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KT/GSK-3�/�-CATENIN SIGNALLING WITHIN HIPPOCAMPUS AND
MYGDALA REFLECTS GENETICALLY DETERMINED DIFFERENCES
N POSTTRAUMATIC STRESS DISORDER LIKE SYMPTOMS
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bstract—Only a small percentage of individuals develop
osttraumatic stress disorder (PTSD) in the aftermath of a
rauma. It is still largely unknown to what extent gene-envi-
onment interactions contribute to the inter-individual differ-
nces in PTSD susceptibility and resilience and what cellular
rocesses may underlie long-term maintenance of the disor-
er. Here we employed a mouse model of PTSD to unravel the
ontribution of genetic background and maternal influences
n long-lasting changes in kinase and transcription factor
ctivities in PTSD-susceptible C57BL/6NCrl (B6N) and resil-

ent C57BL/6JOlaHsd (B6JOla) mice. Mice received an ines-
apable foot shock and were tested for activity changes in
he AKT/GSK-3�/�-catenin-pathway in specific brain struc-
ures 42 days later. To control for prenatal and postnatal
nvironmental (i.e. maternal) factors part of the experiments
ere performed with animals originating from within-strain
nd between-strain embryo transfers. In PTSD-susceptible
6N mice, long-term maintenance of contextual and sensi-

ized fear was accompanied by (i) increased levels of phos-
horylated AKT within the dorsal hippocampus and (ii) higher

evels of phosphorylated AKT and GSK-3� and increased
-catenin levels within the basolateral amygdala. In animals
riginating from embryo transfers, levels of phosphorylated
SK-3� and of �-catenin were decreased in the dorsal hip-
ocampus, but increased in the basolateral amygdala of
hocked B6N mice compared to shocked B6JOla mice. This
as independent of the genotype of the recipient mothers. At

he behavioural level, these differences coincided with sus-
ained sensitized and more pronounced contextual fear of
6N compared to B6JOla mice. Taken together our study

dentifies lasting changes in the AKT/GSK-3�/�-catenin cas-
ade within the hippocampus and amygdala as molecular
orrelates of genetically determined differences in the sever-
ty of PTSD-like symptoms. © 2010 IBRO. Published by
lsevier Ltd. All rights reserved.
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harité Mitte, Berlin, Germany.

Corresponding author: Tel: �49-89-30622-652; fax: �49-89-30622-610.
-mail address: wotjak@mpipsykl.mpg.de (C. T. Wotjak).
s
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tress disorder.
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ndividuals display heterogeneous responses to traumatic
xperiences, including resilience, rapid recovery or devel-
pment of psychopathology such as posttraumatic stress
isorder (PTSD) (Copeland et al., 2007; Kessler et al.,
995). In the latter case, exaggerated fear responses,
voidance behaviour, hyperarousal, and emotional numb-

ng may persist for many years (Foa et al., 2006). One third
f the affected patients maintain PTSD for 10 years or
ore despite therapeutic interventions (Kessler et al.,
995). The reasons for resilience or susceptibility to PTSD
nd long-term maintenance of the disease are still unclear.
vidence is accumulating that both genetic and environ-
ental factors may shape individual vulnerability (Afifi et
l., 2010; Galea et al., 2006; Betancourt and Khan, 2008).
he lack of controllability of both genetic complexity and
nvironmental factors in human populations asks for sim-
ler models for dissecting the contributions of genetic vs.
nvironmental factors to development of PTSD.

We recently established a mouse model of PTSD,
hich is well suited for addressing gene vs. environment

nteractions under controlled laboratory conditions (Sieg-
und and Wotjak, 2007a). This model is based on the
xposure to a brief inescapable electric foot shock and
ulfills all major criteria of an animal model of this disorder
Yehuda and Antelman, 1993; Siegmund and Wotjak,
006). First, mice show persistent and exaggerated trauma-
elated fear, such as contextual fear memory that lasts for up
o 7 months (Siegmund et al., 2009b) as well as hyperarousal
nd emotional numbing (Siegmund and Wotjak, 2007a).
econd, behavioural symptoms can be reversed by
hronic SSRI treatment (Siegmund and Wotjak, 2007b).
hird, we observed an inverse relationship between hip-
ocampal N-acetylasparate (NAA) concentrations before
rauma and severity and persistence of PTSD-like symp-
oms (Siegmund et al., 2009b).

Experiments revealed a remarkable variance in the
ehavioural and molecular measures despite the fact that
tudies had been performed with inbred, that is genetically

dentical, mice. Consequently, we looked for environmen-
al factors, which may influence individual susceptibility for
eveloping PTSD-like symptoms and identified maternal

nexperience as a potential risk factor (Siegmund et al.,
009a). However, the genotype of the animals also seems
o play a significant role, since C57BL/6NCrl (B6N) mice

howed considerably more pronounced contextual and

s reserved.
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ensitised fear than mice of a closely related inbred strain
C57BL/6JOlaHsd, B6JOla) 1 month after application of
he foot shock (Siegmund and Wotjak, 2007a; Siegmund et
l., 2009a). Interestingly, the effects of maternal inexperi-
nce on PTSD susceptibility were restricted to the B6N
train (Siegmund et al., 2009a).

