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Abstract
Emotionally charged events are remembered better than neutral ones, but the exact 

mechanism by which this comes about is unknown. Potentiation of memory formation 

by emotions depends on the synergistic action of stress hormones (nor)adrenaline and 

glucocorticoids on defined circuits in the brain. The associated intracellular pathways 

converge on two transcription factors: phosphorylated cAMP response element-binding 

protein (pCREB) and the glucocorticoid receptor (GR), respectively. Our hypothesis is that 

there are interactions between pCREB and GR at the genome during the consolidation 

of arousing learning conditions, and as a consequence the GR cistrome is affected by 

introduction of a memory task context.

To model emotional learning, we used an object location memory (OLM) task in rats 

combined with systemic corticosterone (CORT) administration. CORT injected immediately 

after training led to a dose-dependent enhancement of memory formation, with rats 

administered the higher dose of 3.0 mg/kg exhibiting better 24-hour retention than non-

discriminating vehicle-injected rats. To map whole-genome pCREB and GR binding during 

the memory consolidation process, we performed chromatin immunoprecipitation 

followed by sequencing (ChIP-seq) on hippocampal tissue of rats sacrificed 45 minutes 

after OLM training and/or injection of either vehicle or 3.0 mg/kg CORT.

In the current analysis we focused on the GR data: 58 genomic loci showed higher GR 

binding upon CORT injection, and for 8 loci we found reduced GR occupancy. OLM 

training partially affected the subset of differentially bound GR sites. We confirmed CORT-

induced activation of classical GR target FK506 binding protein 5 (Fkbp5) independent of 

the training status of the rats. In addition Gap junction protein, beta 6 (Gjb6) and NMDA 

receptor synaptonuclear signaling and neuronal migration factor (Nsmf) were identified as 

novel GR targets. The data support the existence of both training context-dependent and 

-independent GR binding in the hippocampus after CORT treatment in adrenally intact 

rats.
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Introduction
Enhanced memory formation of emotional events is brought about with help of two 

different stress hormones (1, 2). On the one hand, there is the acutely acting adrenaline that 

translates into release of noradrenaline in the brain. On the other hand, glucocorticoids 

(cortisol in humans, corticosterone (CORT) in rodents) play a role with some delay in their 

rise and action upon a stressful event. In the object recognition memory task (ORM) in 

rodents, CORT can serve as a switch for the encoding of an otherwise more neutral event. 

Administration of CORT directly after training enhances the consolidation process in a 

setup where vehicle treated animals do not show long-term memory (3). This memory 

enhancement is dependent on the glucocorticoid receptor (GR), presumably in part via 

its transcriptional effects, based on evidence from similar effects in a different spatial 

learning task (4, 5). However, any underlying mechanism at the level of the genome 

remains to be elucidated.

CORT-induced potentiation of memory in (amongst others) the ORM task requires 

noradrenaline signaling in the brain (6-9). This is in agreement with the fact that 

glucocorticoid transcriptional effects depend on (cellular) context (10, 11), and suggests 

that the signaling pathways linked to noradrenaline and CORT interact at some point 

during the memory formation process (12). In order to examine genomic interactions 

between the two signaling pathways, the current study made use of the object location 

memory (OLM) task. In this task the location of one of the objects (compared to the 

type of object in ORM) is changed between training and testing phase. Memory in the 

OLM task is dependent on the hippocampus, the brain region responsible for processing 

spatial information (13, 14). Whereas novelty-induced noradrenaline signaling is 

stimulated endogenously upon the low-arousing first encounter of the training apparatus 

(3, 8), glucocorticoids are injected directly after training to mimic an emotional event 

and induce concomitant memory (i.e. preference for the newly located object over the 

familiarly positioned object).

Noradrenaline stimulates, amongst other pathways, the transcription factor cAMP 

response element-binding protein (CREB) by phosphorylation, leading to phospho-CREB 

(pCREB) (15). CORT activates the GR, a nuclear receptor that modulates the transcription 

of its target genes (16). Although a membrane variant of the GR has been shown to be of 

relevance in the formation of long-term memory (13), we focus here on the DNA binding 

receptor. Both pCREB and GR are important for (spatial) memory formation (5, 17-20) 

and as transcription factors (TFs) bind to specific DNA sequence motifs. We hypothesized 
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that pCREB and GR (as downstream targets of noradrenaline and CORT, respectively) 

interact on the DNA level during memory consolidation, either by direct protein-protein 

interactions (21), chromatin remodeling (pioneering) (18, 22) or complex stabilization 

(23). As a result of such interactions, we expect the GR binding intensity and/or set of 

GR-bound loci to be learning context dependent, i.e. different between trained animals 

compared to non-trained controls.

We determined genome-wide binding of pCREB and GR in the hippocampus by chromatin 

immunoprecipitation followed by sequencing (ChIP-seq), in an OLM setup in which CREB 

and GR were stimulated separately or combined. Downstream analysis focused on GR 

data, which confirmed the classical glucocorticoid target gene FK506 binding protein 5 

(Fkbp5) and disclosed the novel target genes Gap junction protein, beta 6 (Gjb6) and NMDA 

receptor synaptonuclear signaling and neuronal migration factor (Nsmf). Partial overlap 

of CORT-mediated changes on the GR cistrome found in trained versus non-trained 

animals, points towards context-dependent GR binding for at least a limited subset of 

target genes. Follow-up research might reveal additional target genes in the context of 

the OLM task and will need to elaborate on the role of these genes specifically during 

emotional enhancement of memory consolidation.

