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In the present study, genomic binding sites of glucocorticoid receptors (GR) were identified in vivo
in the rat hippocampus applying chromatin immunoprecipitation followed by next-generation
sequencing. We identified 2470 significant GR-binding sites (GBS) and were able to confirm GR
binding to a random selection of these GBS covering a wide range of P values. Analysis of the
genomic distribution of the significant GBS revealed a high prevalence of intragenic GBS. Gene
ontology clusters involved in neuronal plasticity and other essential neuronal processes were over-
represented among the genes harboring a GBS or located in the vicinity of a GBS. Male adrena-
lectomized rats were challenged with increasing doses of the GR agonist corticosterone (CORT)
ranging from 3 to 3000 �g/kg, resulting in clear differences in the GR-binding profile to individual
GBS. Two groups of GBS could be distinguished: a low-CORT group that displayed GR binding across
the full range of CORT concentrations, and a second high-CORT group that displayed significant
GR binding only after administering the highest concentration of CORT. All validated GBS, in both
the low-CORT and high-CORT groups, displayed mineralocorticoid receptor binding, which re-
mained relatively constant from 30 �g/kg CORT upward. Motif analysis revealed that almost all GBS
contained a glucocorticoid response element resembling the consensus motif in literature. In
addition, motifs corresponding with new potential GR-interacting proteins were identified, such
as zinc finger and BTB domain containing 3 (Zbtb3) and CUP (CG11181 gene product from transcript
CG11181-RB), which may be involved in GR-dependent transactivation and transrepression, re-
spectively. In conclusion, our results highlight the existence of 2 populations of GBS in the rat
hippocampal genome. (Endocrinology 154: 1832–1844, 2013)

Stress, an actual or perceived threat to homeostasis, ac-
tivates a neuroendocrine cascade leading to the release

of glucocorticoid (GC) stress hormones (cortisol in hu-
mans and corticosterone in rodents (both abbreviated as
CORT) by the adrenal. In the brain, GC bind to miner-
alocorticoid receptors (MR) and GC receptors (GR). GR
are abundantly expressed throughout the brain (1, 2),
whereas MR have a much more restricted expression in
predominantly limbic brain structures. GR have a rela-
tively low affinity for their ligand (Kd � 2.5nM–5nM),
and are therefore activated when circulating GC levels
increase, eg, during stress or at the circadian peak, whereas

brain MR are already activated under basal nonstress con-
ditions (Kd � 0.5nM) (3). GR and MR mediate complemen-
tary and different, sometimes opposing, actions of CORT.
Although MR are involved in maintenance of neuronal ex-
citability and basal activity of the stress system and onset of
the stress reaction, GR activation results in suppression of
excitability transiently raised by excitatory stimuli, recovery
from stress, and behavioral adaptation. Their balanced ac-
tivation isan importantdeterminantofneuronalexcitability,
neuronal health, and stress responsiveness (4, 5).

MR and GR belong to the superfamily of ligand-acti-
vated nuclear receptors and are involved in the regulation
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of gene transcription. GR dimers interact directly with
15-nucleotide glucocorticoid-responsive elements (GRE)
that are present in the DNA, to mostly stimulate tran-
scription, a mechanism called transactivation (6). In ad-
dition, GR can bind other transcription factors such as
activation protein-1, c-Jun N-terminal kinase, and nuclear
factor-�B (7–9), thereby inhibiting their action, a mecha-
nism known as transrepression.

The hippocampus, a brain structure important for
learning, memory, mood, and regulation of the stress sys-
tem, is a major target for GC and has high expression levels
of both GR and MR (3, 4, 10). The balance of activated
GR and MR influences not only cell birth and death but
also other forms of neuroplasticity (5). Hippocampal neu-
rons are particularly sensitive to GC and display a high
degree of adaptive plasticity upon chronic GC exposure.
Besides chronic exposure to GC, acute GC exposure can
also affect structural plasticity in the brain. In the hip-
pocampus, a few hours of intense stress reduced spine
density on dendrites of CA3 neurons (11), whereas expo-
sure to an acute restraint stress increased the density of
spines on neurons in area CA1 of male rats (12). Besides
structural changes, GC affect electrical properties of hip-
pocampal neurons. Chronic stress or chronic CORT ex-
posure suppresses hippocampal long-term potentiation
(LTP), a lasting synaptic strengthening that likely under-
lies learning and memory formation (13–15). Consistent
with these GR-mediated effects on structure and function,
hippocampal GR regulate a wide variety of genes involved
in diverse aspects of neuroplasticity (16).

Although studies into GC- and stress-responsive genes
in the hippocampus have been insightful (16–19, 20), the
identified genes are notoriously a mixture of primary and
more downstream transcriptional responses, and it re-
mains unclear whether GR actually bind to regulatory
elements controlling expression of these genes. Techno-
logical advances in high-throughput sequencing com-
bined with chromatin immunoprecipitation (ChIP-Seq)
have made it possible to characterize genome-wide bind-
ing sites of GR in a variety of cell types (21–24), providing
an unprecedented view on the motifs and genomic loca-
tions to which GR bind in different cellular contexts.
However, so far today, the genome-wide binding sites of
GR in vivo in the brain have not been characterized.