Little is known about molecular correlates of inter-
ndividual differences in long-term maintenance and sever-
ty of PTSD-like symptoms. Some authors reported a po-
ential involvement of changes in expression, of the brain-
erived neurotrophic factor (BDNF; Kozlovsky et al., 2007;
rishnan et al., 2007) and adenylate cyclase activity and of

ecurrent activation of N-methyl-D-aspartate (NMDA) re-
eptors (Cui et al., 2004). In addition, kinases and tran-
cription factors are known to affect consolidation of aver-
ive memories, at least in the early aftermath of an aver-
ive encounter. For instance, extracellular regulated
inases (ERK or mitogen-activated protein kinases,
APK) and protein kinase B (PKB, AKT) mediate consol-

dation of fear memories at 60 min after fear conditioning
Ahi et al., 2004). The same applies to their potential
own-stream target, cAMP-response element binding pro-
ein (CREB) (Trifilieff et al., 2006), which controls gene
ranscription. A recent publication suggests that the tran-
cription factor �-catenin plays a similarly important role in
onsolidation of fear memories at the level of the basolat-
ral amygdala (Maguschak and Ressler, 2008; Gould et
l., 2008). One should note that �-catenin is under control
f glycogen synthase kinase-3� (GSK-3�). Under basal
onditions, GSK-3� is constitutively active and destabilizes
-catenin by phosphorylation, which leads to its proteaso-
al degradation (Gould et al., 2008; Wada, 2009). How-
ver, GSK-3� can be inactivated by phosphorylation of the
er 9 residue through phosphorylated AKT. Phosphoryla-

ion of GSK-3� stabilizes �-catenin, which can then mi-
rate into the nucleus and mediate gene transcription for
xample, of Bdnf, Vegf, Igf 1 and Igf 2 (Wada, 2009).

Despite the plethora of evidence for a role of kinases
nd transcription factors in early processing of aversive
vents, there are very few reports about activity changes,
hich outlast the encounter for more than a couple of
ours (Krishnan et al., 2007). Therefore, we decided to
tudy AKT/GSK-3�/�-catenin-cascades within the dorsal
ippocampus and basolateral amygdala in the long-term
ftermath of exposure to an inescapable foot shock.
oth brain structures are known to undergo long-lasting
hanges in human PTSD (Bremner et al., 2008) as well as
n established animal models of PTSD (Krishnan et al.,
007; Huang and Kandel, 2007; Trifilieff et al., 2007), and
eem to be causally involved in PTSD-related symptoms
Kozlovsky et al., 2007). To relate differences in kinase
ctivity and the intensity of PTSD-like symptoms to genetic
nd/or environmental factors, we analysed behavioural
erformance (i.e. sensitized and contextual fear) and in-
racellular signalling cascades in PTSD-susceptible B6N
nd PTSD-resilient B6JOla mice originating from within-

nd between-strain embryo transfers. w
EXPERIMENTAL PROCEDURES

ubjects

ale and female C57BL/6NCrl (B6N; obtained from Charles River
aboratories; Sulzfeld, Germany) and C57BL/6JOlaHsd (B6JOla;
btained from Harlan-Winkelmann; Borchen, Germany) mice
ere maintained under specific pathogen-free conditions in the
losed barrier facility of the Gene Center Munich at 23 °C, 40%
umidity and with a 12-h light/dark cycle (lights on at 7 AM), and
ad free access to a standard rodent diet (V1534, Ssniff, Soest,
ermany) and water. Embryo-transfers were performed at the
ene Center. At an age of 6 weeks, male offspring were trans-

erred to the mouse facility of the Max Planck Institute of Psychi-
try for behavioural analyses. All experiments were approved by
he Committee on Animal Health and Care of the local govern-
ental body of the state of Upper Bavaria (Regierung von Ober-
ayern; Az 55.2-1-54-2531-14-03) and performed in strict compli-
nce with the EEC recommendations for the care and use of

aboratory animals (European Communities Council Directive of
ovember 24, 1986 [86/609/EEC]).

mbryo transfer and housing of animals

o produce blastocysts for the embryo transfer experiment,
-week-old females (donors) from both strains were mated with
ales of the same mouse strain. Females were screened for

