock
solution at 50 mM concentration in ethyl alcohol (EtOH) and
then diluting the stock a further 10-fold to make a 5-mM working
solution. The working solution was directly added to DMEM to
make 1 �M concentration (23). The control samples were treated
with an equal volume of EtOH. Media were changed daily, and
the collected media were used to verify levels of corticosterone by
RIA. Cells were treated for 0 h, 6 h, 1 d, 3 d, 5 d, and 7 d. In
addition, cells were cultured for an additional 7 d in the absence
of corticosterone treatment. Cells were split every 2 d to maintain
them in the log phase of growth. After each time point, cells were
harvested for genomic DNA and mRNA.

Genes
Fkbp5 was chosen because of prior evidence for epigenetic

regulation (14) as well as involvement in glucocorticoid-related
psychiatric illness (4–7). Because of our prior interest in this
gene, we chose regions with known glucocorticoid response el-
ements (intron 5 region) (24, 25) and/or methyl-CpG binding
domains (intron 1 region) (26) to assay in addition to the pro-
moter region. We also chose Nr3c1 because of its role in regu-
lating glucocorticoid-negative feedback and because of prior ev-
idence for DNAm variation (27), examining the sequence
orthologous to that previously shown to be altered. We further

studied Hsp90, Crh, and Crhr1 due to their
association with the HPA axis and glucocor-
ticoid signaling.

Expression
mRNA from blood, hippocampus, and

HT-22 cell lines was obtained using the Mas-
terPure RNA purification kit (Epicentre Bio-
technologies, Madison, WI) or the RNeasy
lipid tissue mini kit (QIAGEN, Valencia,
CA). SuperScript III (Invitrogen) was used to
generate cDNA for subsequent quantitative
real-time PCR. Negative reverse transcriptase
samples were used to ensure the absence of
contaminating genomic DNA. All reactions
werecarriedout in triplicateusing1�Taqman
master mix (Applied Biosystems, Foster City,
CA), 1� Taqman probes for each gene
[Fkbp5, Nr3c1, Hsp90, Crh, Crhr1, and
Actb (�-actin)], and 30 ng of cDNA template
in a total volume of 20 �l. Real-time reac-
tions were performed on an Applied Biosys-
tems 7900HT fast real-time PCR system
with standard PCR conditions (50 C for 2
min; 95 C for 10 min; and 60 C for 1 min for
40 cycles). Each set of triplicates was
checked to ensure that the threshold cycle
(Ct) values were all within 1 Ct of each other.
To determine relative expression values, the
���Ct method (Applied Biosystems) was
used, where triplicate Ct values for each
mouse sample were averaged and sub-

tracted from those derived from the housekeeping gene Actb.
The Ct difference for a calibrator sample was subtracted from
those of the test samples, and the resulting ���Ct values were
raised to a power of 2 to determine normalized relative
expression.

DNA extraction and bisulfite treatment
Blood and cell line genomic DNA was isolated with the

MasterPure DNA purification kit (Epicentre Biotechnologies).
Hippocampal genomic DNA was isolated by an overnight di-
gestion in a sodium dodecyl sulfate lysis buffer (1% sodium do-
decyl sulfate, 0.15M NaCl, and 0.5 mg/ml proteinase K in Tris/
EDTA buffer) followed by two phenol extraction steps and a
final phenol/chloroform/isoamyl alcohol extraction. DNA was
precipitated with EtOH and sodium acetate buffer, and the subse-
quentpelletwasresuspendedinH2O.Bisulfiteconversionof500ng
of genomic DNA was achieved through use of the Epitect bisulfite
kit (QIAGEN), according to the manufacturer’s instructions.

