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Glucocorticoid (GC) hormones, released by the adrenals in response to stress, are key regulators of
neuronal plasticity. In the brain, the hippocampus is a major target of GC, with abundant expression
of the GCreceptor. GCdifferentially affect the hippocampal transcriptome 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 mammalian 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 dam-
age-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 hippocampus, most likely via a
GC-response element-driven mechanism. Furthermore, two other mTOR pathway members, the mTOR
regulator DDIT4-like and the mTOR target DDIT3, are down-regulated by GC in the rat DG. Interest-
ingly, 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 exposed to chronic stress than
in controls. Moreover, an acute GC challenge significantly reduced mTOR protein levels in the
hippocampus of animals with a chronic stress history but not in unstressed controls. Based on these
findings, we propose that direct regulation of the mTOR pathway by GC represents an important
mechanism regulating neuronal plasticity in the rat DG, which changes after exposure to chronicstress.
(Endocrinology 153: 4317-4327, 2012)

he hippocampus is a brain structure involved in cog-
Tnitive processes and is a major target of glucocorticoid
(GC) hormones, which are released by the adrenals in re-
sponse 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 partic-
ular in the hippocampus. GR is a ligand-inducible tran-
scription factor and a member of the nuclear receptor fam-
ily of transcription factors (1). Due to its relatively low
ligand affinity, most GR activation occurs at the circadian
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peak or during the stress response (2). Although non-
genomic effects of GR exist (3), 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 me-
tabolism, response to oxidative stress, and survival of hip-
pocampal neurons (4, 5).

GC are key regulators of neuronal plasticity and have
profound effects on hippocampal function and viability.
Hippocampal synaptic plasticity, a process fundamental
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Abbreviations: ADX, Adrenalectomy; CA, cornu ammonis; ChIP, chromatin immunopre-
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LTP, long-term potentiation; mTOR, mammalian target of rapamycin; O/N, overnight; PI,
proteaseinhibitor; REDD, regulated in development and DNA damage responses; RT-qPCR,
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to hippocampus-dependent learning and memory, is
clearly affected by acute stress and concomitant GR acti-
vation and persists for hours after stress exposure (6, 7).
Acute stress and high concentrations of GC increase cal-
cium current amplitude and impair long-term potentia-
tion (LTP) in both hippocampal cornu ammonis (CA)1
and CA3 cell fields (8). Although the dentate gyrus (DG)
region seems less sensitive to the effects of acute stress with
respect to functional properties such as calcium current
amplitude and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor-mediated synaptic re-
sponses (8, 9), acute stress decreases new cell proliferation
rate and increases apoptosis in the rat DG (10).

Like acute stress, chronic stress also affects hippocam-
pal structure and function. Repeated stress causes remod-
eling of dendrites in the CA3 region (4, 11-13). 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
(4, 10, 14). After chronic stress exposure, synaptic exci-
tation 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 (15).

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 (16). The mTOR pathway
integrates signals from nutrients, growth factors, and in-
formation on energy status to regulate many processes,
including cell growth, cell proliferation, cell motility, and
cell survival (17, 18). In neurons, the mTOR pathway
modulates local translation of proteins at the synapse and
therefore is critical for different forms of synaptic plastic-
ity, including LTP and long-term depression (LTD) (19,
20). Dysregulation of this pathway is a common hallmark
in a wide variety of brain disorders, including autism,
brain tumors, tuberous sclerosis, and neurodegenerative
disorders, such as Parkinson’s, Alzheimer’s, and Hunting-
ton’s disease (21-26).