aginal plugs every morning and evening and sacrificed by cervi-
al dislocation at day 3 after finding a vaginal plug (3.5 dpc). The
terus was removed and flushed with M2 medium containing 0.4%
ovine serum albumin (BSA). Blastocysts were collected under a
tereomicroscope with 20� magnification (Nagy et al., 2003) and
ransferred to microdrops of M2 medium with 0.4% BSA on a
ulture dish covered with paraffin oil at 37 °C until needed. Be-
ween 12 and 20 embryos were transferred into the uteri of pseudo-
regnant female B6N or B6JOla mice (recipients) that were prepared
y mating 12-week-old females with vasectomized males. These
emales were also screened for vaginal plugs every morning and
sed as recipients for the blastocysts at day 2 (2.5 dpc) after
nding a vaginal plug. The skin and muscles of the back of the
nesthetized recipient were cut and the uterine horns were exter-
alized from the peritoneal cavity. Under a stereomicroscope with
0� magnification the uterus was punched with a needle near the
viduct. A transfer pipette (loaded with embryos in M2 medium)
as inserted through the punched hole, and the embryos were
laced into the uterus. Blastocysts of each mouse strain were
ransferred to recipients of the same or the other strain, depending
n the experimental group. Pregnant recipients were housed in
akrolon type II long cages (36�21�12 cm3) and monitored for
irth. All recipients gave birth normally. A total of seven litters
n�23�/22�) from B6N donors and B6N recipients (N/N), five
itters (n�17�/15�) from B6N donors and B6JOla recipients (N/
), six litters (n�16�/16�) from B6JOla donors and B6JOla re-
ipients (J/J), and four litters (n�11�/10�) from B6JOla donors
nd B6N recipients (J/N) were born. Within 12 h of birth [postnatal
ay (pnd) 0] litters with more than 10 pups were reduced to 10
nimals per litter by discarding surplus pups. Thereafter, animals
emained undisturbed until behavioural tests started.

Offspring were weaned at day 31 and housed in groups of
iblings with a maximum of four animals in Makrolon type III cages
42�26�14 cm3) containing a running wheel, a transparent plas-
ic tube and cellulose. At the age of 6 weeks, male offspring were
ransferred to the mouse facility of the Max Planck Institute of
sychiatry and the groups were housed in Makrolon type II cages

27�16�12 cm3) containing wood shavings (Altromin Faser Ein-
treu, Altromin GmbH, Germany) and cellulose as nest material.
ice were acclimatized for 1 week to the new environment and the

nverse 12 h:12 h light/dark cycle (lights on at 9 PM), before they

ere separated and housed singly and acclimatized for another
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0–14 days before starting the experiments. Mice were main-
ained under standard conditions with food (Altromin Standard
iet 1310, Altromin GmbH, Germany) and tap water ad libitum.

hock application and test of conditioned and
ensitized fear

xperimental set-up and experimental design have been de-
cribed in detail before (Siegmund and Wotjak, 2007a; Kamprath
nd Wotjak, 2004). Briefly, animals were placed in a transparent
ubic-shaped chamber with a metal grid for shock application.
fter 198 s a single electric foot shock (1.5 mA) of 2 s duration was
dministered via the metal grid. Mice were returned to their cages
fter another 60 s. Non-shocked control animals were not ex-
osed to the conditioning chamber. Animals were left undisturbed

or 4 weeks. In the morning of day 28 after shock application,
onditioned fear was measured by placing the animals back to the
hock context for 180 s. In the afternoon, sensitized fear was tested
y exposing the mice to a 180 s continuous tone (80 dB, 9 kHz) in a
eutral, transparent, cylindrical chamber. Each session was video-

aped for subsequent off-line analysis of freezing behaviour.

solation of brain regions

wo weeks after completion of behavioural testing, mice were
nesthetized with isoflurane (DeltaSelect, Germany) and rapidly
illed. To minimize stress levels and unspecific context reminders,
ice were individually transferred to the neighboring room, anes-

hetized with isoflurane followed by cervical dislocation, lasting in
oto not longer than 2–3 min. Brains were extracted on ice, snap-
rozen and kept at �80 °C. For brain dissection, brains were cut
ith a cryostat (Microm, Walldorf, Germany) up to the appearance
f the brain region of interest. Brain specimens of the respective
rain region were isolated using cylindrical punchers (Fine Sci-
nce Tools, Heidelberg, Germany). The location and length of the
unches were chosen on basis of a stereotaxic atlas (Paxinos and
ranklin, 2001) as follows:

1) Dorsal hippocampus: Starting at 1.8 mm posterior to bregma,
with a diameter of 1.0 mm and a punch-length of 1.0 mm in
order to collect the CA1 region of the dorsal hippocampus
including the dentate gyrus and a part of the CA3 region (cf.
Fig. 7A);

2) Amygdala: Starting at 0.8 mm posterior to bregma, with a
diameter of 1.0 mm and a punch-length of 1.0 mm in order to
collect the anterior part of the basolateral amygdaloid nucleus
and lateral amygdaloid nucleus (cf. Fig. 8A).

Punches from both brain hemispheres of each region were
ooled per animal and stored at �80 °C until processing for
estern blot analyses. The dissection site was verified by histo-

ogical analyses using a stereomicroscope.

estern blot analysis

or protein extraction, the brain tissue was homogenized in Lae-
mli-extraction-buffer, and the protein content was estimated by

he bicinchoninic acid (BCA) protein assay. 20 �g of total protein
ere separated by 12% SDS-PAGE and transferred to PDVF
embranes (Millipore, Billerica, USA) by electroblotting. Mem-
ranes were washed in Tris-buffered saline solution with 0.1%
ween 20 (TBS-T; Sigma, Deisenhofen, Germany) and blocked in
% w/v fat-free milk powder (Roth, Karlsruhe, Germany) for 1 h at
oom temperature. Then membranes were washed again in
BS-T and incubated in 5% w/v BSA (Sigma) of the appropriate
rimary antibody overnight at 4 °C. As primary antibodies we used
abbit polyclonal anti-phospho-AKT (Ser 473; 1:2000; #9271; Cell
ignaling, Ipswich, USA), rabbit polyclonal anti-phospho-GSK-3�
Ser 9; 1:2000; #9336; Cell Signaling) and mouse monoclonal b
nti-�-catenin (1:5000; # 610154; BD Transduction Laboratories,
eidelberg, Germany). Henceforward we will use the term “pPro-

