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Glucocorticoids modulate the mTOR pathway in the hippocampus

G (GC) hormones, released by the adrenals in re-
sponse to stress, are key regulators of neuronal plasticity. In the brain,
the hippocampus is a major target of GC, with abundant expression
of the GC receptor. GC differentially affect the hippocampal transcrip-
tome and consequently neuronal plasticity in a subregion-specific
manner, with consequences for hippocampal information flow and
memory formation. Here, we show that GC directly affect the mam-
malian target of rapamycin (mTOR) signaling pathway, which plays a
central role in translational control and has long-lasting effects on the
plasticity of specific brain circuits. We demonstrate that regulators of
the mTOR pathway, DNA damage-induced transcript (DDIT)4 and
FK506-binding protein 51 are transcriptionally up-regulated by an
acute GC challenge in the dentate gyrus (DG) subregion of the rat hip-
pocampus, most likely via a GC-response element-driven mechanism.
Furthermore, two other mTOR pathway members, the mTOR regu-
lator DDIT4-like and the mTOR target DDIT3, are down-regulated
by GC in the rat DG. Interestingly, the GC responsiveness of DDIT4
and DDIT3 was lost in animals with a recent history of chronic stress.
Basal hippocampal mTOR protein levels were higher in animals ex-
posed to chronic stress than in controls. Moreover, an acute GC chal-
lenge significantly reduced mTOR protein levels in the hippocampus
of animals with a chronic stress history but not in unstressed con-
trols. Based on these findings, we propose that direct regulation of
the mTOR pathway by GC represents an important mechanism regu-
lating neuronal plasticity in the rat DG, which changes after exposure
to chronic stress.

108



5.1. Introduction
C

hapter5

5.1 Introduction

The hippocampus is a brain structure involved in cognitive processes and is a ma-
jor target of glucocorticoid (GC) hormones, which are released by the adrenals in
response to stress. Upon release, GC readily pass the blood-brain-barrier and target
the GC receptor (GR), which is abundantly expressed throughout the brain and in
particular in the hippocampus. GR is a ligand-inducible transcription factor and a
member of the nuclear receptor family of transcription factors (Pratt, 1990). Due
to its relatively low ligand affinity, most GR activation occurs at the circadian peak
or during the stress response (Reul and de Kloet, 1985). Although nongenomic ef-
fects of GR exist (Johnson et al., 2005), GC effects on function and morphology of
hippocampal neurons are to a large extent caused by transcriptional regulation of
a wide repertoire of genes that play a central role in plasticity, energy metabolism,
response to oxidative stress, and survival of hippocampal neurons (Magarinos et al.,
1996; Tsolakidou et al., 2008).

GC are key regulators of neuronal plasticity and have profound effects on hip-
pocampal function and viability. Hippocampal synaptic plasticity, a process fun-
damental to hippocampus-dependent learning and memory, is clearly affected by
acute stress and concomitant GR activation and persists for hours after stress expo-
sure (Howland and Wang, 2008; Kim et al., 2006). Acute stress and high concentra-
tions of GC increase calcium current amplitude and impair long-term potentiation
(LTP) in both hippocampal cornu ammonis (CA)1 and CA3 cell fields (Joels et al.,
2003). Although the dentate gyrus (DG) region seems less sensitive to the effects
of acute stress with respect to functional properties such as calcium current ampli-
tude and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-
mediated synaptic responses (Gemert Van et al., 2009; Joels et al., 2003), acute stress
decreases new cell proliferation rate and increases apoptosis in the rat DG (Heine
et al., 2004).

Like acute stress, chronic stress also affects hippocampal structure and function.
Repeated stress causes remodeling of dendrites in the CA3 region (Magarinos et
al., 1996; Sousa et al., 2000; Vyas et al., 2002; Watanabe et al., 1992). In the DG,
chronic stress has effects on cell turnover of DG neurons and progenitor cells in the
subgranular zone, where chronic stress suppresses both apoptosis and neurogenesis
(Gould et al., 1997; Heine et al., 2004; Magarinos et al., 1996). After chronic stress
exposure, synaptic excitation of DG cells may be enhanced when GC levels rise. This
enhanced synaptic flow could contribute to enhanced excitation of projection areas
of the DG, most notably the CA3 hippocampal region (Karst and Joels, 2003).

An important signaling pathway in the hippocampus is the mammalian target
of rapamycin (mTOR) pathway, which plays a central role in translational control
and long-lasting synaptic plasticity (Hoeffer and Klann, 2010). The mTOR pathway
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Glucocorticoids modulate the mTOR pathway in the hippocampus

integrates signals from nutrients, growth factors, and information on energy sta-
tus to regulate many processes, including cell growth, cell proliferation, cell motil-
ity, and cell survival (Swiech et al., 2008; Wu et al., 2009). In neurons, the mTOR
pathway modulates local translation of proteins at the synapse and therefore is crit-
ical for different forms of synaptic plasticity, including LTP and long-term depres-
sion (LTD) (Bekinschtein et al., 2007; Tang et al., 2002). Dysregulation of this path-
way is a common hallmark in a wide variety of brain disorders, including autism,
brain tumors, tuberous sclerosis, and neurodegenerative disorders, such as Parkin-
son’s, Alzheimer’s, and Huntington’s disease (Akhavan et al., 2010; Bourgeron, 2009;
Malagelada et al., 2008; Mozaffari et al., 2009; Pei and Hugon, 2008; Williams et al.,
2008).

