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Abnormal glucocorticoid and neurotrophin signaling has been implicated in numerous psychiatric disorders. However, the im-
pact of neurotrophic signaling on glucocorticoid receptor (GR)-dependent gene expression is not understood. We therefore ex-
amined the impact of brain-derived neurotrophic factor (BDNF) signaling on GR transcriptional regulatory function by gene
expression profiling in primary rat cortical neurons stimulated with the selective GR agonist dexamethasone (Dex) and BDNF,
alone or in combination. Simultaneous treatment with BDNF and Dex elicited a unique set of GR-responsive genes associated
with neuronal growth and differentiation and also enhanced the induction of a large number of Dex-sensitive genes. BDNF via
its receptor TrkB enhanced the transcriptional activity of a synthetic GR reporter, suggesting a direct effect of BDNF signaling
on GR function. Indeed, BDNF treatment induces the phosphorylation of GR at serine 155 (S155) and serine 287 (S287). Expres-
sion of a nonphosphorylatable mutant (GR S155A/S287A) impaired the induction of a subset of BDNF- and Dex-regulated
genes. Mechanistically, BDNF-induced GR phosphorylation increased GR occupancy and cofactor recruitment at the promoter
of a BDNF-enhanced gene. GR phosphorylation in vivo is sensitive to changes in the levels of BDNF and TrkB as well as stress.
Therefore, BDNF signaling specifies and amplifies the GR transcriptome through a coordinated GR phosphorylation-dependent
detection mechanism.

The glucocorticoid receptor (GR) is a ligand-activated tran-
scription factor that mediates many physiological processes,

including the body’s response to stress and circadian rhythms (1).
Upon glucocorticoid binding, the receptor is released from a
chaperone complex and translocates to the nucleus, where it acti-
vates and represses target gene transcription (2). GR-mediated
transcription depends upon a number of factors, including the
sequence and architecture of the glucocorticoid response ele-
ments (GREs), the availability and activity of interacting cofac-
tors, and posttranslational modifications of the receptor (3–5). To
date, multiple conserved (human, rat, and mouse) phosphory-
lated serine or threonine residues have been identified on the GR
(6), yet only a select number of sites have been demonstrated to
affect GR function (4, 7). For example, phosphorylation of serine
211, which is an agonist-dependent site, plays a role in transcrip-
tional activation via its interaction with coactivator proteins (8),
while serine 404 phosphorylation has been shown to decrease GR
function by enhancing receptor degradation (9). Previously, our
laboratory provided evidence for glucocorticoid-dependent phos-
phorylation at several N-terminal sites, including serines 203
(S203), 211 (S211), and 226 (S226) in the human GR numbering
scheme, using phosphorylation-specific antibodies and site-spe-
cific GR mutants (10, 11). All three sites are hyperphosphorylated
upon glucocorticoid treatment, yet S211 and S226 have a large
impact on GR-mediated transcription in the cell culture models
tested (10, 11).

Though the brain is a major site of glucocorticoid action, the
impact of GR phosphorylation events in neurons remains largely
uncharacterized. Aberrant glucocorticoid levels, GR expression,
and GR genomic activity have been reported in the brains and
peripheral blood of individuals presenting with neurodegenera-
tive and neuropsychiatric disorders (12, 13). For example, GR

expression is decreased in the hypothalamus and cerebral cortex
of schizophrenic patients and depressed individuals (14). Also,
single nucleotide polymorphisms in the GR gene (15) and in the
glucocorticoid-synthetic enzyme 11�-HSD1 have been described
in cognitive disorders (16, 17). Both circadian and stress-induced
release of glucocorticoids is altered in posttraumatic stress disor-
ders and depression (18, 19). A common feature shared by these
conditions is reduced GR function in the early stage of disease
development (18, 20). However, the molecular mechanisms un-
derlying the modulation of GR function in the brain are largely
unknown.

Neurotrophins, such as nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF), are peptide hormones that
bind to specific Trk tyrosine kinase transmembrane receptors to
promote survival, growth, and plasticity of neural networks (21).
As with glucocorticoids, changes in the levels of BDNF are associ-
ated with a number of psychiatric maladies, including depression
(22–24) and anxiety (25, 26). Recent evidence suggests that BDNF
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and glucocorticoid have converging, homeostatic effects in the
nervous system (recently reviewed in references 27, 28, 29, and
30). For example, chronic stress or exogenous glucocorticoid ad-
ministration suppresses hippocampal BDNF expression, resulting
in neuronal atrophy and cognitive impairment (31–33).

We previously showed that glucocorticoid treatment could ac-
tivate signaling of the receptor for BDNF, TrkB, and promote cell
survival in neurons via a mechanism dependent on GR transcrip-
tional activity (34). This prompted us to examine whether BDNF
regulates GR transcriptional activity as a form of cell-autono-
mous, homeostatic feedback control of glucocorticoid action. In
this report, we demonstrate that BDNF signaling modulates the
effect of GR on gene expression in primary neurons in part
through alterations in GR phosphorylation. This study portrays
how neurotrophin signaling impacts GR function by modulating
GR posttranslational modifications. Moreover, our findings pro-
vide a foundation for studying how GR activity is modulated in
response to extracellular signaling pathways and the interplay be-
tween BDNF and glucocorticoid signaling in disorders featuring
disrupted BDNF and glucocorticoid levels.

MATERIALS AND METHODS
Mice. C57BL/6 mice (Charles River Laboratories), Sim1-Cre mice (Jack-
son Laboratories), GRFLOX mice (20), BDNFSTOP mice (35), and BDNF
(36) and TrkB (37) knockouts were allowed ad libitum food access. For
neurochemistry, the paraventricular nuclei (PVN) were punched out of
frozen brain sections on glass slides using a tissue punch set (Stoelting).
Before euthanasia, adult male mice either were exposed to systemic ad-
ministration of dexamethasone 21-phosphate disodium salt (Sigma-Al-
drich), 0.9% saline for 6 h or subjected to a forced swim test in room
temperature water (25°C) for 10 min followed by a recovery period of 45
min in their home cage. The New York University School of Medicine
Institutional Animal Care and Use Committee approved all procedures.

Cell culture. Cultured neurons from embryonic day 18 rats were pre-
pared from timed-pregnant Sprague-Dawley rats (Charles River Labora-
tories) as described previously (34). Primary neurons were cultured on
poly-D-lysine-coated wells and maintained in neurobasal medium con-
taining B27 supplement, 0.5 mM L-glutamine, 5-fluorouridine, and uri-
dine (10 mM each). Experiments were conducted 7 to 10 days after plat-
ing. Lentiviruses expressing the wild-type rat GR and GR with the
phosphorylation site mutations S155A and S287A were produced by
transfecting expression and packaging plasmids into HEK-293FT cells as
previously described (34). HEK-293 cells stably expressing TrkB
(293TrkB) (38) were maintained in DMEM containing 10% fetal bovine
serum supplemented with 200 �g/ml G418. Cells were serum starved
overnight before experiments. Stable 293TrkB cell lines ectopically ex-
pressing rat GR (wild type and phosphorylation site S155A/S287A double
mutants) were generated by infecting cells with lentivirus expressing GR
and green fluorescent protein (GFP) and isolating individual GFP-posi-
tive clones via fluorescence-activated cell sorting. After 3 rounds of sort-
ing, cells were assayed for GR expression by indirect immunofluorescence
and immunoblotting with GR-specific antibodies. Clones homoge-
neously expressing GR were identified and maintained at 200 �g/ml
G418.

