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ABSTRACT

Glucocorticoids (GCs) exert wide-spread actions in central nervous system ranging
from gene transcription, cellular signaling, modulation of synaptic structure and
transmission, glial responses to altered neuronal circuitry and behavior through the
activation of two steroid hormone receptors, glucocorticoid receptor (NR3C1, GR) and
mineralocorticoid receptor (NR3C2, MR). These highly-related receptors exert both
genomic and non-genomic actions in the brain, which are context-dependent and essential
for adaptive responses to stress resulting in modulations of behavior, learning and
memory processes. Thus, GCs through their receptors are implicated in neural plasticity
as they modulate the dendritic and synaptic structure of neurons as well as the survival
and fate of newly-generated cells (neuro- and glio-genesis) in adult brain. GCs are also
important in fetal brain programming as inappropriate variations in their levels during
critical developmental periods are suggested to be casually related to the development of
brain pathologies and maladaptive responses of hypothalamic-pituitary adrenal (HPA)
axis to stress during adulthood. They regulate immune responses in brain, which have
important consequences for neuronal survival. In situations of chronic stress and HPA
axis dysfunction resulting in chronically high or low GCs levels, a multitude of
molecular, structural and functional changes occur in the brain, eventually leading to
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maladaptive behavior. In fact, clinical studies suggest a causal relation of deregulated GC
responses with development of neurodegenerative disorders such as Alzheimer’s (AD)
and Parkinson’s (PD) diseases. AD and PD patients have high levels of circulating
cortisol while animal studies suggest that this chronic GC elevation participates in
neurodegenerative processes in both AD and PD pathologies. This chapter will focus on
the role of HPA axis and GCs on neurodegenerative processes involved in AD and PD
pathogenesis.

Keywords: glucocorticoids, neurodegeneration, Alzheimer’s disease, Parkinson’s disease,
epigenetics

INTRODUCTION

Glucocorticoid (GC) hormone is synthesized and released into systemic circulation from
adrenal glands following activation of hypothalamic-pituitary-adrenal (HPA) axis, which
entails synthesis of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP)
by paraventricular neurons (PVN) of hypothalamus and their release from median eminence
into portal blood. These hormones stimulate the synthesis of adrenocorticotropic hormone
(ACTH) in the anterior pituitary, which when released into general circulation binds to ACTH
receptor (melanocortin type Il receptor) in adrenal glands promoting GC synthesis from
cholesterol. GC release by HPA axis is under circadian control and occurs in an oscillatory
pattern or ultradian rhythm that varies in amplitude according to the time of day (peak in the
morning and trough in the evening/night in diurnal animals including humans and vice versa
in nocturnal animals, e.g., rodents). In addition, there is a surge of GC release in response to a
stress stimulus, which can be either psychogenic (e.g., fear) or physical (e.g., cellular lesion
or pathogen invasion). In response to stress, GCs exert critical adaptive functions by
modulating most biological processes (e.g., metabolism, cardiovascular and immune systems
as well as behavior); and through feedback inhibition of HPA axis they play a role in
terminating the stress response as well as facilitating the restoration of physiological
homeostasis [1]. In addition to their role in stress response, appropriate GCs levels are
important during development, for example in cell maturation, and in the differentiation of
lungs, kidneys and brain [2-4].

It is now thoroughly established that GCs have the capacity to profoundly modulate
different brain functions, as well, increasing evidence points to their role in brain
development. The appreciation that brain is a key target of this circulating adrenal steroid
hormone emerged from the pioneering work, principally by the laboratories of McEwen and
de Kloet, on identification and biochemical characterization of two receptors in the
hippocampus to which GCs bind - the mineralocorticoid receptor (MR) and glucocorticoid
receptor (GR) [5, 6]. Since then, GR presence in brain was observed to be widespread with
every cell type expressing this receptor in contrast to MR expression, which is more
restricted. MR is expressed by the neurons of the limbic system, i.e., hippocampus, locus
coeruleus, amygdala, prefrontal cortex and nucleus of the solitary tract, as well as neurons of
hypothalamus. MR is also present in non-neuronal cells, namely in glia and in epithelial cells
of choroid plexus and ependyma [7]. In brain, ®[H] corticosterone binding assays showed that
MR has 10-fold higher affinity (K4= 0.5 nM) for GCs compared to GR (Ks= 5 nM), which
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means that at basal GC levels, MR is occupied and activated [8] whereas GR is only activated
when GC levels reach a certain level as it happens in circadian peak and during stress [9]. GC
actions are pleiotropic, the principle factors determining their functions are: a) circulating
levels with accessibility to each cell type and b) context in which the receptors are activated.
GC levels are tightly regulated at each level of HPA axis and this is important in ensuring that
stress response is correctly executed. Deregulated HPA axis resulting in sustained high or low
GC levels are implicated in different diseases, for example disorders of metabolism (e.g.,
diabetes, obesity), immune (e.g., rheumatoid arthritis) and nervous systems (e.g., depression)
[10-12].

Synthetic GCs (e.g., dexamethasone, methylprednisolone) are routinely used in clinical
situations, particularly in disorders with an inflammatory component such as rheumatoid
arthritis or brain edema as they exert powerful anti-inflammatory and immunosuppressive
actions. However, prolonged GC use suppresses HPA axis resulting in harmful side effects
such as increased risk of infection, hyperglycemia, weight gain, behavioral or cognitive
problems. Interestingly, GCs are now also used clinically in neonates, as endogenous GCs are
required for fetal lung maturation as they promote the production of lung surfactant. This
could affect the programming or subsequent responsiveness of HPA axis particularly with
regards to stress responses in adults [13]. Thus prolonged GC exposure or exposure to high
levels of GC in specific developmental windows such as the prenatal and perinatal period can
impair the HPA axis negative feedback, increasing the propensity for developing
neuropsychiatric and metabolic disorders [14].

Glucocorticoid actions through MR and GR in brain have been particularly studied in
relation to glutamatergic as well as monoaminergic (e.g., dopaminergic and serotonergic)
systems, which have wide-range consequences from mood behaviors to cognition. Several
excellent reviews already exist on our current understanding of neuronal functions of GCsin
brain via these two receptors [15-19]. Our aim in this chapter is to describe how their actions
in neurons and glia impact the neurodegenerative processes, emphasizing on Alzheimer (AD)
and Parkinson diseases (PD). One of the arguments for their implication relates to GC
functions being exquisitely dependent on environmental changes, and in this regard, both
genetic susceptibility and environmental factors are believed to play key roles in the etiology
of these neurodegenerative diseases. Most of our current understanding of GCs involvement
in brain disorders relates to the functions of GR as this receptor plays a major role in stress
responses. Thus, before describing our current knowledge of GCs in neurodegeneration, we
reiterate the regulation of GC release by HPA axis and functional activity of GR as both are
likely affected in AD and PD as discussed below.

REGULATION OF GC RELEASE AND AVAILABILITY

Paraventricular nucleus (PVN) of hypothalamus receives integrated information from
suprachiasmatic nucleus for circadian control of GCs and from the limbic system for
psychogenic stress-induced GC release [20, 21]. In stress-induced GC release, limbic
structures such as amygdala are involved in stimulating PVN neurons to synthesize CRH
whilst hippocampus plays a crucial role in negative feedback inhibition of the HPA axis [22].
The fast feedback inhibition of HPA axis following acute stress is important to prevent
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depletion of GC needed for both successive stress and ultradian release, which interestingly is
impaired in aging as well as in patients suffering from depression. Both MR and GR at
hypothalamic and hippocampal levels play an important role in regulating the activity of PVN
neurons. In addition GR in anterior pituitary was found to regulate pulsatile ACTH release
[23]. HPA axis is also activated in response to cellular lesion or pathogen invasion by pro-
inflammatory cytokines such as IL-1, IL-6 or TNF-a released by either peripheral immune
cells or microglia [24]. IL-6 through activation of its receptor can also stimulate ACTH
release from anterior pituitary and GC from adrenal glands [25].