Material and methods

Animals

Male Sprague-Dawley rats (340-400 g at time of training) from Charles River Laboratories 

(Germany) were individually housed in a temperature-controlled (22°C) vivarium room 

at a 12-h light/12-h dark cycle (lights on at 7:00AM). Food and water were available ad 

libitum. Training and testing were performed during the light phase of the cycle between 

10:00AM-3:00PM. All procedures were in compliance with the European Communities 

Council Directive on the use of laboratory animals (2010/63/EU) and the Dutch law on 

animal experiments and were approved by the Animal Ethics Committee of Radboud 

University, Nijmegen, The Netherlands.

Object location memory task

The experimental apparatus for the OLM task was a grey open-field box (40 x 40 x 40 

cm) with a sawdust-covered floor, placed in a dimly illuminated room. The objects to be 

explored were white glass light bulbs (6 cm diameter by 11 cm length) and transparent 
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glass vials (5.5 cm diameter by 5 cm height). Five consecutive days before training rats 

were handled and a subcutaneous injection was mimicked to habituate the animals to 

drug administration. To ensure training-induced arousal and endogenous noradrenaline 

activation, the rats were not habituated to the OLM box prior to the training session (3, 

8). On the training trial, the rat was placed in the experimental apparatus and allowed to 

explore two identical, symmetrically placed objects (A1 and A2) for 3 minutes. To avoid 

the presence of olfactory trails, sawdust was stirred and the objects were thoroughly 

cleaned with 70% ethanol between rats. CORT (0.3, 1.0 or 3.0 mg/kg; Sigma-Aldrich) 

dissolved in 5% ethanol in saline, or vehicle, was administered subcutaneously (2.0 mL/

kg) immediately after training, and the rat was returned to its home cage.

Retention was tested 24 hours later. Two copies of the familiar object (A3 and A4) were 

placed in the box, of which one in the same location as during training and the other 

in a novel location. All combinations and locations of objects were counterbalanced to 

reduce potential bias because of preference for particular locations or objects. The rat 

was placed in the experimental apparatus for 3 minutes and behavior was recorded by a 

camera mounted above the box, for later offline analysis. Rat behavior was analyzed with 

The Observer XT software (Noldus Information Technology). The time spent exploring 

each object was measured. Furthermore rearing, freezing and the amount of quadrant 

crossings (as a measure of activity) were scored. Exploration of an object was defined as 

pointing the nose to the object at a distance of <1 cm and/or touching it with the nose. 

Turning around, nibbling, climbing or sitting on an object was not considered exploration. 

A discrimination index was calculated as the difference in time exploring the object in the 

novel and familiar location, expressed as the ratio of the total time spent exploring both 

objects. Rats showing a total exploration time <8 s on either training or testing were 

excluded from further analysis.

Two batches of animals were trained and tested in the OLM task to establish the optimal 

memory-enhancing CORT dose. For the ChIP-sequencing and validation experiment, 

rats were either trained on the OLM task or not, followed by a subcutaneous vehicle or 

CORT (3.0 mg/kg) injection, and sacrificed 45 minutes afterwards. This resulted in four 

experimental groups: non-trained vehicle-injected, non-trained CORT-injected, OLM-

trained vehicle injected and OLM-trained CORT-injected. From these rats, trunk blood was 

collected with 300 µL 0.1 M EDTA for assessment of plasma CORT levels. Hippocampal 

hemispheres were freshly dissected, cut into smaller pieces (for ChIP only), snap-frozen 

in liquid nitrogen and stored at -80°C until later processing. 
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Plasma corticosterone

Trunk blood was centrifuged at 3000xg for 15 minutes, after which plasma was transferred 

to new tubes and stored at -20°C for later analysis. CORT levels were determined using 

a 125I radioimmunoassay (RIA) kit, according to the manufacturer’s instructions (MP 

Biomedicals).

ChIP-sequencing

To assess whole-genome hippocampal binding of pCREB and GR during the post-learning 

consolidation period, we used chromatin immunoprecipitation (ChIP) followed by 

sequencing. ChIP was performed as described before (24). Protease and phosphatase 

inhibitors (Roche) were added to all buffers during tissue processing and the ChIP 

procedure. Hippocampal hemispheres were fixated with 1% formaldehyde for 12 to 14 

minutes and were homogenized in Jiang buffer using a glass douncer (Kimble-Chase). 

Chromatin of four hemispheres (i.e. hippocampi from two rats of the same experimental 

group) were pooled, resuspended in NP buffer and fragmented by sonication for 32 

cycles (30 seconds ON/30 seconds OFF) using a Bioruptor (Diagenode). Tissue of rats from 

different training time and days were pooled to prevent an effect by (time of the) day. From 

each chromatin sample (A-B-C-D; n=4 biological replicates) an input aliquot was taken, 

which resulted in a combined input sample per treatment group (1-2-3-4; 50 µL total). 

