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The MAPK pathway and Egr-1 mediate stress-related
behavioural effects of glucocorticoids

P. Piazza and J. Revest
INSERM U588, University de Bordeaux 2, Bordeaux Cedex, France

Activation of the glucocorticoid receptor (GR) by stress-induced
high levels of glucocorticoids mediates many of the behavioural
consequences of stress. To explore the molecular mechanisms of
these effects, we combined in vivo and in vitro approaches. We
analysed brain-specific GR mutant mice (GRNesCre) and cell
lines that either express endogenous GRs or in which a consti-
tutively active form of the GR is transiently induced. In cell lines
and in the hippocampus after stress, GR activation profoundly
increased the expression levels and the enzymatic activity of com-
ponents of the MAPK pathway and led to an increase in the
expression of Egr-1. In parallel, inhibition of the MAPK signalling
pathway within the hippocampus abolished the increase in con-
textual fear-conditioning induced by glucocorticoids. The pres-
ent results provide a molecular mechanism for the stress-related
effects of glucocorticoids on fear memories.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Glucocorticoid-NFkB interactions

D. Ray!, H. Garside!, A. Stevens!, S. Farrow?, B. Maschera?,
A. Berry! and R. Donn!

IUniversity of Manchester, Manchester, UK and > GlaxoSmithKline,
Stevenage, UK

Glucocorticoids inhibit inflammation by acting through the glu-
cocorticoid receptor (GR) and powerfully repressing nuclear fac-
tor-kB (NF-kB) function (1). Ligand binding to the C-terminal
of GR promotes GR nuclear translocation and binding to NF-
kB through the GR DNA binding domain. NFkB is a multipro-
tein family of transcription factors, activated by proinflamma-
tory cytokines. Family members all contain a conserved Rel
domain, which binds DNA. Importantly, transcriptome profil-
ing experiments have shown that expression of the p65 compo-
nent of NFkB predicts the glucocorticoid response of bronchial
asthma, a major human inflammatory disease widely treated
with synthetic glucocorticoid drugs (2). Expression of NFkB p65
in cells impairs GR function. To identify how GR ligand bind-
ing influences the functional interaction between NF-kB and
GR, studies were performed in human cell line models.

Both dexamethasone (agonist), and RU486 (antagonist) pro-
mote efficient nuclear translocation of the GR, and we show
occupancy of the same intranuclear compartment as NF-kB with
both ligands. However, unlike dexamethasone, RU486 had neg-
ligible activity to inhibit NF-kB transactivation. This failure may
stem from altered co-factor recruitment, or altered interaction
between the GR and NF-kB.

Using a GST pull-down approach we found that RU486 appeared
to disrupt the GR-NFkB interaction. Following this biolumi-
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nescence resonance energy transfer (BRET) analysis identified
a major glucocorticoid ligand effect on interaction between the
GR and the p65 component of NF-kB, with RU486 inhibiting
recruitment compared with dexamethasone. Using the BRET
assay, we found that RU486 efficiently recruited NCoR to the
GR, unlike dexamethasone, which recruited SRC1. Therefore
RU486 promotes differential protein recruitment to both the C
terminal (NCoR and SRC1) and DNA binding domain of the
receptor (NFkB).

By disrupting the GR N-terminal, which contains the major
transactivation domain AF-1, we were able to unmask signifi-
cant transrepressive activity of RU486 on NFkB. Chromatin
immunoprecipitation studies showed efficient recruitment of
NEFkB p65 to the NFkB response element on the interleukin 8
gene in response to TNF treatment, as expected. Also as expected,
glucocorticoid treatment promoted recruitment of GR to the
same element, but only under conditions that allowed prior
recruitment of NFkB. Importantly, we show that impaired inter-
action between GR and p65 with RU486 leads to reduced recruit-
ment of the GR to the NF-kB responsive region of the IL-8 pro-
moter, again in contrast to dexamethasone (1). We demonstrate
thatligand-induced conformation of the GR C-terminal has pro-
found effects on the functional surface generated by the DNA
binding domain of the GR. This has implications for under-
standing ligand-dependent interdomain communication.
Garside H, Stevens A, Farrow S, Normand C, Houle B, Berry A, Maschera
B & Ray D (2004). ] Biol Chem 279, 50050-50059.

Hakonarson H, Bjornsdottir US, Halapi E, Bradfield ], Zink E Mouy M
et al. (2005). Proc Natl Acad Sci U S A 102, 14789-14794.

We thank GSK for funding a fellowship for D.R. and MRC,
BBSRC and Wellcome Trust for funding.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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The glucocorticoid receptor and its variants
M.R. Norman
LINE, University of Bristol, Bristol, UK

Glucocorticoids exert a multiplicity of effects, yet all these effects
appear to be mediated by the product of a single gene - the glu-
cocorticoid receptor (GR). As the human genome has proved to
consist of fewer genes than expected, attention has turned to
variant forms of gene products as a source of increased proteome
size and complexity of regulatory signalling networks.

Expression of the human GR is regulated by at least three dis-
tinct promoters (1A, 1B and 1C) that regulate transcription of
mRNA species incorporating different exon 1 sequences. Pro-
moters 1B and 1C regulate expression of mRNA species that are
detected in most tissues, while promoter 1A functions selectively
in haematopoietic cells. Alternative splicing of GR exons is known
to produce several variants, although exon 1 is non-coding so
that the different promoters do not encode distinct proteins.
Alternative splicing of the eight coding exons is well established,
however. The most extensively studied splice variant, GR beta,
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results from usage of a different exon 9 to that used in the “clas-
sic’ (GR alpha) form (1). The GR beta variant, which cannot bind
ligand, may exert a dominant-negative effect on glucocorticoid
signalling and a number of reports suggest that aberrant expres-
sion is linked to disease. Controversy continues to surround the
likely significance of this variant, however, particularly with
regard to its apparently low level of expression. Other splice vari-
ants include GR-P (alternatively known as GR delta), which lacks
exons eight and nine (2), and a group of exon 2 splice variants
(3). We are currently studying an evolutionarily conserved splice
variant, GR gamma, that utilises the first three bases of the intron
separating exons three and four to code for an additional argi-
nine that is located in the DNA binding domain of the receptor
(4).