Although it is known that the mTOR pathway is subject to regulation by GC
in the periphery (Shah et al., 2000c; Shah et al., 2000b; Wang et al., 2006a), so far
little is known whether this also is the case in the brain. Two recent studies showed
an inhibitory effect of GC on mTOR signaling in rat hypothalamic organotypic cul-
tures and mouse cortical primary cultures (Howell et al., 2011; Shimizu et al., 2010),
but to our knowledge, this has not been shown in vivo in the brain. In this study,
we used an integrated genomics approach consisting of in silico predictions of GR
binding sites, DNA microarrays, and chromatin immunoprecipitation (ChIP), to
investigate whether the mTOR pathway is regulated by GC in vivo in the hippocam-
pus. Here, we present data demonstrating that key regulators of the mTOR pathway,
DNA damage-induced transcript (DDIT)4 [also known as regulated in development
and DNA damage responses (REDD)1], FK506-binding protein 51 (FKBP51), DDIT4-
like (DDIT4L) [also known as REDD2], and mTOR target DDIT3 (also known as
CCAAT-enhancer-binding proteins homologous protein 3 or CHOP are regulated
by GC in the DG subregion of the hippocampus. Interestingly, the GC regulation of
DDIT4 and DDIT3 transcription as well as hippocampal mTOR protein levels after
an acute GC challenge are differentially affected in animals previously exposed to
chronic stress compared with controls. Based on these findings, we propose that
direct regulation of the mTOR pathway by GC represents an important mechanism
underlying GC effects on neuroplasticity in the brain, with different outcomes de-
pending on previous stress history.

5.2 Materials and Methods

Experimental groups and collection of tissue

Animal experiments were performed to measure effects on the mTOR pathway at
multiple levels, including DNA binding and effects on mRNA and protein levels.
Because in the temporal sequence of events DNA binding precedes effects on tran-
scription, which ultimately translate into effects at the protein level, different time
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points were chosen depending on the parameter of interest. DNA binding was quan-
tified at t = 1 h, mRNA changes at t = 3 h, and protein levels at t = 5 h.

For microarray analysis, male Sprague Dawley rats of 70 d of age (Charles River,
Kingston, NY) were either handled for 21 d (control) or subjected to chronic re-
straint stress (CRS) for 6 h a d during 21 d (Hunter et al., 2009). On d 22, half of
the rats received a challenge, which consisted of an injection with corticosterone
(CORT) (sc 5 mg/kg, in propylene glycol), and were killed 3 h later. The other half
of the rats (control and CRS) were not challenged. Therefore, these rats were left
undisturbed and did not receive a vehicle injection to avoid eliciting a stress re-
sponse. The unchallenged rats were killed at the same time point as the injected rats.
This resulted in four experimental groups (all n = 6) for the microarray analysis: 1)
control, 2) control + CORT, 3) CRS, and 4) CRS + CORT. After decapitation, brains
were rapidly dissected and snap frozen in isopentane (cooled in ethanol placed on
pulverized dry ice) and stored at −80 ◦C for later use.

The experiment was repeated as described above (n = 8 per group) to determine
effects of CRS and CORT challenge on mTOR protein levels using Western blot
analysis, with the difference that the rats were killed 5 h after the CORT challenge
on d 22. Hippocampi were immediately removed from the brain and processed for
Western blot analysis (see below).

In a separate experiment, body weight and relative thymus weight were deter-
mined in control and CRS animals as a bioassay reflecting CORT exposure over the
21 d period. A clear decrease in body weight gain and relative thymus weight was
observed upon CRS (Figure 5.6). Animal care was conducted in accordance with the
Rockefeller University Animal Care Committee.

For ChIP analysis, male Sprague Dawley rats of 70 d of age (Harlan, Horst, The
Netherlands) were adrenalectomized (ADX) as described before to completely de-
plete endogenous CORT levels and ensure that there was no GR bound to the DNA
(Sarabdjitsingh et al., 2010a). Three days after ADX, one group of animals received an
ip injection with 3 mg/kg CORT-hydroxypropyl-cyclodextrin complex, whereas the
other group was left undisturbed (n = 6 per group). All animals were decapitated af-
ter 1 h for ChIP. Immediately after decapitation, the hippocampi were isolated and
further processed for ChIP (see below). CORT levels in the blood 2 d after ADX and
at the moment of decapitation were measured by RIA, showing that both the ADX
operation was successful as well as a significant increase in CORT 3 h after injection
(data not shown). Experiments were approved by the Local Committee for Animal
Health, Ethics, and Research of the University of Leiden (Dier Experimenten Com-
missie nos. 06055 and 10044). Animal care was conducted in accordance with the
European Commission Council Directive of November 1986 (86/609/EEC).