Although it is known that the mTOR pathway is
subject to regulation by GC in the periphery (27-29), 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 organo-
typic cultures and mouse cortical primary cultures (30,
31), 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 iz silico predictions of
GR binding sites, DNA microarrays, and chromatin im-
munoprecipitation (ChIP), to investigate whether the
mTOR pathway is regulated by GC in vivo in the hip-
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pocampus. Here, we present data demonstrating that key
regulators of the mTOR pathway, DNA damage-induced
transcript (DDIT)4 [also known as regulated in develop-
ment 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 homolo-
gous protein 3 or CHOP3 are regulated by GC in the DG
subregion of the hippocampus. Interestingly, the GC reg-
ulation of DDIT4 and DDIT3 transcription as well as
hippocampal mTOR protein levels after an acute GC
challenge are differentially affected in animals previ-
ously 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 mech-
anism underlying GC effects on neuroplasticity in the brain,
with different outcomes depending on previous stress
history.

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 transcrip-
tion, which ultimately translate into effects at the protein level,
different time points were chosen depending on the parameter of
interest. DNA binding was quantified att = 1 h, mRNA changes
att = 3 h, and protein levels at t = § 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 restraint stress (CRS) for 6 h a
d during 21 d (32). 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. There-
fore, these rats were left undisturbed and did not receive a
vehicle injection to avoid eliciting a stress response. The un-
challenged rats were killed at the same time point as the in-
jected 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 dif-
ference that the rats were killed 5 h after the CORT challenge on
d22.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 determined 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
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CRS (Supplemental Fig. 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org). 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 deplete endogenous
CORT levels and ensure that there was no GR bound to the DNA
(33). 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 after 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 Commissie 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 microdissec-
tion from coronal brain sections (8 wm) containing the rostral rat
hippocampus as previously described (34). RNA was isolated
using TRIzol (Invitrogen, Carlsbad, CA), linearly amplified for
two rounds, and hybridized to Rat Genome 230 2.0 Arrays (Af-
fymetrix, Santa Clara, CA) containing 31,099 probe sets repre-
senting over 28,000 well-substantiated rat genes. Hybridizations
were conducted at the Leiden Genome Technology Center (Le-
iden University), according to the manufacturer’s recommenda-
tions (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 statistical analysis of DNA
microarray gene expression data that operates as an add-in to
Microsoft Excel (35). Normalized data were subsequently sub-
jected to statistical analysis using Linear Models for Microarray
Data (36), a package for the R computing environment that
allows multiple comparison of experimental 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 con-
sidered significant. An extensive list of mMTOR pathway members
was assembled based on literature and checked for representa-
tion 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 rotation. Cross-link-
ing was stopped by adding 0.125 M glycine for 5 min. Subse-
quently, 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 X 10 sec in 0.5 ml
of mild lysis buffer [10 mm Tris-HCI (pH7.5), 10 mm NaCl, and
0.2% Nonidet P-40] supplemented with PI using the Bio-Gen
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PRO200 homogenizer. After centrifugation, the pellets were dis-
solved in 0.6 ml of PI-containing radioimmunoprecipitation as-
say buffer [0.1% sodium dodecyl sulfate, 1% deoxycholate, 150
mMNaCL, 10 mm Tris (pH 8.0),2 mMEDTA, 1 mMNaVO3, 1%
Nonidet P-40, B-glycerolphophate, and Na-butyrate] and incu-
bated on ice for 30 min. Subsequently, the chromatin was
sheared (20 pulses of 30 sec., 200 W; Bioruptor, Diagenode,
Liége, Belgium), resulting 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, Leus-
den, 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 pre-
cleared by incubation with blocked beads for 1 h. After preclear-
ing, 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 continuous rotation with either 6 pug of GR-specific H300
or normal rabbit IgG (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Subsequently, the antibody-bound DNA 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 (1X low salt, 1X high salt, 1X LiCl, and 2X
Tris-EDTA), followed by incubation with 0.25 ml of elution
buffer (0.1 M 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
M NaCl. RNAse treatment (0.5 ug/250 wl) was performed for 1h
at 37 C followed by purification of DNA fragments on Nucle-
ospin columns (Macherey-Nagel, Duren, Germany). The immu-
noprecipitated samples were eluted in 50 ul of elution buffer.