An additional level of complexity in GR variants is introduced
by the reported use of alternative initiating codons (5) which
leads to isoforms with different amino-termini, each of which
may regulate both a common and a unique set of genes.
Although a unique function has not yet been definitively assigned
to any of these variants, the important possibility arises that some
or all of them could fulfill distinct functions, perhaps providing
a route to pharmacological modulation of signalling through
different pathways.

Zhou J & Cidlowski J (2005). Steroids 70, 407-417.

Moalli P et al. (1993). Cancer Res 53, 3877-3879.

Geng CD et al. (2005). Biochemistry 44: 7395-7405.

Rivers C et al. (1999). ] Clin Endocrinol Metab 84, 4283-4286.
Lu N &Cidlowski J (2005). Mol Cell 18, 331-342.

This work was supported by the Medical Research Council and
the Wellcome Trust.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
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Glucocorticoid receptor and chromatin remodelling
T.K. Archer

Laboratory of Molecular Carcinogenesis, National Institute of
Environmental Health Sciences, National Institutes of Health,
Research Triangle Park, NC, USA

In the eukaryotic nucleus, genetic information is stored within
the intimate association of DNA and histone proteins, resulting
in a dynamic polymer called chromatin. The fundamental struc-
tural unit of chromatin is the nucleosome which consists of ~146
bp of DNA wrapped around an octamer of histones containing
two copies each of four core histones, H2A, H2B, H3 and H4.
We have developed model systems to study the mechanisms by
which steroid receptors control many physiological activities by
regulating gene expression within this chromatin organization.
Our studies have focused on the glucocorticoid receptor (GR)
and its ability to remodel chromatin which is mediated by BRG1

ATPase as part of the human SWI/SNF complex. We demon-
strate that transactivation from a chromatin template requires
an intact BRG1 remodelling activity, and this activity cannot be
substituted by other ATP-dependent remodelling proteins. Fur-
ther, we have designed, characterized and utilized BRG1 trun-
cation and deletion mutants in a series of assays which allow
independent evaluation of transcriptional activation and chro-
matin remodelling by the GR. Our results suggest BRG1 may
contain previously uncharacterized functional motifs important
for transcriptional activity. Finally, they reveal that protein-pro-
tein interactions both within the complex as well as between
the remodelling complex and nuclear receptors necessary and
sufficient for glucocorticoid receptor functions in vivo.

Aoyagi S, Trotter KW & Archer TK (2005). Vitam Horm 70, 281-307.

Kinyamu HK, Chen JC & Archer TK (2005). ] Mol Endocrinol 34, 281-
297.

Chen J, Kinyamu HK & Archer TK (2006). Mol Endocrinol 20, 1-13.

I am grateful to Mr Kevin Trotter, Dr H Karimi Kinyamu, Dr
Sayura Aoyagi, Dr JC Chen, and Dr Pratibha Hebbar for allow-
ing me to present their studies. This research was supported by
the Intramural Research Program of the NIH, National Institute
of Environmental Health Sciences.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Transcription factor mobility and promoter progression

G. Hager, R.L. Schiltz, M. Wiench, T. Johnson, T. Voss, Y. Qiu and
S.John

Laboratory of Receptor Biology ¢ Gene Expression, NCI, NIH,
Bethesda, MD, USA

The classical view of nuclear receptor action postulates the static
binding of liganded receptors to the promoter. We have discov-
ered, however, that nuclear receptors interact dynamically with
regulatory elements in living cells, and have proposed the hit-
and-run hypothesis for receptor function. Two separate, ATP-
dependent mechanisms have been implicated in rapid exchange,
the first related to chromatin remodelling, and a second involv-
ing molecular chaperone action.

We have also observed that steroid receptor responsive promot-
ers move through a complex series of activity states, a phenom-
enon we term promoter progression. Genome-wide profiling of
glucocorticoid receptor (GR) regulated loci reveals several classes
of response, including genes that are transiently activated and
genes that are transiently repressed.

Thus receptor action either leads to a series of events pro-
grammed into each promoter, or the receptor and/or associated
factors are subject to a time-dependent modification of their
activity states. These findings illustrate the complexity of the GR
response and indicate the dynamic nature of hormone action
throughout the eucaryotic genome.
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Where applicable, the authors confirm that the experiments
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requirements.
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Hypothalamic integration of neuroendocrine and
autonomic responses to stress

K.J. Kovacs

Lab. Molecular Neuroendocrinology, Institute of Experimental
Medicine, Budapest, Hungary