Plasmids and reagents. Transfections of HEK-293 and 293TrkB cells
with TAT3-LUC reporter plasmid, pCMV-LacZ, pCMV-rat GR, or
FCIV1-rat GR were performed using Lipofectamine 2000 (Invitrogen).
Electroporations of neurons were performed using FCIV1-rat GR and GR
S155A/S287A with an Amaxa rat neuron Nucleofector kit (Lonza) accord-
ing to the manufacturer’s instructions. Recombinant BDNF (450-02) was
purchased from Pepro Tech, Inc. Small interfering RNA (siRNA) for hu-
man CREB1 (OnTarget Plus Smartpool L-003619-00), rat CREB1 (On-
Target Plus Smartpool L-092995-02), and siRNA control (OnTarget non-
targeting pool) were obtained from ThermoFisher.

Western blotting and antibodies. Western blotting was performed as
previously described (11). Western blots were imaged and quantified us-
ing the Odyssey system (Li-Cor) or developed using ECL band intensity
quantitated with Image J. Antibodies to S155�P and S287�P were gen-
erated by immunizing rabbits (Covance) with peptides corresponding to
sequences in rat GR: 279DTGDTILS(pS)287PSSV291 and 147IANLNRST
(pS)155VPEN159 (Anaspec, Inc.). High-titer antibodies were affinity puri-
fied (Covance). The rabbit polyclonal affinity purified phospho-TrkB an-
tibody was developed against the phosphorylated residue Y816 (34).
Commercially available antibodies used for Western blotting, immuno-
histochemistry, and immunoprecipitation were as follows: anti-GR
(ab9568; Abcam), anti-GR (M-20 [Santa Cruz Biotechnology] and BuGr2
[EMD Millipore]), anti-pan Trk (C-14; Santa Cruz Biotechnology), anti
TrkB (H-181, Santa Cruz Biotechnology), anti phosphoserine (p-Ser;
16B4; Santa Cruz Biotechnology), anti-phospho-CREB (S133�P), anti-
CREB (48H2; Cell Signaling), and anti-Hsp90 (BD Bioscience).

Microarray analysis. Total RNA was isolated using the Trizol reagent
(Invitrogen) as described by the manufacturer, and 3 �g of each sample
was processed for hybridization to the rat genome 230 2.0 Affymetrix
expression array by the Genomics Core Laboratory of Memorial Sloan-
Kettering Cancer Center. Data are representative of four different condi-
tions performed in duplicate (a total of eight) and were normalized using
Robust Multichip Average (RMA) Express (39). The primary data were
analyzed for changes of �2.0-fold when the logarithmic values for treated
cells (Dex, BDNF, or BDNF plus Dex) and vehicle-treated cells were com-
pared. DAVID (40, 41) was used to analyze the gene sets for Gene Ontology
(GO), and Categorizer (http://www.animalgenome.org/tools/catego/) was
utilized to determine occurrences of GO terms in each ancestral class of
each treatment condition. DREME (discriminative regular expression
motif elicitation) was used for transcription factor motif discovery in the
BDNF- and Dex-coregulated gene sets (42).

Quantitative real-time PCR (qPCR). Total RNA from primary neu-
rons or 293TrkB cells was extracted with Trizol (Invitrogen) as described
by the manufacturer. cDNA was synthesized from 1 �g of RNA using a
First-Strand cDNA synthesis kit for real-time PCR (USB) and random
primer mix (USB) following the manufacturer’s instructions. cDNA was
amplified with the SYBR green Taq Ready Mix (USB) using a MyiQ single-
color real-time PCR detection system from Bio-Rad. The primers used for
qPCR are listed in Table S3 in the supplemental material.

Mass spectrometry. Primary rat cortical neurons were infected with a
lentivirus expressing rat GR and, after 7 days, treated with BDNF (50
ng/ml) or vehicle for 30 min. The cells were lysed, GR was immunopre-
cipitated (anti-GR M-20; Santa Cruz Biotechnology), and the immuno-
precipitated proteins were resolved by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. The Coomassie brilliant blue-stained
GR band was excised, digested with trypsin, and analyzed by mass spec-
trometry (43, 44). For the enrichment of phosphopeptides, digests were
dried, redissolved in 1% trifluoroacetic acid (TFA), 80% acetonitrile
(AcN), and loaded onto a titanium dioxide tip (10 �l; Nutip; Glygen). The
bound phosphopeptides were eluted using 500 mM ammonium hydrox-
ide and then acidified by adding 5% formic acid (FA). The solutions were
dried, redissolved (in 5 �l 0.1% FA, 2% AcN), and analyzed by ESI-QTOF
nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS)
(Waters NanoAquity UPLC; the ionized electrospray flow rate of 200
nl/min coupled directly to a QTOF Premier mass spectrometer [Waters-
Micromass, MA]) to identify the phosphorylation sites. Raw data were
processed by Masslynx software and used to identify the phosphopeptides
using MASCOT to search the Swiss-Prot Protein Knowledgebase (release
54.2), which contains 283,454 protein sequences and 104,030,551 resi-
dues, using “all entries” taxonomy.

Chromatin immunoprecipitation. 293TrkB cells stably expressing
wild-type rat GR were analyzed by ChIP as described previously (45).
Protein-DNA complexes were cross-linked by incubating cells in 1%
formaldehyde for 10 min at room temperature, followed by incubation in
0.125 M glycine for 5 min to quench the cross-linking reaction. Cells were
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washed with PBS twice and lysed in Farnham lysis buffer [5 mM pipera-
zine-N,N-bis(2-ethanesulfonic acid) (PIPES) at pH 8.0, 85 mM KCl, 0.5%
NP-40] with added protease inhibitor (Roche). The cell lysate was then
centrifuged at 2,000 rpm for 5 min at 4°C, and the crude nuclear pellets
were collected. Chromatin was sonicated using the Bioruptor (Diagenode;
Twin UCD-400) into 500-bp fragments. Immunoprecipitation of GR was
performed with 6 �g of a GR antibody cocktail (MA1-510 [Thermo Sci-
entific], PA1-511A [Thermo Scientific], and H-300 [Santa Cruz Biotech-
nology] for total GR) or with affinity-purified GR S155�P and GR
S287�P antibodies. Immunoprecipitations for ChIP were also performed
with 3 �g of anti-GRIP1 (M-343; Santa Cruz), anti-BRG1 (ab4081; Ab-
cam), anti-p300 (C-20; Santa Cruz), and anti-CREB (48H2; Cell Signal-
ing) or an equivalent amount of rabbit or mouse IgG (Sigma-Aldrich)
overnight at 4°C. Protein A or G magnetic beads (Invitrogen) were used
according to the manufacturer’s instructions. After incubation, the beads
were washed with LiCl wash buffer (100 mM Tris at pH 7.5, 500 mM LiCl,
1% NP-40, 1% sodium deoxycholate) and TE (10 mM Tris-HCl at pH 7.5,
0.1 mM Na2EDTA) at 4°C. Following reversal of cross-linking, recovered
DNA was purified using a PrepEase DNA clean-up kit (USB). Cycle
threshold values were normalized to percent input and IgG.

Immunocytochemistry. Cells were serum starved for 5 h, fixed after
treatments in paraformaldehyde (PFA), blocked in 5% bovine serum al-
bumin (BSA)– 0.1% Triton X-100 –PBS for 30 min at 25°C, and incubated
in blocking buffer overnight at 4°C with primary antibodies. Fluores-
cence-coupled secondary antibodies (Jackson Immuno Research) were
incubated in blocking buffer for 30 min at 25°C. Cells were mounted in
Vectashield containing DAPI (4=,6=-diamidino-2-phenylindole; Vector
Laboratories). Epifluorescence was captured using a Nikon Eclipse E800
microscope and imaged with a Zeiss AxioCam HRc digital camera.