Western blot analysis

Hippocampal tissue was homogenized in radioimmunopre-
cipitation assay buffer with PI (04693124001; Roche Applied
Science). Total protein concentration was measured by bicin-
choninic acid assay according to the manufacturer’s protocol
(no. 23225, BCA Assay kit; Thermo Scientific, Rockford, IL).
Electrophoresis of 20 pg of protein per sample was performed on
a precast 4-20% gradient gel (no. 456-1096; Bio-Rad Labora-
tories, Inc., Hercules, CA) and transferred O/N at 4 C to Immo-
bilon-P Transfer membrane (Millipore Corp., Billerica, MA).
Primary antibody for mTOR (no. 2972; Cell Signaling Technol-
ogy, Beverly, MA) was diluted 1:5000 and incubated O/N at 4 C.
Secondary antibody (goat antirabbit IgG horseradish peroxi-
dase, no. 2054; Santa Cruz Biotechnology, Inc.) was incubated
for 1 h at room temperature. Blots were exposed to ECL Hy-
perfilm (Amersham Biosciences, Buckinghamshire, UK) for 30
sec and scanned using an Epson V350 photo scanner (Epson,
Long Beach, CA). Protein levels were quantified using Image]
version 1.42. Signals were normalized against a-tubulin. Two-
way ANOVA with group and treatment as factors was used to
determine whether there were any significant differences, fol-
lowed by pairwise post hoc comparisons. Significance was ac-
cepted at P = 0.0S5.

202 Iudy G0 U0 1s9nB AQ 0L0¥Z12/L LEV/B/ES L/BIOIME/OPUS/LI0D"dNO"OILISPEDE)/:SARY WO.) PAPEOUMOQ



4320 Polman et al.

GC Modulate mTOR Pathway in Hippocampus

Endocrinology, September 2012, 153(9):4317-4327

TABLE 1.

CORT regulation of the mTOR-associated transcripts

Probe set ID Gene symbol Gene title

Control + CORT CRS + CORT

ANOVA Pvalue 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 1.8-07 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

CORT regulation of the mTOR-associated transcripts DDIT4, FKBP51, DDITAL, and DDIT3 is indicated in control animals (/eft) 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).

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
(35). For DDIT4 and FKBPS51, we had previously identified
GREs and shown that GR binds to these sequences iz vivo in the
hippocampus (35).

Real-time quantitative PCR (RT-qPCR)

RT-gqPCR was performed to validate the microarray results
for the selected mTOR signaling genes. For mRNA analysis,
c¢DNA was synthesized from the same experimental RNA sam-
ples that were used for microarray analysis, using the iScript
c¢DNA synthesis kit (Bio-Rad Laboratories, Inc.), according to
manufacturer’s instructions. PCR was conducted using the cap-
illary-based LightCycler thermocycler and LightCycler FastStart
DNA Master™ " SYBR Green 1 kit (Roche Applied Science)
according to manufacturer’s instructions. All PCR reactions on
c¢DNA 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 (36). 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 factors was used
in combination with post hoc testing to assess significant differ-
ential expression of GC-responsive genes. Significance was ac-
cepted 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 thresh-
old 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 ob-
tained at a nonbound GR region (exon 2 of the myoglobin gene).
Metallothionein 2A, which has two well-documented GREs
(37), served as a positive control for the ChIP. Control genes
metallothionein 2A and myoglobin were measured twice by RT-
qPCR in both ChIPs. The hypothesized GREs were measured
once per ChIP. Normalized data were analyzed with GraphPad
Prism 5. An unpaired two-tailed ¢ test was used to assess signif-
icant GR binding. Significance was accepted at a P < 0.0S5.

The primer sequences for microarray and ChIP validation are
listed in Supplemental Table 1.