The hypothalamic paraventricular nucleus (PVN) is the major
brain site that synthesizes hypophysiotropic corticotropin-releas-
ing hormone (CRH) and arginine vasopressin (AVP) to initiate
the neuroendocrine stress response to various external or inter-
nal challenges. Additional cell clusters in the PVN give rise to
long descending projections to the brain stem and spinal cord.
These neurons are in the position to govern stress-related auto-
nomic responses. Retrograde tracing studies using neurotropic
viruses identified these neurons as elements of neurocircuits reg-
ulating sympathetic outflow to various organs affected by stress.
Activation marker c-fos revealed challenge-specific activation of
neurosecretory and autonomic-related neurons in the PVH.
Much is known about the location, chemical signatures and secre-
tory capabilities of hypothalamic effector neurons that govern
the neuroendocrine stress response; however, how these come
to be situationally linked to autonomic command neurons to
form operational circuits during challenge, is poorly understood.
There is a bidirectional communication between neurocircuits
regulating feeding and stress. On one hand, stress has a signifi-
cant impact on food intake and metabolism, while energy status
and availability of fuels affect the sensitivity to stressors, expres-
sion of hypothalamic stress-related neuropeptides as well as
determining coping strategies. As a recent example from our lab-
oratory, chronic exposures to sucrose of adrenalectomized (ADX)
or control rats resulted in activation of AVP gene expression in
the autonomic-related projection neurons of the PVH. However,
this challenge did not affect CRH and AVP transcription induced
by the withdrawal of the steroid negative feedback signal in the
neurosecretory neurons of the medial dorsal parvocellular sub-
division. AVP hnRNA induction during chronic sucrose load-
ing was confined to the ventral medial parvocellular subdivision;
however, cells in the dorsal parvocellular part of the PVN that
project to the spinal cord were not responsive to metabolic chal-
lenge. Autonomic-related neurons in the PVN are involved in
the regulation of different fat depots. White (WAT) and brown
(BAT) adipose tissue represent functionally distinct compart-
ments of lipid storage and fuel consumption, respectively. We
have applied dual viral transneuronal tracing strategy using iso-
genic recombinant strains of the pseudorabies virus to identify
neurons in the rat hypothalamus that innervate WAT and/or BAT.
In addition to various brain stem neurons, a high number of dou-
ble-labelled neurons were identified in the autonomic-related
subdivisions of the PVN, suggesting coordinated control of fat
depots by autonomic command neurons during challenge.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Limbic-hypothalamic neurocircuits controlling the HPA
axis stress responses

J.P. Herman

Department of Psychiatry, University of Cincinnati, Cincinnati,
OH, USA

The hypothalamo-pituitary-adrenocortical (HPA) axis is a pri-
mary stress-response system in all vertebrates. The end-prod-
ucts of HPA activation, glucocorticoids, serve the general func-
tion of redirecting bodily resources to meet a real or perceived
challenge. However, prolonged glucocorticoid secretion has dele-
terious effects on metabolism, immune function and behaviour,
making control of HPA activity a priority for the organism. This
control is exerted in large part by limbic structures in the brain.
Our studies indicate that the amygdala, hippocampus and pre-
frontal cortex play major roles in regulating HPA axis to acute
stress. The amygdala is primarily stress excitatory, whereas the
hippocampus has an inhibitory influence on HPA activity. The
role of the prefrontal cortex is considerably more complex; its
prelimbic region is primarily stress inhibitory, whereas the infral-
imbic region may participate in stress activation. All of these
regions exert their influence via subcortical relays to hypothal-
amic paraventricular nucleus (PVN) neurons controlling the
HPA response, allowing convergence of information from mul-
tiple limbic sources prior to the PVN. In contrast, chronic stress-
induced enhancement of HPA axis activation is associated with
neuroplastic changes at multiple levels, including limbic fore-
brain sites, brainstem systems and the PVN proper. It is likely
that chronic stress-induced alterations in limbic-PVN circuitry
play a major role in stress-related HPA axis abnormalities and
are involved in the pathophysiology of numerous stress-related
disease states, such as depression and PTSD.

Supported by MH048698, MH069725, MH069480 and AG12962.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Transmitter systems generating an integrated stress
response

C. Ingram
University of Newcastle, Newcastle upon Tyne, UK

A stressful stimulus will evoke a number of coincident neuroen-
docrine, autonomic and behavioural responses which serve both
to minimize the potentially damaging effects of the threat and
to restore homeostasis. Understanding how this integrated
response is generated requires the elucidation of the neural path-
ways which transmit the stressful stimulus to the effectors sys-
tems, and the identification of transmitters that play pivotal roles
in these pathways. This paper will present a conceptual frame-
work that integration of the stress response depends on a hier-
archy of interacting response networks, and that particular trans-
mitters have a pre-eminent role in mediating or modulating
network activation. Importantly these transmitters offer poten-
tial targets for pharmacological modulation of stress physiology.
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Numerous studies employing immediate-early gene expression
or functional magnetic resonance imaging have provided evidence
of the neural networks which are activated by different stress
modalities and which serve to coordinate the different elements
of the stress response. For example, as expected from the activa-
tion of the hypothalamo-pituitary-adrenal axis, c-fos mRNA or
its protein product Fos can be detected in the hypothalamic par-
aventricular nucleus in response to both psychological (extero-
ceptive) and physical (introceptive) stress stimuli. However, these
two modalities are differentiated by their activation of limbicand
brainstem nuclei, notably areas of the amygdala and bed nuclei
of the stria terminalis display marked modality-dependent acti-
vation. Nevertheless, while different stress modalities may utilize
distinct neural pathways which converge on common outputs,
each may be generalised to comprise two elements. Firstly, an affer-
ent limb comprising either a cognitive or sensory system that
responds to introceptive or exteroceptive stimuli which under cer-
tain conditions or above a particular threshold can take on a ‘stress-
ful’ quality. Secondly, an efferent limb comprising a network which
distributes this ‘stress signal’ to the various effector systems to gen-
erate an appropriate physiological or behavioural response. Diver-
sity of stress responses and integration within this network s pro-
posed to be achieved through a hierarchy of overlapping pathways,
with some having the capacity for direct, rapid activation in
response to an immediate threat to homeostasis, while higher order
pathways provide a distributed signal to several output systems.
It serves little purpose to identify the neurochemical phenotype
of all the neurones which contribute either to the afferent or effer-
entlimbs of these stress-activated networks. However, certain trans-
mitters have been shown to have a pre-eminent role in regulating
stress response, either acting to coordinate activation of diverse ele-
ments of the response (notable corticotropin-releasing hormone),
or to attenuate activation of the response network and, thereby,
have properties of endogenous anti-stress agents (e.g. oxytocin or
GABA). It is suggested that the organisation of the response-acti-
vating network enables these key transmitters to fulfil important
roles in integrating the stress response or in modulating its mag-
nitude. Both classes of transmitter are particularly important as
they may play important roles in the aetiology of stress-related dis-
orders and, consequently have become the focus for pharmaco-
logical intervention. Furthermore, the involvement of transmitter
receptor subtypes opens the possibility for the development of
selective ligands for modulating the diverse responses to stress. In
this respect an on-going challenge is to translate the knowledge of
transmitter involvement into clinically effective therapies.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.