The aim of the current study was to identify genome-
wide primary targets of GR in vivo in the hippocampus
using ChIP-Seq and study whether activated GR bind to
their primary targets in a dose-dependent way. In addi-
tion, we wanted to gain more knowledge on the genes that
are located near genomic binding sites for GR and search
for cross-talk partners of GR in the brain that might ex-
plain the cell type–specific targets of GR that are often

observed (21–24). Finally, we set out to investigate
whether MR also bind to genomic binding sites of GR.

Materials and Methods

Experimental groups and tissue handling
For ChIP analysis, 8-week-old male Sprague Dawley rats

(Harlan, Venray, The Netherlands) were housed in groups of 4
with food and water available ad libitum in a temperature (21°C)
and humidity (55%) controlled room with a 12-hour light, 12-
hour dark cycle (lights on at 7:30 AM). All experiments were
conducted during the light phase. The rats were adrenalecto-
mized as described before to completely deplete endogenous
CORT levels and ensure there were no GR bound to the DNA
(25). Three days after adrenalectomy (ADX), 4 groups of ani-
mals received an ip injection with 3, 30, 300, or 3000 �g/kg
CORT-hydroxypropyl-cyclodextrin complex while 1 group was
left undisturbed (n � 6 per group). All animals were decapitated
after 1 hour for ChIP, and their hippocampi were isolated and
processed for ChIP (see below). CORT levels in the blood 2 days
after ADX and at the moment of decapitation were measured by
RIA, showing that both the ADX operation was successful as
well as a significant increase in CORT 1 or 3 hours after injection
(Supplemental Figure 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org). Ex-
periments were approved by the Local Committee for Animal
Health, Ethics, and Research of the University of Leiden (DEC
06055 and 10044). Animal care was conducted in accordance
with the European Commission Council Directive of November
1986 (86/609/EEC).

Antibodies
Details on the antibodies used for ChIP are listed in Table 1.

The antibodies used for GR and MR are commonly used in lit-
erature to study GR and MR in Western blot and immunohis-
tochemical as well as immunoprecipitation studies in a wide va-
riety of cells and tissues (www.scbt.com). We have successfully
used the GR (H-300) antibody in the hippocampus for immu-
nohistochemistry ( (26) and Western blot (27) and have obtained
specific signals. Furthermore, we have used this antibody for
ChIP and a ChIP-Seq study in undifferentiated and neuronally
differentiated PC12 cells, respectively (24, 28). The MR H-300
antibody has been used for Western blot analysis in the guinea
pig and rat hippocampus (29, 30).

ChIP-Seq procedure
Because in vivo ChIP-Seq on brain tissue requires a minimum

amount of chromatin as input, more than could be obtained from
a single animal, 6 hippocampal hemispheres of 1 experimental
group were pooled after shearing by sonication and divided in 2
equal portions, so that 2 ChIP procedures on identical samples
(technical replicates) could be performed. This was done for both
hemispheres, resulting in 4 ChIP samples that were stored at
�80°C until further processing.

The ChIP procedure was performed as described before (31).
A detailed description of the ChIP procedure is available in Sup-
plemental Document 1. Briefly, the samples were separately pre-
cleared by incubating them with Sepharose A beads. After pre-
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clearing, an input aliquot was taken of each sample to control for
the amount of DNA used as input for the ChIP procedure. To
reduce technical and biological variation, each sample was di-
vided in 3 portions and incubated overnight at 4°C under con-
tinuous rotation with 6 �g of either a GR, MR, or normal rabbit
IgG antibody (Santa Cruz Biotechnology, Santa Cruz, Califor-
nia). Subsequently, the antibody-bound DNA fragments were
isolated by incubating the samples with blocked protein A beads,
after which the beads were washed and incubated with elution
buffer to isolate the DNA-protein complexes. Finally, the DNA
fragments were isolated by reverse cross-linking the samples,
followed by ribonuclease treatment and purification on Nucle-
ospin columns (Macherey-Nagel, Düren, Germany) (31). The
immunoprecipitated samples were eluted in 50 �l elution buffer.

For sequencing, IgG and GR ChIP samples of rats that re-
ceived 3000 �g/kg CORT were prepared according to the pro-
tocol supplied with the Illumina Genome Analyzer GA1 (Illu-
mina, San Diego, California). In brief, the DNA fragments were
blunted and ligated to sequencing adapters after which the DNA
was amplified for 18 rounds of PCR. The DNA was electropho-
resed on a 2% agarose gel, of which a region containing DNA
fragments 100 to 500 base pairs (bp) in length was excised and
the DNA extracted with the QIAGEN Gel Extraction Kit (QIA-
GEN, Hilden, Germany). DNA quality was checked on the Agi-
lent Bioanalyzer (Waldbronn, Germany). Single end sequencing
of the first 35 bp of the resulting DNA library was performed on
the Illumina Genome Analyzer (Leiden Genome Technology
Center, Leiden University Medical Center, Leiden University).

Read alignment, peak calling, and mapping
We used the Burrows-Wheeler Aligner (32) to align 35-bp

reads to the rat genome (rn4), controlling for unique tags, mis-
match, and DNA gaps. Using BEDtools (33), we generated BED
files that were used for model-based analysis of ChIP-Seq
(MACS) (34) and wiggle files which could be used to visualize the
reads on the UCSC genome browser (http://genome.ucsc.edu).

GR-binding sites (GBS) in the DNA relative to the nonspecific
binding of the corresponding IgG ChIP-Seq sample were iden-
tified with the MACS peak caller (34). For peak calling, a P value
cutoff of 1.00 � 10�5, a model fold of 30 and a � set of 1000/
5000/10 000 were used to determine significant bound DNA
regions. Per peak, a false discovery rate (FDR) was calculated by
MACS.