Subsequently, the chromatin sample was split for a paired pCREB and GR measurement 

(700 µL each), using 4 µg of anti-phospho-CREB Ser133 antibody (17-10131, Millipore) or 6 

µg of anti-GR antibody H-300 (sc-8992X, Santa Cruz). Background signal was detected on 

one of the chromatin samples with a ChIP using 6 µg of control IgG antibody (ab37415, 

Abcam). After several washing steps (24), antibody-bound DNA was collected with 250 µL 

elution buffer [0.1 M NaHCO3, 1% SDS] while shaking at 37°C for 15 minutes. Input and 

eluted ChIP samples were decrosslinked (400 mM NaCl, overnight at 65°C), purified by 

phenolization and pellets were dissolved in 60 µL TE buffer [10 mM Tris-HCl, 1 mM EDTA]. 

Of this, 10 µL was kept for qPCR validation and 50 µL was used for sequencing. qPCR was 

performed on 6x diluted ChIP samples according to the protocol described below.

Before sequencing, adapters (Agilent) were ligated and samples (4 input and 4x4 

ChIP samples) were subjected to 15 rounds of PCR for DNA library preparation (KAPA 

Biosystems). Single-end sequencing was performed on a HiSeq 2500 (Illumina) at 

High Output. Due to overrepresentation of the input samples, the ChIP samples were 

sequenced over two runs to obtain the intended number of reads. In the first run 51 bp 
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were sequenced; as a result of developments at the sequencing facility (The Netherlands 

Cancer Institute) this was increased to 65 bp for the second run. Combined, the two runs 

gave a total of 13.5-24.8 million reads per pCREB ChIP sample and 11.0-22.5 million reads 

per GR ChIP sample.

Peak calling and differential binding analysis

For read quality control, read alignment and peak calling the Carp pipeline v0.8.0, 

published as part of Bio Pipeline Execution Toolkit (Biopet), was used. Biopet contains 

the main sequencing analysis pipelines developed at Leiden University Medical Center 

with code being accessible at https://github.com/biopet/biopet. The rest of the analysis 

was done using custom scripts developed for this particular project.

Reads were aligned to Rattus norvegicus genome version 6 (rn6) with short read aligner 

bwa-mem version 0.7.10. Peaks were called using Model-based Analysis of ChIP-Seq 

(MACS2) version 2.1.1.20160309 (25), invoking subcommand “callpeak”. Used MACS2 

settings were: effective genome size = 2.00e+09; q-value cutoff = 0.05; bdg = true. For 

every sample, an input sample (one per treatment group) was provided. For both pCREB 

and GR, this step provided 16 (4 replicates for each of the 4 treatment groups) BED files 

with peak (narrowPeak) locations in each sample.

Separately for pCREB and GR, the corresponding 16 BED files were merged using 

mergeBed version 2.26.0, resulting in a list per TF with locations of all peaks found in 

any of the treatment groups. Overlapping peak regions were replaced by unions of the 

regions, leading to a single regions BED file for pCREB and one for GR. For the calculated 

regions and for each sample read counts were generated using htseq-count v0.6.1p1. 

Tool settings used were: -s no, -m intersection-strict, -f bam.

For the differential binding analysis, we selected only regions which were present in a 

minimum of 3 out of 4 replicates for at least one of the treatment groups. The goal of the 

analysis was to find treatment effects on binding of each of the TFs. We used the TMM 

method (26) to normalize for library sizes and the edgeR method (27) for identification 

of regions with differential counts. For the pCREB dataset, two of the samples (group 3 

replicate B and group 4 replicate A) were identified as outliers and excluded from further 

analysis. Four contrasts between the treatments were studied (Differential group 2 versus 

group 1 (D21), D31, D42, D43; according to the group designations in Figure 2A). We 

used a 0.05 threshold on FDR to classify a peak region as bound differentially between 

treatments. Peak files were annotated using HOMER with Rattus Norvegicus v6.0.89 gtf file.
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Motif analysis

Sequences of the most robust GR peaks, those present in at least 3 out of 4 replicates, 

were examined for enrichment of TF motif occurrence. We used MEME (Multiple Em 

for Motif Elicitation) for de novo motif analysis and MAST (Motif Alignment and Search 

Tool) to search specifically for glucocorticoid response elements (GREs) (28), as reported 

previously (24).

Table 1. Primer sequences used for qPCR on rat hippocampal ChIP samples (DNA) and cDNA 
(intronic primers to measure pre-mRNA).