Bisulfite sequencing
Sequencing of bisulfite PCR products was used as a qualita-

tive screen on many of the assays of interest. This was done using
an ABI Prism 3100 genetic analyzer (Applied Biosystems), and
data were analyzed using CodonCode Aligner (CodonCode Cor-
poration, Dedham, MA). The chromatograms were analyzed to
determine qualitative methylation differences and to ensure the
absence of unconverted cytosines. PCR products were subse-
quently subjected to bisulfite pyrosequencing.
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FIG. 2. Mice were challenged with the elevated plus maze (EPM) and tail suspension test
(TST) to test for anxiety-like and depressive-like symptoms, respectively. EPM: After 4 wk of
treatment (A), corticosterone (black bars) and vehicle-treated (white bars) animals were each
tested for a 10-min period, and the amount of time spent in each of the open arms (OPEN),
closed arms (CLOSED), and the center (CENTER) is displayed as a percentage of the total time
spent (10 min) on the apparatus. Same measurements were made at the conclusion of the
4-wk recovery period (B). TST: After 4 wk of treatment (C), corticosterone (black bars) and
vehicle-treated (white bars) animals were tested for a 6-min period, and the amount of time
spent struggling (STRUGGLING) or immobile (IMMOBILE) is displayed as a percentage of the
total time spent (6 min) on the suspension apparatus. The same measurements were made
at the conclusion of the 4-wk recovery period (D). Asterisks indicate differences that are
statistically significant (P � 0.05).
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Bisulfite PCR and pyrosequencing
We measured DNAm by pyrosequencing of the PCR prod-

ucts, which measures methylation variation at greater than 90%
precision (28). Primers were designed against the promoter and
other regions of HPA axis genes. Regions covered were from 150
to 450 bp long. Thermocycling was carried out using Peltier
Thermal Cycler 200 (MJ Research, Waltham, MA). Twenty-five
nanograms of bisulfite-treated DNA were used for each PCR. An
additional nested PCR was performed with 2 �l of the previous
PCR and one biotinylated primer (other primer being unmodi-
fied). Amplification for both PCR steps consisted of 40 cycles (94
C for 1 min, 60 C for 30 sec, 72 C for 1 min). PCR products were
confirmed on agarose gels. Pyro Gold reagents (QIAGEN) were
used to prepare samples for pyrosequencing according to the
manufacturer’s instructions. For each sample, biotinylated PCR
product was mixed with streptavidin-coated Sepharose beads
(GE Healthcare, Indianapolis, IN), binding buffer, and Milli-Q
water and shaken at room temperature. The vacuum prep tool
(QIAGEN) was used to isolate the Sepharose bead-bound sin-
gle-stranded PCR products. The attached DNAs were released
into a PSQ HS 96-plate containing sequencing primer in an-
nealing buffer (QIAGEN). Pyrosequencing reactions were
performed in a PyroMark MD system (QIAGEN). CpG meth-
ylation quantification was performed with Pyro Q-CpGt 1.0.9
software (QIAGEN). An internal quality-control step was
used to disqualify any assays that contained unconverted
DNA. Percentage of methylation at each CpG as determined
by pyrosequencing was compared between DNA from CORT
and control animals.

Analysis
Data were analyzed by t tests to deter-

mine the P values for each group of tissues
examined (Simple Interactive Statistical
Analysis statistics). P � 0.05 was considered
statistically significant.

Results

For cohort 1 (n � 5 per treatment
group), plasma corticosterone levels
were 209 � 40 ng/ml for corticosterone-
treated and 83 � 18 ng/ml for control
mice at wk 4. For cohort 2 (n � 10 per
treatment group), corticosterone levels
were 290 � 27 ng/ml for corticosterone-
treated and 116 � 23 ng/ml for control
mice. Animals were killed after 4 wk of
exposure, and blood and brain tissues
were harvested for genomic DNA and to-
tal RNA. Only half of the animals in the
second cohort were killed at wk 4, and
the other half was allowed to recover in
the absence of corticosterone. After 4 wk
of recovery, plasma corticosterone levels
were 75 � 17 ng/ml for the CORT and
94 � 21 ng/ml for the control group.