Microarray analysis

CA3 and DG subregions were isolated by laser microdissection from coronal brain
sections (8µm) containing the rostral rat hippocampus as previously described

111



Glucocorticoids modulate the mTOR pathway in the hippocampus

(Datson et al., 2004). RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA),
linearly amplified for two rounds, and hybridized to Rat Genome 230 2.0 Arrays
(Affymetrix, Santa Clara, CA) containing 31,099 probe sets representing over 28,000
well-substantiated rat genes. Hybridizations were conducted at the Leiden Genome
Technology Center (Leiden University), according to the manufacturer’s recommen-
dations (Affymetrix). MAS 5.0 normalization of microarray data was performed in
BRB-Array Tools version 3.7.0, an integrated package for the visualization and sta-
tistical analysis of DNA microarray gene expression data that operates as an add-in
to Microsoft Excel (Simon et al., 2007). Normalized data were subsequently sub-
jected to statistical analysis using Linear Models for Microarray Data (Smyth, 2005),
a package for the R computing environment that allows multiple comparison of ex-
perimental groups. Differences in gene expression between groups were evaluated
using two-way ANOVA with group and treatment as factors, followed by pairwise
post hoc comparisons. Genes with P ≤ 0.05 were considered significant. An exten-
sive list of mTOR pathway members was assembled based on literature and checked
for representation on the Affymetrix Rat Genome 230 2.0 Array.

Chromatin immunoprecipitation

Immediately after decapitation, the hippocampal tissue was chopped into pieces of
approximately 1 mm and fixed in 1 % formaldehyde for 15 min under continuous ro-
tation. Cross-linking was stopped by adding 0.125 glycine for 5 min. Subsequently,
the tissue was washed three times with PBS and once with PBS containing protease
inhibitors (PI). Pellets were snap frozen and stored at −80 ◦C.

Defrosted pellets were homogenized for 2 × 10 sec in 0.5 ml of mild lysis
buffer [10 mm Tris-HCl (pH 7.5), 10 mm NaCl, and 0.2 % Nonidet P-40] supple-
mented with PI using the Bio-Gen PRO200 homogenizer. After centrifugation, the
pellets were dissolved in 0.6 ml of PI-containing radioimmunoprecipitation assay
buffer [0.1 % sodium dodecyl sulfate, 1 % deoxycholate, 150 mm NaCL, 10 mm Tris
(pH 8.0), 2 mm EDTA, 1 mm NaVO3, 1 % Nonidet P-40, β-glycerolphophate, and
Na-butyrate] and incubated on ice for 30 min. Subsequently, the chromatin was
sheared (20 pulses of 30 sec., 200 W; Bioruptor, Diagenode, Liège, Belgium), result-
ing in chromatin fragments of 100–500 bp, and stored at −80 ◦C.

Sepharose A beads (GE Healthcare, Princeton, NJ) were blocked with 1 mg/ml
bovine serum albumin (Westburg, Leusden, The Netherlands) and 0.2 mg/ml fish
sperm (Roche Applied Science, Basel, Switzerland) for 1 h at 4 ◦C. Two ChIPs each
were performed on the same batch of hippocampal chromatin derived from three
different animals. Per ChIP, the chromatin was precleared by incubation with
blocked beads for 1 h. After preclearing, an input sample was taken to control for
the amount of DNA used as input for the ChIP procedure. The remaining sample
was divided into two samples, each incubated overnight (O/N) at 4 ◦C under con-
tinuous rotation with either 6µg of GR-specific H300 or normal rabbit IgG (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Subsequently, the antibody-bound DNA
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fragments were isolated by incubating the samples with blocked protein A beads
for 1 h at 4 ◦C. The beads were washed five times in 1 ml of washing buffer (1×
low salt, 1× high salt, 1× LiCl, and 2× Tris-EDTA), followed by incubation with
0.25 ml of elution buffer (0.1 NaHCO3 and 1 % sodium dodecyl sulfate) for 15 min
(room temperature, continuous rotation) to isolate the DNA-protein complexes.
To reverse cross-link the DNA-protein interactions, the samples were incubated
O/N at 65 ◦C with 0.37 NaCl. RNAse treatment (0.5µg/250µl) was performed
for 1 h at 37 ◦C followed by purification of DNA fragments on Nucleospin columns
(Macherey-Nagel, Düren, Germany). The immunoprecipitated samples were eluted
in 50µl of elution buffer.

Western blot analysis

Hippocampal tissue was homogenized in radioimmunoprecipitation assay buffer
with PI (04693124001; Roche Applied Science). Total protein concentration was
measured by bicinchoninic acid assay according to the manufacturer’s protocol
(no. 23225, BCA Assay kit; Thermo Scientific, Rockford, IL). Electrophoresis of
20µg of protein per sample was performed on a precast 4–20 % gradient gel
(no. 456–1096; Bio-Rad Laboratories, Inc., Hercules, CA) and transferred O/N at
4 ◦C to Immobilon-P Transfer membrane (Millipore Corp., Billerica, MA). Primary
antibody for mTOR (no. 2972; Cell Signaling Technology, Beverly, MA) was di-
luted 1:5000 and incubated O/N at 4 ◦C. Secondary antibody (goat antirabbit IgG
horseradish peroxidase, no. 2054; Santa Cruz Biotechnology, Inc.) was incubated
for 1 h at room temperature. Blots were exposed to ECL Hyperfilm (Amersham Bio-
sciences, Buckinghamshire, UK) for 30 sec and scanned using an Epson V350 photo
scanner (Epson, Long Beach, CA). Protein levels were quantified using ImageJ ver-
sion 1.42. Signals were normalized against α-tubulin. Two-way ANOVA with group
and treatment as factors was used to determine whether there were any significant
differences, followed by pairwise post hoccomparisons. Significance was accepted
at P ≤ 0.05.