Target Gene Full name Forward & reverse (5’>3’) Product 
length (bp)

ChIP DNA
cFos Fos proto-oncogene, AP-1 

transcription factor subunit
GGGGCGTAGAGTTGATGACA
GCAATCGCGGTTGGAGTAGT 152

Per1 Period circadian regulator 1 GGAGGCGCCAAGGCTGAGTG
CGGCCAGCGCACTAGGGAAC 73

Pre-mRNA

Fkbp5 FK506 binding protein 5 GCAACCTCGAGGACTTGTCA
ATCAGGGCACAGTAAACGCA 105

Gjb6 Gap junction protein, beta 6 ACACCTTTATCACGGGCGTT
AAGCAAGTCTCAACCACCCC 71

Nsmf
NMDA receptor synapto-
nuclear signaling and neuronal 
migration factor

GCTTCTTATGAACAGCCGCC
TAACGGCCATGACTGAGTGG 194

Rplp0 Ribosomal protein lateral
stalk subunit P0

GCCTGGAATTGGCAACTAAGC
CAGCGGCCTGACCTTAACAT 150

Real-time quantitative PCR

Rat hippocampal hemispheres were homogenized in TriPure (Roche) by shaking the 

tissue with 1.0-mm-diameter glass beads at 6.5 m/s for 20 seconds in a FastPrep-24 5G 

instrument (MP Biomedicals). Total RNA was isolated and 4 µg of each sample was DNAse 

(Promega) treated for 30 minutes at 37 °C. Subsequently, cDNA was generated and RT-

qPCR was performed as described before (24). Pre-mRNA was measured using intronic 

primers. Genes of interest were normalized against housekeeping gene Rplp0. Primers 

for qPCR on ChIP samples were designed to span the pCREB or GR binding site of positive 

control loci. All primer sequences are listed in Table 1.
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Statistics

For the discrimination index one sample t-tests were performed to detect differences 

from chance level (zero) for each treatment group; one-way analysis of variance (ANOVA) 

with Dunnett’s post-hoc tests was used for comparison of CORT groups with the vehicle-

treated animals. CORT levels in the ChIP-seq animals and pre-mRNA measurements for 

transcriptional validation were analyzed by two-way ANOVA with Sidak’s post-hoc tests, 

using training status and post-training drug treatment as between-group parameters. 

ChIP-qPCR data were examined by two-way ANOVA per TF without follow-up tests. All 

data are presented as mean ± standard error of the mean.

Results
First of all, an OLM experiment was performed with different doses of CORT in order to 

find the optimal memory-enhancing dose (Figure 1). Rats were given 3 minutes of training 

to explore the experimental apparatus containing two identical objects and directly 

afterwards CORT was administered subcutaneously. Retention testing was performed 

24 hours later in the same box with one of the objects placed in a new location. The 

discrimination index (DI), representing the level of preference for the object in the novel 

location, was used as a measure of memory. We tested a range of 0.3-1.0-3.0 mg/kg of 

CORT, along control animals that received an injection of vehicle only.
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Figure 1. Object location memory. A) Total object exploration time of the two identical objects 
during the training trial and B) a dose-response effect of CORT on the discrimination index at a 24-
hour retention test (n=8-10). CORT = corticosterone, Veh = vehicle; ** P<0.01, **** P<0.0001 
compared to zero, ## P<0.01 compared to vehicle group
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The total object exploration time during training was similar for all groups (Figure 1A), 

which indicates no differences in acquisition between the groups before the rats were 

injected. While rats that received vehicle or 0.3 mg/kg CORT did not exceed chance level 

(discrimination index (DI) of zero, indicating a 50/50 exploration of the object in the 

novel/familiar location), both 1.0 mg/kg and 3.0 mg/kg CORT-injected groups showed a 

preference for the object placed in the novel location (Figure 1B). Only the rats dosed 

at 3.0 mg/kg CORT had a significantly higher DI than the vehicle group (P = 0.0012). 

Subsequent OLM experiments therefore involved an injection of 3.0 mg/kg CORT for 

memory induction.

We proceeded with the ChIP-sequencing experiment, set up in a two-way design (Figure 
2A). Rats had either no training or were exposed to OLM training, which induces CREB 

activation during the learning process (8). Directly after training the rats received either a 

vehicle or a CORT injection, with the latter activating GR. Our hypothesis was that pCREB 

and GR interact at the DNA level during the post-learning consolidation period, and a 

combined activation of CREB and GR (group 4) would lead to differential binding of the 

two TFs compared to either CREB (group 3) or GR (group 2) activation alone. A time point 

of 45 minutes after training was chosen to enable detection of both pCREB and GR DNA 

binding in the consolidation phase (29, 30).

The groups subjected to OLM training (Figure 2B) showed comparable total object 

exploration times as observed in previous experiments (Figure 1A), with no difference 

between the two groups. Elevated plasma CORT levels were confirmed in the CORT-

injected animals (Figure 2C). We examined TF binding in whole hippocampi of all 

treatment groups, with group 4 representing the emotional memory formation context. 

ChIP was performed on pooled hippocampal tissue of two animals from the same 

treatment group, leading to n=4 samples for paired detection of pCREB and GR. As 

positive controls for the detection of TF binding, ChIP-qPCR confirmed pCREB binding at 

the cFos promoter (Figure 3A) and GR binding at the Per1 promoter (Figure 3B), two well-

known target loci for pCREB and GR, respectively (30, 31). No main effects of OLM training 

or CORT injection were observed for any of the TF at these two binding sites.