Immunohistochemistry. Rats were perfused with 4% PFA, and brains
were postfixed for 1 h and equilibrated in 30% sucrose. Free-floating
coronal sections rinsed in PBS were blocked in 5% normal goat se-
rum–5% normal horse serum–PBS– 0.1% Triton X 100 for 1 h at 25°C.
Primary antibodies were incubated overnight at 4°C with shaking. Alexa
Fluor-conjugated secondary antibodies (Molecular Probes) were incu-
bated for 90 min at 25°C. The p-TrkB (Y816�P) rabbit polyclonal anti-
body was directly labeled with Alexa Fluor 555 according to the manufac-
turer’s instructions (Molecular Probes) and was used in costaining
experiments with the GR S287�P affinity-purified rabbit antibody. Ad-
ditional antibodies used include anti-CRH (T4037 and T5007; Peninsula
Laboratories), anti-TrkB (H-181; Santa Cruz Biotechnology), and an-
ti-GR (mouse monoclonal BUGR2; EDM Millipore). Sections mounted
in Prolong Gold antifade reagent (Invitrogen) were imaged by using a
Zeiss LSM 510 confocal microscope.

Statistical analysis. Unless otherwise noted, all quantitative results are
averages from at least three independent experiments, and each sample
was analyzed in triplicate. Significance was determined using the two-
tailed Student’s t test.

RESULTS
BDNF signaling via TrkB affects GR-mediated transcriptional
activation. To assess the effects of BDNF signaling on GR-depen-
dent transcriptional activity, we used a synthetic GR-sensitive
promoter containing three tandem GREs from the tyrosine ami-
notransferase (TAT) gene fused to a minimal promoter driving
the firefly luciferase gene (TAT3-Luc) (46) in HEK-293 cells ec-
topically expressing the BDNF receptor TrkB (here termed
293TrkB). Stimulation of 293TrkB cells with Dex induced TAT3-
Luc promoter activity (Fig. 1A). BDNF treatment alone had no
effect on the TAT3-Luc activity. Interestingly, costimulation of
cells with BDNF and Dex induced the TAT3-Luc promoter activ-
ity 2-fold above that of Dex treatment alone (P � 0.05) (Fig. 1A).
GR protein levels remained constant across treatments, indicating
that enhanced GR activity upon BDNF treatment is not a result of

increased GR expression (Fig. 1B). Importantly, BDNF-depen-
dent enhancement of TAT3-Luc activity was dependent upon
TrkB, since HEK-293 cells that do not express TrkB did not in-
crease Dex-dependent activation of TAT3-Luc upon BDNF treat-
ment (Fig. 1C). Again, GR protein levels remained constant across
treatments (Fig. 1D).

We next determined the minimal dose of Dex required to en-
hance TAT3-Luc promoter activity in the presence or absence of
BDNF. We found that Dex at 0.1 nM induced TAT3-Luc activity
to the same extent in the presence and absence of BDNF. In con-
trast, we observed a consistent 2-fold increase in GR transcrip-
tional activity upon BDNF cotreatment with 1 nM, 10 nM, and
100 nM Dex (Fig. 1E). While the enhancement by BDNF of GR
transcriptional activation was maintained, we also observed re-
duced luciferase activity at 10 nM and 100 nM Dex compared to 1
nM Dex consistent with “squelching” or titration of a limiting
factor required for full response by the activated GR (47, 48).
Thus, BDNF via TrkB increases GR transcriptional activity of a
transfected reporter gene across a wide range of Dex concentra-
tions, suggesting a direct effect of BDNF signaling on GR tran-
scriptional activity.

BDNF and glucocorticoid cotreatment cooperatively regu-
late gene expression in neurons. To address the relevance of
BDNF and Dex transcriptional synergy, we examined the expres-
sion of TrkB and GR protein in the mouse cerebral cortex and
hippocampus. We found that both TrkB and GR are concomi-
tantly expressed in neurons throughout the cortex (Fig. 2A, top).
GR is also expressed along with TrkB in neurons of the hippocam-
pus (Fig. 2A, bottom). These data suggest that BDNF-TrkB signal-
ing has the potential to regulate GR activity in cortical and hip-
pocampal neurons.

Given the communication between glucocorticoid and BDNF
signaling in neuronal physiology and stress-associated pathophys-
iology (27–29), as well as the coexpression of GR and TrkB in
neurons, we sought to understand the genes regulated by both
signaling pathways in neurons. We used a microarray approach to
determine the genes that were regulated at least 2-fold in primary
rat cortical neurons upon treatments with Dex and BDNF alone or
in combination (Fig. 2B). Since primary neurons when cultured
ex vivo lose GR expression (49), cells were transduced with a len-
tivirus expressing rat GR to enrich for receptor expression prior to
treatments. The levels of GR do not change with the various treat-
ments (see Fig. S1 in the supplemental material).

The analysis identified 435 genes sensitive to Dex treatment,
456 genes responsive to BDNF, and 933 genes regulated by BDNF
and Dex cotreatment after a 3 h stimulation (Fig. 2C). Our anal-
ysis revealed a set of Dex-responsive genes that were enhanced by
BDNF treatment, representing 27% of the Dex-induced genes. We
also found a small cohort (8%) of BDNF-responsive genes that
were increased upon Dex treatment. Although we expected an
additive representation of responsive genes from BDNF and Dex
cotreatment, this was not the case. Surprisingly, nearly half (455 of
933 genes; 49%) of all genes in the BDNF and Dex cohort were
uniquely induced or repressed above 2-fold (45% and 55%, re-
spectively) by cotreatment relative to Dex or BDNF alone (Fig.
2D). Thus, cotreatment of neurons with BDNF and Dex results in
a unique set of genes being expressed compared to either treat-
ment alone, and this indicates that a distinct glucocorticoid-re-
sponsive transcriptome is evoked upon BDNF signaling.

We next performed gene ontology (GO) analysis using the Da-
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tabase for Annotation, Visualization and Integrated Discovery
(DAVID) to classify the functional relationships among respon-
sive genes (40, 50). As expected, genes responsive to BDNF and
Dex cotreatment were significantly associated with receptor sig-
naling (e.g., TrkB) and response to glucocorticoid stimulus (see
Table S1 in the supplemental material). In addition, using GO
Slim analysis, which generates a more focused view of the GO
classes, we found that upon cotreatment, the coresponsive genes
associate more with neuronal communication and differentiation
than with metabolism, as elicited by individual treatments (Fig.
2E; also, see Fig. S2 in the supplemental material). Indeed, regu-
lation of synaptic plasticity and neurotransmission as well as axon
guidance shows a more significant association in the cotreated
genes than with BDNF or Dex stimulation alone. For example, the
upregulation of the DUSP1 gene expression by glucocorticoid and

BDNF (Fig. 3A) is consistent with such GO class predictions.
Moreover, the protein encoded by DUSP1, MKP-1, has been
shown to directly regulate BDNF-induced axon branching (51).