After 4 wk of treatment with corti-
costerone in the drinking water to mimic Cushing syn-
drome, we observed notable physiological changes in
CORT mice, including significant reductions in the mass
of the thymus, spleen, and adrenal glands (Fig. 1A) as well
as increases in blood glucose levels and adipose tissue dep-
osition (Fig. 1, C and D, left panels). The increase in ad-
ipose tissue mass reflected an increase in both visceral and
sc fat depots (Fig. 1E, left panel). However, there were no
significant differences in body weight between the two
groups of animals (4 wk treatment: control 22.1 � 0.4 g,
CORT 22.2 � 0.4 g; P � n.s.). All of these physiological
parameters returned to levels comparable with control mice
after 4 wk of recovery (Fig. 1, B–E, right panels). The CORT
mice also exhibited anxiety-like behavior in the EPM test,
spending more time in the closed arms (16% increase, P �

0.05) compared with control mice (Fig. 2A). This difference
on the EPM test also diminished to near control levels once
the CORT-treated mice were allowed 4 wk of recovery (Fig.
2B). On the other hand, no behavioral differences were ob-
served between CORT and control mice in the tail suspen-
sion test after 4 wk of corticosterone treatment (Fig. 2C) nor
at the conclusion of the 4-wk recovery period (Fig. 2D).

Relative hippocampal gene expression levels for cohort
1 in the CORT treatment phase and the recovery phase are
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shown in Fig. 3A. A significant increase in expression with
treatment in CORT mice was observed for Fkbp5 (130%,
P � 0.0063), whereas significant decreases were seen in
Nr3c1 (18%, P � 0.006) and Crh (47%, P � 0.027).
Relative expression levels for the hypothalamus are shown
in Fig. 3B. Again, a significant increase in expression with
CORT treatment was seen for Fkbp5 (168%, P � 0.043),
whereas a significant decrease was noted in Crh (58%, P �
0.027). We also tested expression levels in blood to assess
the feasibility of using blood mRNA as a surrogate for that
in brain regions. We observed an increase in Fkbp5 with
CORT treatment (165%, P � 0.007) and decreases in
Nr3c1 (17%, P � 0.006) and Hsp90 (57%, P � 0.0003)
in CORT mice (Fig. 3C). No significant expression dif-
ferences were observed between CORT and control mice
in the recovery phase for either brain region; differences
were seen in blood only for Nr3c1 and Hsp90.

To better understand the mechanism behind CORT-
induced changes in gene expression, we assayed for
changes in DNAm in promoters (and additional regions
for Fkbp5) in the same three tissues in which expression
was measured. All sequences assayed in cohort 1 are de-
picted in Table 1. The results of our bisulfite sequencing
for DNAm assessment in hippocampus, hypothalamus,
and blood are seen in Tables 2–4. We detected notable
DNAm changes in the functionally relevant intron 1 and
5 regions of Fkbp5. The intron 5 region, a distal enhancer
containing two glucocorticoid response elements, showed
modestly decreased DNAm in the hippocampus (CpG-4:
CORT, 43% vs. control, 50%, P � 0.004), and the hy-
pothalamus (greatest difference seen in CpG-3: CORT,
31% vs. control, 38%, P � 0.003). Interestingly, these
differences persisted after 4 wk of recovery without CORT
treatment (Fig. 4, B and D). There were no significant
differences seen during treatment in these brain regions for
the intron 1 region. By contrast, in blood, there were no
significant differences in DNAm for the enhancer region in
intron 5, but the region in intron 1 of Fkbp5 that binds a
transcriptional repressor showed substantial differences
(CpG-1: 61.0% CORT vs. 83.6% control, P � 0.0001
and CpG-2: 54.9% CORT vs. 76.8% control, P �
0.0001). Persistence of these DNAm differences was not
seen at 4 wk of recovery.

We followed up these results in two ways. First, we
sought greater homogeneity within the brain to determine
whether we might find greater DNAm changes with such
a strategy. Second, we sought to replicate the results we
observed in blood.

Because of the functional diversity of subregions and
cell types in the hippocampus, we reasoned that the small
intron 5 region methylation differences we observed using
this whole-brain region might be magnified if we focused TA
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on a narrower, more homogenous hippocampal unit. For
this purpose, we examined the dentate gyrus, a hippocam-
pal subregion. We observed lower DNAm in the CORT-
treated group of a 2.7–10.2% magnitude across four
CpGs, although these differences did not reach statistical
significance (data not shown). We next studied a mouse
hippocampal cell line, HT-22, which has previously been
shown to express glucocorticoid receptors (23). Levels of
corticosterone were measured at 259 ng/ml for cortico-
sterone-treated media, a level quite comparable with that
seen in the CORT mice, and 19 ng/ml for vehicle solution-
treated media. We again observed increased expression
levels of Fkbp5 in the corticosterone-treated samples. At
7 d, the expression difference was 2.4-fold (P � 0.036, Fig.
5A), and at the same time DNAm was as much as 21.3%
(P � 0.014) lower in the treated group at the four CpG
positions in the intron 5 region (Fig. 5B).