In silico GC response element (GRE) prediction

GenSig, an in silico screening method that uses a position weight matrix based on
44 published GREs, was used to identify evolutionary conserved GREs in the coding
regions and a region 50 kb up- and downstream of the DDIT3 and DDIT4L genes
(Simon et al., 2007; Datson et al., 2011). For DDIT4 and FKBP51, we had previously
identified GREs and shown that GR binds to these sequences in vivo in the hip-
pocampus (Simon et al., 2007; Datson et al., 2011).

Real-time quantitative PCR (RT-qPCR)

RT-qPCR was performed to validate the microarray results for the selected mTOR
signaling genes. For mRNA analysis, cDNA was synthesized from the same experi-
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ANOVA Control + CORT Stress + CORT

Probe Set ID Gene
Symbol Gene Title P-value FC P-value FC P-value

1369590_a_at Ddit3 DNA damage-inducible
transcript 3

5.5E−03 0.6 2.2E−03 NS NS

1368025_at Ddit4 DNA damage-inducible
transcript 4

NS 1.9 3.0E−02 NS NS

1368013_at Ddit4l DNA damage-inducible
transcript 4 like

1.9E−08 0.3 1.8E−07 0.4 8.4E−06

1380611_at Fkbp5 FK506-binding protein 5 8.6E−06 2.0 1.3E−04 2.0 1.7E−04
1388901_at Fkbp5 FK506-binding protein 5 8.0E−11 2.0 5.0E−09 2.0 1.4E−08

Table 5.1: CORT regulation of the mTOR-associated transcripts.
CORT regulation of the mTOR-associated transcripts DDIT4, FKBP51, DDIT4L, and DDIT3 is indicated
in control animals (left) and in animals with a recent history of CRS (right). The fold change (FC) is
shown, in which numbers above 1 indicate an up-regulation and below 1 a down-regulation by acute
CORT. P > 0.05 is considered not to be significant (NS).

mental RNA samples that were used for microarray analysis, using the iScript cDNA
synthesis kit (Bio-Rad Laboratories, Inc.), according to manufacturer’s instructions.
PCR was conducted using the capillary-based LightCycler thermocycler and Light-
Cycler FastStart DNA MasterPLUS SYBR Green I kit (Roche Applied Science) accord-
ing to manufacturer’s instructions. All PCR reactions on cDNA were performed in
duplo, and obtained threshold cycle values were all between 12 (Tubulin beta-2A
chain) and 19–25 (mTOR signaling genes). The standard curve method was used to
quantify the expression differences (Smyth, 2005). cDNA values were normalized
against Tubb2a expression levels and analyzed with GraphPad Prism 5 (GraphPad
Software, Inc., San Diego, CA). Two-way ANOVA with group and treatment as fac-
tors was used in combination with post hoc testing to assess significant differential
expression of GC-responsive genes. Significance was accepted at P < 0.05.

GR binding to predicted evolutionary conserved GREs in the vicinity of DDIT3,
DDIT4, DDIT4L, and FKBP51 was validated using RT-qPCR on immunoprecipitated
chromatin. All threshold cycle values ranged from 25 to 32. The ChIP PCR signal was
normalized by subtracting the amount of nonspecific binding of the IgG antibody
in the same sample. A further normalization for background noise was performed
by subtracting the signal obtained at a nonbound GR region (exon 2 of the myo-
globin gene). Metallothionein 2A, which has two well-documented GREs (Kelly et
al., 1997), served as a positive control for the ChIP. Control genes metallothionein
2A and myoglobin were measured twice by RT-qPCR in both ChIPs. The hypoth-
esized GREs were measured once per ChIP. Normalized data were analyzed with
GraphPad Prism 5. An unpaired two-tailed t test was used to assess significant GR
binding. Significance was accepted at a P < 0.05.

The primer sequences for microarray and ChIP validation are listed in Table 5.2.
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Figure 5.1: RT-qPCR validation of expression levels in control animals before and after GC
challenge for DDIT4 (A), FKBP51 (B), DDIT3 (C), and DDIT4L (D).
RT-qPCR expression values were normalized against TUBB2a. Each point in the graph represents the
expression of one animal. Asterisks indicate statistical significance: *, P < 0.05; **, P < 0.01.

5.3 Results

GC affect the expression of mTOR regulators in the hippocampus

Microarray analysis of mRNA expression in the rat hippocampal DG revealed differ-
ential expression of several mTOR regulators (FKBP51, DDIT4, and DDIT4L) and
the mTOR target DDIT3 3 h after a CORT injection (Table 5.1). Both DDIT4 and
FKBP51 were significantly up-regulated in the DG, whereas DDIT3 and DDIT4L
were down-regulated. RT-qPCR confirmed the subregional differences in GC respon-
siveness of three out of four mTOR-associated transcripts (Figure 5.1).