Upon analysis of the uniquely coinduced gene sets, we found a
greater enrichment with functions associated with differentiation,
cell organization, and biogenesis (Fig. 2E; also, see Table S1 in the
supplemental material). Surprisingly, a majority of the annota-
tions for biological processes represented in the uniquely coin-
duced cluster are similar to those associated with BDNF induction
(see Table S1 and Fig. S2 in the supplemental material). Similarly,
the top annotations that arose from uniquely corepressed genes
were similar to the most significant Dex-repressed subset (see Ta-
ble S2 in the supplemental material). The predominant annota-
tions in this subset were genes associated with the regulation of
transcription and RNA metabolic processes. These predictions

FIG 1 BDNF signaling enhances GR transcriptional activation. (A) HEK-293 cells ectopically expressing TrkB (293TrkB) were transiently transfected with
pCMV-rat GR, the TAT3-Luc reporter construct, and pCMV-lacZ as an internal control. Twenty-four hours after transfection, cells were treated with ethanol
(Veh), 100 nM dexamethasone (Dex) for 2 h, or 50 ng/ml BDNF for 2.5 h or treated with BDNF for 30 min followed by Dex for 2 h (BDNF�Dex). Luciferase
activity was determined relative to �-galactosidase and is presented as relative (fold) induction, with the value for the vehicle-treated samples set to 1. (B) GR and
TrkB protein expression was examined by Western blotting of 293TrkB lysates treated as described for panel A. (C) Parental HEK-293 cells that do not expression
TrkB were assayed as described for panel A. (D) GR protein levels relative to tubulin were determined by Western blotting from HEK-293 lysates treated as
described for panel B. (E) 293TrkB cells were transfected as described for panel A, treated with increasing concentrations of dexamethasone (Dex) for 24 h in the
absence (�BDNF) or presence of 50 ng/ml BDNF (�BDNF), and luciferase activity was measured as described above. Error bars indicate standard deviations.
Significance was determined using the two-tailed Student’s t test (*, P � 0.05; **, P � 0.01). Western blots are representative of at least three independent
experiments.

BDNF Signaling Affects GR Transcription Activity

Volume 33 Number 18 mcb.asm.org 3703

http://mcb.asm.org


FIG 2 Transcriptional response of cortical neurons to BDNF and glucocorticoid cotreatment reveals a unique transcriptome associated with neuronal differ-
entiation. (A) TrkB and GR expression in the cortex. Immunostaining of GR (BuGr2; EDM Millipore) (green) and TrkB (H-181; Santa Cruz Biotechnology)
(red) from sections of the mouse cortex (layers LI to LVI) and hippocampus [stratum oriens (S.O.), stratum pyramidale (S.Py), stratum radiatum (S.R.), stratum
lacunosum (S.L.M.), molecular layer (Mol.), and granule cell layer (GCL)] are shown. Enlarged areas at the right show GR and TrkB colocalization in neurons
from layer LV of the cortex and the S.Py region of the hippocampus. (B) Primary cortical neurons cultured from E18 rats were infected with a lentivirus expressing
rat GR. After 7 days in culture, the cells were treated with ethanol (Veh), 100 nM dexamethasone for 3 h (Dex), or 50 ng/ml BDNF for 3 h or cotreated with BDNF
and Dex for 3 h (BDNF and Dex). Total RNA was isolated, and gene expression was assessed using the rat genome 230 2.0 Affymetrix expression array. (C) Probe
sets were analyzed for significance (P � 0.05) using ANOVA. Genes were considered significant if they passed the ANOVA test and displayed a change of
�2.0-fold when the logarithmic values between treated and control samples were compared. Significantly regulated genes in each treatment were graphed. (D)
Venn diagram of the �2-fold-responsive genes (induced and repressed) from each treatment. (E) GO-Slim annotations of the ontology associations from the
uniquely induced genes upon treatment with Dex alone and with BDNF and Dex. The number of detailed annotations associated with the designated parent
annotation is indicated.
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suggest that BDNF and glucocorticoid signaling pathways con-
verge in specific gene expression profiles similar to those regulated
by single treatments. Importantly, within the induced unique gene
profiles are some GO classes that were not represented by separate
treatments, such as zinc ion transport and angiogenic processes
(see Table S1). Taken together, these results suggest that the GR
transcriptome is reshaped by BDNF signaling, which in turn can
lead to the expression of functionally distinct classes of genes.

Cotreatment with BDNF and Dex amplifies a subset of GR
neuronal target genes. Next, we validated by real-time qPCR us-
ing distinct sets of RNA a selection of genes from the microarray
regulated upon cotreatment with BDNF and Dex. This includes
many of the highly induced (PRL3C1, FGF8, MYOM2, NR4A1
[NUR77], AGTR1A, SRGN, and ANGPTL1) and repressed
(PCDH20 and CRHR1) genes, as well as established GR targets
(DUSP1) and genes uniquely induced upon cotreatment (IRX2)
(Fig. 3A). Interestingly, IRX2, a homeobox transcription factor
responsible for cerebellum formation, is induced by fibroblast
growth factor 8 (FGF8) signaling (52). Expression of genes such as
PRL3C1, FGF8, and MYOM2 was increased more than 6-fold by
BDNF plus Dex above Dex treatment alone. A number of known
neuronal GR target genes were revealed from this analysis, such as
CRH, MYCN, and DUSP1, while others are less characterized in a
neuronal context, such as FGF8 and SRGN. FGF8, not previously
linked to GR, is a diffusible morphogen that patterns the neocor-
tex during embryonic development (53). Of note, prenatal expo-
sure to Dex retards the migration of cortical neuron progenitors
throughout the embryonic cortical plate (54). SRGN (serglycin) is

a proteoglycan critical for maintaining storage of secretory gran-
ule proteases. More interestingly, proteoglycans have been impli-
cated as modulators of axonal growth and plasticity via their
chondroitin sulfate chains, a function regulated by both BDNF
and glucocorticoids in the brain (55, 56).

To investigate if the BDNF-dependent effects on Dex respon-
sive genes are a primary event of GR-mediated activation or a
result of a secondary effect via new protein synthesis, we treated
cells for 30 min with the protein synthesis inhibitor cyclohexi-
mide and then reassessed gene expression. Nine of the 11 rep-
resentative genes, namely, PRL3C1, FGF8, MYOM2, AGTR1A,
SRGN, ANGPTL1, NR4A1, DUSP1, and CRH, demonstrated sim-
ilar induction profiles in the presence of cycloheximide (Fig. 3C),
indicating that these genes do not require new protein synthesis to
modulate gene expression by GR and therefore are considered
primary GR target genes.

BDNF signaling induces GR phosphorylation at two evolu-
tionarily conserved sites. We next tested the possibility that
BDNF-dependent enhancement of GR activity requires the post-
translational modification of GR. We found increased phospho-
serine immunoreactivity in GR immunoprecipitated from HEK-
293 cell extracts cotransfected with TrkB and stimulated with
BDNF (Fig. 4A). In contrast, transfection of GFP, TrkA, or TrkC
in HEK-293 cells and stimulation with cognate ligands NGF for
TrkA and NT3 for TrkC resulted in little phosphoserine immuno-
reactivity in GR immunoprecipitates. These results indicate that
GR could be phosphorylated upon TrkB activation with BDNF in
this system.

FIG 3 BDNF and glucocorticoid signaling regulate GR target genes. qPCR validation of the induced (A) and repressed (B) genes identified from the microarray
analysis upon Dex, BDNF, and BDNF�Dex treatment. Cells were treated as described for Fig. 2. Error bars indicate standard deviations. (C) Heat maps of
normalized �CT values of validated genes in the absence and presence of cycloheximide (CHX) upon Dex and Dex�BDNF stimulation. Asterisks indicate genes
that upon cycloheximide treatment are no longer modulated by Dex treatment and are likely indirect targets of GR action.
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Next, we sought to identify the phosphorylation sites of GR
that are induced by BDNF signaling in primary cortical neurons.
To do so, we purified GR from neuronal extracts by immunopre-
cipitation followed by SDS-PAGE (Fig. 4B, left) and mass spec-
trometry. The GR bands were detected by Coomassie staining and
then excised from the gel for matrix-assisted laser desorption ion-
ization– quantitative time of flight (MALDI-QTOF) analysis (Fig.
4B right). GR proteins were trypsinized and phosphopeptides
were enriched in a titanium column, and LC-electrospray ioniza-
tion (ESI)-QTOF MS/MS was used to sequence the phosphopep-
tides. The spectra of two phosphopeptides are presented in Fig. 4C
and D. We found that phosphorylation of the rat GR protein upon
BDNF treatment occurred at serines 155 and 287 (Fig. 4C and D),
which are conserved in mouse (S143 and S275) and human GR
(S134 and S267). These sites have not been extensively studied.