In the recovery period, Fkbp5 expression returned to
normal within a single day, whereas DNAm differences
remained for another 7 d. We did not observe any signif-
icant changes in the intron 1 region of Fkbp5 in the cell line
(Fig. 5C) throughout the treatment and recovery period.

To replicate our observation of expression and DNAm
changes in Fkbp5 in blood, we examined a second cohort
of mice. In our Fkbp5 intron 1 assay, we again saw a
difference at wk 4 of CORT treatment in blood DNAm
(CpG-1: 56.8% CORT vs. 80.2% control, P � 0.0001).
After 4 wk of recovery, DNAm differences disappeared
(CpG-1: 83.5% CORT vs. 85.2% control). Concomi-
tantly, corticosterone-dependent changes in Fkbp5 ex-
pression returned to baseline (Fig. 6).

Discussion

This study was conducted to better understand the poten-
tial effects and mechanisms of chronic corticosterone ac-
tion on expression of Fkbp5 and related stress genes and
on DNAm in those genes as well as on mouse behavior. To
this end, we performed real-time expression assays on
Fkbp5 and four other genes. We observed significant dif-
ferences in expression for three of the five genes studied.
Assessment of promoter and intronic DNAm between cor-
ticosterone-treated and control groups showed several

TABLE 3. Bisulfite pyrosequencing results: percent DNAm in the treatment phase by individual CpG in CORT vs.
control mice in the hypothalamusa

Gene

CpG position

1 2 3 4 5 6 7 8 9 10

Nr3c1 4.5/5.0 2.4/3.4 1.0/1.6 2.2/2.4 3.0/2.8 2.4/3.3 6.4/6.7 1.9/3.3
Crh 24.6/25.0 51.6/47.6 59.9/58.8 35.0/32.5 31.4/30.9
Crhr1 1.1/1.5 2.5/2.1 1.8/1.9 3.3/3.0 2.0/1.9 1.9/1.7 4.2/5.0 2.7/2.7 3.2/3.6 1.6/1.4
Hsp90 2.1/2.2 3.7/3.4 5.4/5.4 1.9/2.0 3.8/3.9 9.1/9.3
Fkbp5-

promoter
5.0/5.1 5.5/4.8 11.2/10.9 46.2/48.6 18.1/17.0 6.3/6.0 12.7/16.5 7.5/7.8 17.3/20.3 22.7/19.4

Fkbp5-Int1 82.0/85.9 73.4/75.6
Fkbp5-Int5 30.5/34.0 15.5/18.6 31.1/37.9 57.8/62.2
a Values that are significantly different between corticosterone-treated (first value) and control (second value) groups at a nominal P � 0.05 are
in bold.

TABLE 2. Bisulfite pyrosequencing results: percent DNAm in the treatment phase by individual CpG in CORT vs.
control mice in the hippocampusa

Gene

CpG position

1 2 3 4 5 6 7 8 9 10

Nr3c1 3.7/5.4 2.5/3.4 1.5/1.4 4.6/1.5 1.5/1.4 2.4/3.1 2.4/2.4 2.4/2.4
Crh 10.0/10.0 30.5/29.4 37.0/36.6 16.7/16.2 19.4/18.4
Crhr1 1.4/1.2 3.1/3.3 2.3/1.7 2.8/3.8 3.0/3.1 3.6/2.9 5.3/5.4 4.0/4.3 4.3/4.2 0.7/1.8
Hsp90 2.7/2.1 3.4/4.1 5.1/4.5 2.5/2.0 3.6/3.7 8.2/7.0
Fkbp5-

promoter
10.4/8.8 9.5/4.3 16.8/12.6 40.2/40.0 17.6/15.0 9.1/12.0 14.8/15.4 7.7/5.3 24.3/19.6 19.3/22.1