Results

GC affect the expression of mTOR regulators in
the hippocampus

Microarray analysis of mRNA expression in the rat
hippocampal DG revealed differential expression of sev-
eral mTOR regulators (FKBP51, DDIT4, and DDIT4L)
and the mTOR target DDIT3 3 h after a CORT injection
(Table 1). Both DDIT4 and FKBP51 were significantly
up-regulated in the DG, whereas DDIT3 and DDIT4L
were down-regulated. RT-qPCR confirmed the subre-
gional differences in GC responsiveness of three out of
four mTOR-associated transcripts (Fig. 1).

According to the microarray analysis, none of these
mTOR regulators were significantly affected by CORT in
the CA3 region of the hippocampus at the applied thresh-
old of significance. However, according to RT-qPCR,
DDIT3 was also GC responsive 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 associated
protein of mTOR, rapamycin-insensitive companion of
mTOR, and phosphatidylinositol 3 kinase were not dif-
ferentially expressed in either the DG or the CA3 subre-
gion of the hippocampus according to microarray analy-
sis. A total of four other mTOR pathway members were
expressed at significantly different levels between the groups
according to ANOVA, of which two were differentially ex-
pressed in response to GC challenge both in control and in
CRS animals: ribosomal protein S6 kinase polypeptide 2 and
insulin receptor (Supplemental Table 2).

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

Using a position weight matrix based on 44 published
GREs, we previously identified and confirmed GR binding
to three evolutionary conserved GREs in the FKBP51 gene
and a GRE 20 kb upstream of DDIT4 (Supplemental Table
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FIG. 1. RT-gPCR 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.

3) (35). Here, we replicated this finding in an independent
experiment and confirmed GR binding to FKBP51_1 (one
of the three GREs for FKBP51 that we selected) and the
GRE near DDIT4 (Fig. 2). Based on the GR binding to the
GREs and their CORT-induced up-regulation, we con-
clude that FKBP51 and DDIT4 are primary targets of GR
in vivo in the rat hippocampus and are most likely regu-
lated by the transactivation mode of action of GR induced
by GR-GRE interaction (37).

We used the same approach to screen for GREs in the
vicinity of DDIT3 and DDIT4L, resulting in the identifi-
cation of evolutionary conserved GRE-like sequences at

A DDIT4 B FKBP51
2.04 - 2.0-
< <
Z 15 Z 15
° -]
c c
3 1.04 3 1.0-
2 2
o o
9 051 O 051
ES B3
0.0 r 0.0
ADX + CORT ADX

*, P<0.05; **, P<0.01.

+ CORT

FIG. 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 percentage 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. Asterisks indicate statistical significance:

tained (Table 1 and Fig. 3). According
to the microarray data, no GC regula-
tion of any of the mTOR-associated
genes was observed in the CA3 region
in the CRS rats (data not shown).

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
GCregulation 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 mMTOR protein levels and levels 5 h after
GR activation by an acute GCinjection in control and CRS
rats (Fig. 4). Data were subjected to a
two-way ANOVA with the factors
group: control and CRS treatment, no
treatment, and CORT. In addition, a
* post hoc test was applied to identify sta-
tistical significance between the four
conditions. CORT had a significant ef-
fect 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 in-
teraction [F(1,28) 11.667; P = 0.002],
indicating that the CORT challenge
had significantly different effects on
hippocampal mTOR protein levels in

** p<0.01
* p<0.05
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FIG. 3. RT-gPCR 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-gPCR 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.

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
animals with a previous history of stress, an acute GC
challenge resulted in a significant reduction in hippocampal

mTOR

2.01 * Hk

©
>
L 151
£
3 [
5 101 —=
)
2
s
S 0.59
e
0.0 T T
control control CRS CRS
+ CORT + CORT

FIG. 4. mTOR protein levels in the hippocampus measured by Western
blotting. mTOR protein levels were normalized against a-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 different effects on hippocampal
mTOR protein levels in control and stress animals. Asterisks indicate
statistical significance: *, P < 0.05; **, P < 0.01.

mTOR protein (P = 0.004) (Fig. 4). Without treatment, the
stress group had significantly higher mTOR levels than the
control group (P = 0.032).