The availability of GCs to neurons and non-neuronal cells in brain is controlled in two
ways. Firstly, in the blood, most GCc are bound to corticosteroid binding globulin (CBG)
whose levels are down regulated by stress thereby increasing free-circulating GC levels [26].
Secondly, once inside the cells, the availability of GC for GR activation is controlled by GC-
metabolizing enzymes: 11-B-hydroxysteroid dehydrogenase type | (HSD11p1),  which
regenerates active glucocorticoids (e.g., cortisol from cortisone) thus amplifying GR
activation. In addition, 11-B-hydroxysteroid dehydrogenase type Il (HSD11B2) has an
opposite function, i.e., increasing the inactive form of GC. Using mice deficient for
HSD11p1, previous studies have shown that these mice are protected from hippocampal
memory impairments associated with aging. However, cognitive problems arise normally
because GR activity predominates due to high GC levels catalyzed by this enzyme [27, 28].

GENOMIC AND NON-GENOMIC ACTIONS OF GLUCOCORTICOID
RECEPTOR (GR)

GR exerts both genomic and non-genomic actions in brain. The genomic actions of GR
pertain to its ligand-activated transcriptional activity. Non-liganded GR in the cytoplasm is
normally in complex with chaperone proteins such as heat shock proteins 90, 70, 40, 23 as
well as immunophilins such as FKBP51 and 52. Upon GC binding, the conformational
change of the complex results in exposure of nuclear localization signal of GR, which allows
importin-mediated translocation of GR into the nucleus. Recent studies highlight the
importance of correlation between GR transcriptional activity and ultradian pulsatile nature of
GCs for generation of appropriate response to stress stimulus [29, 30].

GR protein is comprised of N-terminal transactivation domain which is important site for
GR co-regulatory binding proteins such as cAMP-response-element binding protein binding
protein (CBP), it also contains phosphorylation sites, e.g., serine 203, serine221 and serine
226. The central zinc-finger DNA-binding domain is important for the GR binding to the so-
called Glucocorticoid Response Elements (GREs), which are present in promoters of GR
target genes. The carboxy-terminal domain is the site of GC binding to GR as well as co-
activators such as histone acetylases or co-repressors. The transcriptional regulation by GR is
both cell-type and context-dependent. GR can regulate transcription by: a) direct binding as
homo-dimers to GRE DNA sequences to stimulate transcription, e.g., mitogen-activated
protein kinase phosphatase-1 gene; b) direct binding to negative GRE elements to repress
transcription, e.g., CRH or ACTH receptor genes; c¢) trans-repression or “tethering” i.e.,
association with other transcriptional factors to inhibit their transcriptional activity. This
mechanism is by far the most notable in immune cells where GR regulates transcription of
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nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB), activator protein-1
(AP-1) and members of interferon regulatory transcription factors (IRFs). In brain,
identification of GR-modulated genes is difficult due to anatomical complexity and cellular
heterogeneity. Nevertheless, transcriptomic studies in the hippocampus have identified
functional classes of genes modulated by GR which include genes coding for neurotransmitter
catabolism, neurotrophic factors and their receptors, signal transduction, energy metabolism
and cell adhesion [31].

The genomic actions of GR are slow in onset and long lasting. In contrast, GR exerts
non-genomic actions at plasma membrane of neurons, which are rapid (seconds to minutes),
involve alterations in neuronal excitability and are dependent on the context of the signal. The
non-genomic actions of GR at the membranes also involve activation of down-stream
signaling pathways involving kinases such as ERK, AKT, PKC and PKA [32]. Altogether,
this provides a surprising diversity and complexity of GC modulation of gene expression and
cellular signaling.

EPIGENETIC REGULATION OF GR

Animal studies confirm earlier anecdotal observations in humans indicating that early life
adverse experience has a profound impact on adult behavior. Early life stress or exposure to
GC (endogenous or exogenous) may induce neuroendocrine programming, subsequently
altering offspring's growth, metabolism, immune system and even the stress response as
previously mentioned. These observations derive from both animal and human studies, where
an alteration in the activity of the HPA axis was found [14, 33, 34]. Such prenatal programing
may be an evolutionary mode of shaping internal characteristics of the developing organisms
in order to adapt to the environment. However, such modifications might ultimately result in
the development of long-term diseases, from metabolic syndromes to psychiatric disorders
[35-39].

This long-lasting effect of early life experiences in brain function and behavior appears to
be mediated (at least partially) by epigenetic mechanisms [14, 34, 40]. In the last years,
considerable progress has been made in untangling the epigenetic alterations induced by
stress/GC. However, most of the studies are merely correlative and the mechanism through
which stress/GC induce epigenetic programing remains completely unkown.

One way of buffering the impact of maternal GC exposure in the developing fetus is by
converting cortisol/corticosterone into inactive metabolites through the action of placental
HSD11B2. However, some studies indicate that maternal adversity can increase the
methylation at specific CpG sites within the HSD11p2 gene promoter and lead to a down-
regulation of this enzyme [41, 42], which may allow excessive levels of GC to reach the fetus
and program different organs and systems. The first evidence of brain epigenetic programing
induced by early life adversity was reported by Meaney and colleagues, which showed that
natural variations in maternal behavior were correlated with DNA methylation levels of a
neuron-specific exon 17 promoter of the GR gene.

Briefly, male rats reared by “good dams” (i.e., those that presented high pup licking and
grooming) demonstrated lower levels of stress response, greater performance on cognitive
tasks and larger exploratory activity in a novel environment, compared to the offspring of
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“bad dams”; this was associated with a differential methylation of this specific region of the
GR promoter [43, 44]. Importantly, these results were later replicated in humans showing
individuals with childhood stressful experiences (abuse during childhood), presented
hypermethylation of this region, in comparison to non-abused individuals [45].

Later studies revealed an increased methylation of a CpG-rich region in the promoter and
exonlF of the GR gene in the cord blood of newborns of mothers with depressed mood
during the third trimester of gestation [46]. Importantly, this pattern on methylation of the GR
gene occurred only in the offspring (and not the mothers), correlated with levels of response
to stress in infants at 3 months of age, and persisted beyond infancy. Similarly, pregnancy-
related anxiety is associated with the methylation state of the GR gene in the child [47]. These
findings suggest a common effect of parental care in both rodents and humans on the
epigenetic regulation of hippocampal GR expression. One question that still remains is
whether these epigenetic changes are the cause of maladaptive behaviors or a mere
adaptation, in the light of evidence showing that healthy individuals with a history of
childhood adversity can also present increased GR methylation and an attenuated cortisol
response to the dexamethasone test [48]. In this perspective, such adversity-induced
epigenetic changes may predispose the individual to disease (in combination with other
genetic or extrinsic factors) but are not the cause per se.

In addition, other pivotal stress players are also affected by early life stress/GC exposure.
For example, mice, in a model of early-life stress present hypersecretion of corticosterone,
alterations in passive stress coping and memory followed by a persistent increase in arginine
vasopressin expression in neurons of the hypothalamic PVN due to sustained DNA
hypomethylation of CpG residues that serve as DNA-binding sites for the methyl CpG-
binding protein 2 (MeCP2) [49]. In addition, stress/GC exposure early in life may induce
long-lasting epigenetic changes in neurotransmission-related genes. For example, animal
studies demonstrated that prenatal GC exposure leads to differential methylation of dopamine
receptor D2 [50]. In humans, depressed mood during pregnancy leads to decreased levels of
methylation in the promoter of the SLC6A4 gene, encoding the serotonin transporter, in
maternal peripheral leukocytes and in umbilical cord leukocytes collected from their infants at
birth [51]. Such changes may affect how the individual senses/processes/responds to
environmental stimuli and may explain, in part, the increased vulnerability for
neuropsychiatric disorders later in life.