Fkbp5-Int1 88.6/88.3 80.4/78.4
Fkbp5-Int5 21.4/24.8 12.9/17.2 20.7/25.2 43.1/50.2
a Values that are significantly different between corticosterone-treated (first value) and control (second value) groups at a nominal P � 0.05 are
in bold.
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CpGs that underwent significant demethylation in blood,
most strikingly within Fkbp5. In the hypothalamus and
hippocampus, we observed modest levels of demethyl-
ation within Fkbp5, with this decrease being more pro-
nounced in the HT-22 hippocampal neuronal cell line
treated with corticosterone.

We had a prior interest in Fkbp5 because of work re-
lating variation in the human ortholog to GR signaling
and mood disorders. The FKBP5 protein regulates GR

sensitivity as binding of the protein to the receptor com-
plex reduces the latter’s affinity for cortisol and translo-
cation to the nucleus. Genetic variation in FKBP5 is as-
sociated with enhanced expression after GR activation,
leading to more GR resistance, diminished negative feed-
back, and a prolonged stress hormone activation after a
stressor (29). The increase in Fkbp5 expression we ob-
served in both brain regions and in blood is consistent with
previous studies that have shown an increase in Fkbp5 in

FIG. 4. Assessment of hippocampal and hypothalamic Fkbp5 methylation in the two intronic regions. Percent methylation at two CpG positions is
shown for hippocampal Fkbp5 intron 1 region (A) and four CpG positions for the intron 5 region (B). Each intronic region was assayed for both
CORT (black bars) and control (white bars) groups. Solid bars on the left indicate the treatment phase, whereas striped bars on the right indicate
the recovery phase. The comparable data for the hypothalamus is shown in C and D. Asterisks represent statistically significant differences
between the CORT and control groups.

TABLE 4. Bisulfite pyrosequencing results: percent DNAm in the treatment phase by individual CpG in CORT vs.
control mice in the blooda

Gene

CpG position

1 2 3 4 5 6 7 8 9 10

Nr3c1 3.0/3.4 2.4/2.4 1.3/1.5 1.2/1.7 1.2/1.6 1.8/2.6 1.8/2.4 1.5/2.3
Crh 18.2/18.7 49.3/50.0 54.0/59.7 30.0/33.3 21.1/24.0
Crhr1 6.7/8.0 10.2/11.5 5.1/6.0 10.8/11.7 7.5/7.6 8.6/8.4 17.1/22.0 6.4/7.7 6.8/6.3 3.4/4.2
Hsp90 3.0/1.9 3.7/4.0 5.7/5.5 1.7/2.5 5.6/3.8 6.5/7.5
Fkbp5-

promoter
14.6/10.9 7.4/6.9 22.5/19.8 51.0/50.9 20.6/19.3 11.7/10.1 8.7/9.2 7.5/6.3 32.4/38.4 27.8/28.9

Fkbp5-Int1 61.0/83.6 54.9/76.8
Fkbp5-Int5 11.4/12.6 15.5/20.7 11.7/10.5 24.0/26.9
a Values that are significantly different between corticosterone-treated (first value) and control (second value) groups at a nominal P � 0.05 are
in bold.
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response to acute glucocorticoid administration in cell
lines (30–32) and mouse brain (26). The expression
changes, as well as the DNAm changes, we observed were
associated with increased anxiety-like behavior in the
CORT mice, although additional studies will be required
to determine whether the relationship is causal.

Our report of DNAm changes in
Fkbp5 is the first one of which we are
aware. We saw decreased methylation
in the intron 1 region of the gene in
blood DNA and more subtle decreases
in the intron 5 region of hypothalamic
and hippocampal DNA. Functional dif-
ferences exist within the hippocampus
between subregions and between cell
types. For example, laser-capture mi-
crodissection studies have shown ex-
pression differences between CA1,
CA3, and dentate gyrus (33). Cell types
within the hippocampus similarly show
differences in gene expression patterns
(34). We hypothesized that DNAm
changes might be cell type specific, and
thus, we took an approach that would
allow us to examine neurons in partic-
ular, examining a HT-22 mouse hip-
pocampal neuronal cell line.