Discussion

Here, we show that regulators of the mTOR pathway are
targets of GC stress hormones in the hippocampal DG and
toa lesser extentin 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 dependent 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 regulators that confer informa-
tion 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, do-
paminergic, and metabotropic glutamate receptors as well
as brain-derived neurotrophic factor, implicated in induc-
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tion and maintenance of LTP and LTD, are known to
influence mTOR function upon activation (16). Although
GC have been shown to repress mTOR signaling in several
cell types, including lymphoid cells, skeletal muscle, hy-
pothalamic organotypic cultures, and primary cortical
neurons, to our knowledge, this has not been shown be-
fore in vivo in the brain (29-31, 38).

One of the proteins that is regulated by GC in the hip-
pocampus is DDIT4 (or REDD1), which is known to in-
hibit mTOR activity, resulting in an increase in apoptosis
in mouse embryonic fibroblasts (39, 40). DDIT4L (or
REDD?2), 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 (39). This indicates that
DDIT4 and DDIT4L are able to reduce cell proliferation
and plasticity by inhibiting mTOR-mediated synthesis of
proteins.

FKBPS1 acts as a scaffolding protein decreasing v-akt
thymoma viral proto-oncogene 1 functioning, resulting in
decreased mTOR signaling and increased cell death (41,
42). Interestingly, FKBPS51 is one of the cochaperones in-
volved in the nuclear signaling of GR and plays a role in
GR sensitivity and regulation of the hypothalamic-pitu-
itary-adrenal axis. Polymorphisms in FKBP51 have been
associated with differences in GR sensitivity and GC stress
response (43—-45). Variations in the gene have been asso-
ciated with increased recurrence of depression and with
rapid response to antidepressant treatment (46). In par-
ticular, alleles associated with enhanced expression of
FKBPS51 after GR activation may represent a risk factor for
stress-related psychiatric disorders (43).

DDITS3 (or CCAAT-enhancer-binding proteins homol-
ogous protein 3 or CHOP3) is a proapoptotic transcrip-
tion factor that responds to availability of key nutrients,
such as amino acids, glucose, and lipids, and to endoplas-
matic reticulum stress. DDITS3 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 (47-49).

Here, we present data that imply a fundamental and
essential role of GC in regulating the mTOR pathway in
the hippocampus, by transcriptionally regulating several
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 (50) may
explain the difference in degree of GC regulation of the
mTOR pathway between both subregions. However, dif-
ferences in GR expression are only one of the many fun-
damental differences in molecular architecture between
the different subregions of the hippocampus, as we and
others have previously shown (34, 51-53).
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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 responsive and to contain
potential GREs in their vicinity (54, 55). DDIT4 was orig-
inally identified to be responsive to dexamethasone treat-
ment in T-cell lymphoma cell lines and thymocytes (56).
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 dexa-
methasone stimulation, DDIT4 was found to be a primary
GR target (55). Analysis of the GR-binding region re-
vealed a GRE-like sequence, which is identical to the re-
gion that we have previously identified (35). 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 (54). We re-
cently predicted three evolutionary conserved GREs sur-
rounding FKBP51 and showed that all three are bound by
GR in the hippocampus (35). 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 disor-
ders, such as depression and posttraumatic stress disorder
(43, 57, 58).

DDIT3 and DDIT4L are GC responsive but not GRE
driven

DDIT3 and DDIT4L do not appear to be primary tar-
gets 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. Conse-
quently, we cannot fully exclude that these GREs might be
bound by GR in a different time frame or in other tissues.
However, given that both genes are down-regulated by
GCin 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, regulated by an in-
termediate GC-responsive transcription factor (59). DDIT3
is known to be a target of mTOR, but can also be regulated
by the activating transcription factor family (52). 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 (60) and aberrant
GC exposure (61).
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What is the consequence of mTOR regulation by
GC for the hippocampus?