ein” instead of “phospho-Protein” for the sake of brevity. After wash-
ng, membranes were incubated in 5% w/v fat-free milk powder with

horseradish peroxidase labelled secondary antibody (donkey anti-
abbit; 1:2000; NA934V; GE-Healthcare, Munich, Germany or rabbit
nti mouse; 1:2000; #7076; Cell Signaling) for 1 h at room tem-
erature. Bound antibodies were detected using an enhanced
hemiluminescence detection reagent (ECL Advance Western
lotting Detection Kit, GE Healthcare) and appropriate x-ray films

GE Healthcare). After detection, membranes were stripped (Elu-
ion buffer: 2% SDS, 62.5 mM Tris–HCl, pH 6.7 and 100 mM
-mercaptoethanol for 40 min at 70 °C) and incubated with a
econd antibody recognizing total AKT and GSK-3� as descri-
ed before by using rabbit polyclonal anti-AKT (1:2000; #9272;
ell Signaling), rabbit polyclonal anti-GSK-3� (1:2000; #9318; Cell
ignaling) and rabbit polyclonal anti-GAPDH (1:5000; #2118; Cell
ignaling). Western blot membranes of phosphorylated proteins
ere stripped again and incubated with a second antibody recogniz-

ng GAPDH as a control for changes in kinase expression irrespec-
ive of the activity status. Band intensities were quantified using the
mageQuant software package (GE Healthcare).

xperiments

Experiment 1. Male B6N mice purchased from Charles
iver were randomly assigned to one out of two groups. One
roup received the foot shock while the other remained unshocked.
ll animals were tested for sensitized and contextual fear (28 days
fter shock) before brain removal (42 days after shock).

Experiment 2. Male B6N and B6JOla mice originating from
ithin-strain (N/N, J/J) and between-strain (N/J, J/N) embryo

ransfers were shocked, phenotyped and the respective brain
tructures were processed for Western blot analyses essentially
s described in Experiment 1. The limited yield of the transfers did
ot allow inclusion of unshocked controls.

ata analysis and statistics

reezing behaviour was defined as immobility except for respira-
ion movements and analysed off-line by trained observers, who
ere blind to the conditioning procedure and mouse strain, and
uantified by means of customized software (EVENTLOG, Hen-
erson, 1986) as described (Kamprath and Wotjak, 2004). Sen-
itized and contextual fear were analysed in 20-s bins by 2-way or
-way ANOVAs as described in the text, followed by Newman–
euls post hoc test, if appropriate, using Statistica 5.0 (StatSoft,
usla, OK, USA).

For measurement of kinases and transcription factor activ-
ties, pAKT, pGSK-3�, and �-Catenin bands were densitometri-
ally analysed followed by normalization to the corresponding
otal AKT, GSK-3� or GAPDH levels. To control for general
hanges in kinase expression, we additionally normalized total
KT and total GSK-3� levels to GAPDH. Comparisons were
erformed only for data obtained from the same blot, thus
esulting in two-group comparisons with n�7 per group. Spec-
mens were repeatedly blotted from stock in case of multiple
omparisons with other groups. For each blot, all values were
elated to the mean value of the respective reference group
non-shocked B6N or groups where the donors and/or the
ecipients were B6JOla mice) and compared by Mann–Whitney
-tests (GraphPad Prism version 4.0 for Windows, GraphPad
oftware, San Diego, CA, USA).

Data are presented as means�SEM (behaviour) or box-plots
ith median (Western blot). Group difference were considered to

e statistically significant if P�0.05.
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RESULTS

TSD-like symptoms coincide with changes in
inase and transcription factor activities at remote
ime points

hocked B6N animals from experiment 1 showed high
evels of contextual (i.e. freezing to the shock context) and
ensitized fear (i.e. freezing to the tone) compared to
on-shocked controls 28 days after foot shock (Fig. 1C).
estern blot analyses revealed significantly increased lev-

ls of pAKT (P�0.007) in the hippocampus, but no differ-
nces in pGSK-3� (P�0.456) and �-catenin (P�0.165), in
hocked vs. non-shocked mice 42 days after the aversive
ncounter (Fig. 1A). In the amygdala, levels of pAKT
P�0.030), pGSK-3� (P�0.0006) and �-catenin (P�
.001) were significantly increased (Fig. 1B). Expression lev-
ls of total AKT and total GSK-3�, as assessed after normal-

zation to GAPDH, remained unchanged (data not shown).

enetic and maternal effects on PTSD-like
ymptoms

ext we ought to relate the changes in kinase activity to
he severity of PTSD-like symptoms on basis of strain
ifferences in the mouse model of PTSD (Siegmund and
otjak, 2007a; Siegmund et al., 2009a). Behavioral anal-

sis of non-shocked and shocked B6N and B6JOla mice
btained from the commercial breeders confirmed the
igher susceptibility of the former strain, with B6N showing
ore contextual fear [strain�shock: F1,41�15.91, P�
.0005; 3-way ANOVAs (strain, shock, interval) for re-
eated measures (interval)] and sustained sensitized fear
strain�shock: F1,41�4.12, P�0.049; strain�shock�
nterval: F8,328�2.27, P�0.022] compared to shocked
6JOla (Fig. 2A).

