
p
G
R

L
D
C
S
a

U
2
b

v
p
c

o
U
d

A
m
s
u
R
s
S
d
c
h
m
o
c
r
S
(
a
o
m
s
p
d
s
s
w
m

K
r
t

1

*
E
A
m
c
t
G

Neuroscience 153 (2008) 1126–1134

0
d

11 IS UP-REGULATED IN THE FOREBRAIN OF STRESSED RATS BY
LUCOCORTICOID ACTING VIA TWO SPECIFIC GLUCOCORTICOID

ESPONSE ELEMENTS IN THE p11 PROMOTER
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bstract—Posttraumatic stress disorder (PTSD) is one of the
ost common psychiatric disorders. Despite the extensive

tudy of the neurobiological correlates of this disorder, the
nderlying mechanisms of PTSD are still poorly understood.
ecently, a study demonstrated that dexamethasone (Dex), a
ynthetic glucocorticoid, can up-regulate p11, known as
100A10-protein which is down-regulated in patients with
epression, (Yao et al., 1999; Huang et al., 2003) a common
omorbid disorder in PTSD. These observations led to our
ypothesis that traumatic stress may alter expression of p11
ediated through a glucocorticoid receptor. Here, we dem-
nstrate that inescapable tail shock increased both prefrontal
ortical p11 mRNA levels and plasma corticosterone levels in
ats. We also found that Dex up-regulated p11 expression in
H-SY5Y cells through glucocorticoid response elements

GREs) within the p11 promoter. This response was attenu-
ted by either RU486, a glucocorticoid receptor (GR) antag-
nist or mutating two of three glucocorticoid response ele-
ents (GRE2 and GRE3) in the p11 promoter. Finally, we

howed that p11 mRNA levels were increased in postmortem
refrontal cortical tissue (area 46) of patients with PTSD. The
ata obtained from our work in a rat model of inescapable tail
hock, a p11-transfected cell line and postmortem brain tis-
ue from PTSD patients outline a possible mechanism by
hich p11 is regulated by glucocorticoids elevated by trau-
atic stress. Published by Elsevier Ltd on behalf of IBRO.

ey words: posttraumatic stress disorder, glucocorticoid
esponse elements, glucocorticoid receptor, p11, prefron-
al cortex.

Equal contribution.
Corresponding author. Tel: �1-301-295-0921; fax: �1-301-295-0923.
-mail address: Lezhang@USUHS.mil.
bbreviations: CAT, chloramphenicol acetyltransferase; ChIP, chro-
atin immunoprecipitation; Dex, dexamethasone; GR, glucocorticoid re-
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1126
osttraumatic stress disorder (PTSD) is a psychiatric dis-
rder that occurs after life threatening traumatic events,
uch as military combat, natural disasters, terrorist inci-
ents, serious accidents, or violent personal assaults (Ur-
ano, 2002; Grieger et al., 2004). PTSD is a disabling
ondition associated with marked deficits in social, occu-
ational, and familial function (Howard and Hopwood,
003). About 7.8% of the American population have expe-
ienced PTSD during their lifetime (Kessler et al., 1995).
ecently, the significance of PTSD has dramatically in-
reased because of the high prevalence of PTSD in mili-
ary personnel. Studies have shown rates of PTSD in
eturning combat troops from the Iraq war of 15.6–17.1%
Hoge et al., 2004).

Several studies have implicated the hypothalamic–
ituitary–adrenal axis (HPA axis) as the key circuit in the
athogenic processes underlying PTSD. Over the last de-
ade, many studies have shown abnormal HPA axis ac-
ivity in PTSD, but these studies do not always report
hanges in the same direction (Yehuda et al., 1995b;
indauer et al., 2006). Both higher and lower concentra-
ions of circulating glucocorticoids in PTSD patients have
een reported. For example, Holocaust survivors with
TSD have low urinary cortisol excretion (Yehuda et al.,
995b). High early morning salivary cortisol levels have
een reported in police officers with PTSD (Lindauer et al.,
006). Bereaved children suffering the death of a parent
ollowing the September 11, 2001, terrorist attacks had
igher morning and 4:00 pm baseline cortisol concentra-
ions than non-bereaved children (Pfeffer et al., 2006).
hus, the different stressors, the different methods used,

he different patient populations recruited, and the different
tages of the disorder examined in the various studies
ave been suggested as explanations for these diverse
esults.