SA9
Dissecting glucocorticoid receptor actions in stress by
targeted mutations in mice
L. Muglia
Washington University, St Louis, MO, USA

Glucocorticoids acting through the type II glucocorticoid recep-
tor (GR) are critical for maintenance of homeostasis after both
psychological and physiological stress. This notion is exempli-

fied by impaired survival of humans with adrenal insufficiency,
the association of dysregulation of the hypothalamic-pituitary-
adrenal axis with psychiatric disorders, and the bidirectional
interplay of the adrenal axis with the immune system. To under-
stand the essential actions of glucocorticoids acting through
GR to maintain homeostasis, identification of key cell and gene
targets is needed. In this regard, genetic model systems to define
mechanisms of GR actions at the cellular and genomic levels have
proven informative. Global deletion of GR results in neonatal
lethality and dramatic glucocorticoid overproduction, a phe-
notype that precludes analysis of GR function in later develop-
ment and that may confound interpretation by grossly elevated
glucocorticoid concentrations exerting effects on other nuclear
receptor types. To minimize these limitations, we have utilized
the Cre recombinase — loxP system to delete GR specifically in
the forebrain, T cells, and the macrophage/neutrophil lineage.
Mice with forebrain-restricted deletion of GR (FBGRKO)
demonstrate heightened adrenal axis activity, despair-like behav-
iours responsive to anti-depressants, and aberrant locomotor
activation in association with stress. Given the adult onset of
deletion of GR in FBGRKO mice and the temporal relationship
of GR deletion to behavioural abnormalities, these effects are
not likely due to developmental aspects of GR function but rather
to changes in glucocorticoid responsiveness in the adult. Mice
with deletion of GR in T cells (TGRKO) or macrophages
(MGRKO) demonstrate augmented cytokine production and
increased lethality with immune system activation. Cyclooxy-
genase (COX)-2 proved to be a critical target for GR actions as
COX-2 inhibitors rescued each line from lethality after immune
activation. Our recent studies in MGRKO mice have identified
GR modulation of p38 MAPK activity as a key target for GR anti-
inflammatory actions after toll-like receptor 4 engagement, while
ERK, Akt, and JNK were not glucocorticorticoid responsive. Our
ongoing studies will attempt to more rigorously restrict GR dele-
tion to specific brain and body sites utilizing a lentivirus-Cre
delivery system to facilitate later gene profiling efforts.

We thank the National Institutes of Health for grant support.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Mineralocorticoid and glucocorticoid receptors in the stress
response

E.R. deKloet

Division of Medical Pharmacology, Leiden University, Leiden,
Netherlands

The balanced interaction of the various humoral and neural
mediators that serve to contain stress reactions in the acute phase
and in the management of the late recovery phase is of crucial
importance for defense of homeostasis and health. Imbalance
due to inadequate or excessive operation of these stress system
mediators may compromise resilience and promote a phenotype
vulnerable to stress-related disease. The importance of a ‘bal-
ance’ in the concentration and action of stress mediators is illus-
trated by the glucocorticoid hormone (cortisol or corticos-
terone). The hormone operates both in the fast and slow modes
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of the response to stress and produces lasting effects in prepa-
ration of future events. The two complementary modes of oper-
ation of cortisol/corticosterone depend on the phase and con-
text of the stress response, the bio-availability of the hormone
and the target cell response. The molecular basis of this dual
mode of operation of cortisol is formed by two types of recep-
tors - mineralocorticoid (MR) and glucocorticoid (GR) recep-
tors - that bind in vivo cortisol and corticosterone with an order
of magnitude difference in affinity. Thus, a concept has evolved
in which MR and GR mediate the dual mode of operation of
cortisol in limbic brain to coordinate the onset and termination
of the physiological and behavioural adaptations to the stres-
sor. MR and GR belong to interacting signalling networks that
underlie adaptive processes from appraisal of novel situations
and prediction of upcoming events to recovery from the chal-
lenge and storage of the experience in the memory. Thus ques-
tions to be addressed are: which factors determine balanced
MR/GR interaction? How is MR/GR imbalance related to a vul-
nerable phenotype? How does the MR/GR balance contribute to
individual differences in vulnerability? Which biomarkers can
reveal imbalance in stress system operation related to MR and
GR?