In addition to particular gene epigenetic changes, stress/GC have a strong impact in the
epigenome (elegantly reviewed in [52]. Human studies on different cohorts have shown that
early life maltreatment induces long-lasting methylation changes in the genome [53-55] while
recent animal-based evidence suggest that the epigenomic landscape is also strongly
correlated with gestational maternal adversity [56] and even with natural variations in
maternal care [57]. In addition to methylation, gene expression can be further controlled by
hydroxymethylation and diverse histone modifications, adding additional layers of
complexity to the GC-driven changes that may predispose individuals to the development of
brain pathologies.
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SUSTAINED GR ACTIVATION AND
NEURODEGENERATION IN AD

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterized by
slow and progressive dementia while the major histopathological hallmarks are senile plaques
containing amyloid beta (AB) deposits and intracellular neurofibrillary tangles (NFT) made of
hyperphosphorylated forms of the cytoskeletal protein Tau [58-60]. AP is the proteolytic
product of the bigger transmembrane protein called amyloid precursor protein (APP), which
is sequentially cleaved by [B-secretase (BACE-1) and y-secretase (enzymatic complex of
proteins) resulting in the production of AP; this cellular pathway is often called APP
misprocessing. Many studies have demonstrated that APP misprocessing and A trigger AD
neuropathological processes such as synaptic malfunction (impairing mechanisms of synaptic
plasticity, e.g., LTP), neuronal atrophy and synaptic loss as well as mitochondrial
dysfunction, oxidative stress and glial activation.

While still debated, it is suggested that AP also triggers abnormal Tau
hyperphosphorylation leading to the formation of NFTs and neuronal loss in AD brain.
Indeed, accumulating data suggest the involvement of Tau protein in the detrimental effects
of AP as use of Tau-KO blocked the AP neurotoxic effects [61-64]. Further support of the
essential role of Tau in the establishment of AD pathology is based on the clinical findings
that have consistently shown that the cognitive deficits in AD patients correlate with NFTs
rather with AP deposition. Indeed, hyperphosphorylated and aggregated Tau resulting in
NFTs is associated with neuronal loss. Gomez-Isla et al. [65] demonstrated that strong
correlation of neuronal loss in cerebral cortex and increased NFT burden with disease
progression; no such correlation was found with AB. Furthermore, reduction of hippocampal
volume in AD patients was associated with phosphorylated Tau, but not AP levels in cerebral
spinal fluid (CSF) [66].

Several risk factors have been suggested for AD while recent evidence supports an
etiopathogenic role of chronic stress and glucocorticoid hormones in the establishment and
development of AD pathology [67, 68]. Clinical studies report high cortisol levels, measured
in plasma, saliva or CSF, of AD patients indicative of altered HPA axis [69-73] while the
increase of cortisol levels is negatively associated with memory scores in AD patients [74,
75]. Furthermore, Hartman et al. [76] monitored the 24hr secretory pattern of plasma cortisol
in AD patients finding a higher mass of cortisol release; however, the diurnal changes in
cortisol levels were not altered. Since chronic elevation of GC levels is known to impair
memory and cognitive performance, it is speculated that GCs play a role in progressive
cognitive decline in AD. Indeed, it is unclear whether high GCs are a cause or a consequence
of the disease as one of the explanations of high GC levels in AD patients is the deregulation
of feedback inhibition of the HPA axis, particularly in relation to psychogenic stressors,
occurring at the level of the hippocampus, a region significantly damaged in AD brains.

It is noteworthy that many clinical and experimental reports suggest a reduction of adult
neurogenesis in AD hippocampus while the same is true for chronic stress conditions [77-79].
Reduction of hippocampal adult neurogenesis was shown to increase HPA activity implying
that this region is involved in hippocampal feedback regulation of HPA axis during stress
[80]. Thus, high GCs can aggravate hippocampal memory processes in AD by having a
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negative effect on hippocampal neurogenesis, which may, in turn, contribute to maintenance
of deregulated HPA axis.

GC IMPACT ON AD NEURODEGENERATIVE MECHANISMS

Clinical studies show that chronic stress is a risk factor in AD pathogenesis and it also
lowers the age of onset of the familial form of AD [67, 68]. Indeed, it has been evoked that
chronic stress is among the principal factors that contributes to development of AD [77]. A
principal target of GCs is hippocampus, which is a main target area for AD pathology and
chronic stress (Figure 1). The hippocampal dysfunction in AD has significant detrimental
consequences on declarative, spatial and contextual memory processes. As hippocampal
neurons have very strong GR expression and are intimately involved in regulation of HPA
axis, there has been a great deal of interest in how high cortisol levels and stress impact the
deterioration of hippocampal functions caused by toxic AP and Tau hyperphosphorylation in
AD.

Previous studies show that elevated GC levels and exposure to chronic stress increase Af
production in AD transgenic mouse models exacerbating their memory deficits [81, 82],
Specifically, chronic immobilization stress in amyloid precursor protein (APP)V717ICT-100
transgenic mice (this APP mutation is known for aggressive early onset AD) evoked
acceleration and greater severity of memory deficits and increased extracellular AB deposits.
Similarly, Green at al [81] showed that prolonged treatment with the synthetic GC,
dexamethasone, triggers APP misprocessing resulting in increased A levels using both in
vitro and in vivo approaches (neuronal N2A cell line and pre-pathological 3xTg-AD young
mice). In addition, the same study also demonstrated transcriptional up-regulation of APP and
[B-secretase expression by GR (both contain GRE in their promoter region).

Similarly, other in vitro studies have confirmed that GCs trigger APP misprocessing
without influencing the non-amyloidogenic pathway, i.e., the other cellular cascade of APP
cleavage/processing [83]. Similar observations were made in middle-aged rats in which the
amyloidogenic potential of chronic stress (chronic unpredictable stress paradigm) and
prolonged GC treatment was demonstrated insofar that both treatments were found to drive
APP processing towards the generation of AP and its precursor molecule (C99), both of
which have neurotoxic and cognition-impairing properties [84]. This study also showed that
GCl/stress increased B-secretase (BACE-1) levels as well members of y-secretase complex
(Nicastrin). Given that stressful stimuli occur intermittently over the lifetime, and that their
effects may be cumulative, an important finding by Catania et al., [84] was that GC potentiate
the APP misprocessing pathway in previously stressed animals of AD model (ApB-infused
rats).

Interestingly, clinical studies suggested that the stress-related neuropsychiatric disorder,
depression, is a risk factor for the development of AD pathology as the history of depression
is correlated with increases of amyloid plaques and NFT [85]. In addition, other studies
suggested the utility of measurements of the various APP cleavage products as biomarkers to
discriminate between subjects undergoing normal aging from those suffering from depression
or AD [86-89]. Interestingly, more recently, some studies report the influence of anti-
depressant drugs on the proteolytic cleavage of APP suggesting its anti-amyloidogenic role
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[89, 90] while many antidepressants are shown to normalize the HPA axis and the resulting
GC levels which are increased in many depressed patients and models of stress-driven
depression.