To differentiate between maternal and genetic differ-
nces in the development of PTSD-like symptoms, we per-
ormed embryo transfers within and between strains and
ompared the behavioural characteristics of the offspring with
espect to genotypic (factor “genotype”/“donor”) and pre-/
ostnatal environment (factor “recipient mother”) influences.

Analysis of contextual fear by 3-way ANOVA (geno-
ype, recipient mother, interval) for repeated measures
interval) revealed significant main effects of genotype
F1,60�7.894, P�0.007) and recipient mother (F1,60�4.777,
�0.033) but no significant genotype�recipient mother

F1,60�0.048, P�0.827) or genotype�recipient mother�
nterval (F8,480�1.863, P�0.064) interactions, indicating (i)
hat B6N offspring showed elevated levels of freezing com-
ared to B6JOla offspring, irrespective of the genotype of
he recipient mothers (genetic effect), and (ii) that offspring
orn by B6JOla mothers showed generally higher levels of
ontextual fear compared to offspring of the same geno-
ype born by B6N mothers (maternal effect) (Fig. 2B).

Analysis of sensitized fear revealed significant
enotype�interval (F8,512�5.425, P�0.0001) and recipi-
nt mother�interval (F8,512�2.589, P�0.009), but no
enotype�recipient mother�interval (F8,512�0.5949, P�
.783) or genotype�recipient mother interactions (F �
1,64

.002, P�0.961), indicating that (i) B6N offspring showed i
levated levels of freezing towards the end of tone presen-
ation, whereas B6JOla offspring showed fear adaptation,

ig. 1. Kinase and transcription factor activities in shocked vs. non-
hocked B6N mice. Western blot analyses of phosphorylated kinases
nd transcription factors in brain punches obtained from (A) Hip-
ocampus and (B) Amygdala of shocked and non-shocked B6N mice
purchased from the commercial breeders) 42 days after foot shock
pplication. Levels of phosphorylated protein were quantified densito-
etrically, normalized to total levels of the phosphorylated/non-phos-
horylated protein (pAKT/AKT and pGSK-3�/GSK-3�) or GAPDH lev-
ls (�-catenin/GAPDH) and are expressed relative to the mean levels
f non-shocked controls. Data are presented as box/whisker blots
n�7 per group). *P�0.05, ** P�0.01, *** P�0.001 (Mann–Whitney
-test). (C) Line graphs show the temporal development of contextual
nd sensitized fear of shocked and non-shocked B6N mice. # P�0.01
s. non-shocked group (2-way ANOVA).
rrespective of the genotype of the recipient mothers (ge-
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etic effect) and (ii) offspring born by B6JOla mothers
howed higher levels of sensitized fear compared to off-
pring of the same genotype born by B6N mothers (ma-
ernal effect) (Fig. 2C).

enetic contribution to changes in kinase and
ranscription factor activities

o assess the contribution of the genotype of the animals
o strain differences in kinase and transcription factor ac-
ivities, we compared brain specimens of B6N and B6JOla
ice transferred to the same recipient strain (thereby

eeping the factor “maternal influence” constant). In the
ippocampus, pGSK-3� (P�0.0012) and �-catenin (P�
.0175), but not pAKT (P�0.1649), were significantly de-

ig. 2. Fear behaviour in mice originating from commercial breeders or
ithin-strain and between-strain embryo transfers. (A) Freezing re-
ponses of shocked and non-shocked B6N mice and B6JOla obtained
rom commercial breeders upon re-exposure to the conditioning context
i.e. contextual fear) and to a neutral tone in a neutral environment (i.e.
ensitized fear) 28 days after shock application (n�10–12 per group). (B,
) Contextual and sensitized fear of B6N (N) and B6JOla mice (J) derived

rom within-strain (N/N, J/J) and between-strain (N/J, J/N) embryo trans-
ers (n�11–23 per group; donor strain/recipient strain). Mean�SEM,
P�0.05, ** P�0.01, *** P�0.001 vs. B6JOla offspring (3-way ANOVAs

ollowed by Newman–Keuls post hoc test).
reased in B6N mice transferred to B6N mothers (N/N) P
ompared to B6JOla mice transferred to B6N mothers
J/N; Fig. 3A). In the amygdala, the levels of pAKT
P�0.007), pGSK-3� (P�0.0006) and �-catenin (P�
.001) were significantly increased in N/N-compared to
/N-offspring (Fig. 3B). Comparison of PTSD-like symp-
oms revealed that the differences in kinase and transcrip-
ion factor activity coincided with a trend towards increased
ontextual fear (genotype: F1,29�3.46, P�0.073) and sig-
ificantly increased sensitized fear in N/N compared to J/N
ffspring towards the end of tone presentation (genotype�time:

8,264�2.39, P�0.017; Fig. 3C).
In hippocampus specimens of offspring raised by

6JOla recipients, pGSK-3� (P�0.0006) and �-catenin
P�0.0006) were significantly decreased in N/J compared
o J/J offspring with no differences in pAKT (P�0.318) (Fig.
A). In the amygdala the levels of pAKT (P�0.0012),
GSK-3� (P�0.007) and �-catenin (P�0.038) were signif-

cantly increased in N/J compared to J/J offspring (Fig. 4B).
he differences in kinase and transcription factor activities
oincided with increased contextual fear (genotype: F1,31�
.60, P�0.04; genotype�time: F8,248�2.37, P�0.018) and

ncreased sensitized fear in N/J compared to J/J offspring to-
ards the end of tone presentation (genotype�time: F8,248�
.75, P�0.001; Fig. 4C).

aternal contribution to changes in kinase and
ranscription factor activities

o assess the contribution of maternal factors to the strain
ifferences in kinase and transcription factor activities, we
ompared brain specimens of B6N and B6JOla mice, re-
pectively, transferred to different recipient strains. We
ailed to detect significant differences in phosphorylation
evels in hippocampus and amygdala of B6N mice raised
y B6N recipients (N/N) compared to B6N raised by
6JOla recipients (N/J) (statistics not shown; Fig. 5A, B).
his coincided with only small and/or non-significant differ-
nces in contextual (recipient strain: P�0.116; recipient
train�time: P�0.359) and sensitized fear (recipient
train: P�0.476; recipient strain�time: P�0.036) and with
oth groups of mice showing a non-decaying freezing
esponse to the tone (Fig. 5C).

B6JOla mice transferred to B6N recipients (J/N)
howed higher levels of pAKT in hippocampus (P�0.011)
nd amygdala (P�0.0006) compared to B6JOla mice
ransferred to B6JOla recipients (J/J) (Fig. 6A, B). How-
ver, other than for all the other analyses where total
inase levels normalized to GAPDH were similar between
he groups (data not shown), this time total AKT levels
ere significantly decreased in J/N compared to J/J

0.35�0.04 vs. 1.0�0.19; P�0.0057). Therefore, the in-
rease in pAKT relative to total AKT has to be interpreted
ith caution, since it may represent a mathematical phe-
omenon and not a general increase in pAKT levels. In
ontrast, pGSK-3� was significantly reduced in the amyg-
ala (Fig. 6B) with no changes in total GSK-3�. At the
ehavioural level, there were no significant differences

n freezing behaviour (contextual fear: recipient strain:

�0.149; recipient strain�time: P�0.143; sensitized fear:
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ig. 3. Kinase and transcription factor activities in B6N and B6JOla
ice transferred to the B6N strain (donor-effect). Western blot analy-

es of phosphorylated kinases and transcription factors in brain
unches obtained from (A) Hippocampus and (B) Amygdala of
hocked N/N and J/N mice 42 days after foot shock application. Levels
f phosphorylated protein were quantified densitometrically, normal-

zed to total levels of the phosphorylated/non-phosphorylated protein
r GAPDH levels and expressed relative to the mean levels of J/N
ice. Data are presented as box/whisker blots (n�7 per group);
P�0.05, ** P�0.01, *** P�0.001 vs. other group (Mann–Whitney
-test). (C) Line graphs (means) show the temporal development of
ontextual and sensitized fear of the animals under study (data from
ig. 2B, C). # P�0.05 (significant genotype�time interaction in the

-way ANOVA followed by Newman–Keuls post hoc test). 2
ig. 4. Kinase and transcription factor activities of B6N and B6JOla
ice transferred to the B6JOla strain (donor-effect). Western blot
nalyses of phosphorylated kinases and transcription factors in brain
unches obtained from (A) Hippocampus and (B) Amygdala of
hocked N/J and J/J mice 42 days after foot shock application. Levels
f phosphorylated protein were quantified densitometrically, normal-

zed to total levels of the phosphorylated/non-phosphorylated protein
r GAPDH levels and expressed relative to the mean levels of J/J
ice. Data are presented as box/whisker blots (n�7 per group);
P�0.05, ** P�0.01, *** P�0.001 vs. other group (Mann–Whitney
-test). (C) Line graphs (means) show the temporal development of
ontextual and sensitized fear of the animals under study (data from
ig. 2B, C). # P�0.05 (significant genotype�time interaction in the

-way ANOVA followed by Newman–Keuls post hoc test).
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ig. 5. Kinase and transcription factor activities of B6N mice transferred
o the B6N and B6JOla strain (recipient-effect). Western blot analyses of
hosphorylated kinases and transcription factors in brain punches ob-
ained from (A) Hippocampus and (B) Amygdala of shocked N/N and N/J
ice 42 days after foot shock application. Levels of phosphorylated
rotein were quantified densitometrically, normalized to total levels of the
hosphorylated/non-phosphorylated protein or GAPDH levels and ex-
ressed relative to the mean levels of N/J mice. Data are presented as
ox/whisker blots (n�7 per group). (C) Line graphs (means) show the