Using Galaxy (http://main.g2.bx.psu.edu/) (35, 36), Refseq
genes near the GBS were determined. As a reference genome,
Rattus norvegicus 4 (rn4) was used. Data were visualized by

uploading wiggle files containing the raw ChIP-Seq data on the
UCSC genome browser.

Real-time quantitative PCR
For ChIP-Seq validation, a selection of GBS was validated by

applying real-time quantitative PCR on immunoprecipitated
chromatin. All cycle threshold values ranged from 25 to 32. The
ChIP PCR signal was normalized by subtracting the amount of
nonspecific binding of the IgG antibody in the same sample.
Metallothionein 2A (MT2a), which has 2 well-documented
GREs (37), served as a positive control for the ChIP. As a negative
control, we analyzed GR binding to a nonbound GR region
(exon 2 of the myoglobin gene). Normalized data were analyzed
with GraphPad Prism version 5.

One-way ANOVA with a Tukey’s multiple-comparison test
was used to assess significant binding of GR and/or MR. Signif-
icance was accepted at P � .05.

The primer sequences for ChIP validation are listed in Sup-
plemental Table 1.

Motif search
The regions containing the GBS were trimmed to 200-bp se-

quences and screened for de novo motifs consisting of 8 to 40
nucleotides using MEME (multiple expectation maximization
for motif elicitation) (38). The 15 most significant motifs were
given as output and compared against databases of known mo-
tifs using TOMTOM Motif Comparison Tool (39).

Gene ontology analysis
The genes nearest to the significant GBS were clustered with

the Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID) version 6.7 (http://david.abcc.ncifcrf.gov/
home.jsp) according to their functional annotation.

Results

ChIP-Seq results
Sequencing of the DNA fragments acquired by ChIP

resulted in the generation of 1.9 � 107 and 1.5 � 107 reads
that were bound by GR and IgG, respectively. Approxi-
mately 1.1 � 106 and 0.47 � 106 reads could be uniquely
mapped to the rat genome (rn4) for GR and IgG, respec-
tively. MACS peak calling resulted in the identification of

Table 1. Antibodies Used for the ChIP Study

Peptide/Protein
Target Antigen Sequence

Name of
Antibody

Manufacturer, Catalog
No., or Name of Source

Species Raised
in Monoclonal
or Polyclonal

Dilution
Used

MR Amino acids 1–300 at
N terminus of
human MR

MR antibody
(H-300) X

Santa Cruz Biotechnology
sc-11412X (ChIP
application)

Rabbit polyclonal
IgG

6 �g/600 �l

GR Amino acids 121–420
within an internal
region of human
GR�

GR antibody
(H-300) X

Santa Cruz Biotechnology
sc-8992X (ChIP
application)

Rabbit polyclonal
IgG

6 �g/600 �l
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16 614 peaks that were bound by GR (GBS) with FDR
percentages that ranged from 0 to 58 (Supplemental Table
2). Plotting the distribution of FDR values for all GBS
revealed that the FDRs were not distributed as a contin-
uum but that there were some gaps in which a range of
FDR values were not represented. Based on this, an FDR
cutoff of 13% was chosen, which coincided with the point
in the FDR distribution curve just before the first major
gap (Figure 1). This cutoff resulted in a total of 2460 GBS
with P values ranging from 3.3 � 10�116 to 1.13 � 10�12

(Supplemental Table 3).

Genomic distribution of GBS in rat hippocampus
The 2460 significant GBS were associated with 1823

unique gene IDs. Examination of the location of the 2460

GBS relative to nearby genes revealed that 965 GBS (39%)
were located within genes (Figure 2). Interestingly, the intra-
genic GBS were mainly located within intronic regions
(78%), followed by 5�-untranslated region (UTR) (15%),
intron/exon junctions (4%), and 3�-UTR (3%). Only 1% of
the intragenic GBS were located within exons. Considering
GBS that were located outside annotated RefSeq genes, 12%
of GBS were located within 10 kilobases (kb) upstream or
downstream from the nearest gene and another 27% be-
tween 10 and 100 kb. The remaining 22% were located fur-
ther than 100 kb upstream or downstream of the nearest
genes, of which 111 GBS (5%) were at more than 500 kb.

Validation of GBS confirms ChIP-Seq results
To validate the results obtained from ChIP-Seq, a se-

lection of 13 GBS covering a wide spectrum of P values
was measured in ChIP samples obtained from an indepen-
dent set of hippocampi. In all cases, significant GR binding
relative to untreated ADX animals was confirmed (Figure
3). Interestingly, there was a large variation in degree of
GR binding to the GBS, ranging from 0.06% to 3.5% of
the DNA that was bound by GR in the selected genomic
regions. In general, the GBS with the highest degree of GR
binding were the most significant, with lower FDR and P
values in comparison with GBS with lower levels of GR
binding (Figure 3).

GRs bind to their genomic targets in a ligand
concentration-dependent manner

To investigate whether GR binding to its genomic tar-
gets was dependent on the concentration of available li-

Figure 1. The number of GBSs (y-axis) are plotted against the
corresponding FDR (x-axis). Two FDR gaps are evident: 1) from 12.98%
to 24.08% and 2) from 37.16% to 47.28%, in which a rise in FDR
does not yield an increase in GBS. FDRs are shown in percentages.