In animal studies, traumatic stress induces a plasma
lucocorticoid elevation (Vogel and Jensh, 1988), which
egulates stress-related behavior (de Quervain et al.,
998; Adamec et al., 2006) and gene expression (Liberzon
nd Young, 1997; Roseboom et al., 2006). Acute restraint
tress increases 5-HT7 receptor mRNA expression in the
at hippocampus (Yau et al., 2001). Postnatal handling
ncreases the expression of cAMP-inducible transcription
actors in the rat hippocampus (Meaney et al., 2000).
ecently, a study demonstrated that dexamethasone

Dex) can up-regulate p11, an S-100 calcium-binding pro-
ein (Yao et al., 1999; Huang et al., 2003), which was
own-regulated in patients with depression (Svenningsson

t al., 2006), a common comorbid disorder in PTSD. These

mailto:Lezhang@USUHS.mil
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bservations led to our hypothesis that traumatic stress
ay alter the expression of p11 in the brain and that this
lteration may be mediated by glucocorticoid receptors. To
est this hypothesis, first, we conducted an experiment that
imicked traumatic stress in rats by exposing them to

nescapable tail-shock, and examined p11 expression in
he prefrontal cortex (PFC) and plasma levels of cortico-
terone. Then, we studied possible molecular mechanisms
f glucocorticoid regulation of p11 induction in SH-SY5Y
ells at both gene and protein levels by real-time PCR,
estern blot, GRE mutation and chromatin immunopre-

ipitation (ChIP). Finally, we determined whether there is
ny change in the p11 expression levels in the postmortem
FC of patients with PTSD. The results of our studies
uggest that the mechanism by which glucocorticoid reg-
lates p11 expression occurs through GR in the promoter
f p11, and substantiate an important role of glucocorti-
oids in traumatic stress and PTSD.

EXPERIMENTAL PROCEDURES

eal-time PCR analysis of p11 gene expression

NA was extracted from human postmortem brain or cell lysates
sing TRIzol. cDNA was generated from 5 �g of total RNA for
ach sample using Superscript III RT (reverse transcriptase) and
ligo (dT) primers (Invitrogen, Carlsbad, CA, USA) to exclude that
ifferences in RNA-content could result also from differences in
ample weights. Real-time PCR was performed on the generated
DNA product in the iQ5 system using SYBR Green (Bio-Rad,
ercules, CA, USA). The following sequences were used for
uman p11 mRNA analyses: forward 5=-AAATTCGCTGGGGATA-
AGG-3= and reverse 5=-AGCCCACTTTGCCATCTCTA-3= primers.
he sequences were used for rat p11 mRNA analyses: forward 5=-
GCTCATGGAAAG GGAGTTC-3= and reverse 5=-CCCCGCCAC-
AGTGATAGAA-3= primers. Beta-actin mRNA level was un-
hanged by Dex exposure and was used as an internal control for
ormalizing p11 mRNA levels in control and experimental sam-
les. The sequences for beta-actin primers were as described by
pplied Biosystems. Dilution curves confirmed the linear depen-
ence of the threshold cycle number on the concentration of
emplate RNAs. Relative quantitation of p11 mRNA in control and
xperimental samples was obtained using the standard curve
ethod. Statistics were performed using GraphPad Prism (Graph-
ad Software, Inc., San Diego, CA, USA).

tress procedures

ll rats were handled and weighed before each study began.
nimals either remained undisturbed in their home cages as
ontrols or were exposed to inescapable tail shock. The stress
rotocol involved placing the rats in a Plexiglas restraining tube
23.4 cm long and 7 cm in diameter) and exposing them to 100
nescapable shocks (2.0 mA) for 5 s each, with an average inter-
rial interval of 60 s. The shocks were applied through electrodes
aped to the tail. After stressor termination, all animals were re-
urned to their home cages. The number and strength of the
hocks were optimized to yield a model of inescapable stress as
easured by changes in behavior and by elevated plasma corti-

osterone levels. The number of animals used and their suffering
ere minimized.

issue collection

nimals were anesthetized with a brief exposure to Haldane im-

ediately or 48 h after inescapable tail shock. Their brains were p
uickly removed after decapitation. All dissections were per-
ormed on a frosted glass plate placed on top of crushed ice. Brain
amples, which included prefrontal frontal cortex, hippocampus,
mygdala and cerebellum were quickly frozen on dry ice and
tored at �70 °C until time of use.

lasma corticosterone assay

ats were anesthetized with a brief exposure to Haldane and
illed via rapid decapitation immediately after termination of 3-day
nescapable tail shock between 8:00 and 10:00 A.M. After each
nimal was killed, trunk blood was collected and frozen. Rat
lasma corticosterone of non-stressed control and stressed
roups was measured using the DSL-10-81100 ACTIVE Rat
orticosterone Enzyme Immunoassay Kit following the manu-

acturer’s protocol (Diagnostic Systems Laboratories, Inc.,
ebster, TX, USA).

ell culture

H-SY5Y cells, a human neuroblastoma cell line, were purchased
rom American Type Culture Collection (Manassas, VA, USA).
he cells were cultured in DMEM culture medium obtained from
iosource (Rockville, MD, USA) containing 10% fetal calf serum.
ells were grown in 35 mm tissue culture plates coated with type I
ollagen (Becton Dickinson, Bedford, MA, USA) in immunocyto-
hemistry experiments. Six-well tissue culture plates coated with
ype I collagen were used for transfection studies; 75-cm2 type I
ollagen-coated flasks were employed for protein expression, real-
ime PCR studies, and nuclear protein extraction. All experiments
ere done using cultures that were 90% confluent.