Supported by the Royal Netherlands Academy of Arts and Sci-
ences, and the Netherlands Foundation for Scientific Research.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Stress, chromatin remodelling and behavioural adaptation
J.M. Reul and Y. Chandramohan

Henry Wellcome Laboratories for Integrative Neuroscience and
Endocrinology, University of Bristol, Bristol, UK

Coping with stressful events is part of everyone’s daily life. It is
thought that changes in gene expression are involved in the neu-
roplasticity processes underlying stress coping. Gene expres-
sion is controlled by transcription factors whose activity is gov-
erned by a variety of signal transduction cascades. Control of
gene expression is tight and normally part of the genome is silent
with the nucleosomes structurally organized in condensed chro-
matin. The nucleosomes consist of highly organized complexes
of DNA and histone molecules and in condensed chromatin they
are inaccessible for transcription factors. Nuclear receptors such
as the glucocorticoid receptor (GR) are an exception to this rule
as they are able to access their hormone responsive elements and
‘unlock’ the nucleosome rendering it accessible for molecules
involved in chromatin remodelling and gene transcription (1).
Recently, the concept has arisen that distinct post-translational
modifications in the N-terminal tails of histone molecules play
a decisive role in chromatin remodelling. The phosphorylation
of histone H3 at Ser10 and its acetylation at Lys14 (i.e. P(Ser10)-
Ac(Lys14)-H3) have been associated with the local opening of
condensed chromatin allowing the transcriptional activation of
dormant genes (2). It appears that the Ser10 residue in histone
H3 comprises a converging point of multiple signal transduc-
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tion pathways and kinases but these have been hardly investi-
gated in vivo.

Recently, we demonstrated for the first time that psychologically
stressful stimuli such as forced swimming, predator exposure
and novelty increase the phospho-acetylation of histone H3 in
dentate gyrus granule neurons of rats and mice (3; Y. Chan-
dramohan, SK Droste & JMHM Reul, unpublished observations).
The nuclei of these neurons showed a speckled staining pattern
which has been shown to be associated with transcriptional acti-
vation (e.g. (4)). The enhanced histone H3 phospho-acetylation
was neuroanatomically quite specific because the stress-induced
increase in P(Ser10)-Ac(Lys14)H3-positive neurons was only
observed in mature (NeuN-positive) neurons in the middle and
superficial aspects of the granular cell layer of the dorsal blade
of the dentate gyrus (3; Y. Chandramohan, S.K. Droste &
J.M.H.M. Reul, unpublished observations; Y. Chandramohan,
S.K. Droste, J.S. Arthur, ].M.H.M. Reul, unpublished observa-
tions), suggesting that only mature neurons of a particular part
of the dentate gyrus are recruited in the response to stress.
Follow-up studies revealed that stress-induced histone H3 phos-
pho-acetylation is mediated by both glucocorticoid receptor (GR)
and NMDA receptor (NMDA-R) signalling suggesting an integra-
tion of these two signalling pathways (3; Y. Chandramohan, S.K.
Droste & J.M.H.M. Reul, unpublished observations). Blockade of
the mineralocorticoid receptor (MR) was ineffective (Y. Chan-
dramohan, S.K. Droste & J.M.H.M. Reul, unpublished observations).
Furthermore, the forced swimming-induced increases in dentate
histone modifications could be blocked by inhibiting the MAPK-
ERK (mitogen-activated protein kinase—extracellular signal-regu-
lated kinase) pathway and by genetic deletion of the mitogen- and
stress-induced kinases 1 and 2 (MSK1/2; Y. Chandramohan et al.
unpublished observations). Thus, the stress-evoked histone H3 mod-
ifications were mediated by GR signalling as well as signalling
through the NMDA-R/MAPK/ERK/MSK1/2 pathway (3; Y. Chan-
dramohan, S.K. Droste & J.M.H.M. Reul, unpublished observations).
If rats or mice are subjected a second time to forced swimming
24 h after the first forced swim session, they attain an immobile
posture in the water for about 70% of the 5 min re-test time. This
is a stress-related cognitive response as the animal has learned
from the first forced swim session that escape from the water is
impossible. We observed that blockade of GR signalling or
NMDA-R/MAPK/ERK/MSK signalling, but not MR signalling,
resulted in a strong impairment of the behavioural immobility
response (Chandramohan et al. unpublished observations).
Therefore, based on the strict correlation between the bio-
chemical and behavioural responses, we have postulated that the
histone H3 phospho-acetylation response after the initial forced
swim session is required for the acquisition of the behavioural
immobility response observed in the re-test. The histone mod-
ification response occurred in a distinct population of dentate
gyrus granule neurons and required recruitment of both the GR
and the NMDA/MAPK/ERK/MSK signalling pathways.

Hebbar PB & Archer TK (2003). Chromosoma 111, 495-504.

Cheung P, Allis CD & Sassone-Corsi P (2000). Cell 103, 263-271.

Bilang-Bleuel A, Ulbricht S, Chandramohan Y, De Carli S, Droste SK &
Reul JMHM (2005). Eur J Neurosci 22, 1691-1700.

Li J, Gorospe M, Hutter D, Barnes J, Keyse SM & Liu YS (2001). Mol
Cell Biol 21, 8213-8224.

Supported by the Medical Research Council and the Neuroen-
docrinology Charitable Trust.
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Stress, cognitive function and cell adhesion molecules
C. Sandi
Lab Behavioral Genetics, EPFL, Lausanne, Switzerland

Stress is a potent modulator of brain and cognitive function. Depend-
ing on the circumstances, stress can either facilitate or impair mem-
ory processes. Our research aims to unravel how neurobiological
mechanisms related to learning and plasticity are affected by stress
conditions leading to opposite effects on memory function (facili-
tating vs. impairing). By focusing on key plasticity-related proteins,
we investigate the mechanisms that translate stress’actions into such
diverse cognitive outcomes. Our work has implicated the neural cell
adhesion molecules of the immunoglobulin superfamily, NCAM
and L1, on the effects of stress on brain and cognitive function (Sandj,
2004; Sandi & Touyarot, 2006). In the hippocampus, memory-facil-
itating and memory-impairing stress conditions lead to opposite
patterns of expression of cell adhesion molecules (Sandi et al. 2005;
Venero et al. 2006), which underscore these molecules as potential
mediators of the cognitive effects of stress. Although glucocorti-
coid treatments do not reproduce exactly the changes on plasticity-
related proteins induced by stress, available evidence indicates that
these steroid hormones play a major role on stress-induced modu-
lation of both cell adhesion molecules, and other plasticity-related
proteins. These findings (1) have implications to understand stress
in the context of both pathology and adaptation, and (2) underscore
cell adhesion molecules as potential therapeutic targets in stress-
related cognitive disturbances (Cambon et al. 2004).