Besides APP misprocessing, high levels of GC trigger the other main AD
neurodegenerative pathway, the aberrant hyperphosphorylation of Tau protein. Among the
first reports suggesting a potential connection between GC and Tau was the study by Stein-
Behrens et al. which demostrated high GC levels exacerbated neuronal loss induced by kainic
acid injection in hippocampus while in parallel increased Tau immunoreactivity. Later on, it
was shown that treatment with synthetic dexamethasone for 7 days in 3xTg AD mouse model
resulted in Tau accumulation in somatodendritic compartment of neurons in hippocampus,
amygdala and cortex [81].
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Figure 1. Glucocorticoids (GCs) and Stress impact on AD neurodegenerative mechanisms. The
schematic presentation reflects the triggering role of high GC levels and chronic stress on AD cellular
mechanisms based on experimental evidence using animal and cellular AD models. Prolong exposure
to GC and/or stress activates amyloidogenic cellular pathway resulting in the sequential cleavage of
APP by B- and y-secretase which produces AB. Next, the cytoskeletal protein Tau, mainly found at
neuronal axon (rdown (dark) part in the healthy neuron scheme), is aberrantly hypersphosphorylated
through the activation of different kinases (e.g., GSK3- and c¢dk5) which results in Tau
somatodendritic accumulation (upper (dark) part in in diseased neuron scheme). In addition, abnormal
conformation and caspase 3-mediated truncation of Tau occurs together with a parallel dysregulation of
the molecular chaperones (e.g., Hsp90 and Hsp70) facilitating reduced Tau degradation and increased
Tau oligomerization and ultimately, aggregation (see panel on the right). The above cellular cascades
result in neuronal atrophy and loss leading to the establishment of cognitive impairment.
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In addition, Sotiropoulos et al., [91] showed that chronic stress or GC treatment triggers
Tau hyperphosphorylation in different epitopes implicated in cytoskeletal pathology and
synaptic loss in AD patients (e.g., pSer262) [92, 93]; note that these epitopes are correlated
with hippocampal atrophy in AD patients (e.g., pThr231) [94]. Indeed, clinical studies report
a strong correlation between the extent of Tau hyperphosphorylation (e.g., Thr231 and Ser262
residues) and severity of impairments of memory, speed of mental processing, and executive
functions [95-97].. Futhermore Tau hyperphosphorylation is associated with synaptic loss and
memory impairment in experimental animals [98] that could be also related with the stress-
induced synaptic and memory loss.

Albeit specific Tau phosphoepitopes maybe differentially regulated by chronic stress and
prolonged GC treatment, the overall in vitro and in vivo evidence [83] clearly implicates GCs
as a key mediator of the cellular response to stress. Nevertheless, other studies have also
suggested the contribution of other stress-related molecules, e.g., corticotrophin-releasing
hormone [99, 100]. Furthermore, in vitro studies suggest the mediation of glycogen synthase
kinase 3 (GSK3) or CDKS5 in the above GC- and stress-triggered Tau hyperphosphorylation,
both known to lead to microtubule disruption as well as formation of NFTs [83]. In parallel,
GC were also shown to increased Tau accumulation by affecting turnover of the protein [83],
which may involve reduced degradation through dysregulation of molecular chaperones
responsible for Tau proteostasis (e.g., Hsp90, Hsp70 [101]). Interestingly, Hsp90 and Hsp70
serve to maintain the glucocorticoid receptor (GR) in a high affinity state (as previously
discussed) and thus, offering a clear cross-point between GC/GR cellular signaling and Tau
degradation machinery. This reduced degradation could facilitate the increased aggregation of
Tau into insoluble forms triggered by stress in P301L-Tau Tg mice [mice expressing human
Tau carrying the most common Tau mutation (P301L-Tau)]. In addition, chronic stress also
promotes C-terminal truncation of Tau by caspase-3 and, abnormal conformation of Tau in
the hippocampus of the same animals. Indeed, both truncation and abnormal conformation of
Tau precede its aggregation and formation of neurofibrillary tangles [99, 102, 103] thus
serving as early markers of disease. The Tau-C3 species have been suggested to contribute to
misfolding of Tau into a conformation that can nucleate and recruit other Tau molecules into
aggregates [99, 103, 104], which are shown to be neurotoxic and related to neuronal loss
[105].

GLUCOCORTICOID ROLE IN THE ONSET AND PROGRESSION OF
PARKINSON’S DISEASE

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is
characterized by preferential loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) and dopamine depletion in striatum that underlies the appearance of motor
symptoms such as akinesia, resting tremor, rigidity and postural instability. The main
histopathological characteristic in PD brain is Lewy bodies (LBs), which are proteinaceous
inclusions containing the presynaptic protein, alpha-synuclein, and are found in many
different brain regions far beyond SN and striatum; e.g., cerebral cortex, limbic system,
hypothalamus as well as the autonomic nervous system that are also affected in PD brain
[106-108]. Thus, in addition to motor symptoms due to SN and striatum neurodegeneration
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and lessions, PD patients with cortical LBs also suffer from dementia and visual
hallucinations [109].

While several gene mutations have been identified in the familial forms of PD, the
majority of PD cases are sporadic with unknown etiology. Different cellular mechanisms
have been suggested to be involved in PD neurodegeneration and dopaminergic neuronal loss
such as oxidative and nitrative stress, mitochondrial dysfunction and deregulated intracellular
calcium levels, damaged proteostasis related to alpha-synuclein aggregation [110]. Like in
AD, deregulated HPA activity is also reported in PD patients. Specifically, previous studies
[76, 111-113] including our work [114] show that plasma cortisol levels are significantly
higher in idiopathic PD patients compared to control subjects; however the cortisol levels are
not related to disease duration or to L-3,4-dihydroxyphenylalanine (L-DOPA) treatment.
Interestingly, the diurnal mode of cortisol secretion in PD patients, in particular the normally
quiescent nocturnal cortisol secretory pattern, is affected [76].

Furthermore, monoaminergic neurotransmission in hypothalamus, the first compartment
of HPA axis, is also affected in PD patients who exhibit reduced levels of dopamine,
serotonin and noradrenaline in this brain area [115, 116] followed by reduced density of
dopamine receptors [117]. Notably, this reduction was not altered by dopamine medication,
which is often used in PD patients. Future studies are necessary to clarify whether the
deregulation of HPA axis in PD patients is situated at the hypothalamic and/or the adrenal
level as Lewy body pathology is observed in both regions.

THE NEURODEGENERATIVE POTENTIAL OF
GC INPD PATHOLOGY

The deregulated HPA axis and the subsequent elevated GC levels in PD patients reflects
the role of stress which was suggested as one of the earliest proposed causes of PD. Although
it may not be a major etiological factor, there are clinical reports showing that chronic stress
triggers the appearance of PD symptoms or exacerbates the motor symptoms [118, 119].
Furthermore, experimental studies demonstrate that stressors such as food deprivation or
tailshock aggravate motor deficits in the 6-hydroxydopamine (6-OHDA) PD model (6-
hydroxydopamine local injections lesions the nigrostriatal pathway) [120]. Using the same
model, Smith et al. [118] showed that chronic stress exposure (restraint) before the 6-OHDA
injection worsened the 6-OHDA-driven motor deficits, aggravated the neurodegeneration of
nigrostriatal system and completely blocked compensatory recovery of motor tasks.

How does high stress level of GC-GR exacerbate motor impairments following
nigrostriatal lesions? GCs are known to profoundly shape the dopaminergic neurotransmitter
system, exerting differential or heterogeneous effects depending on whether the dopaminergic
projections arise from the ventral tegmentum area (VTA) or the SNpc. While plethora of
studies have monitored the impact of GC on the limbic arm of dopamine neuronal circuitry
related to behavioral changes as well as neuropsychiatric diseases, our knowledge about the
exact GC influence on motor-related dopamine neuronal networks is very limited. There is
lack of evidence about the impact of chronic GC elevation on nigral and striatal neurons or
glia and how this contributes to nigrostriatal degeneration and motor impairments. Analysis
of GR in PD brain revealed that global GR levels were lower in SNpc and higher in putamen
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compared to control subjects and these results were recapitulated in MPTP (1-methyl 4-
phenyl 1,2,3,6-tetrahydropyridine)-treated mice [114].

However, the cell types in which GR changes occur have not been identified.
Interestingly, high GR levels in putamen of PD patients raises the possibility that
dopaminergic nerve terminal degeneration induces upregulation of GR in striatal neurons
and/or glia. In a study by Barrot et al. [121], GCs in SNpc or in dorsolateral striatum were
found not to modify either tyrosine hydroxylase levels or dopamine transporter activity. On
the contrary, adrenalectomy and the subsequent loss of corticosterone resulted in reduced D1
dopamine receptor in dorsolateral striatum suggesting that neurons expressing dopamine
receptors may represent a target of GC-GR actions for basal ganglion regulation of
movement. While the molecular mechanisms by which high GC through GR activity
exacerbate motor deficits are not well understood, it is possible that they alter glutamatergic
synapses in striatum that are under dopamine regulation.