reatment

ultured SH-SY5Y cells were incubated with the specified doses
f Dex for 24 h for dose-response experiments, or with 100 nM
ex for periods of 24 and 48 h. Steady-state mRNA levels and
rotein levels were assessed after 24 h of incubation with the
pecified doses of Dex for dose-response experiments or for 24
nd 48 h with a dose of 100 nM. Cells incubated without Dex for
he same times were used as a control. For GR translocation
tudy, cells were treated with Dex (100 nM) for 6 h. For promoter
tudies, cells were incubated with Dex for 6 or 24 h prior to
ollection. RU486 was added to cell cultures 1 h before incubation
ith Dex or with medium, and was maintained for the incubation
eriod.

estern blot

estern blot analyses were performed as described elsewhere
Zhang et al., 2003). Protein concentration in the samples was
etermined by Bio-Rad Protein Concentration Reagent. Equal
mounts of total protein (20 �g per lane) were resolved in 10%
DS polyacrylamide gels and blotted onto PVDF membranes for

mmunoblotting analysis. Protein expression was detected using a
:500 dilution of mouse anti-p11 monoclonal antibody (BD Trans-
uction Laboratories, Franklin Lakes, NJ, USA) and a 1:1000
ilution of horseradish peroxidase–conjugated goat anti-mouse
gG as a secondary antibody (Bio-Rad Laboratories, Hercules,
A, USA). The density values are presented as means�S.D. from

hree experiments. The density was used to quantify immunore-
ctivity in terms of percentage of p11 induction relative to control
non-stressed rats or non-Dex-treated cells).

mmunostaining protocols

o evaluate GR translocation, the effect of Dex on nuclear GR
as examined by immunostaining. Immunolabeling of GR was

erformed in Dulbecco’s PBS (Quality Biologicals, Gaithersburg,
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D, USA) supplemented with 1 mg/ml BSA (PBS/BSA). Unless
tated otherwise, PBS/BSA was also used as a diluent for the
reparation of working stocks of all primary and secondary anti-
odies. All immunoreactions were performed at room tempera-
ure. Cells were fixed in 4% paraformaldehyde for 30 min and 75%
lcohol for 10 min and washed twice with PBS for 15 min, then

mmunoreacted with a specific rabbit polyclonal anti-GR antibody
nd the appropriate secondary anti-rabbit IgG using the manufac-
urer’s recommended procedure. Cells were also stained with
0 �g/ml 4=-6-diamidino-2-phenylindol (DAPI) (Sigma, St. Louis,
O, USA) for 10 min to reveal cell nuclei and then analyzed by

uorescence microscopy.

strocyte cultures

strocytes were isolated from the cerebral cortex of postnatal day
Sprague–Dawley rats. Briefly, the cortices were removed,

ashed in PBS, and placed in L-15 medium (GIBCO, Gaithers-
urg, MD, USA) with 50 �g/ml gentamicin (GIBCO). Tissues were

ransferred to 15-ml tubes and triturated by mechanical dissocia-
ion with a 10-ml pipette. Tissues were passed through 19G (3�),
2G (3�) and 25G (1�) needles. Cells in medium (DMEM, 10%

ig. 1. Stress induces p11 up-regulation in the PFC in rats at mRNA a
nalysis shows that p11 mRNA levels increase about 2.5-fold on avera

n the stressed PFC increase about 30% over control, consistent wit
xpression at both transcriptional and translational levels. (c) Stress in
nzyme immunoassay. (d) p11 mRNA up-regulation also occurs in the

ats. (e) p11 Protein level in the PFC of stressed rats is significantly higher at 48 h
y Student’s t-test; * P�0.05, *** P�0.001.
CS, and 50 �g/ml gentamicin) were thoroughly triturated. Cells
rom two brains were cultured in 75-cm2 flasks pretreated with
oly-D-lysine (30–70 K, Sigma, St. Louis, MO, USA) and main-

ained at 37 °C in a humidified, 5% CO2 (balanced air) incubator.
ell culture medium was changed after 72 h and twice weekly

hereafter until the monolayer was confluent. When the monolayer
ppeared confluent (7–10 days), the covers of the flasks were
ightened and the flasks placed overnight on a rotary shaker at
80 rev./min at 37 °C. After 18 h the medium containing microglia
nd other loosely adherent cells and debris was rapidly removed.
ultures were replated with DMEM. After 3 days, astrocytes were
ubcultured on poly-D-lysine-coated Petri dishes (35-mm) for an
dditional 3 days. The sub-culture plating density was 8�105

ells/cm2. The cultures consistently generated �98% astrocytes,
hich were identified by polyclonal GFAP or S-100� antibodies.
hen, cells were harvested for real time PCR assay.

euronal cell cultures

ortical neurons were prepared and pooled from E17 Sprague–
awley embryos cortices Dissociated cells were plated on poly-