emporal development of contextual and sensitized fear of the animals
nder study (data from Fig. 2B, C). # P�0.05 (significant genotype�time
nteraction in the 2-way ANOVA followed by Newman–Keuls post hoc test).
ig. 6. Kinase and transcription factor activities of B6JOla mice trans-
erred to the B6JOla and B6N strain (recipient-effect). Western blot
nalyses of phosphorylated kinases and transcription factors in brain
unches obtained from (A) Hippocampus and (B) Amygdala of
hocked J/N and J/J mice 42 days after foot shock application. Levels
f phosphorylated protein were quantified densitometrically, nor-
alized to total levels of the phosphorylated/non-phosphorylated
rotein or GAPDH levels and expressed relative to the mean levels
f J/J mice. Data are presented as box/whisker blots (n�7 per
roup); * P�0.05, *** P�0.001 vs. other group (Mann–Whitney
-test). (C) Line graphs (means) show the temporal development of
ontextual and sensitized fear of the animals under study (data from
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ecipient strain: P�0.533; recipient strain�time: P�0.232
ig. 6C).

DISCUSSION

he present study demonstrates that long-term mainte-
ance of PTSD-like symptoms in the PTSD-susceptible
6N strain coincides with changes in kinase activities
ithin the hippocampus and amygdala, compared to non-
hocked animals and to the PTSD-resilient B6JOla strain.
s revealed by within-strain and between-strain embryo

ransfers, the strain differences at the behavioural level
ere determined by both genetic and maternal influences.

n contrast, strain differences at the molecular level were
trongly related to the genotype of the offspring irrespec-
ive of the genotype of the mother (Figs. 7B and 8B). This
pplies to the activity status of GSK-3� and its influence
n �-catenin levels, with increased GSK-3� activity/de-

A

B

AKT

P

JN vs. JJ

NN vs. NJ

identical donor strai

Hippocampus

ig. 7. Changes in signalling cascades within the hippocampus. Sche
nto hypothetical scenarios depicting changes in intracellular signallin
ymbols with dotted lines stand for hypothetical changes) in shocke
etween-strain embryo transfers (B). In this context, higher phosph
GSK-3� activity. Note that inactivation of GSK-3� by phosphoryla
ematoxylin-eosin stained histological picture in panel (A) indicates th
reased �-catenin levels in the hippocampus (Fig. 7B) and i
ecreased GSK-3� activity/increased �-catenin levels in
he amygdala (Fig. 8B) of PTSD-susceptible vs. PTSD-
esilient strains under circumstances of sustained sensi-
ized and increased contextual fear.

The changes in the intracellular signalling cascades
ere assessed 42 days after a single, brief electric foot
hock and 2 weeks after behavioural testing. Our experi-
ental design does not allow to dissect the exact contri-
ution of each of those two processes. In addition, we don’t
now how soon they appear after the foot shock. Other
tudies have only reported transient changes in kinase
ctivity in the early aftermath of a stressor exposure in-
luding fear conditioning (Di Benedetto et al., 2009; Paul et
l., 2007) that returned to baseline within 1–2 days. It may
e that there are different waves of kinase activity, if one
onsiders that, with the passage of time, fear incubation
lso leads to qualitative changes in behavioural character-
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entical recipient strain

slate the Western blot results of the hippocampus (Figs. 1A, 3A–6A)
es (filled symbols reflect changes measured by Western blot, open
. non-shocked (NS) B6N (A) and shocked offspring of within- and
levels were interpreted as increased pAKT respectively decreased

nown to result in stabilization of �-catenin. The white circle in the
ocalization of the brain punches in the dorsal hippocampus.
idn

mes tran
g cascad
d (S) vs

orylation
tion is k
stics (Siegmund and Wotjak, 2007b; Balogh et al., 2002).
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or example, it has been observed that there is a loss of
pecificity, but maintenance of intensity of contextual fear
Wiltgen and Silva, 2007). It is tempting to speculate that
he changes in kinase activity observed in the present
tudy contribute to this phenotype, similarly to the role of
KA/adenylate cyclase 1 (Shan et al., 2008), NMDA re-
eptor NR1 subunits (Cui et al., 2004) and CaMKII (Frank-
and et al., 2001) in development and/or maintenance of
emote contextual fear memory.

Both behavioural symptoms (Siegmund and Wotjak,
007a; Siegmund et al., 2009a), and activity status of

ntracellular signalling cascades may depend on genotypic
nd environmental influences during early development.
o differentiate between these two factors, we performed
ithin-strain and between-strain embryo transfers. This
llowed us to control for both prenatal and postnatal ma-