According to the microarray analysis, none of these mTOR regulators were sig-
nificantly affected by CORT in the CA3 region of the hippocampus at the applied
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threshold of significance. However, according to RT-qPCR, DDIT3 was also GC re-
sponsive in CA3 (P = 0.026), albeit to a lesser extent than in the DG.

mRNA expression of mTOR itself and of other mTOR regulators such as v-akt
thymoma viral proto-oncogene 1, tuberous sclerosis protein 1 and 2, regulatory as-
sociated protein of mTOR, rapamycin-insensitive companion of mTOR, and phos-
phatidylinositol 3 kinase were not differentially expressed in either the DG or the
CA3 subregion of the hippocampus according to microarray analysis. A total of four
other mTOR pathway members were expressed at significantly different levels be-
tween the groups according to ANOVA, of which two were differentially expressed
in response to GC challenge both in control and in CRS animals: ribosomal protein
S6 kinase polypeptide 2 and insulin receptor (Table 5.3).

FKBP51 and DDIT4 are primary targets of the GR in rat hippocampus

Using a position weight matrix based on 44 published GREs, we previously identi-
fied and confirmed GR binding to three evolutionary conserved GREs in the FKBP51
gene and a GRE 20 kb upstream of DDIT4 (Table 5.4) (Simon et al., 2007; Datson et
al., 2011). Here, we replicated this finding in an independent experiment and con-
firmed GR binding to FKBP51_1 (one of the three GREs for FKBP51 that we selected)
and the GRE near DDIT4 (Figure 5.2). Based on the GR binding to the GREs and
their CORT-induced up-regulation, we conclude that FKBP51 and DDIT4 are pri-
mary targets of GRin vivo in the rat hippocampus and are most likely regulated by
the transactivation mode of action of GR induced by GR-GRE interaction (Datson
et al., 2011; Simon et al., 2007).

We used the same approach to screen for GREs in the vicinity of DDIT3 and
DDIT4L, resulting in the identification of evolutionary conserved GRE-like se-
quences at 2,586 bp (DDIT3) and 2,199 bp (DDIT4L) downstream of the transcrip-
tion start site of both genes (Table 5.4). However, we did not find GR binding to
these predicted GREs associated with DDIT3 and DDIT4L under the given condi-
tions.

GC effects on the mTOR pathway are modulated by previous chronic
stress exposure

Because chronic stress is known to affect hippocampal synaptic plasticity, we were
interested whether having experienced chronic stress shortly before receiving a
CORT challenge would affect the pattern of GC regulation of the mTOR regulators
and target. Interestingly, in animals with a previous history of CRS, the GC regula-
tion of DDIT4 and DDIT3 in the DG was lost, whereas that of FKBP51 and DDIT4L
was maintained (Table 5.1 and Figure 5.3). According to the microarray data, no GC
regulation of any of the mTOR-associated genes was observed in the CA3 region in
the CRS rats (data not shown).
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Figure 5.2: GR binding to the in silico predicted GREs in total hippocampus at 60 min after an
ip injection of 3 mg/kg CORT.
GR binding is shown to the GRE associated with (A) DDIT4 and (B) FKBP51. The y-axis shows the per-
centage of input DNA that was bound by the GR. Columns represent average binding of two independent
ChIP experiments each containing brain tissue of three different animals. The error bars equal sem. As-
terisksindicate statistical significance: *, P < 0.05; **, P < 0.01.

Figure 5.3: RT-qPCR indicating expression levels of DDIT4 (A), FKBP51 (B), DDIT3 (C), and
DDIT4L (D) with and without an acute GC challenge in control animals and animals with a
previous history of stress.
The GC responsiveness of DDIT3 and DDIT4 is lost in animals previously exposed to chronic stress.
RT-qPCR expression values were normalized against TUBB2a. Each point in the graph represents the
expression of one animal. Asterisksindicate statistical significance: *, P < 0.05; **, P < 0.01.
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Figure 5.4: mTOR protein levels in the hippocampus measured by Western blotting.
mTOR protein levels were normalized against α-tubulin expression levels. Two-way ANOVA indicated
that CORT had a significant effect on mTOR F (1, 28) 4.200; P = 0.050. In addition, there was a strong
group-treatment interaction [F (1, 28) 11.667; P = 0.002], indicating that CORT has significantly dif-
ferent effects on hippocampal mTOR protein levels in control and stress animals. Asterisks indicate
statistical significance: *, P < 0.05; **, P < 0.01.

Hippocampal mTOR protein levels are differentially affected by
acute GR activation depending on previous stress history

Based on the observation that in CRS animals, the GC regulation of DDIT4 and
DDIT3 in the DG was lost, we were curious to determine the overall effect this would
have on mTOR protein levels. Therefore, we quantified basal mTOR protein levels
and levels 5 h after GR activation by an acute GC injection in control and CRS rats
(Figure 5.4). Data were subjected to a two-way ANOVA with the factors group: con-
trol and CRS treatment, no treatment, and CORT. In addition, a post hoc test was
applied to identify statistical significance between the four conditions. CORT had
a significant effect on hippocampal mTOR protein levels [main effect of treatment,
F (1, 28) 4.200; P = 0.050]. In addition, there was a significant group-treatment
interaction [F (1, 28) 11.667; P = 0.002], indicating that the CORT challenge had
significantly different effects on hippocampal mTOR protein levels in control and
CRS groups. In other words, giving an acute GC challenge had no effect on mTOR
protein levels in the hippocampus of control animals (P = 0.559). However, in ani-
mals with a previous history of stress, an acute GC challenge resulted in a significant
reduction in hippocampal mTOR protein (P = 0.004) (Figure 5.4). Without treat-
ment, the stress group had significantly higher mTOR levels than the control group
(P = 0.032).
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5.4 Discussion