The potential correlation we ob-
served between DNAm in brain and
blood for Fkbp5 could have implica-
tions for clinical applications of epige-
netics research. However, our findings
also suggest that distinct regions of the
gene may be affected by DNAm changes
in these differing tissues, given that the
intron 1 region showed DNAm change

in blood, whereas the intron 5 region showed DNAm
change in hypothalamus, hippocampus, and the hip-
pocampal neuronal cell line. Interestingly, the intron 5
region is similar to the intron 1 region, which has been
shown to bind MeCP2, because both regions contain hor-

mone response elements (25), and all of
the four CpG dinucleotides of the intron
5 region bioinformatically meet criteria
for predicted MeCP2 binding (35). It is
plausible that NR3C1 binding to hor-
mone/glucocorticoid response elements
and subsequent DNA demethylation may
initially decrease MeCP2 occupancy, cause
euchromatinization of the intronic re-
gion, and allow for the binding of sequence
and tissue-specific transcription factors
that togetherwith theactivatedNR3C1co-
ordinate the transactivation of the Fkbp5
gene.However, it isunclearat this timehow
the activated NR3C1 complexes are tar-
geted to the specific intronic regions in the
first place and whether DNA demethyl-
ationisaprerequisite, ratherthantheresult,
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of NR3C1 occupancy. We now have an excellent cell line
model system in which to answer such questions.

Decreased Fkbp5 DNAm in response to corticosterone
persisted for 1–4 wk after the cessation of hormone ap-
plication. By contrast, elevated Fkbp5 expression returned
to baseline more quickly. Despite a significant reduction in
methylation of nearby CpGs, it is unlikely that the en-
hancer or glucocorticoid response element would function
in the absence of an activated NR3C1 and hence the ob-
served rapid reduction in Fkbp5 expression after cortico-
sterone cessation. However, in the period of persistent
demethylation, the hormone response elements could still
be occupied by transcription factors such as forkhead box
A1 and CCAAT/enhancer binding protein that are essen-
tial cofactors for NR3C1-mediated transactivation (36,
37). This raises the possibility of a biological consequence
of these demethylated regions. If the region has become
euchromatinized, as suggested by diminished binding to
MeCP2, and if it were still occupied by many of the es-
sential cofactors, then any additional NR3C1 binding
might produce a faster and more robust signal than it
would otherwise.

In contrast to increased expression of Fkbp5 after cor-
ticosterone treatment, we observed decreased expression
of Nr3c1 and Crh in the hippocampus and decreased Crh
expression in the hypothalamus. Prior studies of chronic
stress in animals have yielded varying assessments of glu-
cocorticoid receptor expression changes in these and other
brain regions with some reporting down-regulation (38,
39), others showing no significant change (38, 39), and
one showing an increase (40). Fewer studies have exam-
ined Crh and Crhr1 expression changes in the brain in a
chronic glucocorticoid exposure paradigm. One study
showed no change in Crh or Crhr1 (41), whereas a second
observed a nonsignificant increase in Crhr1 (39) and a
third reported a significant decrease in Crhr1 (42) after
chronic treatment with corticosterone. Factors that might
explain these variations include experimental differences
in species, hormone exposure/stress paradigms, and re-
gions of the brain assayed. Of course, corticosterone ex-
posure can yield quite different results from a stress par-
adigm. For example, the former decreases CRH in
hypothalamus, whereas the latter generally increases it.

For Nr3c1, we focused our attention mainly on the two
CpG dinucleotides implicated in binding the transcription
factor nerve growth factor-inducible protein A (27). Con-
trary to our expectation, we did not find a difference in
methylation levels between CORT-treated and control
mice. One explanation for this might be that we treated
adolescents, whereas the study by Weaver et al. (27)
reported on effects of maternal behavior on offspring
during the early neonatal period. Furthermore, meth-

ylation patterns might differ in the mice we used com-
pared with the rats used by Weaver et al. We note that
one study found no DNAm at this site in rat pups sub-
jected to maternal separation (43). It is also possible
that the effect on methylation found by Weaver et al. is
mediated by factors other than varying corticosterone
levels between differentially reared groups of pups.