To validate that GR is phosphorylated by BDNF at S155 and
S287, we generated GR phosphorylation site-specific antibodies
(Fig. 5A) and tested GR phosphorylation upon BDNF treatment
in 293TrkB cells expressing rat GR or the corresponding GR non-
phosphorylatable mutants S155A and S287A. Basal GR phosphor-
ylation at both S155 (Fig. 5B) and S287 (Fig. 5C) was low but
highly inducible by BDNF treatment but not in the respective GR
serine-to-alanine mutants. GR was also phosphorylated in pri-
mary cortical neurons (Fig. 5D) and in the neuroendocrine cell
line PC12, which harbors endogenous GR in response to BDNF
treatment (see Fig. S3A in the supplemental material).

We next examined the kinetics of GR phosphorylation upon
BDNF or Dex treatment at S155 and S287. Phosphorylation at
S155 and S287 in 293TrkB cells increased rapidly within 15 min of
BDNF treatment and remained elevated for 60 min, after which
the signal decreased quickly from 90 to 120 min back to basal
levels. Phosphorylation of S155 followed a pattern similar to that
of S287 throughout the time course of BDNF treatment (Fig. 5E).
Phosphorylation at S287 also increased after 30 min of Dex treat-
ment, remained elevated for 60 min, and progressively declined
after 90 min. In contrast, S155 phosphorylation was not induced
upon Dex treatment at any of time points examined (Fig. 5F).
Thus, S287 phosphorylation is induced by both BDNF and Dex,
albeit with different kinetics, whereas S155 phosphorylation re-
sponds only to BDNF.

We also examined whether BDNF treatment would induce
phosphorylation at other previously characterized rat GR phos-
phorylation sites, S224, S232, and S246 (human GR S203, S211,
and S226). BDNF stimulation increased GR phosphorylation at
S224, S232, and S246 only 1.5-fold (Fig. 5G), whereas S155 and
S287 showed the greatest induction in response to BDNF (3.5-fold
and 3-fold, respectively) compared to untreated 293TrkB cells.
Together, these data indicate that (57) BDNF treatment induces
GR phosphorylation in a rapid manner at multiple sites (22), S155
is BDNF dependent but GC independent (58), and S287 is a GC-
and BDNF-dependent site, with cotreatment resulting in S287
hyperphosphorylation of GR.

FIG 4 BDNF signaling induces GR phosphorylation at S155 and S287. (A) Phosphoserine immunoblot (p-Ser; 16B4 mouse monoclonal antibody; Santa Cruz
Biotechnology) of GR immunoprecipitates (	-GR M-20; Santa Cruz Biotechnology) from HEK-293 cells cotransfected with rat GR and TrkA, TrkB, TrkC, or
GFP and treated with cognate neurotrophins (50 ng/ml) for 30 min. Expression of the Trk and GR receptors was determined as a control. (B) Primary neurons
were infected with rat GR-expressing lentivirus and treated with BDNF as described for Fig. 2. Cells were lysed, GR was immunoprecipitated, resolved by
SDS-PAGE, and stained, and the GR band was excised and digested with trypsin. Western blots are representative of at least three independent experiments. (C
and D) Tryptic phosphopeptides from BDNF-treated GR were enriched using a titanium dioxide tip, eluted, and analyzed by nanoflow LC-ESI Q-TOF mass
spectrometry. The spectra indicate peptides present in the mixture that were phosphorylated at S155 (C) and S287 (D). The loss of phosphoric acid (H3PO4;
molecular weight [MW] 
 98) from b3 in the Ser155 phosphopeptide and y11 in the Ser287 phosphopeptide indicates that Ser155 and Ser287 were phosphor-
ylated (boxes).
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S155 and S287 phosphorylation mediate BDNF-dependent
induction of GR target genes. To assess the role of BDNF-induced
GR phosphorylation, we generated stable cell lines expressing
wild-type GR and the S155A/S287A mutant in a 293TrkB back-

ground and selected single clones expressing similar protein levels
of GR and TrkB (data not shown). We next examined the tran-
scription of two well-characterized direct GR transcriptional
targets, namely, serum- and glucocorticoid-regulated kinase 1

FIG 5 Characterization of BDNF-induced GR phosphorylation sites. (A) Schematic diagram of the functional domains and some major phosphorylation sites
of rat GR. NTD, amino-terminal domain; AF-1, activation function 1; DBD, DNA-binding domain; LBD, ligand-binding domain; AF-2, activation function 2.
(B and C) Specificity of S155�P and S287�P antibodies tested in whole-cell extracts of 293TrkB cells transfected with rat GR (WT) or phosphorylation
site-deficient S155A or S287A mutants and stimulated with 50 ng/ml BDNF for 30 min. Activated, phosphorylated TrkB (TrkB�P) and total TrkB protein
expression upon BDNF treatment is also shown. (D) Western blot analysis of S155�P, S287�P, and total GR from primary rat cortical neurons treated with
BDNF (50 ng/ml, 30 min), Dex (100 nM, 30 min), or BDNF�Dex (30 min). The blots is representative of at least three independent experiments. (E and F)
Kinetics of GR S155 and S287 phosphorylation in response to BDNF or Dex treatment, respectively. Western blot analysis for S155�P, S287�P, and total GR was
performed from cells treated with either 50 ng/ml BDNF or 100 nM Dex at the indicated times. GR phosphoisoforms were quantified relative to total GR levels,
and values are expressed as fold change relative to vehicle-treated cells (means � standard errors of the means [SEM] from 3 independent experiments). (G)
BDNF-dependent phosphorylation at additional GR phosphorylation sites (S224�P, S246�P, and S232�P) not recovered in the mass spectrometry analysis
highlights a �2-fold signal detection technical limit. Data (means � SEM) were collected for whole-cell extracts from 293TrkB cells treated with 50 ng/ml BDNF
for 30 min. Western blots are representative of at least three independent experiments.
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(SGK1), a gene product that inhibits apoptosis (59), and gluco-
corticoid-induced leucine zipper protein (GILZ), a protein that
regulates multiple signal transduction pathways involved in cell
growth, cell differentiation, and cell survival (58). The expression
of both SGK1 and GILZ were induced by Dex stimulation. How-
ever, BDNF treatment increased Dex-mediated SGK1 induction
but did not enhance Dex-mediated GILZ expression (Fig. 6B).
When GR phosphorylation sites were mutated, BDNF treatment
failed to augment Dex-mediated SGK1 induction, whereas Dex-
mediated expression of GILZ was insensitive to the mutations
(Fig. 6B). Moreover, the expression of another GR target gene
FKBP5 resembles that of SGK1 in that it is enhanced upon BDNF
and Dex cotreatment and sensitive to GR phosphorylation (see
Fig. S4A in the supplemental material). We also observed a small
amount of BDNF-dependent stimulation of SGK1 (Fig. 6B) and
FKBP5 (see Fig. S4A) expression in the absence of Dex treatment
that is not observed with the GR S155A/S287A mutant. This is
likely a result of BDNF treatment affecting a preexisting nuclear
pool of GR present in the absence of added glucocorticoids to
induce gene expression in a GR phosphorylation-dependent man-
ner. Consistent with this idea, GR occupancy was observed at the
SGK1 regulatory region upon BDNF treatment in the absence of
Dex, and �20% of the cells exhibited some level of nuclear GR in
untreated and BDNF-treated cells (see Fig. S5 in the supplemental
material). In contrast, the Dex-mediated repression of C-MYC by
GR, like GILZ induction, is insensitive to BDNF-induced GR
phosphorylation (see Fig. S4A). Although these experiments were
performed using a single clone of 293TrkB cells expressing either
wild-type GR or the GR S155A/S287A mutant, we also observed in
transient-transfection assays GR phosphorylation-dependent ac-
tivation of SGK1 by Dex and BDNF (see Fig. S4C in the supple-