Sandi C (2004). Nat Rev Neurosci 5, 917-930.

Sandi C & Touyarot K (2006). Neurobiol Aging 27, 128-140.

Sandi C et al. (2005). Biol Psychiatry 57, 856-864.

Venero C et al. (2006). Eur ] Neurosci 23, 1585-1595.

Cambon K et al. (2004). ] Neurosci 24, 4197-4204.

This work was partially supported by grants from the EU VIth

Framework Programme (Promemoria), and the Swiss National
Science Foundation.

Where applicable, the authors confirm that the experiments
described here conform with the Physiological Society ethical
requirements.
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Dendritic and synaptic remodelling in mammalian
hippocampus following stress

M.G. Stewart
Biological Sciences, The Open University, Milton Keynes, UK

Chronic restraint stress (CRS), in which rats are held for peri-
ods of 6 h/day for up to 21 days, induces raised corticosteroid
levels and may result in cognitive impairment. It causes a vari-
ety of morphological changes in hippocampal areas, including
loss of dendritic arborisation but, at least in area CA3, no signi-

ficant neuronal loss. We have examined the effects of 21 days of
CRS on the ultrastructure of synapses, dendrites and spines in
rat hippocampal areas CA3 and CA1. In order to ensure that our
data were not biased by volume changes the Cavalieri method
was used to assess the effects of CRS on hippocampal volume.
Following CRS, the mean total hippocampal volume decreased
by ~15%, and for dorsal CA1, the volume was reduced by ~16%;
in contrast, in CA3 there were no significant volume differences
between control and stressed rats. These data were used to cor-
rect density measurements in subsequent studies.
Atthe ultrastructural level, using unbiased 2-D stereology, we found
that there is a loss of simple unperforated synapses in striatum
lucidum of CA3, which can be reversed rapidly by spatial learning
(Sandi et al. 2003). To determine the real nature of synaptic and
dendritic changes we used full 3-dimensional reconstruction (soft-
ware from Fiala and Harris: http://synapses.bu.edu) of these struc-
tures (Stewart et al. 2005). Up to 150 serial sections (~50-70nm in
thickness) were taken for each of the 3-D reconstructions of den-
dritic segments (~20 wm in length) of CA3, to show whole thorny
excrescences (the spine complexes found in CA3), and postsynaptic
densities (PSDs) on the thorns, for each of four functional animal
states: (i) unrestrained controls, (ii) restrained, (iii) water maze-
trained and (iv) water maze-trained, following restrain stress. A
segment of dendrite from CA3 with thorny excrescence is shown
in Fig. 1. Note the thorns with post-synaptic densities (PSD) in red,
and also a single mushroom spine, also with a PSD (scale bar, 5uum).
Following 21 days of chronic restraint stress (CRS), our 3-D data
show that in CA3 there is a decrease in volume of thorns and a
retraction of thorns in CRS compared with unrestrained rats. How-
ever, there is no change in the number of thorns per thorny excres-
cence. CRS induces a decrease in both endosome content and
coated vesicles in thorns, processes which are substantially reversed
24 h following water maze training and indicating most probably
in relation to the endosome changes, altered receptor recycling.
However, in CA1 changes in 3-D structure are not so marked
(Donohue et al. 2006). Our data from CA1 (so far only with
stressed and control rats), have shown no quantitative changes
in spine parameters between groups but significant increases in
PSD membrane surface area (>36%) and in PSD volume (>60%)
in stratum lacunosum moleculare of the CRS group. A highly
significant overall increase in the ‘PSD surface area/spine surface
area’ ratio also occurs in the CRS group (>27%).
Opverall these data indicate that as a result of CRS there is a highly
selective structural remodelling of dendritic and synaptic con-
tacts within CA3 and CA1, which for CA3 can be rapidly reversed
by a behavioural training task, demonstrating the remarkable
neuroanatomical plasticity of CA3.
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Figure 1. A 3-dimensional reconstruction from 150 serial ultrathin sec-
tions of a 20 wm segment of dendrite from CA3 with thorn excrescences.
Note that the thorns show post-synaptic densities (PSD) in red, and
there is also a single mushroom spine, with a PSD (scale bar, 5yum).
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Glucocorticoids and perinatal programming
J. Seckl

Endocrinology Unit, Centre for Cardiovascular Science, The Queen’s
Medical Research Institute, University of Edinburgh, Edinburgh,
UK

Epidemiological evidence suggests that an adverse fetal envi-
ronment permanently ‘programmes’ physiology leading to
increased risks of cardiovascular, metabolic, neuroendocrine and
psychiatric disorders in adulthood. In a variety of animal mod-
els, prenatal stress, glucocorticoid exposure or inhibition/knock-
out of 11B-hydroxysteroid dehydrogenase type 2 (113-HSD2),
the feto-placental ‘barrier’ to maternal glucocorticoids, reduces
birth weight and causes permanent hypertension, hypergly-
caemia, increased hypothalamic-pituitary-adrenal (HPA) axis
activity and anxiety-related behaviours in the adult offspring.
In humans, 11B-HSD2 gene mutations lower birth weight and
placental 11B-HSD?2 activity correlates directly with birth weight
and inversely with infant blood pressure. Low birth weight babies
have higher plasma cortisol levels throughout adult life, indi-
cating HPA programming. Maternal glucocorticoid therapy alters
offspring cognition and affect. Pregnant women exposed to the
World Trade Centre atrocity appeared to transmit the neuroen-
docrine change to their 1-year-old offspring, predominantly if
exposed in the third trimester.