-lysine-coated plastic dishes in minimal essential medium con-

n levels and elevates plasma corticosterone levels. (a) Real-time PCR
stressed group. (b) Dot slot experiments reveal that p11 protein levels
ult of real-time PCR results and indicating that stress increases p11
plasma corticosterone levels in rats about 100%, as demonstrated by

pus (Hipp) and amygdala (Am), but not in the cerebellum of stressed
nd protei
ge in the
h the res
creases
hippocam
after shock treatment compared with control. The data were analyzed
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aining 10% horse serum, 600 mg/l glucose and antibiotics. The
umber of cells corresponding to one cortex was plated onto one
ish, resulting in a cell density of about 10,000 cells/cm2. After 6 h,

he medium was changed to Neurobasal medium containing 2%
27 supplement (Invitrogen). Cytosine arabinoside (5 mM) was
dded after 24 h. Cells were harvested for real time PCR assay.

ransient transfection of reporter gene plasmids

CAT-basic vectors (Promega) containing the p11 promoter from
1499 to �89 were kind gifts from Dr. James H. Shelhamer (Critical
are Medicine Department, Clinical Center, National Institutes of
ealth, Bethesda, MD, USA). Plasmids were recovered from bacte-

ial cultures using a MaxiPrep kit (Qiagen, Valencia, CA, USA).
H-SY5Y cells were transfected with 1 �g of chloramphenicol acetyl-

ransferase (CAT) basic vector (Clontech, Palo Alto, CA, USA) using
ipofectamine Plus Reagent (Invitrogen) according to the manufac-
urer’s protocol. After 16 h, the medium was changed and cells were
xposed to Dex, RU486, Dex�RU486 or given only medium for 6 h.
ells were washed three times with cold PBS and lysed for 30 min at

oom temperature. Cell lysates were collected and stored at �70 °C.
AT expressions were determined in cell lysates using the colori-
etric enzyme immunoassay kit (Roche Molecular Biochemicals,

ndianapolis, IN, USA). These results were normalized to the total
rotein in the sample. Measurements of CAT were done in duplicate
ccording to the manufacturer’s protocol. The data are expressed as
ercent of control: (promoterless pCAT–basic activity or promoter–
AT activity). Transfected cells were exposed to Dex or media for
h. Collection of cells and CAT and total protein assays were done

s described above.

uclear protein isolation from SH-SY5Y cells

ells were grown in 75-cm2 type I collagen-coated flasks to 90%
onfluence and were incubated with 100 nM Dex for periods of
–24 h. The culture medium was removed and cells were washed

hree times with ice-cold PBS, harvested by scraping into 4 ml
BS, and centrifuged (500�g, 5 min). The pellet was dispersed in
ve packed cell volumes of hypo-osmotic buffer (10 mM Hepes–
OH, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol,
mM phenylmethylsulfonyl fluoride, aprotinin, pepstatin, and leu-

eptin, each 2 mg/ml). After 15 min on ice, Nonidet P-40 was
dded to a final concentration of 0.6% (v/v), and the nuclei were
elleted by centrifugation (5000�g, 5 min). The pelleted nuclei
ere dispersed in a high salt buffer (20 mM Hepes–KOH, pH 7.9,
20 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 1 mM
ithiothreitol, 1 mM phenylmethylsulfonyl fluoride, aprotinin, pep-
tatin, and leupeptin, each 2 mg/ml) to solubilize DNA-binding
roteins. The suspended nuclei were gently shaken horizontally
or 30 min at 4 °C and centrifuged in a microcentrifuge (12,000�g,
0 min). The supernatants containing nuclear proteins were stored at
70 °C until used for immunoprecipitation (IP). Protein concentra-

ions were determined using a BCA assay kit (Pierce, Rockford, IL,
SA) with bovine serum albumin as a standard.

hIP assays

he procedure was performed using a kit purchased from Upstate
iotechnology, according to the manufacturer’s protocol. Briefly,
ells were incubated with formaldehyde at a final concentration of
% at 37 °C for 10 min. Cells were washed twice with ice-cold
BS, collected by centrifugation at 4 °C and resuspended in lysis
uffer (50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% SDS and
rotease inhibitors). Cell lysates were sonicated to give a DNA
ize range from 300 to 600 bp, and supernatants were diluted with
ilution buffer (16.7 mM Tris–HCl, pH 8.0, 1% Triton X-100,
.2 mm EDTA, 167 mM NaCl, 0.01% SDS, and protease inhibi-
ors). The solutions were pre-cleared with salmon sperm DNA/