mental material), indicating that the stable GR 293TrkB lines ac-
curately reflect GR and BDNF cross talk. Therefore, GR
phosphorylation at S155 and S287 contributes to BDNF-medi-
ated, Dex-dependent induction of selected GR target genes.

We also tested whether regulation of GR gene expression by
BDNF-induced GR phosphorylation applied in primary cortical
neurons. Real time qPCR of a set of microarray targets yielded
similar results. Genes highly responsive to BDNF and Dex cotreat-
ment, like NR4A1, PRL3C1, and SRGN required GR phosphory-
lation. A gene responsive to BDNF and Dex cotreatment, like
MYOM2, was unaffected by the mutation of GR phosphorylation
sites (see Fig. S4B in the supplemental material). Taken together,
these data illustrate that BDNF enhances the expression of a subset
of Dex-responsive genes that depend on GR phosphorylation.

Impact of BDNF signaling on GR recruitment to DNA. To
address whether BDNF signaling affects GR recruitment to chro-
matin, we performed a series of chromatin immunoprecipitation
(ChIP) experiments from 293TrkB cells at the GREs upstream of
SGK1 and GILZ (Fig. 7A). Since BDNF alone does not affect trans-
location of GR from the cytoplasm to the nucleus (see Fig. S5 in
the supplemental material), we focused on cells stimulated with
Dex in the absence or presence of BDNF. We found that Dex alone
increased GR recruitment severalfold at both SGK1 (Fig. 7B)- and
GILZ (Fig. 7C)-proximal promoter regions harboring the GREs.
In the presence of BDNF, GR occupancy significantly increased at
the SGK1 (Fig. 7B) but not GILZ GR-responsive regulatory re-
gions (Fig. 7C), consistent with the enhanced mRNA induction of
SGK1 and the lack of an effect on expression of GILZ by GR upon
BDNF treatment. Thus, BDNF treatment results in increased GR
occupancy at SGK1.

Next we investigated whether the phosphorylated forms of GR
were differentially recruited to DNA as a potential mechanism of
GR phosphorylation-dependent gene expression. Occupancy of
GR S155�P was minimal at SGK1 and GILZ under vehicle and
Dex treatment, consistent with the lack of basal and Dex-induced
GR phosphorylation at this site (Fig. 7B and C). GR S287�P oc-
cupancy at SGK1 and GILZ regulatory regions was enhanced upon
cotreatment with BDNF and Dex (Fig. 7B and C), reflecting the
fact that cotreatment of BDNF and Dex has a cumulative effect on
GR phosphorylation at S287 (see Fig. S6 in the supplemental ma-
terial). Therefore, enrichment of phospho-GR isoforms at the
representative SGK1 and GILZ regulatory regions reflected the
level of GR phosphorylation and did not correlate with the tran-
scription of these genes. This indicates that phosphoisoform re-
cruitment does not distinguish activity between phosphorylation-
sensitive and -insensitive genes. Consistent with this finding is the
observation that GR recruitment to the SGK1 regulatory region
upon BDNF and Dex treatment was similar in cells expressing the
phosphorylated GR WT and GR S155A/S287A mutant (Fig. 7D).
Thus, selective phosphoisoform recruitment per se does not ap-
pear to be the mechanism underlying differential effects of BDNF
enhancement on GR activity.

BDNF signaling facilitates the recruitment of GR cofactors at
selected promoters. Given the likelihood that transcription fac-
tors downstream of BDNF signaling cooperate with GR to regu-
late BDNF- and Dex-sensitive genes, we searched for transcription
factor-binding motifs within 500 bp upstream and 100 bp down-
stream of the transcription start sites of the BDNF- and Dex-
coresponsive genes using DREME, an algorithm designed to find
short DNA-binding motifs of eukaryotic transcription factors

FIG 6 S155- and S287-dependent induction of GR target genes by BDNF. (A)
Comparison of stable expression of rat GR (WT) or a S155A/S287A double
mutant (AA) in transfected 293TrkB clones after treatment with 0.1% ethanol
(Veh), 100 nM Dex, 50 ng/ml BDNF, or BDNF and Dex for 1 h and Western
blot analysis for total GR. The Western blot is representative of at least three
independent experiments. (B) 293TrkB cells stably expressing rat GR WT or
AA were serum starved overnight and treated with the indicated agents for 3 h.
Total RNA was prepared, and mRNA expression for SGK1 and GILZ was
assessed by qPCR (means � SEM from 3 independent experiments).
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from large data sets (42). We found that binding sites for CREB,
SP1, TBP, HOXA9, ZFP161, and C/EBP were enriched within the
upstream regulatory regions of genes regulated by BDNF and Dex
(P � 0.05) (Table 1). The validity of the bioinformatic analysis is
emphasized by the identification of established GR cooperative
transcription factors, including CREB (45, 60, 61) and SP1 (62).
Although GREs were not recovered using this approach, this is not
surprising given that the vast majority of GREs are not in promot-
er-proximal regions but are located �5 kb upstream or down-
stream of the transcription start site of most GR-responsive genes
(45, 63). This suggests that combinatorial control of GR upon
BDNF-induced phosphorylation with other transcription factors
and coregulators promotes the expression of this unique cohort of
genes induced by BDNF and Dex treatment.

This prompted us to investigate whether specific GR cofactors
are enriched at the prototypical SGK1 and GILZ promoters in
response to cotreatment of 293TrkB cells with BDNF and Dex. We
found that CREB, p300 (Fig. 8A), and GRIP1 (see Fig. S7 in the
supplemental material) were enriched together with GR at the
SGK1 promoter, whereas only GR, p300, and GRIP1 occupied
the GILZ promoter (Fig. 8B; also, see Fig. S7). Also, the Brahma-
related gene, BRG1, was not enriched at these promoters, suggest-
ing some level of specificity (see Fig. S7). Therefore, CREB binding

is correlated with the transcription of BDNF- and Dex-corespon-
sive genes.

BDNF-induced GR phosphorylation regulates the recruit-
ment of CREB to select promoters. We next investigated whether
recruitment of cofactors, notably CREB, are sensitive to
BDNF-induced GR phosphorylation from 293TrkB cells ex-
pressing the GR wild type or the GR AA mutant. We found that
the occupancy of CREB at the SGK1 promoter was reduced
when the phosphodeficient GR mutant was expressed (Fig.
8A). In contrast, basal occupancy of CREB to the GILZ pro-
moter was insensitive to the alanine mutations of GR (Fig. 8B).
Recruitment of GR and GRIP1 was not significantly altered
between wild-type GR and the phosphodeficient GR mutant
(see Fig. S7 in the supplemental material). Phosphorylation of
CREB at serine 133, which induces p300 binding (64), was not
sensitive to Dex treatment or to GR phosphorylation (Fig. 8C).
Therefore, combinatorial binding of GR with CREB may ex-
plain how BDNF-induced GR phosphorylation affects the tran-
scription of a select group of genes.