Next, all ChIP samples were sequenced, reads were processed and peaks were called 

(Table 2). In total 51,997 unique pCREB peaks and 30,726 unique GR peaks were detected 

across all samples. Merging all peaks per TF into a single BED file resulted in a median peak 

width of 272 bp for pCREB and 219 bp for GR. We first examined the overlap between the 

four biological replicates. For both pCREB and GR the majority of peaks were observed in
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= immunoglobulin G background control, OLM = object location memory, pCREB = phosphorylated 
cAMP response element-binding protein, Veh = vehicle
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only one of the replicates (Figure 4A-B). From a biological perspective, bona fide binding 

events affected by training and/or CORT injection would be expected to occur in multiple 

animals. Interestingly, the fraction of GR peaks that were observed in 3/4 or 4/4 replicates 

increased upon interventions in group 2-3-4 compared to the basal condition in group 

1 (Figure 4B). We took the increased number of GR binding sites after CORT observed 

amongst the 3/4 and 4/4 peaks as evidence for bona fide DNA occupancy at these loci. 

This selection resulted in 1885 GR peaks after CORT treatment alone, while more than a 

double number of loci (4498) were GR-bound in the combined treatment group (Figure 
4C), providing a first indication of an interaction between training and CORT-induced 

transcriptional effects. For pCREB the fraction of most robust peaks, those present in 4/4 

replicates, increased with either CORT injection or OLM training, but lowered again with 

the combined treatment in group 4 (Figure 4A). Further data analysis was performed on 

the selection of biologically relevant peaks, i.e. those that were present in a minimum of 

3/4 replicates for at least one of the treatment groups: 14,722 peaks for pCREB and 5,307 

peaks for GR.

Table 2. Number of unique pCREB and GR peaks detected per treatment group.

Treatment group pCREB peaks (#) GR peaks (#)

1: Veh 25651 11148
2: CORT 31125 17832
3: OLM + Veh 34084 11969
4: OLM + CORT 32209 19894

To get a grasp on the type of binding sites in the ChIP-seq experiment, we conducted 

motif analysis on the GR peaks that were observed in 3/4 or 4/4 of the replicates. De novo 

motif analysis with MEME was however impeded by the presence of repeat regions (data 

not shown). Therefore, we performed a directed search for the glucocorticoid response 

element (GRE), the GR binding motif, using MAST. GREs were present in peaks of all 

treatment groups, although OLM-trained rats showed lower fractions of GRE-containing 

peaks than non-trained rats (Figure 4C). The overall increase in the fraction of robust 

GR-bound loci in the OLM groups relative to their corresponding non-trained group 

(Figure 4B), accompanied with a decrease of GREs found within those peaks (Figure 4C) 

is supportive for the hypothesis that the initial arousal-induced signaling pathways affect 

subsequent GR transcriptional activity.
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peaks between brackets. CORT = corticosterone, GR = glucocorticoid receptor, GRE = glucocorticoid 
response element, OLM = object location memory, pCREB = phosphorylated cAMP response 
element-binding protein, Veh = vehicle

Our main objective was to determine changes in TF binding in the different conditions. 

Peaks were analyzed for differential binding by a method based on RNA-sequencing analysis 

(Figure 5), in which we used pair-wise comparisons between the four different treatment 

groups (Figure 2A). For pCREB, this analysis resulted in only 6 differentially occupied peaks 

as a result of OLM training in both vehicle-injected (D31; 3 up) and CORT-injected (D42; 

3 up) animals (Figure 5A). For GR, 67 of the peaks showed differential binding, mainly in 

response to CORT injection in non-trained (D21; 7 down and 40 up) as well as OLM-trained 

(D43; 1 down and 38 up) animals (Figure 5B). Of these differentially bound GR sites, 20 

changes in binding were shared between the two CORT groups (Figure 5C). While OLM 

training itself minimally induced differential binding by pCREB or GR, independent of CORT 

status (D31 and D42 in Figure 5A, 5B), the training process did affect GR binding as the 

subset of loci differentially occupied upon CORT treatment also contained unique peaks 

for both OLM-trained (27 loci) and non-trained (19 loci) rats (Figure 5C).
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This chapter focuses on further analysis of the GR dataset. Differential GR peaks after 

CORT treatment were filtered by annotation for intragenic or proximal promoter (up to 

-5kb) localization in the genome, and ranked by the highest fold change in either of the 

contrasts. A top 10 of the differentially bound GR sites and associated genes is presented 

in Table 3. Two of these sites were localized in adjacent introns of the gene Engulfment 

and cell motility 1 (Elmo1). In Table 4 the genes are listed that are associated with CORT-

modulated differential peaks specifically in non-trained animals (D21), specifically in 

OLM-trained animals (D43), and those common for both contrasts. Noteworthy is the 

GR binding site near cFos, which is induced by CORT only in OLM-trained animals. This 

locus is about 8.5 kb upstream from the pCREB positive control site measured by ChIP-

qPCR (Figure 3A). Strikingly, the single differentially bound site which shows increased 

occupancy upon OLM training in CORT-treated rats (D42), is a peak near Small Nucleolar 

RNA 24 (SNORA24) that had decreased occupancy upon CORT injection in non-trained 

animals (D21) (Figure 5B). This suggest a CORT-induced downregulation of GR binding 

that is restored in the context of the OLM task. It might be of interest to follow up Steroid 

5 alpha-reductase 1 (Srd5a1), whose last intron contains the SNORA24 coding region, and 

test if the close by modulated GR binding site can affect expression of this gene. Examples 

of ChIP-seq aligned reads are visualized for differential GR peaks near the Fkbp5, Gjb6 

and Pnpla7; Nsmf loci (Figure 6A).