Here, we show that regulators of the mTOR pathway are targets of GC stress hor-
mones in the hippocampal DG and to a lesser extent in CA3 pyramidal neurons.
Furthermore, we demonstrate that the action of GC on the expression of mTOR
pathway members as well as on hippocampal mTOR protein levels is context de-
pendent and is highly sensitive to chronic stress.

GC as regulators of mTOR signaling in the brain

The mTOR pathway is a dynamically regulated system and has many upstream reg-
ulators that confer information from the extracellular environment to the cell. So
far, not much is known on the extracellular signals that lead to mTOR activation
in the brain. Several neuronal surface receptors, including N-methyl-D-aspartate
receptors, dopaminergic, and metabotropic glutamate receptors as well as brain-
derived neurotrophic factor, implicated in induction and maintenance of LTP and
LTD, are known to influence mTOR function upon activation (Hoeffer and Klann,
2010). Although GC have been shown to repress mTOR signaling in several cell types,
including lymphoid cells, skeletal muscle, hypothalamic organotypic cultures, and
primary cortical neurons, to our knowledge, this has not been shown before in vivo
in the brain (Howell et al., 2011; Shimizu et al., 2010; Wang et al., 2006a; Yan et al.,
2006).

One of the proteins that is regulated by GC in the hippocampus is DDIT4 (or
REDD1), which is known to inhibit mTOR activity, resulting in an increase in apop-
tosis in mouse embryonic fibroblasts (Corradetti et al., 2005; Ellisen et al., 2002).
DDIT4L (or REDD2), which is approximately 50 % homologous to DDIT4, has also
been found to inhibit mTOR signaling after GC stimulation in human embryonic
kidney 293 and Chinese hamster ovary cells (Corradetti et al., 2005). This indicates
that DDIT4 and DDIT4L are able to reduce cell proliferation and plasticity by in-
hibiting mTOR-mediated synthesis of proteins.

FKBP51 acts as a scaffolding protein decreasing v-akt thymoma viral proto-
oncogene 1 functioning, resulting in decreased mTOR signaling and increased cell
death (Pei et al., 2009; Pei et al., 2010). Interestingly, FKBP51 is one of the cochaper-
ones involved in the nuclear signaling of GR and plays a role in GR sensitivity and
regulation of the hypothalamic-pituitary-adrenal axis. Polymorphisms in FKBP51
have been associated with differences in GR sensitivity and GC stress response
(Binder, 2009; Schiene-Fischer and Yu, 2001; Vermeer et al., 2003). Variations in the
gene have been associated with increased recurrence of depression and with rapid
response to antidepressant treatment (Binder et al., 2004). In particular, alleles as-
sociated with enhanced expression of FKBP51 after GR activation may represent a
risk factor for stress-related psychiatric disorders (Binder, 2009).

DDIT3 (or CCAAT-enhancer-binding proteins homologous protein 3 or CHOP3)
is a proapoptotic transcription factor that responds to availability of key nutrients,
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such as amino acids, glucose, and lipids, and to endoplasmatic reticulum stress.
DDIT3 is regulated by the mTOR pathway as well as by the activating transcription
factor family and affects the expression of cell survival and death pathways (Chen
et al., 2010; Di Nardo A. et al., 2009; Oyadomari and Mori, 2004).

Here, we present data that imply a fundamental and essential role of GC in regu-
lating the mTOR pathway in the hippocampus, by transcriptionally regulating sev-
eral mTOR pathway members. The GC regulation of mTOR pathway members was
more robust in the DG than in the CA3. The relative lack of GR expression in CA3
(Van Eekelen et al., 1987) may explain the difference in degree of GC regulation of
the mTOR pathway between both subregions. However, differences in GR expres-
sion are only one of the many fundamental differences in molecular architecture
between the different subregions of the hippocampus, as we and others have previ-
ously shown (Datson et al., 2004; Datson et al., 2008; Greene et al., 2009; Lein et al.,
2004).

GC responsiveness of FKBP51 and DDIT4 occurs via GR binding to
GRE

In line with our findings, DDIT4 and FKBP51 were previously reported to be GC re-
sponsive and to contain potential GREs in their vicinity (Paakinaho et al., 2010; So et
al., 2007). DDIT4 was originally identified to be responsive to dexamethasone treat-
ment in T-cell lymphoma cell lines and thymocytes (Wang et al., 2003). Because
treatment of these cells with the GR antagonist RU486 inhibited the induction of
DDIT4, regulation via GR seemed likely. Indeed, in a ChIP-sequencing study, in
which A549 cells (human lung adenocarcinoma epithelial cell line) were screened
for GR-binding sites after dexamethasone stimulation, DDIT4 was found to be a
primary GR target (So et al., 2007). Analysis of the GR-binding region revealed a
GRE-like sequence, which is identical to the region that we have previously identi-
fied (Simon et al., 2007; Datson et al., 2011). Here, we demonstrate that DDIT4 is a
primary target of the GR in the rat hippocampus.