The molecular mechanisms may reflect permanent changes in
the expression of specific transcription factors, perhaps key is
the glucocorticoid receptor (GR) itself. Differential program-
ming of GR in different tissues, including hippocampus and
amygdala, reflects effects upon one or more of the multiple tis-
sue-specific alternate first exons/promoters of the GR gene. There
are exquisitely targeted promoter-specific, and indeed tran-
scription-factor binding site-specific, changes in DNA methyla-
tion that occur only during specfic sensitive periods of devel-
opment. Curiously, some of these effects appear to be ‘inherited’
transgenerationally, affecting a further generation, itself unex-
posed to exogenous glucocorticoids at any point in the lifespan.
Such effects can follow the male line, indicating epigenetic
changes that persist through meiosis, fertilization and embryo-
genesis. Thus developmental exposure to excess glucocorticoids
‘programmes’ peripheral and CNS functions in adult life that
may predispose to pathology and these effects may be transmit-
ted into one or perhaps more subsequent generations.
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Stress and obesity: the evolutionary roles of glucocorticoids
gone awry in our cultures

M.E. Dallman, N.C. Pecoraro, J.P. Warne, A.B. Ginsberg,
M.T. Foster and S.F. Akana

Physiology, University of California San Francisco, San Francisco,
CA, USA

Uncontrollable chronic stressors include periods of drought,
earthquake, hurricane and famine which demand searching for
new territory and the drive and energy to support the search.
Glucocorticoids (GC), secreted during stress, appear to adapt
the organism perfectly to find a new, more hospitable site to live
while maintaining metabolic energy for the search. In the brain,
GC act to increase stimulus salience or motivation; the valence
of the behaviour emitted depends on the conditions and state
of the animal and available outlets. In rats, GC facilitate search
and running behaviours, freezing, aggression, anxiety- and fear-
like behaviours; they also stimulate ingestion of palatable fat and
sugar, but not plain (boring) chow [1-4]. However, GC do stim-
ulate chow intake in diabetic rats in a dose-related fashion, but
insulin, acting through the hepatic vagus, stimulates lard inges-
tion while decreasing chow intake in diabetic rats [5-7]. In the
periphery, GC are catabolic and mobilize substrates for hepatic
gluconeogenesis, but they also stimulate insulin secretion, which,
in turn determines which foods will be eaten. Together these hor-
mones shift caloric stores from the periphery to central fat depots.
However, there is a metabolic feedback signal to the hypothala-
mic-pituitary-adrenal axis as well as the well-known acute GC-
mediated feedback at hypothalamus and pituitary. Central fat
mass is inversely related to the magnitude of hypothalamic cor-
ticotropin-releasing factor expression [4], and voluntary lard
ingestion by rats markedly reduces the amplitude of ACTH and
corticosterone responses to acute restraint [7], suggesting that
stressor-induced eating may serve as self-medication for pro-
tection against the central effects of stress. In current civiliza-
tions, where perceived stressors abound and palatable foods are
readily available with minimum exertion, this evolutionarily bril-
liant set of actions of stress-induced GC almost certainly con-
tributes to the current epidemic of obesity and the pathophysi-
ologic association between abdominal obesity and the metabolic
syndrome.
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Central mechanisms underlying attenuated responses to
stress during late pregnancy

A.J. Douglas

School of Biomedical Sciences, University of Edinburgh, Edinburgh,
UK

Hypothalamo-pituitary-adrenal (HPA) axis responses to stress
are compromised in disease states but under selected circum-
stances responses are also altered in healthy physiological states,
such as during reproduction. Corticosterone secretion is atten-
uated in response to physical and psychological stressors in late
pregnancy, parturition and lactation and may provide protec-
tion for the offspring from long term adverse effects of gluco-
corticoids and alter metabolic processes, balancing energy
requirements of the mother and offspring. Since in the rat and
mouse the responses of hypothalamic paraventricular neurones
and selected inputs are also attenuated, central mechanisms
underlie the HPA axis hyporesponsiveness in late pregnancy.
However, enhanced glucocorticoid feedback cannot explain the
adaptations in responsiveness to stress (1), as it can in disease
states such as depression. We have investigated whether the atten-
uated responses to stress are mediated by two key central sys-
tems that regulate HPA axis responses in rats: oxytocin and
monoamines. Central oxytocin inhibits the HPA axis in virgin
rats, and central oxytocin release and receptor expression are
enhanced in late pregnancy and parturition; however, increased
oxytocin inhibition does not explain the attenuated HPA axis
responses (2). In contrast, monoamines such as noradrenaline
strongly drive paraventricular (PVN) neurone responses to stress.
Using a combination of neuropharmacological, neuroanatom-
ical and microdialysis studies, we have shown that noradrener-
gic inputs to the PVN are reduced and that PVN neurones are
less sensitive to noradrenaline in late pregnancy (3), in response
to swimming- or IL1B-induced stress. The opioid antagonist,
naloxone partially restores HPA axis responses to stress and
administered directly into the PVN also restores noradrenaline
release. Thus, opioids presynaptically restrain the noradrenergic
input to the HPA axis (4), contributing to the stress hypore-
sponsiveness. Therefore, profound adaptations occur in the brain
during pregnancy to facilitate maternal accommodation of the
fetus(es), and stress hyporesponsiveness, including underlying
reduced noradrenergic signalling, persists into lactation (5). In
summary, attenuation of the noradrenergic system underlies
attenuated HPA axis responses perinatally, and is so far the only
reported central transmitter mechanism that can explain hypore-
sponsiveness of the HPA axis at this time.
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Formyl peptide receptors in the neuroendocrine system -
potential targets for pro-inflammatory and anti-
inflammatory mediators

J.C. Buckingham!, C.D. John!, E. Solito!, H.C. Christian? and
J.E. Morris?