Table 3. Top 10 differential GR binding results.

Differential 
peak

Annotation
Distance from 

TSS (bp)
Associated gene

Log2 fold 
change D21

Log2 fold 
change D43

D43_2 Intron 2864 Aspa 4.2 4.5
D21_6 Promoter-TSS -176 Gjb6 4.4 2.4
D43_5 Intron 46910 Elmo1 ns 3.6
D21_2 Intron 95029 Ntrk2 3.2 2.6
D43_6 Intron 21730 Plcl1 3.1 3.1

D21_17 Intron -39614* Elmo1; SNORA17* 3.0 ns
D21_14 Intron 60262 Ptprr 2.8 2.6
D43_9 Intron 19915 Fkbp5 2.1 2.7

D21_11 Intron -10315* Pnpla7; Nsmf* 2.6 2.1
D43_12 Intron 47712 Phactr3 ns 2.5

D21 = group 2 versus group 1, effect of CORT in non-trained animals; D43 = group 4 versus group 
3, effect of CORT in OLM-trained animals. For peaks with multiple associated genes, the upper gene 
indicates the genomic localization (annotation), although the *lower gene has the closest TSS. CORT 
= corticosterone, GR = glucocorticoid receptor, ns = not significant, OLM = object location memory, 
TSS = transcription start site
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Table 4. Genes associated with CORT-induced differential GR binding.

Non-trained animals Common OLM-trained animals

D21 increased D21 decreased D21&D43 increased D43 increased D43 decreased

Abhd11

Armc12

Cacna2d3; 5S_rRNA

Elmo1; SNORA17

Farp1

Il11ra1

Lmod1

Mblac2

Mgst2

Mical2; Micalcl

Nav3

Pcsk2; Bfsp1

RGD1307100

Sec14l1; 7SK snRNA

Tex2

Tspan9

Ttyh1

Usp2

Zmynd8

Znf740

Cdkn3

Col11a1

Ecd

Pex14; Casz1

Prox1

SNORA24; Srd5a1*

Usp46

Aspa

Car12

Dusp1

Fkbp5

Gjb6

Gramd3

Hdgfl1

Hif3a

Il1rap

Ntrk2

Olig1

Plcl1

Pnpla7; Nsmf

Ppp2r2a

Ptprr

Serp2

Slc30a5

Stox2

Usp24

Zfp648

AABR07035835.1

Adamts9

Capn9

cFos

Elmo1

Fgf2

Gadd45g

Grifin

Hrh1

Htra1

LOC108351737

Nxn; Mrm3

Oacyl

Phactr3

RGD1566085

Sorbs1; Pdlim1

U6 snRNA

Xxylt1

Dchs2

In case of two listed genes these represent: Gene of genomic annotation; gene with closest 
transcription start site, except for: #The SNORA24 coding region lies within the last exon of Srd5a1. It 
should be noted that for these lists the loci specific to one of the contrasts did not reach significance 
for differential binding in the other contrast, but may however contain false negatives that should 
be listed under the common differential binding instead. CORT = corticosterone, GR = glucocorticoid 
receptor, OLM = object location memory

Finally, we examined hippocampal gene expression of differentially bound GR loci in an 

independent batch of rats exposed to the same conditions as in the original ChIP-seq 

experiment. We were able to validate CORT responsiveness on pre-mRNA levels in the 

three visualized differentially bound GR target genes: the classical and robust GR target 

Fkbp5, and the novel target genes Gjb6 and Nsmf (Figure 6B). For all genes a main CORT 

injection effect was observed (F1,22 = 94.34, P < 0.0001 for Fkbp5; F1,19 = 4.409, P = 0.0493 for 

Gjb6; F1,18 = 12.27, P = 0.0025 for Nsmf). Fkbp5 expression was increased by CORT treatment 

in the animals that had no training, as well as in the animals that had undergone OLM 

training (both P < 0.0001). Elevated pre-mRNA levels of Gjb6 were observed upon CORT 
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treatment specifically in non-trained animals (P = 0.0273), while levels of Nsmf increased 

in response to an injection of CORT in OLM-trained animals only (P = 0.0135). For Gjb6 

these transcriptional effects were consistent with the fold change in GR binding signal, 

which was higher in the non-trained animals (Table 3).