In case of FKBP51, GREs surrounding the gene have also been studied extensively
in A549 cells (Paakinaho et al., 2010). We recently predicted three evolutionary con-
served GREs surrounding FKBP51 and showed that all three are bound by GR in the
hippocampus (Simon et al., 2007; Datson et al., 2011). One of these (FKBP51_3) is a
previously undescribed GRE and might be a specific GR target in vivo in the brain.
This is of particular interest, given that polymorphisms in FKBP51 have been impli-
cated as risk factors for several stress-related brain disorders, such as depression
and posttraumatic stress disorder (Binder, 2009; Gillespie et al., 2009; Yehuda et al.,
2009).
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DDIT3 and DDIT4L are GC responsive but not GRE driven

DDIT3 and DDIT4L do not appear to be primary targets of GR in the rat brain, based
on the fact that we did not find evidence of GR binding to the predicted GREs in the
brain regions under the applied conditions. Consequently, we cannot fully exclude
that these GREs might be bound by GR in a different time frame or in other tis-
sues. However, given that both genes are down-regulated by GC in the DG, it seems
more likely that they are regulated via the transrepression mode of action of GR,
inhibiting the action of key transcription factors controlling DDIT3 and DDIT4L
expression. Alternatively, they may be downstream secondary targets of GR, regu-
lated by an intermediate GC-responsive transcription factor (Morsink et al., 2006a).
DDIT3 is known to be a target of mTOR, but can also be regulated by the activating
transcription factor family (Lein et al., 2004). Finally, a remote possibility is that
the history of ADX has resulted in chromatin remodeling, shielding the GREs from
GR binding. Chromatin remodeling has been postulated to occur as a consequence
of GC pulsatility (Conway-Campbell et al., 2012) and aberrant GC exposure (Zhang
et al., 2011).

What is the consequence of mTOR regulation by GC for the
hippocampus?

In this study, we found opposing effects of GC injections on expression levels of
mTOR regulators in control animals, i.e. up-regulation of DDIT4 and FKBP51 but
down-regulation of DDIT4L, making it hard to predict a priori what the overall
effect on mTOR protein levels would be. The opposing effects on mTOR regula-
tors identified in the current study may represent a mechanism by which GC can
fine-tune the overall outcome on mTOR signaling (Figure 5.5). A careful balance
between mTOR inhibition and activation is essential to maintain neuronal health
and function and prevent brain disease. For example, aberrant mTOR activation is
a hallmark of brain tissue from rats with chronic seizures (Huang et al., 2010), but
at the same time, mTOR is activated in the rat hippocampus during spatial learn-
ing (Qi et al., 2010) and is required for memory consolidation by controlling the
increase of synaptic glutamate receptor 1 (Slipczuk et al., 2009).

Despite the GC-induced changes in expression of mTOR regulators in the DG
after an acute challenge with GC, no change in mTOR protein was observed in the
hippocampus of control animals, suggesting that a change in expression of mTOR
regulators may be necessary to maintain the mTOR balance in the hippocampus.

Stress history changes GC responsiveness of the mTOR pathway

An interesting observation in this study is that chronic stress exposure had pro-
found effects on the mTOR pathway. Chronic stress not only increased basal mTOR
protein levels in the hippocampus but also abolished the GC responsiveness of

121



Glucocorticoids modulate the mTOR pathway in the hippocampus

Figure 5.5: Schematic overview of key components of the mTOR pathway and a number of its
physiological and molecular regulators in the brain, indicating a role for GC.
After GC binding to GR, FKBP51 and DDIT4 are up-regulated by a GRE-driven mechanism, whereas
DDIT4L and DDIT3 are down-regulated via a non-GRE-driven mechanism. These mTOR regulators will
influence the overall levels of mTOR, with consequences for local synthesis of synaptic spine proteins and
thus for synaptic plasticity. PI3K, Phosphatidylinositol 3 kinase; AKT, v-akt thymoma viral protoonco-
gene 1; NMDA-R, N-methyl-D-aspartate receptor; GluR, glutamate receptor; TSC1/2, tuberous sclerosis
protein 1/2.

DDIT4 and DDIT3 in the DG. Moreover, an acute GC challenge was associated with
a significant reduction in hippocampal mTOR protein levels.

Chronic stress has well-described effects on hippocampal structure and func-
tion, i.e. dendritic remodeling in CA3 (Magarinos et al., 1996; Sousa et al., 2000; Vyas
et al., 2002; Watanabe et al., 1992) and suppression of apoptosis and neurogenesis
in the DG (Gould et al., 1997; Heine et al., 2004; Magarinos et al., 1996). However,
some of the changes in hippocampal function after chronic stress are not obvious
under baseline conditions and only become apparent when GR is subsequently acti-
vated, such as the enhanced synaptic excitation of DG cells with respect to α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated synaptic
responses in the DG (Karst and Joels, 2003). Local chromatin remodeling differen-
tially affecting the transcriptional potential of individual genes and consequently
the altered response to a subsequent GR activation may underlie both the enhanced
synaptic excitability as well as the changes in GC regulation of mTOR pathway mem-
bers in the DG after chronic stress. Indeed, CRS was recently shown to affect his-
tone methylation patterns, resulting in changes in chromatin structure and conse-
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quently changes in transcriptional potential (Hunter et al., 2009). These findings
may explain why the GC responsiveness of DDIT4, a primary GR target driven by
a classical GRE, is lost after CRS. For DDIT3, the mechanism is less clear, because
we do not know whether it is a primary GR target via transrepression, a secondary
target via an intermediate GC-responsive transcription factor, or a target gene of
the mTOR pathway that is indirectly affected by GC. Future studies are required to
elucidate the precise mechanism.