A

B

Amygdala

GSK-3ß

JN vs. JJ

NN vs. NJ

identical donor strai

ig. 8. Changes in signalling cascades within the amygdala. Schem
ypothetical scenarios depicting changes in intracellular signalling casc
ith dotted lines stand for hypothetical changes) in shocked (S) vs. no
mbryo transfers (B). In this context, higher phosphorylation levels were

hat inactivation of GSK-3� by phosphorylation is known to result in st
o be interpreted with caution, since total AKT levels normalized to GAP
n the hematoxylin-eosin stained histological picture in panel (A) indic
omplex.
ernal influences, which have been shown to affect behav- l
oural performance in an interactive manner (Francis et al.,
003). Results of our embryo transfers revealed that
TSD-like symptoms are determined by the genotype of

he test animals. Unexpectedly, however, offspring of em-
ryo transfers to mothers of the less PTSD-vulnerable
train showed higher levels of sensitized fear than re-
pective transfers to the B6N strain (Fig. 2C), an effect
hich could not be statistically secured if between-strain

ransfers were separately analysed (Figs. 5C and 6C).
uch effects as well as differences in freezing levels
etween B6N and B6JOla obtained from commercial
reeders and those originating from embryo transfer
xperiments might be partially ascribed to strain differ-
nces in susceptibility to surgical stress, as recently re-
orted for C3H/HeN and DBA/2J mice (Rose et al., 2006),
nd corroborate observations that surgical stress may trans-
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Suchecki and Palermo, 1991; Van den Hove et al., 2005,
006).

Maternal effects on PTSD-like behaviour were small
nd showed little correspondence to changes in kinase
nd transcription factor activities (N/N vs. N/J, J/N vs. J/J;
igs. 7B and 8B). This observation is in line with other
eports about resilience of B6 strains to maternal factors
Gleason et al., 2010; Millstein and Holmes, 2007). The
enetic background of the offspring, in contrast, consis-
ently revealed the same behavioural and molecular phe-
otypes, irrespective of the genotype of the recipient moth-
rs. B6N and B6JOla originating from transfers to the
ame recipient strain (i.e. N/N vs. J/N, N/J vs. J/J) showed
ot only sustained vs. decaying sensitized fear, but also an
ctivation of the AKT/GSK-3�/�-catenin pathway within

he basolateral amygdala (Fig. 8B) and an inactivation of
his signalling cascade within the hippocampus (Fig. 7B) of
he PTSD-susceptible B6N strain.

The decrease in pGSK-3� and �-catenin levels ob-
erved in the hippocampus of N/N vs. J/N and N/J vs. J/J
Fig. 7B) could not be observed in shocked vs. non-
hocked B6N (Fig. 7A). Within the amygdala, however, the
ame changes in the AKT/GSK-3�/�-catenin pathway
merged in either case (Fig. 8A, B), suggesting it as the
rimary molecular signature of PTSD-like symptom sever-

ty. Interestingly, �-catenin was recently shown to play an
mportant role in consolidation of fear memories at the level
f the basolateral amygdala early after conditioning (Ma-
uschak and Ressler, 2008). In the same study, data on
-catenin and remote fear memories were less conclusive,
rimarily because of a general temporal decay of the freez-

ng responses in the animals (Maguschak and Ressler,
008). Therefore, we can currently only speculate about
he role of �-catenin in long-term maintenance of PTSD-
ike symptoms, in particular because no inhibitors of
-catenin are available and mutants differ in their genetic
ackground from the PTSD-susceptible B6N strain (Ma-
uschak and Ressler, 2008). It is conceivable that both
ranscriptional regulation of Bdnf expression (Wada, 2009)
nd direct interaction with the cytoskeleton (Salinas and
rice, 2005) contribute to the morphological/functional
hanges of principal neurons observed after severe stress.
amely, hypertrophy within the basolateral amygdala and
ypotrophy within the dorsal hippocampus (Vyas et al.,
002) may contribute to the development and/or mainte-
ance of pathological anxiety in the aftermath of a trau-
atic/stressful experience.

As mentioned in the introduction, the stability of �-cate-
in depends on the activity status of GSK-3�. Under basal
onditions, GSK-3� is dephosphorylated and, thus, consti-
utively active. Active GSK-3� destabilizes �-catenin via
hosphorylation, which leads to proteasomal degradation
f the transcription factor (Gould et al., 2008; Wada, 2009).
SK-3�, in turn, is inactivated by phosphorylation at the
er 9 residue primarily through phosphorylated AKT. Inac-

ivation of GSK-3� stabilizes �-catenin, which can then
igrate into the nucleus and mediate gene transcription.

nterestingly, GSK-3� seems to be hyperactive in schizo-

hrenia and bipolar disorder. Also, a variety of antidepres-
ants, antipsychotics and mood stabilizers may exert their
herapeutic effects in part by inactivating GSK-3� (Beau-
ieu et al., 2009). Our findings add a new level of complex-
ty to the potential role of the AKT/GSK-3�/�-catenin path-
ay in psychiatric disorders by demonstrating that (i)
ecreased rather than increased GSK-3� activity within
he amygdala coincides with sustained PTSD-like symp-
oms in mice, and (ii) the same pathway appears to be
egulated in the opposite manner in the amygdala and
ippocampus.

CONCLUSION

n summary, our data demonstrate an important contribu-
ion of genetic factors to the individual susceptibility for
eveloping PTSD-like symptoms at both the behavioural
nd molecular level. The changes in kinase activities ob-
erved in the PTSD-susceptible strain point to an active
aintenance of the disease-like state months after the trau-
atic incident. In terms of human patients, the changes in the
KT/GSK-3�/�-catenin cascade may urge for the develop-
ent of small chemical molecules that interfere with �-cate-
in signaling. This could hold promise of the development
f novels drugs for the treatment of PTSD.
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