In this study, we found opposing effects of GC injec-
tions on expression levels of mMTOR 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 regulators iden-
tified in the current study may represent a mechanism by
which GC can fine-tune the overall outcome on mTOR
signaling (Fig. 5). A careful balance between mTOR
inhibition and activation is essential to maintain neuronal
health and function and prevent brain disease. For exam-
ple, aberrant mTOR activation is a hallmark of brain tis-
sue from rats with chronic seizures (62), but at the same
time, mTOR is activated in the rat hippocampus during
spatial learning (63) and is required for memory consol-
idation by controlling the increase of synaptic glutamate
receptor 1 (64).

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 profound effects on the mTOR path-

Cytoki
yroianes Glutamate

Hormones

Energy Growth factors
Nutrients

1sc1/2 1 mTO
local synthesis of
synaptic spine proteins

FIG. 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
protooncogene 1; NMDA-R, N-methyl-D-aspartate receptor; GIuR,
glutamate receptor; TSC1/2, tuberous sclerosis protein 1/2.
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way. Chronic stress not only increased basal mTOR pro-
tein levels in the hippocampus but also abolished the GC
responsiveness of DDIT4 and DDIT3 in the DG. More-
over, an acute GC challenge was associated with a signif-
icant reduction in hippocampal mTOR protein levels.

Chronic stress has well-described effects on hippocam-
pal structure and function, i.e. dendritic remodeling in
CA3 (4, 11-13) and suppression of apoptosis and neuro-
genesis in the DG (4, 10, 14). 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 activated, such as the
enhanced synaptic excitation of DG cells with respect to
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor-mediated synaptic responses in the DG
(15). Local chromatin remodeling differentially affecting
the transcriptional potential of individual genes and con-
sequently the altered response to a subsequent GR acti-
vation may underlie both the enhanced synaptic excitabil-
ity as well as the changes in GC regulation of mTOR
pathway members in the DG after chronic stress. Indeed,
CRS was recently shown to affect histone methylation pat-
terns, resulting in changes in chromatin structure and con-
sequently changes in transcriptional potential (32). 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 effects on mTOR signaling, with
consequences for LTP, LTD, and other neuroplastic pro-
cesses 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 animals exposed to chronic stress, hip-
pocampal 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 chal-
lenge 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 vulnerability to damage or better adapta-
tion is unclear. Future studies are required to test this
model.
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Interestingly, activation of the mTOR signaling path-
way in the prefrontal cortex was recently shown to un-
derlie the antidepressant action of ketamine, a nonselec-
tive N-methyl-D-aspartate receptor antagonist (65). 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 in-
hibition has been reported to have neuroprotective prop-
erties and to delay neurodegeneration (66, 67). 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 (68). An optimal balance of the mTOR path-
way would promote LTP and memory formation, while at
the same time promoting cell survival and resilience. In-
deed, chronic stress exposure suppresses LTP in the DG
(69-71) and enhances vulnerability of DG granule cells to
cell death (72).

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 reg-
ulate upstream mTOR regulators and that DDIT4 and
FKBPS51 are primary targets of GR in the hippocampus.
Moreover, we demonstrate that the GC regulation of up-
stream mTOR regulators and downstream target DDIT3
differs between hippocampal subregions CA3 and DG,
suggesting a key role of the mTOR pathway in the differ-
ential plasticity of these hippocampal subregions in re-
sponse to acute GC exposure. Considering the fact that
both GC and mTOR play an important role in neuroplas-
ticity and neuronal survival (17, 19, 20), we propose that
GC play an important role in regulating the mTOR bal-
ance in the brain. Because GC regulation of mTOR reg-
ulators and mTOR protein levels is affected by a history of
chronic stress, it would be of interest to further examine
how these regulators are implicated in the pathogenesis of
stress-related mental disorders.
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