INeuroscience and Mental Health, Imperial College London,
London, UK and ?Human Anatomy and Genetics, University of
Oxford, Oxford, UK

The N-formyl peptide receptors (FPRs) are a family of G-pro-
tein coupled receptors that respond to pro-inflammatory N-
formylated bacterial peptides (e.g. formyl-Met-Leu-Phe, fMLP)
and, thus, contribute to the host response to bacterial infection.
A growing body of evidence suggests that some members of this
receptor family may also be targets for certain anti-inflamma-
tory molecules, e.g. lipoxins and annexin 1 (ANXA1), a media-
tor of glucocorticoid (GC) action in the host defence system. To
explore further the potential role of FPRs in mediating ANXA1
actions, we have focused on the pituitary gland, where ANXAI
has a well-defined role as a cell-cell mediator of the inhibitory
effects of GCs on the secretion of corticotrophin (ACTH), and
used well-established in vitro rodent preparations as experimental
models together with molecular, pharmacological and transgenic
approaches. RT-PCR analysis identified mRNAs for four FPR
family members in the mouse anterior pituitary gland, Fpr-rsl,
Fpr-rs2, Fpr-rs6 and Fpr-rs7. Functional studies confirmed that
like GCs, ANXALI and two ANXA1-derived peptides (ANXA11-
188 and ANXA1Ac2-26) inhibit the evoked release of ACTH
from rodent anterior pituitary tissue in vitro. The actions of
ANXA1 were mimicked by lipoxin A4 (LXA4, 0.02-2uM, a lipid
mediator with high affinity for Fpr-rs1) and by high (1-100uM)
but not lower (10-100nM) concentrations of fMLP. Bocl
(100uM), a non-selective FPR antagonist, effectively antagonised
inhibitory effects of dexamethasone, ANXA11-188, ANXA1Ac2-
26, fMLP and LXA4 on ACTH release, although at a lower con-
centration (50uM) it was without effect. The suppressive effects
of dexamethasone or ANXA1Ac2-26 on ACTH release were not
affected by Fpr1 gene deletion. Similarly, at low concentrations
sufficient for selective activation of Fprl (10-100nM), fMLP
failed to modify ACTH release. Together the results suggest that
the actions of ANXAL in the pituitary gland are independent of
Fprl but may involve other FPR family members, in particular,
Fpr-rsl. They thus provide the first evidence for a role of this
receptor family in the regulation of neuroendocrine function.

This work was generously supported by the Wellcome Trust.
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Glucocorticoids and enhanced memory for emotionally
arousing experiences

B. Roozendaal

Center for the Neurobiology of Learning and Memory, University
of California, Irvine, CA, USA

Extensive evidence indicates that glucocorticoid hormones
administered or released during or shortly after training on emo-
tionally arousing tasks enhance the long-term storage of this
newly acquired information. Findings of our laboratory indicate
that the basolateral complex of the amygdala (BLA) is a critical
component of the neural circuitry mediating emotional arousal
and stress hormone effects on memory consolidation [1]. Evi-
dence that lesions of the BLA block the modulatory effects of
systemic or intrahippocampal glucocorticoid administration on
memory consolidation suggests that BLA activity is essential
for enabling glucocorticoid effects in other brain regions to mod-
ulate memory consolidation. Furthermore, the finding that a
beta-adrenoceptor antagonist infused into the BLA blocks mem-
ory enhancement induced by posttraining systemic or intra-cere-
bral glucocorticoid administration indicates that noradrener-
gic activation of the BLA is a co-requirement in regulating
glucocorticoid-induced modulatory influences on memory con-
solidation. These findings are consistent with recent evidence
suggesting that glucocorticoids do not uniformly modulate mem-
ory of all kinds of information but, rather, preferentially influ-
ence the consolidation of emotionally arousing information. In
recent experiments investigating glucocorticoid effects on mem-
ory of object recognition training we found that glucocorticoid
effects on memory consolidation depend on emotional arousal
because of such critical interactions with training-induced nora-
drenergic activation of the amygdala [2]. However, glucocorti-
coids not only influence the formation of long-lasting memory;
there is now extensive evidence that they impair the retrieval of
previously acquired information [3]. In recent experiments we
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found that the integrity of the BLA and noradrenergic neuro-
transmission within the BLA are also essential for enabling such
glucocorticoid effects on memory retrieval impairment [4].
These findings are in accordance with recent evidence suggest-
ing that glucocorticoids also require a certain degree of emo-
tional arousal in influencing memory retrieval. Stress exposure
or glucocorticoid administration further impairs working mem-
ory, a dynamic process whereby information is continuously
updated. Working memory relies on the medial prefrontal cor-
tex (mPFC). We recently reported that the BLA interacts with
the mPFC in regulating glucocorticoid effects on delayed alter-
nation performance in a T-maze, a task commonly used to inves-
tigate spatial working memory functions in rodents. A gluco-
corticoid receptor agonist infused into the mPFC induces
impairment in working memory, and BLA lesions block the
working memory impairment induced by the glucocorticoid
receptor agonist [5]. Additionally, systemic administration of the
beta-adrenoceptor antagonist propranolol blocks glucocorti-
coid-induced impairment of working memory. As our findings
indicate that BLA influences on other brain regions in regulat-
ing glucocorticoid effects on memory are not restricted to con-
solidation of long-term memories but extend to memory
retrieval and working memory, they provide compelling evidence
that the BLA is part of an integrated network of cortical and sub-
cortical brain regions engaged in regulating different, and often
opposite, stress hormone effects on memory processes.
Roozendaal B (2002). Neurobiol Learn Mem 78, 578-595.
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