Limitations include the following. First, the EPM test
was done 3 days before the animals were killed. The anx-
iety on EPM could have caused changes in gene expression
rather than being the result of it, given that CORT mice
became anxious and control mice did not. Second, we have
assayed only small representative regions of a few of the
potential genes and other genomic regions in which
DNAm may potentially be influenced by corticosterone.
Given the fact that many of the glucocorticoid response
elements are located at nonpromoter regions, use of a
genome-wide assay such as the Comprehensive High-
throughput Arrays for Relative Methylation (CHARM)
(44) would greatly expand the opportunity for discovery.
The difficulty in pinpointing DNAm differences that can
account for the expression changes observed in most of the
chosen candidate HPA axis genes further highlights the
need for such a comprehensive genome-wide approach.
Third, changes accompanying chronic corticosterone ex-
posure mimic those in patients suffering from endogenous
or iatrogenic Cushing syndrome, in which anxiety is fre-
quently present; however, our paradigm may not reflect
physiological changes due to stress in the animal. A model
such as a social defeat stress or chronic variable stress
procedure (45, 46) in mice might allow for comparable
DNAm experiments with a closer tie to human stress-re-
lated illness. Fourth, a causal relationship between de-
creased DNAm and increased expression of Fkbp5 is only
suggested, but not proven, by our data. Future studies will
further explore causality through the use of DNA meth-
ylation inhibitors and reporter constructs. Finally, it is
plausible that other epigenetic mechanisms such as chro-
matin modifications might account for the expression dif-
ferences. Lending support to this, a recent paper shows a
dexamethasone-induced increase in expression of human
FKBP5 resulting from chromatin structure changes in the
distal intronic enhancer homologous to the mouse region
assayed in our study (14). Additional studies should ex-
plore the potential interaction of changes in methylated/
acetylated lysine residues of histone proteins with the
DNAm changes we observed.

In summary, we tested the hypothesis that expression
changes would be induced in HPA axis genes by differen-
tial, chronic exposure to corticosterone and that these
changes would occur through loss or gain of DNAm. Al-
though we saw significant decreases in the mRNA levels of
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Nr3c1 and Crh and an increase in Fkbp5, only in the latter
gene did we detect substantial changes in DNAm. A de-
crease in methylation was observed in blood DNA, and to
a lesser extent, in hippocampal DNA. The same pattern of
increase in expression and decrease in methylation of
Fkbp5 was more pronounced in a mouse hippocampal
neuronal cell line exposed to corticosterone. Our results
suggest the need for additional study of the mechanisms
underlying the impact of corticosterone on Fkbp5 meth-
ylation and expression. They further suggest that addi-
tional study of epigenetic influences on Fkbp5 expression
in other excess glucocorticoid paradigms, including those
induced by stress, is warranted.
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Heine-Suñer D, Cigudosa JC, Urioste M, Benitez J, Boix-Chornet
M, Sanchez-Aguilera A, Ling C, Carlsson E, Poulsen P, Vaag A,
Stephan Z, Spector TD, Wu YZ, Plass C, Esteller M 2005 Epigenetic
differences arise during the lifetime of monozygotic twins. Proc Natl
Acad Sci USA 102:10604–10609

11. Milutinovic S, D’Alessio AC, Detich N, Szyf M 2007 Valproate
induces widespread epigenetic reprogramming which involves de-
methylation of specific genes. Carcinogenesis 28:560–571

12. Datson NA, van der Perk J, de Kloet ER, Vreugdenhil E 2001 Iden-
tification of corticosteroid-responsive genes in rat hippocampus us-
ing serial analysis of gene expression. Eur J Neurosci 14:675–689

13. Sato H, Horikawa Y, Iizuka K, Sakurai N, Tanaka T, Shihara N,
Oshima A, Takeda J, Mikuni M 2008 Large-scale analysis of glu-
cocorticoid target genes in rat hypothalamus. J Neurochem 106:
805–814

14. Paakinaho V, Makkonen H, Jääskeläinen T, Palvimo JJ 2010 Glu-
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