BDNF- and Dex-sensitive binding of CREB to GR modulates
transcription at selected genes. We next tested by coimmunopre-
cipitation the possibility that GR and CREB associate in a GR
phosphorylation-dependent manner. We prepared nuclear ex-

FIG 7 BDNF-induced GR phosphorylation does not affect GR recruitment to the sgk1 regulatory region. (A) Schematic representations of SGK1 and GILZ loci.
Arrows indicate the transcription start site. Gray box, CRE; black boxes, predicted GREs; thick arrows, regions amplified by qPCR to determine the level of
occupancy of GR and cofactors. (B and C) Chromatin immunoprecipitations were performed with total GR or GR S155�P S287�P antibodies at the SGK1 (B)
and GILZ (C) regulatory regions amplified with the primers used for panel A. 293TrkB cells stably expressing rat GR were treated for 1 h with Veh, Dex, or BDNF
and Dex. (D) Chromatin immunoprecipitations were performed from 293TrkB cells expressing wild-type GR (WT) or GR S155A/S287A (AA) with antibodies
to total GR at the SGK1 GR-responsive regulatory region. Error bars indicate standard deviations. Significance was determined using the two-tailed Student’s t
test (*, P � 0.05).
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tracts from 293TrkB cells expressing the wild-type GR or the GR
phosphorylation site mutant. We observed an association of GR
with CREB upon Dex and BDNF cotreatment that was reduced
with the GR phosphorylation site mutant (Fig. 8D).

If the recruitment of CREB is required to facilitate the tran-

scription of select Dex-sensitive genes, then loss of function of
CREB should prevent the induction of SGK1 in response to BDNF
and Dex cotreatment. We found that knockdown of CREB1 by
RNAi in 293TrkB cells diminished the induction of SGK1 follow-
ing BDNF and Dex cotreatment compared to a control siRNA
(Fig. 8E; also, see Fig. S8A in the supplemental material). The
induction of GILZ expression was similar whether cells were
transfected with the scrambled or specific CREB RNAi. Similarly,
in primary neurons the expression of the BDNF- and Dex-sensi-
tive gene NR4A1 was reduced upon CREB1 knockdown (Fig. 8F;
also, see Fig. S8B). Taken together, our data indicate that BDNF-
induced GR phosphorylation and CREB activation are required
for full expression in the context of BDNF and glucocorticoid
cosignaling.

GR phosphorylation at S287 is sensitive to stress and genetic
manipulation of the BDNF-TrkB signaling pathway. To assess
GR phosphorylation at S287 in vivo as a function of stress and
BDNF signaling, GR S287�P reactivity in the paraventricular nu-
cleus (PVN) of the hypothalamus was determined by Western
blotting of tissue biopsy specimens and by immunostaining of
brain sections (Fig. 9A and B). Importantly, the specificity of the
GR S287�P antibody was confirmed by a reduction in GR
S287�P immunoreactivity upon conditional inactivation of GR
in the PVN through crossing of GR-floxed mice (20) with the

TABLE 1 Identification of transcription factors motifs enriched at the
promoters of the uniquely BDNF�Dex induced genes

FIG 8 BDNF-induced GR phosphorylation stabilizes recruitment of p300 and CREB to the SGK1 promoter. (A and B) Chromatin immunoprecipitations were
performed with 293TrkB cells expressing wild type GR (WT) or GR S155A/S287A (AA) with antibodies to GR, p300, or CREB at the SGK1 or GILZ GR-responsive
regulatory regions. (C) BDNF-dependent activation of CREB by phosphorylation at S133�P in the WT GR- and GR AA-expressing cells. The Western blot is
representative of at least three independent experiments. (D) Coimmunoprecipitation of CREB with GR from nuclear extracts of 293TrkB cells depends upon
BDNF and Dex cotreatment (D�B) and BDNF-sensitive phosphorylation sites. Raw data analysis (data are means � SEM; *, P � 0.05 [t test]) of CREB recovered
in two independent GR immunoprecipitates that compared the effect of cotreatment (50 ng/ml BDNF and 1 �M Dex) with 0.1% ethanol (Veh) and wild type
with mutant GR. (E) 293TrkB cells were transfected with control scramble siRNA (siSCR) or a CREB siRNA pool (siCREB) and allowed to recover for 24 h. Cells
were then serum starved, and RNA was assessed as described for Fig. 6. (F) Primary cortical neurons were transfected with control scramble siRNA (siSCR) or
a CREB siRNA pool (siCREB), and expression of NR4A1 was measured upon BDNF�Dex treatment. Error bars indicate standard deviations. Significance was
determined using the two-tailed Student’s t test (*, P � 0.05; **, P � 0.01).
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PVN-selective Sim1-Cre transgenic mice (65) (see Fig. S9A in the
supplemental material).

Because CRH neurons of the PVN are highly sensitive to stress
and glucocorticoid feedback, we examined GR S287�P expres-
sion as a function of increased glucocorticoid levels in vivo either
by exogenous Dex administration or by elevation of endogenous
glucocorticoids via stress. Both treatments result in an increase in
GR S287�P in hypothalamic extracts by Western blot (Fig. 9A).

We also found that CRH-expressing neurons of the PVN dis-
play GR S287�P immunoreactivity that colocalizes with active,
phospho-TrkB-expressing cells, suggesting that these neurons are
responsive to TrkB signaling (Fig. 9B).

To further determine the requirement of BDNF and TrkB sig-
naling in GR phosphorylation in vivo, we compared GR S287�P
immunostaining in tissue sections from wild-type mice and
from heterozygous BDNF (BDNF�/�) and TrkB (TrkB�/�) mice.
The number of cells in the PVN expressing GR S287�P was de-
creased in both BDNF�/� and TrkB�/� mice compared to wild-
type controls (Fig. 9C and D). Conversely, using a transgenic
mouse that conditionally overexpresses BDNF in the PVN by

Sim1-Cre-mediated deletion of a floxed-STOP cassette [referred
to as Tg(BDNF)Cre mice] (20), we found an increase in GR
S287�P in the PVN neurons compared to levels in littermate con-
trols (Fig. 9C and D). This demonstrates that changes in BDNF
and TrkB levels in the hypothalamus modulate GR S287�P in
vivo. Although we detected expression of GR S155�P in neurons
of the PVN (see Fig. S9B in the supplemental material), we have
yet to investigate its regulation in the hypothalamus as a function
of BDNF signaling. This demonstrates that changes in BDNF,
TrkB, or glucocorticoid levels modulate GR S287�P in vivo.