Figure 2. A, Distribution of GBS relative to the nearest gene, resulting in regions that lie within or outside genes. The black bar represents a gene,
showing that 39% of the GBS are located within genes. The GBS that are located up or downstream from the nearest gene are divided into 3
bins: within 10 kb, between 10 and 100 kb, and more than 100 kb from a gene. B, Pie chart showing the location of intragenic GBS within
annotated RefSeq genes, devided into 5�-UTR (exon or intron), intron, exon, intron/exon overlap, and 3�-UTR (exon or intron) regions.
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gand, we analyzed GR binding within the hippocampi of
4 groups of animals that received different doses of CORT,
namely 3, 30, 300, or 3000 �g/kg. We performed ChIP-
PCR on the same selection of GBS described above (Figure
3). In all cases, significant GR binding was observed in a
dose-dependent manner. A more detailed analysis allowed
the GBS to be divided into 2 distinct groups based on their
differential binding at lower CORT concentrations (Fig-
ure 4). The first group, the high-CORT GBS, showed no
binding after injecting 3 or 30 �g/kg CORT, in some cases
minimal binding at 300 �g/kg CORT, but a sharp increase
in binding at 3000 �g/kg CORT (Figure 4A). The second
group, the low-CORT GBS, displayed GR binding start-
ing at 30 �g/kg CORT, which increased thereafter and
reached relatively high levels of GR binding at the highest
CORT concentration of 3000 �g/kg (Figure 4C). Inter-
estingly, the low-CORT group coincided with the most
intensely bound GBS and the high-CORT group with the
less intensely bound GBS (Figure 3).

MRs and GRs bind to the same GBSs, but at
different ratios depending on the ligand
concentration

Although the binding sites reported here were identified
using a GR-specific antibody, we were interested in

whether they might also be bound by
MR, because MR and GR have
DNA-binding domains that are
94% identical and may form het-
erodimers. Because MR and GR
have different affinities for CORT,
we performed ChIP for MR and GR
under varying amounts of available
ligand, ranging from 3 to 3000 �g/
kg. The lowest dose of 3 �g/kg was
chosen, because we expected both
poor activation of GR and MR and
hence very little DNA binding to be
observed at this CORT concentra-
tion. The next dose of 30 �g/kg was
chosen because we expected pre-
dominant MR activation and very lit-
tle GR activation, whereas 300 and
3000 �g/kg are in the CORT range
of additional significant GR activa-
tion. Significant MR binding was ob-
served at all GBS except at Per1_2,
MT2a, and Slc7a6. Analysis of MR
binding to the low-CORT and high-
CORT GBS described above showed
a different binding pattern than GR
binding (Figure 4, B and D), with
MR binding starting at either 30 or

300 �g/kg CORT but not increasing at higher CORT
doses. This is in contrast to GR binding, where a sharp
increase at 3000 �g/kg CORT was observed. Calculating
the ratio of MR and GR binding to the validated GBS
showed that the low-CORT GBS have a GR to MR ratio
above 1, indicating that they display relatively more GR
binding over the full range of CORT concentrations
ranging from 30 to 3000 �g/kg. In contrast, the high-
CORT GBS mostly have a GR to MR binding ratio
below 1, in particular in the CORT concentration range
of 3 to 300 �g/kg.

Motif analysis reveals Zbtb3 to be an important
possible transactivation partner

A remarkably high proportion of GBS contained a
GRE. The GRE sequence itself was identical to the con-
sensus sequence that was identified in other ChIP-Seq
studies on GR (Figure 5) (21–23).

Only 14 of the 2460 GBS lacked a GRE, indicating that
the remaining 2446 GBS likely regulate target gene ex-
pression through direct GR-GRE interaction, also known
as transactivation. Continuing the motif screening within
the 500 GRE-containing GBS with the lowest FDR re-
vealed that 288 GBS (58%), in addition to a GRE motif,

Figure 3. Graph showing ChIP-PCR validation of a selection of GBS that were identified by
ChIP-Seq. Because the intensity of GR binding varies enormously, the graph was split in two,
showing the GBS with lower GR binding on the left (percent GR-bound DNA � 1.0) and GBS
with higher GR-binding (percent GR-bound DNA � 1.0) on the right with different y-axes. The
gene nearest to the GBS is listed on the x-axis and the percentage of GR-bound DNA (corrected
for IgG) is indicated on the y-axis. Statistical analysis was performed using 1-way ANOVA with
Tukey’s multiple-comparison test to identify GBS that show significant GR binding compared
with noninjected animals. *, Significance was accepted at P � .05. GR binding in myoglobin
exon2 was measured as a negative control. Details of all the validated GBS are present in
Supplemental Table 3 (GBS number): Nrxn1 (1826), Ndnl2 (1529), St3gal3 (529), Lyst (535),
Slc7a6 (640), Arpc2 (759), Cacna2d3 (1540), Serp2 (61), MT2a (63), Per1_2 (1362), Ddit4 (211),
Klf9 (25), Per1_1 (12).
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also contained a motif that significantly resembled the
binding motif of the transcription factor zinc finger and
BTB domain containing 3 (Zbtb3) (Figure 5). Other
identified motifs involved sequences similar to binding
sites for zinc finger protein 740 (Zfp740), SRY-box con-
taining gene 12 (Sox12), Sox4, serum response factor
(Srf), and zinc finger and SCAN domain containing 4C
(GM397 or Zscan4c). Analysis of the top 5 co-occur-
ring motifs within 1 GBS revealed that the combination
of GR and Zbtb3 binding motifs within the GBS with-
out the presence of any of the other motifs was most
prevalent (37%) (Figure 6). This was followed by the
combination of GR, Zbtb3, and zinc finger protein 740

or Sox12 binding motifs, both combinations occurring
in 10% of this selection of GRE-containing GBS. Co-
occurrence of GR with Sox12 or Sox4 binding motifs
was observed in 7% of these GBS.