ROLE OF GLUCOCORTICOID RECEPTOR IN REGULATION OF
INFLAMMATION IN PARKINSON’S DISEASE

Chronic inflammation mediated principally by activated microglia, astrocytes and
infiltrating T cells is a major neuropathological characteristic of PD. Evidence from recent
genome-wide studies point to involvement of the immune system in the etiology of idiopathic
PD. A number of susceptibility loci identified relate to genes expressed in immune cells such
as HLA-DQB1, LRRK2 or BST-1 [122, 123]. In addition, identified PD risk factors [such as
age, environmental toxins (e.g., heavy metals or pesticides,) traumatic brain injury, bacterial
or viral infections] activate immune responses in periphery and brain.

Using radiolabelled ligand *'C-PK-11195 for translocator protein, Positron Emission
Tomography (PET) studies in PD patients revealed an early activation of microglia in many
brain regions including basal ganglia and substantia nigra [124, 125]. Furthermore, post-
mortem studies as well as analyses of serum and cerebrospinal fluid from PD showed high
levels of pro-inflammatory mediators such as TNF-a., IL-1f3, iNOS, IFN-y and COX-2 [126].
In line with observations in PD patients, presence of inflammatory mediators and glial
reactivity in striatum and substantia nigra is a key feature in many of the experimental animal
models of PD. For example, treatment of mice or monkeys with neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine  (MPTP) which selectively induces degeneration of
nigrostriatal pathway, 6-hydroxydopamine lesion of nigro-striatal pathway in rodents or
toxicity induced by alpha-synuclein injection [126, 127].

Among all the brain regions, substantia nigra has one of highest density of microglia.
Activated microglia functioning as innate-immune competent cells are likely involved in
releasing the above inflammatory molecules, thereby inducing dopamine neurodegeneration.
Indeed the important role of these pro-inflammatory mediators in promoting degeneration of
dopaminergic neurons of substantia nigra was demonstrated using mice with specific
knockout of these genes [128-131]. Many of the pro-inflammatory mediators found in PD
patients are transcriptional targets of GR. The synthetic analogue of GCs, dexamethasone,
was shown to attenuate dopamine neuronal loss by precluding activated microglia from
releasing toxic inflammatory molecules [132, 133]. In adrenalectomized mice (lacking
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endogenous production of GCs), dopamine neuronal loss was augmented following MPTP
intoxication indicating that endogenous GCs do play a role in protecting dopamine neurons
[134] Examination of GR in microglia revealed an increase in nuclear localization of GR
following MPTP treatment in mice, which coincided with rise in systemic corticosterone
levels indicating that GR is activated in microglia during degeneration of dopamine neurons
[114]. The unequivocal evidence that GR in microglia normally protects dopamine neurons
appeared in a study using mice in which GR gene is deleted in microglia/macrophages. MPTP
treatment in these mice resulted in increased dopamine neuronal loss as well as increased
microglial activation and expression of pro-inflammatory mediators [114]. Indeed, the
absence of GR in microglia resulted in sustained activation of NF-kB as was shown in these
microglial GR mutants. The above finding has a significant relevance for PD pathogenesis as
nuclear expression of p65 subunit of NF-kB, indicative of transcriptional activity, was found
in substantia nigra microglia of PD post-mortem [135].

Chronic inflammation and sustained activation of glia in PD suggests that processes
involved in regulation of glial activation and expression/secretion of inflammatory mediators
are likely compromised. Chronic inflammation, an important component of pathology in
neurodegenerative diseases, is suggested to be a maladaptive response of homeostasis as
successful inflammatory response has a resolution phase which is an active process that
enables restoration of homeostatic set points [136, 137]. Inflammation mediated by immune-
competent cells including microglia is normally a very tightly regulated process. The
immune-regulatory processes are affected in aging leading to increased susceptibility to
infections and immune activation. Thus in aging, microglia show enhanced sensitivity to
inflammatory stimuli - a process called “priming” which could be also induced by chronic
stress and deregulated HPA axis. In this regard, there are several studies showing that
chronically elevated GC levels in response to different stressors cause pro-inflammatory
cytokine production and sensitization or “priming” of microglia. Importantly, subsequent
inflammatory or toxic stimulus results in aggravatation of neuronal injury [138-140]. Aging is
associated with chronically high GC levels and immuno-senescence exemplified by a
sustained low production of pro-inflammatory molecules [141]. Thus, in contrast to their
well-known anti-inflammatory actions, in fact high and sustained GCs can exacerbate
inflammation. However, it is currently not known whether GR transcriptional activity
regulating inflammatory response of microglia is compromised in AD and PD pathological
conditions where deregulated HPA axis and sustained high GC levels of are found.

GC-DRIVEN BRAIN PROGRAMMING AND
NEURODEGENERATIVE PATHOLOGIES

Although Alzheimer’s disease (AD) is often seen as an age-related neurodegenerative
disorder, recent evidence suggests that early life events may play a role in the onset of the
disorder (Borenstein, A.R.; Early-life risk factors for Alzheimer disease. Alzheimer Dis.
Assoc. Disord., 2006). In this perspective, AD is probably not determined by a single
etiologic factor, but results from the interplay between genetic and environmental factors
throughout life, being a possible explanation why monozygous twins can be discordant for
AD.
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Albeit there is still controversy and the literature is sparse, it has been suggested that
early life adverse events such as maternal stress, intrauterine infections, poor maternal and
perinatal nutrition can potentially predispose to AD eventually by epigenetic programing of
specific genes/pathways related to AD neurodegeneration. For example, early-life lead
exposure of older rats and primates induces overexpression of the amyloid precursor protein
and its amyloid beta (AP) product, both characteristically found in AD brain as will be
discussed later in this chapter. One interesting finding was that cognitive impairment was
only observed in mice exposed to lead [142], highlighting the relevance of the “window of
opportunity” for some environmental factors to trigger the disease.

Similarly, Tau hyperphosphorylation and accumulation, the other main histopathological
characteristic of AD pathology) was elevated in both aging rodents and primates previously
exposed to lead at younger age, [143] suggesting the potential impact of early-life stress
exposure to the precipitation of AD neurodegeneration later in life. Interestingly, a recent
study has also highlighted the GC-related epigenetic drive in the establishment of AD
pathology in the brain of CK-p25 AD mouse model (exhibiting Tau pathology). These Tg
mice exhibit increased levels of HDAC?2 associated with cognitive impairment, which seems
to be mediated through glucocorticoid receptor induced HDAC?2 transcription [144].

Furthermore, the role of early life stressful events in the etiopathogenesis of another
neurodegenerative disorder, Parkinson’s disease (PD) has emerged in the last years. In an
interesting study, pups of female animals exposed to lipopolysaccharide (LPS), a bacterial
endotoxin, during pregnancy, showed loss of dopaminergic neurons. This suggests that high
LPS levels in mothers might interfere with the dopaminergic neurons in the fetus enhancing
the susceptibility to PD [145].

Accordingly, different stressful stimuli could act cumulatively with the developmental
stress exposure representing the first imprint in the developing brain, determining the PD
phenotype characterized at the pathological level by a deficient substantia nigra with a low
burden of DA neurons at birth corresponding to a limited nigro-striatal neurochemical reserve
[146]. The low number of DA neurons in the substantia nigra reflecting the developmental
damage may remain subclinical during life. Thus, later exposure to the same or other DA
neuron-targeted toxicants might attack the few residual neurons leading to insurgence of PD.

CONCLUSION

Accumulating evidence suggests the neurodegenerative potential of chronic stress and
elevated GC levels in triggering clinical symptoms and participating in neuropathological
mechanisms and processes in AD and PD, two devastating age-related neurodegenerative
disorders. High circulating GC (cortisol) levels and deregulated HPA axis observed in
patients of both disorders imply that GR activity in the affected regions is most likely
compromised but the cause-consequence interrelationship between elevated GC levels and
development of neurodegenerative pathology remains unclear. While the ramifications of
prolonged exposure to GC stress are many, being causally implicated in immunosuppression,
metabolic syndrome, diabetes and others, our current understanding of the exact actions of
GC on these neurodegenerative diseases, although limited, opens a window of opportunities
to identify the various parameters that contributes to stress/GC-driven brain pathology. As
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both context and cell type determine GR functions, future works using, e.g., cell-specific
mouse models of GR activation/inactivation should shed light on their roles in pathological
brain aging and onset of neurodegenerative disorders such as AD and PD.