rotein G agarose slurry and then treated with specific antibody

1
m

irected against the glucocorticoid receptor (5 �g) (ABR, Golden,
O, USA) overnight at 4 °C. Immune complexes were collected by
dding a salmon sperm DNA/protein G agarose slurry. The beads
ere washed sequentially in the following buffer: low salt wash
uffer (20 mM Tris–HCl, pH 8.1, 150 mM NaCl, 2 mM EDTA, 0.1%
DS, and 1% Triton X-100); high salt wash buffer (20 mM Tris–
Cl, pH 8.1, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1%
riton X-100); LiCl wash buffer (10 mM Tris–HCl, pH 8.1, 0.25 M
iCl, 1% Nonidet p-40, 1% deoxycholate, and 1 mM EDTA), and
ris–EDTA buffer. Immuno-complexes were extracted from the
eads with 1% SDS and 0.1 M NaHCO3. Cross-linking was re-
ersed by heating the eluate at 65 °C for 4 h. The eluate was then
igested with proteinase K at 45 °C for 1 h, and then further
ubjected to the phenol/chloroform extraction. The DNA was pu-
ified by ethanol precipitation. The human p11 promoter was ampli-
ed by PCR with the appropriate primers (forward: 5=-CAG ACA
AG CGT TCT TG-3= and reverse: 5=-CTC CTA GGG CTA ATC
G-3=).

uman postmortem tissue and RNA extraction

rea 46 of the PFC was carefully dissected from six PTSD pa-
ients and six appropriately-matched controls. RNA was obtained
rom the Stanley Medical Institute. All available records, including
npatient and outpatient clinical records, were meticulously re-
iewed for every subject. Each reference in the chart was cata-
ogued. Diagnoses were retrospectively established by two psy-
hiatrists using DSM-IV criteria. The cause of death for all PTSD
atients and non-PTSD controls was recorded in this study. Four
atients with PTSD had depression. Two PTSD patients died from
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ig. 2. Dex induces GR nuclear translocation. SH-SY5Y cells were
reated with 100 nM Dex for 6 h. Images of the intracellular distribu-
ions of GR were obtained using fluorescence microscopy. (a) Under
ontrol conditions, no significant nuclear translocation occurs in the
bsence of Dex, suggesting that the majority of the GRs are cytoplas-
ic, as expected. (b) Six hours after treatment with 100 nM Dex, GR

red) nuclear (blue) translocation is significantly increased. (c) Dex at

00 nM (6 h) increases expression of GR in cell nucleus, as deter-
ined by Western blot assay. *** P�0.001.
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uicide and four died from cardiac diseases in the PTSD group. All
f the subjects in the non-PTSD control group (n�6) died from
ardiac diseases. The medications, which were used by the pa-
ients with PTSD varied. They included carbamazepine, doxepin,
isperidone, quetiapine, paroxetine, venlafaxine, olanzapine and
uoxetine. The tissue blocks dissected from the area 46 of the
ortex contained primarily gray matter and a small, but presum-
bly random, amount of white matter. The total RNA extracted
rom these blocks was used for the study.

tatistical analysis

raphPad 2.0 software was used for analyzing data. Compari-
ons of the means between groups were performed by using the
tudent’s t-test. Statistical significance was set at alpha�0.05. A
ositive test value generated between two means is indicative of
significant difference.

nimals

xperiments were carried out on PFC tissue obtained from
tressed (n�5) and control (n�5) Sprague–Dawley 28-day male
ats (Taconic Farms, Germantown, NY, USA). All animal proce-
ures were performed in compliance with the Animal Welfare Act
nd Use of Laboratory Animals. The study was approved by the
SUHS Animal Care and Use Committee.

RESULTS

s shown in Fig. 1, p11 mRNA expression in the PFC of
he stressed rat group was increased about 2.5-fold on
verage (Fig. 1a), while p11 protein levels were elevated
0% relative to control group P11 levels (Fig. 1b). Levels of

ig. 3. Dex persistently increases p11 mRNA and p11 protein levels in
o quantify p11 mRNA and protein levels in SH-SY5Y cells. (a) SH-SY
–24 h before RNA was extracted. Real-time PCR reveals a dose-de
ith 100 nM Dex for 0, 24 and 48 h, then p11 mRNA was quantified a
re sustained for an additional 24 h. (c) Cells were grown to near confl
ere prepared from treated and untreated cells and 20 �g of total pro
rotein levels in a dose-dependent manner. (d) Cells were treated wi

lectrophoresis and immunoblotting. Dex increases p11 protein levels at 24 h, w
hree separate experiments. * P�0.05 (treatment vs. control). Con, control.
11 mRNA were also significantly higher in the hippocam-
us and amygdala, but not in the cerebellum of the
tressed rats compared with the control groups (Fig. 1d).
he stress-induced p11 protein overexpression was also
bserved at 48 h after inescapable tail-shock treatment
Fig. 1e).

We examined the plasma level of corticosterone, a
pecific glucocorticoid metabolite in rats (Ottenweller et al.,
992; Cohen et al., 2003) by enzyme immunoassay. A
-day inescapable tail shock stress doubled plasma levels
f corticosterone compared with the control, as demon-
trated by enzyme immunoassay (Fig. 1c).

Fig. 2a and b shows the expression of GR protein in
he cell nucleus in the presence and absence of 100 nM
ex. The GR immunoreactivity in the cell nucleus in-
reased following treatment with 100 nM Dex (Fig. 2b).
ex exposure resulted in higher nuclear GR levels, indi-
ating that Dex induces GR nuclear translocation in SH-
Y5Y cells (Fig. 2c).