Of the 14 GBS that did not contain a GRE, all contained
2 motifs significantly resembling the motif recognized by
the protein CG11181 gene product from transcript
CG11181-RB (CUP) (Figure 5). Eight of these GBS (57%)
additionally contained a binding motif significant for the
zinc-coordinating protein zf-C2H2 Zinc finger, C2H2 type
(RME1). Binding motifs resembling the transcription factor
specificity protein 1 and interferon regulatory factor 2 (Irf2)
binding sites occurred in 6 GBS (43%) (Figure 6).

Figure 4. Graphs visualizing the concentration-dependent binding of GR and MR to its targets. The CORT concentration is indicated on the x-axis.
Point 0 of the x-axis represents undisturbed animals that did not receive a CORT injection. The GBS were assigned into 2 different groups: the
high-CORT and the low-CORT groups. A, GR binding to the high-CORT group is shown, in which GR binding to the GBS is evident after injecting
3000 �g/kg but not at lower concentrations. B, MR binding to these high-CORT GBS is apparent at 30 �g/kg as well but in most cases stabilizes
thereafter. C, GR binding to low-CORT GBS, where GR binding is present at 30 �g/kg CORT and increases with higher CORT concentrations. D.
MR binding to low-CORT GBS that resembles the pattern observed in the high-CORT GBS. E, Graph in which the GR to MR ratio for the high-
CORT and low-CORT groups are visualized. All GBS were significantly bound by GR according to 1-way ANOVA analysis with Tukey’s multiple-
comparison test relative to noninjected animals. Significance was accepted at P � .05.
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GBS-associated genes are involved in neuronal
functioning and cell survival

To investigate the biological relevance of the identified
GBS, we analyzed the functional annotations of the 2460

associated genes and sorted them into clusters using DAVID
(Table 2). Within the top 10 clusters, we found neuronal-
associated clusters, namely, cell and neurite projection (clus-

ter 1) and neuron differentiation (clus-
ter 9) as well as cell-survival clusters
like apoptosis (cluster 5) and regula-
tion of programmed cell death (cluster
7).Theremainingclusters involveden-
zyme binding (cluster 3), response to
organic substance (cluster 4), phos-
phate metabolic process (cluster 8),
and positive regulation of transcrip-
tion (cluster 10).

As described above, a motif re-
sembling Zbtb3-binding sequences
was identified in 58% of the 500
GRE-containing GBS that have the
lowest FDR. We next investigated
whether the genes associated with
these Zbtb3-containing GBS were
involved in different biological pro-

Figure 6. Most frequently observed combinations of motifs identified within GBS with or
without a GRE. For GBS that did contain a GRE, the top 5 co-occurring motifs are depicted. For
GBS without a GRE, all observed combinations are shown.

Figure 5. Motifs identified in GBS that do or do not contain a GRE. For GBS that do contain a GRE, the motifs with an e-value � 0.05 were considered.
Because only 14 GBS did not contain a GRE, all e-values are higher than 0.05 and therefore the 5 most frequent occurring motifs are depicted. The e-value
indicates the statistical significance of the motif and is calculated by MEME. The e-value is an estimate of the expected number of motifs with the given log
likelihood ratio (or higher), and with the same width and site count, that one would find in a similarly sized set of random sequences.
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cesses and functions from the GBS without a Zbtb3-bind-
ing sequence. Clustering of the acquired gene ontology
(GO) revealed differences between GBS that do or do not
contain a Zbtb3-binding sequence with regard to the types
of clusters and the degree of enrichment (Table 3). GBS
harboring a Zbtb3 motif generally had clusters with
higher enrichment scores compared with GBS without
Zbtb3 motifs. For example, 7 clusters showed an enrich-
ment of more than 2 versus only 2 clusters with this degree
of enrichment in the group lacking a Zbtb3 motif. Fur-
thermore, the Zbtb3-containing group was enriched for
clusters involved in regulation of apoptosis (clusters 4 and
5), regulation of transcription (cluster 3), and regulation
of macromolecule metabolic process and insulin receptor

signaling pathway (cluster 6 and 7). The non-Zbtb3–con-
taining group, in contrast, was mainly involved in protein
kinase binding (cluster 1, 3.7 enrichment), followed by ion
binding and biological adhesion.

Discussion

Because neuronal plasticity within the hippocampus is
known to be very sensitive to GR activation, resulting in
functional as well as structural changes (19, 40, 41), we
were interested in the composition of the GR-binding rep-
ertoire within hippocampal tissue. In the current study in
rat hippocampus, we identified 2460 significant GBS us-
ing ChIP-Seq. Analysis of a selection of these GBS in an-
imals that received different doses of CORT showed that
the GR-binding potential differs depending on the GBS
that is analyzed and the concentration of ligand that has
been administered. We showed MR binding to several
validated GBS, but to a lower extent than GR binding, in
particular at the higher CORT concentrations. Finally,
motif analysis revealed a high prevalence of sequences
within the GBS that significantly resemble binding sites for
Zbtb3 and CUP, which might be potential new cross-talk
partners involved in GR-mediated transactivation and
transrepression, respectively.