DISCUSSION

This study explored the mechanism whereby BDNF affects the
transcriptional activity of GR. We demonstrate that BDNF not
only alters the GR transcriptome by affecting the regulation of
known GR-responsive genes but also facilitates the expression of a
new repertoire of genes. This is mediated in part through changes
in GR phosphorylation at S155 and S287 upon BDNF signaling via
TrkB. Interestingly, these events not only were observed in pri-
mary cortical neurons harboring endogenous TrkB, in PVN neu-

FIG 9 GR phosphorylation at S287 is sensitive to BDNF and TrkB dosage and to stress in the hypothalamus. (A) Quantification of hypothalamic GR S287
phosphorylation by Western blotting of brain lysates from adult mice subjected to a single systemic injection of vehicle (0.9% saline), Dex (10 mg/kg for 6 h), or
an acute 10-min forced swim stress. Data are expressed as means � SEM of the optical density (OD) of GR S287�P normalized to total GR (5 mice/group). The
Western blot is representative of at least three independent experiments. (B) Localization of phospho-TrkB and GR S287�P in hypothalamic CRH-producing
neurons of a representative adult resting mouse is shown. Blue, CRH; green, GR S287�P; red, TrkB�P. Bar, 10 �m. (C) Representative GR S287�P
immunostaining in the PVN of adult BDNF and TrkB heterozygotes, as well as conditional hypothalamic BDNF overexpression mice, using the Sim1-Cre
line [Tg(BDNF)Cre]. Bar, 50 �m. (D) Number of GR S287�P-positive cells (mean � SEM; *, P � 0.05 [t test]) in the PVN from littermates of the BDNF
knockout line (5 �/� and 4 �/�) or TrkB knockout line (6 �/� and 6 �/�) and transgenic BDNF-overexpressing Tg(BDNF)�Sim1-Cre (7 Cre� and 7 Cre�)
mice is shown. At least 600 GR S287�P-positive cells were counted per group. Error bars indicate standard deviations. Significance was determined using the
two-tailed Student’s t test (*, P � 0.05).
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rons rich in endogenous GR and TrkB, but also were observed in
293 cells reconstituted with TrkB, suggesting that cell signaling
events mediated via BDNF-TrkB are sufficient to modulate GR
phosphorylation and transcriptional regulatory functions. In fact,
in both cell contexts, select GR targets induced by BDNF treat-
ment were no longer sensitive to BDNF stimulation when the GR
S155A/S287A mutant was expressed. BDNF treatment also en-
hanced the ability of GR to repress gene expression, although in
some cases this appears to be a secondary effect of GR regulation of
gene expression that requires new protein synthesis. We suggest
that BDNF-dependent phosphorylation of GR modulates GR co-
factor recruitment to affect GR transcriptional activation and re-
pression.

How might BDNF treatment lead to a new repertoire of genes
upon Dex stimulation? The most likely explanation is that BDNF-
TrkB signaling affects the activity of key transcription factors that
cooperate with phospho-GR to drive gene expression or that
BDNF acts through epigenetic mechanisms that open chromatin
to allow GR to bind and regulate new gene targets. Such mecha-
nisms are not mutually exclusive. Our comparative genomic anal-
ysis of conserved motifs in gene promoters supports the hypoth-
esis that cooperating transcription factors upon BDNF treatment
align GR activity to shape the GR transcriptome. If this is true,
then one would predict that GR would associate with new binding
sites genomewide upon BDNF and Dex treatment compared to
Dex alone. In fact, elegant work from the Stunnenberg laboratory
found that in HeLa cells, coactivation of GR in the context of
NF-B activation via tumor necrosis factor alpha alters expression
of genes regulated by activation of each factor separately and re-
sults in GR associating with novel sites in the genome (66).
Whether BDNF signaling elicits such effects upon GR binding
genomewide remains to be elucidated.

For some genes, BDNF-induced phosphorylation enhanced
transcriptional activation (PRL3C1), while for other genes, en-
hanced transcription appears to be insensitive to phosphorylation
at S155 and S287 (MYOM2). This could be a function of the chro-
matin architecture of different gene-regulatory elements. Genes
like GILZ that are GR phosphorylation state independent mitigate
the need for phosphorylation-dependent coregulators, whereas
genes sensitive to BDNF treatment and GR phosphorylation
would require a GR N-terminal AF-1 domain cofactor to assemble
a productive transcription initiation complex, resulting in greater
occupancy of GR at the promoter (10). Interestingly, we observed
higher GR occupancy at the phosphorylation-sensitive SGK1 pro-
moter under Dex and BDNF conditions relative to Dex treatment
alone. Given that both wild-type GR and GR S155A/S287A are
recruited to DNA with the same magnitude, this suggests that
BDNF-induced GR phosphorylation affects a postrecruitment
step. We further demonstrate that CREB, likely through enhanced
p300 recruitment, contributes to GR-mediated induction of SGK1
and NR4A1 in a GR phosphorylation-dependent manner. Thus,
induction of gene expression by BDNF and Dex is dependent
upon (i) BDNF-induced GR phosphorylation at S155 and S287,
(ii) recruitment of BDNF-activated CREB to target composite
promoters, and (iii) BDNF-enhanced GR recruitment to DNA.
Recently, CREB DNA binding motifs were found to be enriched
near GR binding sites in A549 human lung adenocarcinoma cells
(60). We propose a model whereby upon BDNF stimulation,
other transcription factors (SP1, TBP, CREB, HOXA9, ZFP161,
and C/EBP) act to cooperatively recruit GR as well as phosphory-

lation-sensitive coactivators at selected genes, thus changing the
repertoire of genes controlled upon signaling by glucocorticoids
and BDNF.

Work from Galliher-Beckley et al. (67) has demonstrated that
GR S155�P (S134 human GR) is a site that is phosphorylated
upon H2O2-induced cellular stress and glucose deprivation but
not by glucocorticoids, as was found here (Fig. 5F). This site was
shown to recruit 14-3-3 proteins and when mutated to a nonphos-
phorylated residue impacts gene expression in U2OS cells (67).
Consistent with their conclusion that S155 is a sensor, we have
observed this phosphorylation to be a readout of BDNF activation
in cortical neurons.

Future investigations will be necessary to define both the role
of GR phosphorylation in the central nervous system and the
physiological consequences of BDNF signaling in modulating
phosphorylation and GR transcriptional activity in neuronal
function. We have shown previously that genetic disruption of GR
signaling in the paraventricular nucleus results in disinhibition of
the HPA axis, increased CRH expression, and upregulation of
hypothalamic levels of BDNF (20). It would be interesting to ex-
plore the requirement for GR phosphorylation in hypothalamic
gene expression. Furthermore, in tissues such as the prefrontal
cortex and the hippocampus, modulation of GR phosphorylation
may be important for glucocorticoid function in the brain. Recent
work from the Pariante laboratory demonstrated a role for SGK1
in neurogenesis via changes in GR phosphorylation and suggested
that BDNF-dependent GR enhancement of SGK1 expression
could influence neural progenitor cell formation (57).

Factors regulating GR-dependent gene expression are not lim-
ited to BDNF. Norepinephrine is capable of increasing ligand-
induced GR transcriptional activity and DNA binding (68).
Adrenergic receptor agonists synergistically enhance GR-depen-
dent transcription, and cAMP-elevating drugs increase the po-
tency of GR activity (69). Consequently, the effect of BDNF upon
GR transcriptional activity via receptor phosphorylation likely
represents a general mechanism shared by others neurotransmit-
ter systems to tailor transcriptional responses of glucocorticoids.
Although GR S155 and S287 are targets for BDNF-induced phos-
phorylation, other trophic or hormonal pathways do not result in
GR phosphorylation at these sites in neurons, demonstrating a
level of specificity (F. Jeanneteau, unpublished observation).

We have previously shown that glucocorticoids, via a GR tran-
scriptional mechanism, can activate TrkB signaling independently
of neurotrophins (34). It is conceivable that a reciprocal homeo-
static sensing mechanism exists between GR and BDNF-TrkB sig-
naling to adjust GR transcriptional output. Consistent with this
idea is the rapid feed-forward kinetics of BDNF-induced GR
phosphorylation, which occurs within minutes, and the slower
feedback phase of the Dex-induced TrkB phosphorylation, which
occurs over hours. Synchronizing these events is key to balancing
GR and TrkB activity in response to corticosteroid and neu-
rotrophic signals, and disruption of this process may lead to neu-
rological disorders in animal models and humans.
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