No training OLM
0

2

4

6
Fkbp5

N
or

m
al

iz
ed

ex
pr

es
si

on
(a

.u
.) **** ****

No training OLM
0

2

4

6
Gjb6

*

No training OLM
0.0

0.5

1.0

1.5

2.0
Nsmf

Veh
CORT*

A

B

Pnpla7 Nsmf

5 kb

Veh

CORT

OLM + Veh

OLM + CORT

Gjb6
Veh

CORT

OLM + Veh

OLM + CORT

1 kb

Fkbp5
Veh

CORT

OLM + Veh

OLM + CORT

5 kb

Figure 6. GR binding sites of interest. A) Genome browser tracks of GR occupancy at the Fkbp5, Gjb6 
and Pnpla7; Nsmf associated loci, visualized by one representative (replicate C) per treatment group. 
Note that these traces are not normalized for the amount of reads per sample. The differential peak 
is indicated with an arrow. B) Validation of transcriptional effects on pre-mRNA levels, for the genes 
Fkbp5, Gjb6 and Nsmf (n=6-7). a.u. = arbitrary unit, CORT = corticosterone, OLM = object location 
memory, Veh = vehicle; * P < 0.05, **** P < 0.0001
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Discussion
The current experiments aimed at identifying interactions between pCREB and GR that 

underlie emotional enhancement of memory. Using an OLM task, in which we first 

established the optimal memory-enhancing dose of 3.0 mg/kg CORT, combined with 

ChIP-seq, we detected whole-genome hippocampal DNA binding of the two TFs during 

the memory consolidation process. Four different treatment groups were included: no 

training or OLM training, followed by a vehicle or CORT injection. The OLM-trained CORT-

injected animals represent the emotional learning condition, in which (nor)adrenaline 

and glucocorticoids together activate each of their downstream targets, pCREB and 

GR respectively. While a limited number of changes in pCREB binding were observed 

between the different conditions, GR peaks showed increased binding for 58 loci and 

lowered binding for 8 loci upon CORT treatment. Genes associated with differentially 

bound GR peaks were followed up at the pre-mRNA level, confirming regulation of 

classical GR target Fkbp5 and revealing two novel GR targets, Gjb6 and Nsmf.

In earlier ORM studies, a peripheral dose of 1.0 mg/kg of CORT was found to give the 

optimal memory-enhancing effect (8). The OLM experiments described here pointed 

towards 3.0 mg/kg of CORT as resulting in the most pronounced object preference. While 

ORM is dependent on cortical regions such as the perirhinal and insular cortex (32), OLM 

relies mainly on activity within the hippocampus (13). Possibly these brain regions, in 

combination with the type of information that has to be processed (i.e. a new type of 

object versus a new location of a familiar object), have a different sensitivity towards 

CORT and might require distinct levels of the hormone to have the same effect. Though, 

a recent study applying local administration into the prelimbic cortex showed that ORM 

might require a higher dose of a specific GR agonist than OLM in order to reach optimal 

memory enhancement (33). In any case, whereas endogenous CORT levels of vehicle-

injected rats were not sufficient to induce memory in our OLM setup, a post-training 

injection of 3.0 mg/kg CORT functioned as a solid switch for memory formation.

Genome-wide binding of pCREB and GR was examined, of which we hypothesized to 

find loci with an effect on TF binding levels by OLM training or CORT administration 

alone, which is different upon exposure to both training and CORT. Several studies in 

various tissues suggest transcriptional interactions between (p)CREB and GR, either 

direct or indirect. The two TFs could cooperate in activating hepatic glucose-6-phosphatase 

expression via the shared coactivator CRTC2, reciprocally facilitating DNA binding to the 

required CREB response element (CRE) and GRE (34). Positive crosstalk has also been 
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shown at the phosphoenolpyruvate carboxykinase gene, and the authors demonstrated 

physical interaction between CREB and GR by co-immunoprecipitation (21). Furthermore, 

during fasting CORT levels rise and GR may enhance glucagon-induced pCREB binding in 

mouse liver by inducing additional pCREB binding sites as well as increasing its binding 

intensity (35). In contrast, GR is able to block CREB-mediated activation of glycoprotein 

hormone alpha-subunit in placental cells (36) and pCREB and GR mutually interfered 

with each other’s binding at the thyrotropin releasing hormone promoter in hypothalamic 

neurons (37).

The here described analysis did not show many training-induced effects on hippocampal 

pCREB binding, and the ChIP-seq dataset needs to be analyzed further to explore 

anticipated pCREB-GR interactions in a memory relevant context. However, focusing on 

the GR binding data, the results did provide evidence of an interplay between the learning 

process and stimulation with CORT. The current experiment was performed in adrenally 

intact animals, explaining the relatively small amount of differential GR binding sites upon 

CORT treatment when compared to other studies with adrenalectomized animals (30, 38). 

Alike CORT administration, also OLM training could induce more robust GR binding sites. 

The lower fraction of GR peaks containing a GRE observed upon OLM training, suggests 

that animals undergoing memory consolidation might present with different types of 

GR binding that go beyond the dimeric DNA binding mode that was mainly observed in 

pharmacological, out-of-context GR activation (30). These may include tethering to other 

TFs, e.g. AP-1, FOX and STAT, and binding to negative GREs or GRE half sites (22, 38-

41). In addition, OLM-trained animals showed a unique subset of differentially bound 