Reliability of ChIP-Seq data
To validate the reliability of our GBS, we randomly

selected 13 GBS with FDRs ranging from 0% to 13% for
validation by ChIP-PCR. In all cases, we were able to suc-

Table 2. Top 10 Enriched Functional GO Clusters of
GBS-Associated Genes Identified in Rat Hippocampus

GO Term Category ES

1 Cell and neurite projection CC 6.8
2 Blood vessel development BP 6.3
3 Enzyme binding MF 5.5
4 Response to organic substance BP 5.4
5 Apoptosis BP 5.2
6 Cell and membrane fraction CC 5.0
7 Regulation of programmed cell death BP 4.3
8 Phosphate metabolic process BP 4.0
9 Neuron differentiation BP 4.0

10 Positive regulation of transcription BP 3.9

The 10 most enriched functional GO clusters in GBS-associated genes
in rat hippocampus. Analysis was performed with DAVID under
medium classification stringency. Per cluster, the first GO term is
shown. In addition, the category to which the GO term belongs to is
indicated: biological processes (BP), molecular function (MF), or cellular
compartment (CC). The enrichment score (ES) indicates the geometric
mean (in �log scale) of the cluster member’s P value.

Table 3. Top 10 Enriched Functional GO Clusters in Rat Hippocampus in the 500 Most Significant GBS-Associated
Genes With and Without Zbtb3 Motifs

With Zbtb3 Without Zbtb3

GO Term Category ES GO Term Category ES

1 Negative regulation of cell communication BP 3.9 Protein kinase binding MF 3.7
2 Insoluble fraction CC 3.0 Ion binding MF 2.3
3 Negative regulation of transcription BP 2.7 Biological adhesion BP 1.9
4 Regulation of apoptosis BP 2.7 Protein amino acid

dephosphorylation
BP 1.3

5 Positive regulation of anti-apoptosis BP 2.5 Eye morphogenesis BP 1.3
6 Positive regulation of macromolecule

metabolic process
BP 2.4 Protein kinase cascade BP 1.3

7 Negative regulation of insulin receptor
signaling pathway

BP 2.3 In utero embryonic development BP 1.2

8 Blood vessel development BP 1.7 Regulation of nucleotide
biosynthetic process

BP 1.1

9 Regulation of cell-substrate adhesion BP 1.7 Mitochondrial part CC 1.0
10 Response to inorganic substance BP 1.6 Rhythmic process BP 1.0

The 10 most enriched functional GO clusters in associated genes that are found in GBS with GRE and Zbtb3 motifs (left columns) or GBS
containing only a GRE motif and lacking a Zbtb3 motif (right columns). Analysis was performed with DAVID. Per cluster, the first GO term is
shown. In addition, the category to which the GO term belongs to is indicated: biological processes (BP), molecular function (MF), or cellular
compartment (CC). The enrichment score (ES) indicates the geometric mean (in �log scale) of the clusters member’s P values.
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cessfully validate GR binding to the GBS, supporting that
the statistical threshold we applied was stringent enough
to detect bona fide GBS. The fact that 99% of the GBS that
we considered to be significant contain a GRE, in our
opinion, strengthens the hypothesis that these are real
GBS. In a previous ChIP-Seq study on genome-wide GR
binding in neuronal PC12 cells, we observed that more
than 80% of the 100 most significant GBS contained a
GRE, with this percentage slowly decreasing as GBS sig-
nificance descended (24), suggesting that our cutoff de-
tecting 2460 GBS may even have been too stringent. GRE-
dependent processes are important in the brain, as shown
in GRdim/dim mutant mice, in which the mutation pre-
vented GR homodimerization and therefore binding to
most GREs. These mice showed an impairment of mod-
ulation of hippocampal excitability and spatial memory
(42, 43).

Additional support for the reliability of the ChIP-Seq data
presented here comes from the observation of hippocampal
GR binding near several known GR targets such as Per1,
Ddit4(24,44,45),Mt2a,andKlf9(24,44,45)aswellasnear
many genes previously reported to be differentially regulated
upon a psychological or physiological stressor, such as, mi-
crotubule-associated protein 2 (MAP2) (46), microtubule-
associated protein 1b (MAP1b) (47), neuroligin 1 (nlgn1)
(48), growth-associated protein 43 (GAP43) (49), calcium/
calmodulin-dependent protein kinase II� (Camk2a) (50),
FK506 binding protein (Fkbp5) (51), glutamate receptor,
ionotropic, N-methyl D-aspartate 2B (Grin2b) (52), gluta-
matereceptor, ionotropic,AMPA2(Gria2) (53),andN-myc
downregulated gene 2 (NDRG2) (54). Interestingly,
NDRG2 is a target of MR and is activated by the MR ligand
aldosterone in the kidney and distal colon (55).

The GR-binding data were obtained in ADX rats re-
placed with a specific dose of CORT, which creates an
artificial context due to the depletion of endogenous
CORT. However, the fact that we detected several known
GR targets and almost all binding sites contained a highly
significant GRE sequence does give us confidence in the
data.