Fig. 3 shows that 10–200 nM Dex treatment increased
he steady-state level of p11 mRNA over 24 h in a dose-
ependent manner (Fig. 3a). In addition, Dex treatment
esulted in significant increases of p11 mRNA within 48 h
Fig. 3b). The effect of Dex on p11 protein was studied by

estern blot in SH-SY5Y cells (Fig. 3c and d). Treatment
f cells with Dex for 24 h resulted in a dose-related in-
rease in cellular p11 protein levels (Fig. 3c). Cells treated
ith 100 nM Dex for 24–48 h expressed significantly ele-

ependent manner. Real-time PCR and Western blot assays were used
were grown to near confluence and treated with Dex (10–200 nM) for
increase in mRNA levels with Dex treatments. (b) Cells were treated
ined as in panel a. Dex increases p11 transcript levels at 24 h, which
nd then treated with Dex (0–100 nM) for 24 h, after which cell lysates
subjected to gel electrophoresis and immunoblotting. Dex increases
00 nM) for 24–48 h and 20 �g of total protein was subjected to gel
a dose-d
5Y cells
pendent
nd exam
uence a
tein was

th Dex (1

hich are sustained for 48 h. Blot results shown are representative of
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ated levels of p11 (Fig. 3d). These data suggest that Dex
ncreased p11 expression in dose-dependent manner at
he translational level.

Fig. 4a shows that basal P11 mRNA levels differ be-
ween astrocytes, being significantly higher in astrocytes.
U486 blocked the Dex-induced increase in p11 expres-
ion in SH-SY5Y cells, while RU486 alone produced no
ffect on p11 expression (Fig. 4b). This result implicates
R in the regulation of p11 levels by Dex.

To determine the time course of GR recruitment to the
11 promoter, a transfection study was conducted by using
reporter gene containing the p11 promoter from �1499

o �89 (Dr. J.H. Shelhamer, National Institutes of Health,
ethesda, MD, USA). SH-SY5Y cells transfected with the
11 promoter or basic vector were exposed to 100 nM Dex
or 0–24 h (Fig. 5a), 0–100 nM Dex for 6 h (Fig. 5b), and
U486, RU486�Dex or Dex alone for 6 h (Fig. 5c). The

ncrease in transcriptional activity was significantly higher
n cells transfected with the p11 promoter pCAT than in
ontrol cells transfected with promoterless pCAT-basic
ector (Fig. 5b). Furthermore, Dex treatment doubled CAT
ctivation in the transfected cells. These effects were abol-

shed at the GR level by the GR antagonist, RU486 (Fig.
c). Our results thus indicate that Dex-induced p11 up-
egulated expression involves GR binding sites on the
11 promoter. We identified three possible GRE sites
�223 to �241, �354 to �372, and �427 to �445) in
he p11 promoter region (Fig. 5d). The consensus se-
uence of GRE is GGTACAnnnTGTTCT (Table 1).

To determine which one(s) of GRE sequences within
he p11 promoter was responsive to Dex, SH-SY5Y cells
ere transiently transfected with three mutant p11 pro-
oter CAT constructs (mut) (Fig. 5d). Cells transfected
ith mut constructs (mutGRE2 and mutGRE3) remarkably
ttenuated glucocorticoid-induced p11 promoter activity
ut mutGRE1 did not (Fig. 5d).

We quantified p11 mRNA levels in the postmortem
FC (area 46) of patients with PTSD (Fig. 6a) and in
ontrols by real-time PCR (Fig. 6b). As shown in Fig. 6b,
he p11 mRNA levels in the PFC (area 46) were signifi-
antly higher (P�0.05) in patients with PTSD (2.51�0.51)
ompared with the control group (1.14�0.29).

DISCUSSION

e examined the effect of 3 days of inescapable tail-shock
11 expression in rats and demonstrated that whether the
ats were treated with a tail shock paradigm and killed
mmediately or 2 days later, a significant increase in p11
xpression was observed in the PFC (Fig. 1). These data
upport the notion that traumatic stress exposure can re-
ult in p11 up-regulation at least 48 h. Additional time
oints will be necessary to examine these findings and
heir duration or return to base line. We also found that
-day tail shock resulted in p11 up-regulation in the hip-
ocampus and the amygdala, but not in the cerebellum,
onsistent with data demonstrating that these brain areas
lay critical roles in the response to traumatic stress in both

uman and rodents. O
Several lines of evidence point to changes in HPA
ctivity of PTSD patients and stressed animals (Yehuda
t al., 1995b). For example, circulating cortisol and GR
xpression is changed in PTSD patients (Yehuda et al.,
995b; Lindauer et al., 2006). Under stress conditions,
nimals commonly exhibit an immediate burst of sympa-
hetic nervous system activity (Resnick et al., 1995;
lzinga et al., 2003; Rasmusson et al., 2003; Lindauer et
l., 2006). In addition, stress often results in a transient
levation of circulating cortisol or corticosterone as a part
f the physiological or normal stress response. However,
raumatic or severe stress appears to trigger higher and
ore sustained cortisol or corticosterone responses (Ye-
uda et al., 1995a) which result in pathological conditions.