GR peaks compared to non-trained animals. Further sequence analysis might point 

out characteristics of the common versus the training status-dependent differentially 

occupied binding sites, such as GRE content and the presence of a CRE and/or binding 

motifs for other TFs. Though, de novo motif analysis gave no useful results as the GR 

binding sites were frequently located near simple repeats. Occupancy of these regions 

might be related to the fact that hippocampal GR activation is accompanied by silencing 

of transposable elements (42). Furthermore, such loci could be involved in looping of 

multiple GR binding sites, shown to occur between loci with direct and indirect GR binding 

modes (43). Remarkable are the loci with decreased GR binding in CORT-treated animals, 

indicating a loss of interaction of DNA-bound GR upon higher concentrations of agonist 

binding. This is in accordance with our previous mineralocorticoid receptor (MR) cistrome 

data, in which MR peaks seem to disappear upon higher CORT levels (24).
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Although recent research demonstrated that rapid transcriptomic changes in the 

hippocampus are dependent on noradrenaline signaling rather than GR activity (44), this 

was not reflected in differential pCREB binding in our animals. Several reasons could 

explain the lack of changes in pCREB binding. First of all, we might have used a suboptimal 

timing for detection of altered pCREB occupancy. In our ChIP-seq experimental setup 

we aimed at detecting pCREB and GR in the same animals, at the same post-injection 

time point of 45 minutes. However, if changes in pCREB and GR binding do not occur 

simultaneously, this could imply that chromatin remodeling effects rather than direct 

protein-protein interactions underlie any DNA level interplay between pCREB and GR. 

Other studies assessed pCREB binding at earlier time points of 15-30 minutes after a 

stressful event (45, 46). A second hurdle was the multiple testing issue that arose with the 

vast amount of data generated by ChIP-seq. For pCREB almost three times the amount 

of GR peaks were analyzed on differential binding. Moreover, high basal binding could 

impede the opportunity to detect any increase of pCREB upon stress. Accordingly, the 

more stressful forced swim task was unable to enhance (p)CREB binding at two baseline 

occupied immediate early gene promoters cFos and Early growth response 1 (45). In our 

control group, the vehicle injection could also have affected TF binding compared to 

naïve animals, although any transcriptional changes that might have been induced by the 

arousal associated with the injection procedure were not sufficient to induce memory 

without the administration of CORT. We also cannot exclude the possibility that changes 

in pCREB upon OLM training are mediated in a brain region other than the hippocampus, 

such as the basolateral amygdala (8), and might have an indirect effect on CORT-induced 

memory. Finally, it could be possible that not (p)CREB itself is affected, but downstream 

changes occur during OLM training that allow constitutively bound (p)CREB to have 

an effect, such as enabling of chromatin accessibility or unblocking of transcriptional 

elongation (18, 47). Supporting this notion, phosphorylation of CREB is not crucial for 

its role in hippocampal learning as shown in CREB Ser133 mutant mice (48). Besides, 

CORT-induced memory in the OLM task has been demonstrated to be dependent on the 

interaction of pCREB with CREB-binding protein (13), a coactivator that also cooperates 

with GR signaling (49).

The newly identified GR targets Gjb6 and Nsmf provide relevant starting points for further 

mechanistic investigation of convergence of the (nor)adrenaline and CORT pathways. 

While the classical GR target Fkbp5 showed increased expression upon CORT treatment 

independent of training status, the induction was specific to non-trained rats for Gjb6 and 

to a lesser extent to OLM-trained rats for Nsmf. Encoded by the Gjb6 gene, Connnexin 30 
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creates astrocytic gap junctions and can restrict the survival of adult newborn neurons 

(50). Gjb6 has been reported previously as a glucocorticoid-responsive gene in the mouse 

cortex and rat hippocampus (51), but had not been proven to be a direct GR target. We 

could speculate that out-of-context GR activation induces Gjb6 expression to restrict 

the formation of new neurons, while in the case of stimulating GR in a learning context 

this blockage of neurogenesis is relieved. The Nsmf gene encodes the protein Jacob, 

a messenger involved in the transmission of NMDA receptor signaling to the nucleus, 

where it is believed to interact with the CREB transcriptional complex (52). Our findings 

indicate that GR can induce the expression of Nsmf, which in turn can link the activity-

dependent NMDA receptor signals during learning to CREB-dependent gene expression, 

posing an indirect interaction between CREB and GR signaling. Nsmf knockout mice show 

impaired contextual (i.e. hippocampal dependent) fear condition and OLM performance 

(53). Of note, the neurons of these mice also presented with decreased basal pCREB 

levels. Given that inducible Nmsf knockout mice are available, it will be interesting to test 

the hypothesis that OLM performance cannot be enhanced by CORT treatment in these 

animals.

In our ChIP-seq dataset we expected to find a limited number of differentially bound pCREB 

and GR loci associated with regulation of genes that can link the emotional experience 

and memory enhancement. The current analysis focused on the GR data and confirmed 

hippocampal Fkbp5, Gjb6 and Nsmf upregulation in response to CORT treatment. It would 

be of interest to examine other brain regions to find out about specificity of these targets 

in animals subjected to the same task as well as other behavioral paradigms. The nature 

of pCREB-GR interactions should be further delineated using transgenic mice with defined 

deficiencies in CREB or GR signaling, combining behavioral tasks and DNA occupancy to 

identify molecular mechanisms and additional candidate loci that are crucial for stress-

potentiation of learning. A priori it is not clear whether the GR target genes responsible 

for memory consolidation should be induced only after OLM – functional analysis of 

validated target genes will have to tell this in future.
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