A high percentage of GBSs are located within
introns or far away from genes

A relatively high percentage (39%) of the 2460 signif-
icant GBS was located within genes, in particular within
introns, which is a finding that we previously observed in
neuronal PC12 cells and that has also been observed by
others (22–24). It is becoming increasingly clear that many
intronic regions have a regulatory function and harbor
cis-acting regulatory elements such as tissue-specific en-
hancers (56–59) and noncoding RNAs, which play an

important role in autoregulation and gene regulation pro-
cesses (60, 61). Approximately 22% of the GBS were lo-
cated at distances of at least 100 kb from the nearest gene
and 5% at even 500 kb or more. It has been shown that
these gene deserts that are devoid of coding sequence may
contain regulatory sequences that act at large distances to
control gene expression (62).

GR binding to genomic targets is dependent on
ligand availability

A few studies have shown dose-response effects of
CORT on the expression of target genes (63, 64). We
studied the dose-response relationship of GR binding to a
selection of the GBS identified after administration of a
high dose of CORT (3000 �g/kg). Our results indicated
that in a subset of GBS, the high-CORT GBS, GR binding
to the GBS became evident only after injecting 3000 �g/kg
CORT, but not at lower CORT concentrations. In con-
trast, another subset had a more step-wise GR-binding
profile, starting at 30 �g/kg CORT and slowly increasing
thereafter, which we called the low-CORT GBS. Interest-
ingly, the low-CORT GBS had the lowest FDRs and the
highest relative GR binding (Figure 4). Hence, these low-
CORT GBS represent the binding sites that become occu-
pied upon replacement of the ADX animal with CORT
toward physiological levels, whereas the high-CORT
group is identified in a dose range common for pharma-
cotherapy of inflammatory processes, a distinction that
has been indicated by Sapolsky et al (65) as indicative for
permissive and regulatory (eg, stimulatory, suppressive,
and preparative) actions of GCs.

What could the differences in GR-binding potential to
the various targets implicate? First, it appears that the GC
concentration affects the repertoire of genomic targets to
which GRs bind. The GBS near the low-CORT genes are
bound at relatively low levels of CORT as well as at higher
levels of CORT. This indicates that these genes are likely
to be activated during daily variations of CORT. The high-
CORT GBS, conversely, appear to be less sensitive to
changing CORT levels. Only when the organism is ex-
posed to a higher concentration of CORT, which may
occur at the circadian peak or in response to more severe
stressors, and the concentration of the hormone is suffi-
ciently high for the activation of GR will binding of GR to
these high-CORT GBS occur, resulting in the activation of
the corresponding genes near these GBS. The question can
therefore be raised, whether the distinction in low-CORT
and high-CORT genes may relate to the enormous diver-
sity in permissive and regulatory actions of GCs that have
been suggested to be complementary in coordination of
daily activities and sleep-related events as well as organi-
zation of the response to stress, respectively (65).
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Interestingly, classical known GR targets such as Per1,
Ddit4, Mt2a, and Klf9, ubiquitously bound by GRs in
multiple cell types and tissues, were all present within the
low-CORT group and perhaps may therefore be impor-
tant for any kind of daily variation in actions of a permis-
sive nature. Our findings imply that, depending on the
amount of secreted CORT, different sets of GR-target
genes are recruited in the hippocampus. Because the level
of CORT secretion is directly related to duration and se-
verity of the stressor, this may explain how the high-
CORT GBS affect the profound functional and structural
changes in plasticity of hippocampal neurons caused by
chronic GC overexposure.

MRs bind to GBS, but at lower CORT
concentrations

Knowledge of MR targets is sparse, in particular in the
brain. Because MR have a near identical DNA-binding
domain to GR, we were curious whether MR also dis-
played binding to GBS. Both receptors are activated by the
ligand CORT, with the only difference that MR have a
much higher affinity for CORT and, consequently, are
activated at lower CORT levels in comparison with GR. In
particular in the high-CORT GBS, MR binding at the
lower CORT concentrations might disable GR binding
and allow GR binding only when CORT levels become so
high that MR are fully occupied. Indeed, we observed rel-
atively higher MR binding to the high-CORT GBS than to
the low-CORT GBS. At an absolute level, the difference in
MR binding was not apparent, indicating a saturation of
MR in both situations, further supporting the importance
of the balance in MR- and GR-mediated actions in main-
taining homeostasis (5).

It is unlikely that the differences in MR and GR binding
can be linked to differences in relative concentrations of
MR and GR protein levels in the hippocampal prepara-
tions we used, although we did not measure this in the
current study. However, it is known from our original
radioligand binding and Western blot studies over the
years that MR and GR concentrations in hippocampus are
in the same range but that the values may change depend-
ing on strain, age, and stress history. Reul and de Kloet (3)
reported an MR concentration of 250 fmol/mg protein in
the hippocampus cytosol of ADX Wistar rats, whereas the
GR concentration was 310 fmol/mg protein.

GR monomers may also form dimers via het-
erodimerization with MR, potentially increasing the level
of functional diversity (66). A recent study using green
fluorescent protein-based fluorescence resonance energy
transfer in living cultured hippocampal neurons provided
evidence that MR and GR directly interact with each other
in the nucleus (67). The results from this study suggested

that MR may predominantly form homodimers at lower
CORT concentrations, whereas at higher concentrations
mimicking stressful conditions when GR activation be-
comes more abundant, the incidence of heterodimeriza-
tion with GR increased (67).