[1]

[2]

[3]

[4]

[5]

[6]
[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

REFERNCES

McEwen BS. Physiology and neurobiology of stress and adaptation: central role of the
brain. Physiol Rev. 2007 Jul;87(3):873-904. PubMed PMID: 17615391.

Whitsett JA, Matsuzaki Y. Transcriptional regulation of perinatal lung maturation.
Pediatr Clin North Am. 2006 Oct;53(5):873-87, viii. PubMed PMID: 17027615.

Moritz KM, Dodic M, Wintour EM. Kidney development and the fetal programming of
adult disease. Bioessays. 2003 Mar;25(3):212-20. PubMed PMID: 12596225.

Kapoor A, Dunn E, Kostaki A, Andrews MH, Matthews SG. Fetal programming of
hypothalamo-pituitary-adrenal function: prenatal stress and glucocorticoids. J Physiol.
2006 Apr 1;572(Pt 1):31-44. PubMed PMID: 16469780. Pubmed Central PMCID:
1779638.

Veldhuis HD, Van Koppen C, Van lttersum M, De Kloet ER. Specificity of the adrenal
steroid receptor system in rat hippocampus. Endocrinology. 1982 Jun;110(6):2044-51.
PubMed PMID: 7075547.

McEwen BS, De Kloet ER, Rostene W. Adrenal steroid receptors and actions in the
nervous system. Physiol Rev. 1986 Oct;66(4):1121-88. PubMed PMID: 3532143.
Ahima R, Krozowski Z, Harlan R. Type | corticosteroid receptor-like immunoreactivity
in the rat CNS: distribution and regulation by corticosteroids. J Comp Neurol. 1991
Nov 15;313(3):522-38. PubMed PMID: 1770174.

Reul JM, de Kloet ER. Two receptor systems for corticosterone in rat brain:
microdistribution and differential occupation. Endocrinology. 1985 Dec;117(6):2505-
11. PubMed PMID: 2998738.

De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M. Brain corticosteroid receptor balance
in health and disease. Endocr Rev. 1998 Jun;19(3):269-301. PubMed PMID: 9626555.
Harbuz MS, Chover-Gonzalez AJ, Jessop DS. Hypothalamo-pituitary-adrenal axis and
chronic immune activation. Ann N Y Acad Sci. 2003 May;992:99-106. PubMed PMID:
12794050.

Bose M, Olivan B, Laferrere B. Stress and obesity: the role of the hypothalamic-
pituitary-adrenal axis in metabolic disease. Curr Opin Endocrinol Diabetes Obes. 2009
Oct;16(5):340-6. PubMed PMID: 19584720. Pubmed Central PMCID: 2858344.
Zunszain PA, Anacker C, Cattaneo A, Carvalho LA, Pariante CM. Glucocorticoids,
cytokines and brain abnormalities in depression. Prog Neuropsychopharmacol Biol
Psychiatry. 2011 Apr 29;35(3):722-9. PubMed PMID: 20406665. Pubmed Central
PMCID: 3513408.

Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming part 1:
Outcomes. Nat Rev Endocrinol. 2014 Jul;10(7):391-402. PubMed PMID: 24863382.
Harris A, Seckl J. Glucocorticoids, prenatal stress and the programming of disease.
Horm Behav. 2011 Mar;59(3):279-89. PubMed PMID: 20591431.

Complimentary Contributor Copy



322

Sheela Vyas, Ana Joao Rodrigues, Joana Margarida Silva et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Piazza PV, Le Moal M. Glucocorticoids as a biological substrate of reward:
physiological and pathophysiological implications. Brain Res Brain Res Rev. 1997
Dec;25(3):359-72. PubMed PMID: 9495563.

Marinelli M, Rudick C, HU X-T, White F. Exitability of dopamine neurons:
Modulation and physiological consequences. CNS&Neurological Disorders - Drug
Targets. 2006;5:79-97.

Joels M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009
Jun;10(6):459-66. PubMed PMID: 19339973. Pubmed Central PMCID: 2844123.
Epub 2009/04/03. eng.

Sarabdjitsingh RA, Joels M, de Kloet ER. Glucocorticoid pulsatility and rapid
corticosteroid actions in the central stress response. Physiol Behav. 2011 Apr
12;106(1):73-80. PubMed PMID: 21971364.

Sandi C. Glucocorticoids act on glutamatergic pathways to affect memory processes.
Trends Neurosci. 2011 Apr;34(4):165-76. PubMed PMID: 21377221. Epub
2011/03/08. eng.

Jankord R, Herman JP. Limbic regulation of hypothalamo-pituitary-adrenocortical
function during acute and chronic stress. Ann N Y Acad Sci. 2008 Dec;1148:64-73.
PubMed PMID: 19120092.

Dickmeis T. Glucocorticoids and the circadian clock. J Endocrinol. 2009 Jan;200(1):3-
22. PubMed PMID: 18971218.

Cullinan  WE, Herman JP, Watson SJ. Ventral subicular interaction with the
hypothalamic paraventricular nucleus: evidence for a relay in the bed nucleus of the
stria terminalis. J Comp Neurol. 1993 Jun 1;332(1):1-20. PubMed PMID: 7685778.
Russell GM, Henley DE, Leendertz J, Douthwaite JA, Wood SA, Stevens A, et al.
Rapid glucocorticoid receptor-mediated inhibition of hypothalamic-pituitary-adrenal
ultradian activity in healthy males. Journal of Neuroscience. 2010 Apr 28;30(17):6106-
15. PubMed PMID: 20427668. Epub 2010/04/30. eng.

Serrats J, Schiltz JC, Garcia-Bueno B, van Rooijen N, Reyes TM, Sawchenko PE. Dual
roles for perivascular macrophages in immune-to-brain signaling. Neuron. 2010 Jan
14;65(1):94-106. PubMed PMID: 20152116.

Bethin KE, Vogt SK, Muglia LJ. Interleukin-6 is an essential, corticotropin-releasing
hormone-independent stimulator of the adrenal axis during immune system activation.
Proc Natl Acad Sci U S A. 2000 Aug 1;97(16):9317-22. PubMed PMID: 10922080.
Pubmed Central PMCID: 16865. Epub 2000/08/02. eng.

Smith CL, Hammond GL. Hormonal regulation of corticosteroid-binding globulin
biosynthesis in the male rat. Endocrinology. 1992 Apr;130(4):2245-51. PubMed
PMID: 1547738.

Yau JL, McNair KM, Noble J, Brownstein D, Hibberd C, Morton N, et al. Enhanced
hippocampal long-term potentiation and spatial learning in aged 11beta-hydroxysteroid
dehydrogenase type 1 knock-out mice. J Neurosci. 2007 Sep 26;27(39):10487-96.
PubMed PMID: 17898220.

Yau JL, Noble J, Seckl JR. 11beta-hydroxysteroid dehydrogenase type 1 deficiency
prevents memory deficits with aging by switching from glucocorticoid receptor to
mineralocorticoid receptor-mediated cognitive control. J Neurosci. 2011 Mar
16;31(11):4188-93. PubMed PMID: 21411659. Pubmed Central PMCID: 3132450.

Complimentary Contributor Copy



Glucocorticoids and Neurodegeneration 323

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]

[42]

Stavreva DA, Wiench M, John S, Conway-Campbell BL, McKenna MA, Pooley JR, et
al. Ultradian hormone stimulation induces glucocorticoid receptor-mediated pulses of
gene transcription. Nat Cell Biol. 2009 Sep;11(9):1093-102. PubMed PMID:
19684579.