ig. 4. Expression of p11 mRNA occurs in both astrocytes and neu-
ons, and the GR antagonist RU486 blocks Dex-induced increases in
11 protein levels in SH-SY5Y cells. (a) Real-time PCR assays were
sed to quantify basal levels of p11 mRNA in cultured rat astrocytes
nd neurons. Basal p11 mRNA levels are significantly higher in astro-
ytes than in neurons. *** P�0.001 (astrocytes vs. neuron; n�5).
b) The GR antagonist RU486 blocks Dex-induced increases in p11
rotein levels. Control SH-SY5Y cells received no drug treatment
Con), while others were exposed to either 100 nM RU486 or 100 nM
ex for 25 h (Dex) or RU486 together with Dex for 25 h (Dex�RU486).
11 Protein levels were determined by Western blot assay. RU486
locks the Dex-induced increase in p11 protein levels, while having no
ffects on basal levels. *** P�0.001 (Dex vs. Dex �RU486) analyzed
y the Student’s t-test.
ur data suggest that our animal model mimicked a trau-
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atic event resulting in an increase of plasma corticoste-
one levels and p11 expression. Consistent with previous
eports showing that the synthetic glucocorticoid Dex up-
egulates p11, our data indicate that glucocorticoids play a
ajor role in controlling p11 expression.

We examined how glucocorticoid regulates p11 expres-
ion using the human neuroblastoma cell line SH-SY5Y and
ex. Previous studies indicate that glucocorticoid-activated
Rs translocate to the nucleus, homodimerize, and bind to

able 1. Wild type and mutated sequences of the three GREs in the

ligonucleotide Sequencea

REd GGTACA nnn TGTTCT
t GREe tcTGTACA GGA TGTTCTag
RE1 tcAGTAGA AAC GCACGTgc
utGRE1 tcAGTAGA AAC GGTCCTgc
RE2 gcAAATGC AGA GGTAACcg
utGRE2 cgGTTACC AGA GGTTCTgc
RE3 gtGGCACG TGG ACACTTat
utGRE3 gtGGCACG TGG AGTCCTat

5=¡3=, Sense strand; n is any nucleotide. GRE sequence sites in th
ut bases are in bold type.
(�) Refers to the sense strand and (�) to the complementary stran
Numbers refer to the nt position of putative GRE sites identified in th
ucleotides are from the p11 promoter sequence (Huang et al., 2003
Consensus sequence for GRE elements (Chen et al., 2006b).

ig. 5. Effect of Dex on GR recruitment to the p11 promoter and p11
H-SY5Y cells, which were incubated with 100 nM Dex for 0, 1, 6 an
ith pCAT-basic vectors containing the promoter from nucleotide �
romoter activity and marginally decreases basal promoter activity. (d)
re the two sites in the promoter that promote glucocorticoid-activat
ttenuates glucocorticoid-activated GR up-regulation. Bars are mean
nalyzed by the Student’s t-test.
Consensus wild type (wt) GRE sequence, Santa Cruz Biotechnology.
REs in target gene promoters, resulting in either gene ac-
ivation or repression (Chen et al., 2006a; Rogatsky and
vashkiv, 2006). As expected, we found that exposure to Dex
esulted in significant increases in both GR immunoreactivity
Fig. 2a) and GR protein levels in the nucleus, indicating that
ex induces GR nuclear translocation (Fig. 2c).

We examined Dex-induced regulation of p11 transcrip-
ion in SH-SY5Y cells (Fig. 3) to determine the conse-
uence of GR translocation. We found that Dex treatment

oter region

Strandb Nucleotide No.c

Webster, 1999
Santa Cruz Biotechnology
�223–241

(�)
�354 to �372

(�)
�427 to �445

(�)

alindrome are capitalized; flanking sequences are in lowercase; and

nucleotide.
er by MatInspector (Genomatix Software GmbH, Germany). Flanking

r activity. (a) GRE recruitment was determined by the ChIP assay in
) Dex increases p11 promoter activity in transiently transfected cells
�89 in a dose-dependent manner. (c) RU486 blocks Dex-induced
al analysis of GREs in the p11 promoter reveals that GRE2 and GRE3
-regulation of p11, since mutation at these sites, but not at GRE1,