We have previously reported that MR and GR have
distinct yet overlapping target genes in the hippocampus
(68). Strikingly, MR bound to almost all the GBS we tested
here. However, because the study was designed to identify
GBS and not MR-binding sites, we cannot exclude the
existence of MR-specific binding sites that might be de-
tected in a genome-wide screen using an MR-specific
antibody.

GBS near CORT-regulated genes are involved in
neuronal plasticity

Recent insights from ChIP-Seq studies have revealed
that GR bind to the genome in a cell-type–specific manner.
Therefore we expect GR to target genomic sites in the
hippocampus that are different from those in other non-
neuronal cell types (21–24). Because GR play an impor-
tant role in hippocampal neuronal plasticity, we hypoth-
esized that GBS in the hippocampus would be located
nearby or within genes associated with neuronal plastic-
ity. Indeed, we observed GR binding near several genes
involved in neuronal plasticity, such as neurochondrin
(NCDN), ionotropic N-methyl-D aspartate (NMDA) re-
ceptor-2 (GRIN2A and GRIN2B), metabotropic 5
(GRM5), and signal-induced proliferation-associated 1
like 1 glutamate receptor (SIPA1L1). Furthermore, GO
analysis showed that GR bind to genomic sites that are
located near genes involved in neuron projection and neu-
ron differentiation, which were overrepresented GO
terms.

An important pathway that is known to be involved in
cell survival and neuronal plasticity is the mammalian tar-
get of rapamycin (mTOR) pathway. We have recently
shown that a number of regulators of the mTOR pathway,
such as Ddit4 and Fkbp51 are primary targets of GR and
are differentially expressed within the rat hippocampus
after a CORT challenge (31). In the current study, we
confirmed these primary binding sites and in addition ob-
served GR binding near other mTOR pathway members,
such as phosphatidylinositol 3-kinase, catalytic subunit
type 3 (Pik3c3) and regulatory subunit 1 [alpha] (Pik3r1)
as well as Pi3k-regulator insulin receptor substrate 2
(Irs2). Interestingly, phosphatidylinositol 3-kinase signal-
ing is indicated to play a key role in mediating the stress-
induced modification of hippocampal synaptic plasticity
(69). Strikingly, brain-specific deletion of the Irs2 gene is
associated with disrupted hippocampal synaptic plasticity
(70). These findings support our previous proposal that
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direct regulation of the mTOR pathway by CORT repre-
sents an important mechanism regulating neuronal plas-
ticity in the rat hippocampus (31).

Hippocampal GBS provide new insight into
cross-talk partners of GR in the brain

The extremely high proportion of GRE-containing
GBS (99%) is considerably higher than observed in other
GR ChIP-Seq studies, where GRE percentages ranged
from 60% to 80% (21–24). However, the present study
differs in several aspects from previous ChIP-Seq studies,
which were all performed in vitro in cell lines and also used
the synthetic ligand dexamethasone instead of the natural
GR ligand CORT. Different GR ligands are known to
differentially affect the conformation state of GR, with
consequences for the availability of the ligand-binding do-
main of GR, dissociation rate from the DNA, and its af-
finity to interact with the genome (71).

GR regulate gene transcription in conjunction with an
extensive network of other transcription factors. Almost
60% of the GBS consisted of composite sites containing a
motif for Zbtb3 besides a GRE. Zbtb3 was identified as a
potential interaction partner of GR (72). Interestingly, we
previously identified a motif for Zbtb3 to be present in
81% of the GBS that lacked a GRE in neuronal PC12 cells
(24). Together these findings suggest that Zbtb3 may play
a role in directing GR to their binding sites within the
hippocampus. Unfortunately, not much is known about
this protein, and its precise role in GR signaling requires
further exploration.

The 14 GBS that did not contain a GRE all contained
motifs for the DNA-binding sequence of CUP, a protein
that has been studied extensively in Drosophila but not at
all in mammals yet (73). CUP is an eukaryotic translation
initiation factor 4E (EIF4E)-binding protein that represses
the expression of specific maternal mRNAs. Interestingly,
eukaryotic translation initiation factor 4E (EIF4E)-bind-
ing protein is an upstream component of the mTOR path-
way, which we have previously identified to be regulated
by GR within the brain. CUP may therefore be an inter-
esting potential novel cross-talk partner of GR in the
hippocampus.

A striking observation in this study is the complete lack
of binding sites for classical GR cross-talk partners like
activation protein-1 (74) and nuclear factor-�B (75),
which are known to occur both in composite sites together
with a GRE as well as in sites lacking a GRE. Similar to our
previous study on GR binding in neuronal PC12 cells, we
identified motifs for transcription factors that had not pre-
viously been associated with GR function within the GBS
(24). A likely explanation for this is that most of the cross-
talk partners of GR were identified in studies on the im-

munosuppressive and tumor-suppressive properties of GR
(75–77), whereas until now, very little effort has been put
into identifying cross-talk partners in a neuronal context.

In conclusion, the current study has provided new in-
sight into GR functioning in the brain. Besides having
identified thousands of genomic GBS within the hip-
pocampus, we have shown that under varying GC con-
centrations, different binding sites are recruited. Our re-
sults highlight the existence of 2 distinct populations of
GBS in the rat hippocampal genome that can be discrim-
inated by the extent of CORT binding. Furthermore,
within the GBS, we have identified several motifs for pro-
teins that may be potential cross-talk partners of GR
within the hippocampal interactome.
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