Russell GM, Kalafatakis K, Lightman SL. The importance of biological oscillators for
HPA activity and tissue glucocorticoid response: Coordinating stress and
neurobehavioural adaptation. J Neuroendocrinol. 2014 Dec 15. PubMed PMID:
25494867.

Datson NA, Morsink MC, Meijer OC, de Kloet ER. Central corticosteroid actions:
Search for gene targets. European journal of pharmacology. 2008 Apr 7;583(2-3):272-
89. PubMed PMID: 18295201.

Groeneweg FL, Karst H, de Kloet ER, Joels M. Mineralocorticoid and glucocorticoid
receptors at the neuronal membrane, regulators of nongenomic corticosteroid
signalling. Mol Cell Endocrinol. 2012 Mar 24;350(2):299-309. PubMed PMID:
21736918.

Alexander N, Rosenlocher F, Stalder T, Linke J, Distler W, Morgner J, et al. Impact of
antenatal synthetic glucocorticoid exposure on endocrine stress reactivity in term-born
children. J Clin Endocrinol Metab. 2012 Oct;97(10):3538-44. PubMed PMID:
22869608.

Seckl JR. Prenatal glucocorticoids and long-term programming. Eur J Endocrinol.
2004 Nov;151 Suppl 3:U49-62. PubMed PMID: 15554887.

Anda RF, Felitti VJ, Bremner JD, Walker JD, Whitfield C, Perry BD, et al. The
enduring effects of abuse and related adverse experiences in childhood. A convergence
of evidence from neurobiology and epidemiology. Eur Arch Psychiatry Clin Neurosci.
2006 Apr;256(3):174-86. PubMed PMID: 16311898. Pubmed Central PMCID:
3232061.

Chapman DP, Whitfield CL, Felitti \VJ, Dube SR, Edwards VJ, Anda RF. Adverse
childhood experiences and the risk of depressive disorders in adulthood. J Affect
Disord. 2004 Oct 15;82(2):217-25. PubMed PMID: 15488250.

Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress throughout the lifespan
on the brain, behaviour and cognition. Nat Rev Neurosci. 2009 Jun;10(6):434-45.
PubMed PMID: 19401723.

Pechtel P, Pizzagalli DA. Effects of early life stress on cognitive and affective function:
an integrated review of human literature. Psychopharmacology (Berl). 2011
Mar;214(1):55-70. PubMed PMID: 20865251. Pubmed Central PMCID: 3050094.
Pervanidou P, Chrousos GP. Metabolic consequences of stress during childhood and
adolescence. Metabolism. 2012 May;61(5):611-9. PubMed PMID: 22146091.
Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming part 2:
Mechanisms. Nat Rev Endocrinol. 2014 Jul;10(7):403-11. PubMed PMID: 24863383.
Jensen FE. Developmental factors regulating susceptibility to perinatal brain injury and
seizures. Curr Opin Pediatr. 2006 Dec;18(6):628-33. PubMed PMID: 17099361.

Zhao Y, Gong X, Chen L, Li L, Liang Y, Chen S, et al. Site-specific methylation of
placental HSD11B2 gene promoter is related to intrauterine growth restriction.
European journal of human genetics: EJHG. 2014 Jun;22(6):734-40. PubMed PMID:
24129435. Pubmed Central PMCID: 4023205.

Complimentary Contributor Copy



324

Sheela Vyas, Ana Joao Rodrigues, Joana Margarida Silva et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Caldji C, Diorio J, Meaney MJ. Variations in maternal care in infancy regulate the
development of stress reactivity. Biol Psychiatry. 2000 Dec 15;48(12):1164-74.
PubMed PMID: 11137058.

Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, et al.
Epigenetic programming by maternal behavior. Nat Neurosci. 2004 Aug;7(8):847-54.
PubMed PMID: 15220929.

McGowan PO, Sasaki A, D'Alessio AC, Dymov S, Labonte B, Szyf M, et al.
Epigenetic regulation of the glucocorticoid receptor in human brain associates with
childhood abuse. Nat Neurosci. 2009 Mar;12(3):342-8. PubMed PMID: 19234457.
Pubmed Central PMCID: 2944040.

Oberlander TF, Weinberg J, Papsdorf M, Grunau R, Misri S, Devlin AM. Prenatal
exposure to maternal depression, neonatal methylation of human glucocorticoid
receptor gene (NR3C1) and infant cortisol stress responses. Epigenetics. 2008 Mar-
Apr;3(2):97-106. PubMed PMID: 18536531.

Hompes T, Izzi B, Gellens E, Morreels M, Fieuws S, Pexsters A, et al. Investigating
the influence of maternal cortisol and emotional state during pregnancy on the DNA
methylation status of the glucocorticoid receptor gene (NR3C1) promoter region in
cord blood. J Psychiatr Res. 2013 Jul;47(7):880-91. PubMed PMID: 23566423.

Tyrka AR, Price LH, Marsit C, Walters OC, Carpenter LL. Childhood adversity and
epigenetic modulation of the leukocyte glucocorticoid receptor: preliminary findings in
healthy adults. PLoS One. 2012;7(1):e30148. PubMed PMID: 22295073. Pubmed
Central PMCID: 3266256.

Murgatroyd C, Patchev AV, Wu Y, Micale V, Bockmuhl Y, Fischer D, et al. Dynamic
DNA methylation programs persistent adverse effects of early-life stress. Nat Neurosci.
2009 Dec;12(12):1559-66. PubMed PMID: 19898468.

Rodrigues AJ, Leao P, Pego JM, Cardona D, Carvalho MM, Oliveira M, et al.
Mechanisms of initiation and reversal of drug-seeking behavior induced by prenatal
exposure to glucocorticoids. Molecular psychiatry. 2012 Dec;17(12):1295-305.
PubMed PMID: 21968930.

Devlin AM, Brain U, Austin J, Oberlander TF. Prenatal exposure to maternal depressed
mood and the MTHFR C677T variant affect SLC6A4 methylation in infants at birth.
PLoS One. 2010;5(8):e12201. PubMed PMID: 20808944. Pubmed Central PMCID:
2922376.

Lutz PE, Turecki G. DNA methylation and childhood maltreatment: from animal
models to human studies. Neuroscience. 2014 Apr 4;264:142-56. PubMed PMID:
23933308.

Labonte B, Suderman M, Maussion G, Navaro L, Yerko V, Mahar |, et al. Genome-
wide epigenetic regulation by early-life trauma. Archives of general psychiatry. 2012
Jul;69(7):722-31. PubMed PMID: 22752237.

Suderman M, Borghol N, Pappas JJ, Pinto Pereira SM, Pembrey M, Hertzman C, et al.
Childhood abuse is associated with methylation of multiple loci in adult DNA. BMC
Med Genomics. 2014;7:13. PubMed PMID: 24618023. Pubmed Central PMCID:
4007631.

Yang BZ, Zhang H, Ge W, Weder N, Douglas-Palumberi H, Perepletchikova F, et al.
Child abuse and epigenetic mechanisms of disease risk. Am J Prev Med. 2013
Feb;44(2):101-7. PubMed PMID: 23332324. Pubmed Central PMCID: 3758252.

Complimentary Contributor Copy



Glucocorticoids and Neurodegeneration 325

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Oh JE, Chambwe N, Klein S, Gal J, Andrews S, Gleason G, et al. Differential gene
body methylation and reduced expression of cell adhesion and neurotransmitter
receptor genes in adverse maternal environment. Transl Psychiatry. 2013;3:e218.
PubMed PMID: 23340501. Pubmed Central PMCID: 3566713.

McGowan PO, Suderman M, Sasaki A, Huang TC, Hallett M, Meaney MJ, et al. Broad
epigenetic signature of maternal care in the brain of adult rats. PLoS One.
2011;6(2):€14739. PubMed PMID: 21386994. Pubmed Central PMCID: 3046141.
Duyckaerts C, Delatour B, Potier MC. Classification and basic pathology of Alzheimer
disease. Acta Neuropathol. 2009 Jul;118(1):5-36. PubMed PMID: 19381658.