* Significantly different from similar condition without Dex. Data are
p11 prom

e 15 bp p

d of oligo
e promot
).
promote
d 24 h. (b
1499 to
Mutation
ed GR up



i
a
a
r
(
s
a
d
a
G
a
s
4
e
t
i

a
c
o
1
(
t
G

p
a

t
t
(
f
a
t
b

t
o
g
c
g
b
e
e
2
w
S
G
p
r
i
G
r
w
c
S
t
e
s
t
e
t
f
s
a
m
t
g
r
o
l
D
n

A
I
p
f
f

p
S
S
s
v
C
m

F
i
c
c
g
d
p
p
s
a
l

L. Zhang et al. / Neuroscience 153 (2008) 1126–1134 1133
ncreased the steady-state level of p11 mRNA over 24 h in
dose-dependent manner (Fig. 3a) that could be observed
s long as 48 h after Dex treatment (Fig. 3b). Dex also
esulted in significant increases in the levels of p11 protein
Fig. 3c and d), indicating that Dex increased p11 expres-
ion at the translational level. The GR antagonist RU486
ttenuated Dex-induced overexpression of p11 (Fig. 4b),
emonstrating that Dex-induced increases in p11 expression
t the transcriptional and translational levels are mediated by
R. In addition, we found that p11 was expressed in both
strocytes and neurons with basal levels of p11 mRNA being
ignificantly higher in astrocytes compared with neurons (Fig.
a). Although a detailed molecular mechanism needs to be
xplored for the differences in p11 expression between as-
rocytes and neurons, the data suggest that p11 expression
n astrocytes is distinct from that in neurons.

To determine the role of GR in regulating p11 expression
nd whether GR bound directly to the p11 promoter, we
onducted a ChIP study. The time course of GR ChIP dem-
nstrated that GR was recruited to the p11 promoter over a
–6 h period after Dex treatment and then declined at 24 h
Fig. 5a). GR appears to directly mediate the induction of
ranscription induced by glucocorticoid stimulation through
R response elements (GRE) in the p11 promoter.

To determine the function of GR binding to GREs of the
11 promoter, we measured p11 promoter activity. We found

Control PTSD
0
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p
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Cortex  area 46

*
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b

ig. 6. p11 mRNA expression in postmortem cortex is significantly
ncreased in patients with PTSD compared with age- and sex-matched
ontrols. (a) A perspective of the human brain to locate area 46 in the
ortex. (b) All tissue blocks have the same (output) weight. cDNA was
enerated from 5 mg of total RNA for each sample to exclude that
ifferences in RNA-content could result also from differences in sam-
le weights. p11 mRNA is significantly greater in PTSD patients at
ostmortem compared controls (n�6 per group, two cases died of
uicide and four died of other causes in PTSD group). Data are shown
s means�S.E.M., * P�0.05 (control vs. PTSD) and have been ana-

yzed by the Student’s t-test.
remarkable increase in the transcriptional activity of cells a
ransfected with the p11 promoter pCAT compared with con-
rol cells transfected with promoterless pCAT-basic vector
Fig. 5b). Dex treatment doubled CAT activation in the trans-
ected cells. The Dex-induced increase in CAT activation was
ttenuated by the GR antagonist RU486 (Fig. 5c), confirming

hat Dex-induced p11 up-regulated expression involves GR
inding sites on the p11 promoter.

Upon searching the p11 promoter sequence, we found
hree potential GREs in the p11 promoter (Fig. 5d). Previ-
us studies have shown that in genes up-regulated by
lucocorticoid, the 3= half of the GRE palindrome is typi-
ally well conserved, while the 5= half exhibits more diver-
ence (Chen et al., 2006b). Glucocorticoid-activated GR
inds to GREs in target genes to up- or down-regulate their
xpression, as reported for at least 20 mammalian genes
xpressed in multiple organ systems (Chameau et al.,
007). To determine which of the three GRE sequences
ere responsive to Dex, three mut were used (Fig. 5d).
H-SY5Y cells transfected with mutant constructs (mut-
RE2 and mutGRE3) attenuated glucocorticoid-induced
11 promoter activity but mutGRE1 did not (Fig. 5d). The
esults indicate that the GR increases p11 promoter activ-
ty via the interaction of glucocorticoid-bound GR with

RE 2 and GRE3, but not GRE1 (Fig. 5d). A recent study
eported that changes in p11 expression were associated
ith depression (Svenningsson et al., 2006), a frequent
omorbidity symptom of PTSD (Oquendo et al., 2005;
areen et al., 2007). Indeed, in some studies, nearly half of

he veterans who had PTSD are also depressed (Kramer
t al., 1994). We found that, unlike the previous report
howing p11 down-regulation in the frontal cortex of pa-
ients with depression (Svenningsson et al., 2006), the
xpression of p11 mRNA was up-regulated in the postmor-
em PFC (area 46) of PTSD patients (Fig. 6). In spite of the
act that PTSD and depression share some common
ymptoms, these data support the perspective that they
re different disorders and may have different underlying
echanisms. The difference in p11 expression in these

wo disorders may be related to differences in their patho-
eneses. Replications with larger sample sizes are war-
anted to confirm and extend the pathogenetic implications
f our results. In summary, the molecular mechanism under-

ying p11 up-regulation after traumatic stress in rats and
ex-treated cells as well as in PTSD patients may lead to a
ew understanding of stress-regulated p11 expression.
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