We hypothesize a model in which acute and chronic stress have differential ef-
fects on mTOR signaling, with consequences for LTP, LTD, and other neuroplastic
processes as well as for survival/resilience pathways. In our model, control animals
have a healthy mTOR balance, leading to efficient LTP and neuroprotection, which
is not compromised by exposure to an acute GC challenge. Our data show that in an-
imals exposed to chronic stress, hippocampal mTOR levels are increased, whereas
if these animals are subjected to an additional stressor in the form of an acute
GC challenge, mTOR levels are decreased. We therefore speculate that exposure
to chronic stress results in a more dynamic mTOR balance, making it difficult to
maintain a healthy equilibrium upon subsequent challenge and tipping the mTOR
signaling balance toward a decrease in LTP and an increase in cell death pathways.
Whether the effects of chronic stress on the mTOR balance signify greater vulnera-
bility to damage or better adaptation is unclear. Future studies are required to test
this model.

Interestingly, activation of the mTOR signaling pathway in the prefrontal cor-
tex was recently shown to underlie the antidepressant action of ketamine, a nons-
elective N-methyl-D-aspartate receptor antagonist (Li et al., 2010). Fast activation
of mTOR signaling by ketamine resulted in a rapid increase of synapse-associated
proteins and spine number in the prefrontal cortex. Conversely, mTOR inhibition
has been reported to have neuroprotective properties and to delay neurodegenera-
tion (Choi et al., 2010; Spilman et al., 2010). GC may be important regulators of this
delicate balance between mTOR activation and inhibition in the brain, with differ-
ent effects depending on the context, timing, and exposure of neurons (Du et al.,
2009). An optimal balance of the mTOR pathway would promote LTP and memory
formation, while at the same time promoting cell survival and resilience. Indeed,
chronic stress exposure suppresses LTP in the DG (Alfarez et al., 2003; Bodnoff et
al., 1995; Krugers et al., 2006) and enhances vulnerability of DG granule cells to cell
death (Gemert van et al., 2006).
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5.5 Conclusion

The data presented here indicate that mTOR activity and the resulting translational
processes it is involved in are regulated by GC in the rat brain. We show that GC
regulate upstream mTOR regulators and that DDIT4 and FKBP51 are primary tar-
gets of GR in the hippocampus. Moreover, we demonstrate that the GC regulation
of upstream mTOR regulators and downstream target DDIT3 differs between hip-
pocampal subregions CA3 and DG, suggesting a key role of the mTOR pathway
in the differential plasticity of these hippocampal subregions in response to acute
GC exposure. Considering the fact that both GC and mTOR play an important role
in neuroplasticity and neuronal survival (Bekinschtein et al., 2007; Swiech et al.,
2008; Tang et al., 2002), we propose that GC play an important role in regulating
the mTOR balance in the brain. Because GC regulation of mTOR regulators and
mTOR protein levels is affected by a history of chronic stress, it would be of inter-
est to further examine how these regulators are implicated in the pathogenesis of
stress-related mental disorders.
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Microarray analysis of mRNA expression in the rat hippocampal DG
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Glucocorticoids modulate the mTOR pathway in the hippocampus
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The in silico predicted GRE-sequences and their location
C

hapter5

Gene GRE sequence Distance from TSS
Ddit4 Rattus Norvegicus gaacattgtgttct −20,879

Homo sapiens gaacattgtgttct −24,936
Mus Musculus gaacattgtgttct −22,516
Bos Taurus gaacattgtgttct −15,283

Ddit4L Rattus Norvegicus gaactgtctgtcca 2,199
Homo sapiens gaactgtctgtcca 2,382
Mus Musculus gaactgtctgtcca 2,324
Bos Taurus gaactgtctgtcca 2,557

Ddit3 Rattus Norvegicus ctccacagtgttcc 2,586
Homo sapiens gcccacagtgttca 2,755
Mus Musculus ctccacagtgttcc 2,894
Bos Taurus ccccacagtgttcc 2,613

Fkbp51_1 Rattus Norvegicus gaacagggtgttct 62,946
Homo sapiens gaacagggtgttct 86,842
Mus Musculus gaacagggtgttct 20,724
Bos Taurus gaacagggtgttct 99,485

Table 5.4: The in silico predicted GRE-sequences and their location relative to the transcription
startsites in four different species. In case of DDIT4, DDIT4L and FKBP51_1, the sequence is 100 % con-
served in all species.

Figure 5.6: Body weight gain and relative thymus weight in control and CRS animals.
Students test shows significant differences on both measures (n = 8 for both groups).
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