Karran E, Mercken M, De Strooper B. The amyloid cascade hypothesis for Alzheimer's
disease: an appraisal for the development of therapeutics. Nat Rev Drug Discov. 2011
Sep;10(9):698-712. PubMed PMID: 21852788. Epub 2011/08/20. eng.

Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer's disease.
Lancet. 2011 Mar 19;377(9770):1019-31. PubMed PMID: 21371747.

Rapoport M, Dawson HN, Binder LI, Vitek MP, Ferreira A. Tau is essential to beta -
amyloid-induced neurotoxicity. Proc Natl Acad Sci U S A. 2002 Apr 30;99(9):6364-9.
PubMed PMID: 11959919. Pubmed Central PMCID: 122954.

Roberson ED, Scearce-Levie K, Palop JJ, Yan F, Cheng IH, Wu T, et al. Reducing
endogenous tau ameliorates amyloid beta-induced deficits in an Alzheimer's disease
mouse model. Science. 2007 May 4;316(5825):750-4. PubMed PMID: 17478722. Epub
2007/05/05. eng.

Vossel KA, Zhang K, Brodbeck J, Daub AC, Sharma P, Finkbeiner S, et al. Tau
reduction prevents Abeta-induced defects in axonal transport. Science. 2010 Oct
8;330(6001):198. PubMed PMID: 20829454. Pubmed Central PMCID: 3024010.
Vossel KA, Xu JC, Fomenko V, Miyamoto T, Suberbielle E, Knox JA, et al. Tau
reduction prevents Abeta-induced axonal transport deficits by blocking activation of
GSK3beta. J Cell Biol. 2015 May 11;209(3):419-33. PubMed PMID: 25963821.
Gomez-Isla T, Hollister R, West H, Mui S, Growdon JH, Petersen RC, et al. Neuronal
loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease. Annals
of neurology. 1997 Jan;41(1):17-24. PubMed PMID: 9005861.

de Souza LC, Chupin M, Lamari F, Jardel C, Leclercq D, Colliot O, et al. CSF tau
markers are correlated with hippocampal volume in Alzheimer's disease. Neurobiol
Aging. 2012 Jul;33(7):1253-7. PubMed PMID: 21489655.

Simard M, Hudon C, van Reekum R. Psychological distress and risk for dementia.
Curr Psychiatry Rep. 2009 Feb;11(1):41-7. PubMed PMID: 19187707.

Mejia S, Giraldo M, Pineda D, Ardila A, Lopera F. Nongenetic factors as modifiers of
the age of onset of familial Alzheimer's disease. Int Psychogeriatr. 2003
Dec;15(4):337-49. PubMed PMID: 15000414.

Greenwald BS, Mathe AA, Mohs RC, Levy MI, Johns CA, Davis KL. Cortisol and
Alzheimer's disease, |l: Dexamethasone suppression, dementia severity, and affective
symptoms. The American journal of psychiatry. 1986 Apr;143(4):442-6. PubMed
PMID: 3953887.

Hatzinger M, Z'Brun A, Hemmeter U, Seifritz E, Baumann F, Holsboer-Trachsler E, et
al. Hypothalamic-pituitary-adrenal system function in patients with Alzheimer's
disease. Neurobiol Aging. 1995 Mar-Apr;16(2):205-9. PubMed PMID: 7777138.

Complimentary Contributor Copy



326

Sheela Vyas, Ana Joao Rodrigues, Joana Margarida Silva et al.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Rasmuson S, Andrew R, Nasman B, Seckl JR, Walker BR, Olsson T. Increased
glucocorticoid production and altered cortisol metabolism in women with mild to
moderate Alzheimer's disease. Biol Psychiatry. 2001 Mar 15;49(6):547-52. PubMed
PMID: 11257240.

Peskind ER, Wilkinson CW, Petrie EC, Schellenberg GD, Raskind MA. Increased CSF
cortisol in AD is a function of APOE genotype. Neurology. 2001 Apr 24;56(8):1094-8.
PubMed PMID: 11320185.

Hoogendijk WJ, Meynen G, Endert E, Hofman MA, Swaab DF. Increased
cerebrospinal fluid cortisol level in Alzheimer's disease is not related to depression.
Neurobiol Aging. 2006 May;27(5):780 el- e2. PubMed PMID: 16198445.

Csernansky JG, Dong H, Fagan AM, Wang L, Xiong C, Holtzman DM, et al. Plasma
cortisol and progression of dementia in subjects with Alzheimer-type dementia. The
American journal of psychiatry. 2006 Dec;163(12):2164-9. PubMed PMID: 17151169.
Pubmed Central PMCID: 1780275. Epub 2006/12/08. eng.

Elgh E, Lindgvist Astot A, Fagerlund M, Eriksson S, Olsson T, Nasman B. Cognitive
dysfunction, hippocampal atrophy and glucocorticoid feedback in Alzheimer's disease.
Biol Psychiatry. 2006 Jan 15;59(2):155-61. PubMed PMID: 16125145. Epub
2005/08/30. eng.

Hartmann A, Veldhuis JD, Deuschle M, Standhardt H, Heuser I. Twenty-four hour
cortisol release profiles in patients with Alzheimer's and Parkinson's disease compared
to normal controls: ultradian secretory pulsatility and diurnal variation. Neurobiol
Aging. 1997 May-Jun;18(3):285-9. PubMed PMID: 9263193.

Rothman S, Mattson M. Adverse astress, hippocampal networks, and Alzheimer
disease. Neuromolecular Med. 2010;12(1):56-70.

Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. Proliferation of granule cell
precursors in the dentate gyrus of adult monkeys is diminished by stress. Proc Natl
Acad Sci U S A. 1998 Mar 17;95(6):3168-71. PubMed PMID: 9501234.

Mu Y, Gage FH. Adult hippocampal neurogenesis and its role in Alzheimer's disease.
Mol Neurodegener. 2011;6:85. PubMed PMID: 22192775.

Schloesser RJ, Manji HK, Martinowich K. Suppression of adult neurogenesis leads to
an increased hypothalamo-pituitary-adrenal axis response. Neuroreport. 2009 Apr
22;20(6):553-7. PubMed PMID: 19322118.

Green KN, Billings LM, Roozendaal B, McGaugh JL, LaFerla FM. Glucocorticoids
increase amyloid-beta and tau pathology in a mouse model of Alzheimer's disease.
Journal of Neuroscience. 2006 Aug 30;26(35):9047-56. PubMed PMID: 16943563.
Epub 2006/09/01. eng.

Jeong YH, Park CH, Yoo J, Shin KY, Ahn SM, Kim HS, et al. Chronic stress
accelerates learning and memory impairments and increases amyloid deposition in
APPV717I-CT100 transgenic mice, an Alzheimer's disease model. Faseb J. 2006
Apr;20(6):729-31. PubMed PMID: 16467370.

Sotiropoulos |, Catania C, Riedemann T, Fry JP, Breen KC, Michaelidis TM, et al.
Glucocorticoids trigger Alzheimer disease-like pathobiochemistry in rat neuronal cells
expressing human tau. Journal of Neurochemistry. 2008 Oct;107(2):385-97. PubMed
PMID: 1S1:000259949900008. English.

Complimentary Contributor Copy



Glucocorticoids and Neurodegeneration 327

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Catania C, Sotiropoulos I, Silva R, Onofri C, Breen KC, Sousa N, et al. The
amyloidogenic potential and behavioral correlates of stress. Molecular psychiatry. 2009
Jan;14(1):95-105. PubMed PMID: 17912249. Epub 2007/10/04. eng.

Rapp MA, Schnaider-Beeri M, Grossman HT, Sano M, Perl DP, Purohit DP, et al.
Increased hippocampal plaques and tangles in patients with Alzheimer disease with a
lifetime history of major depression. Archives of general psychiatry. 2006
Feb;63(2):161-7. PubMed PMID: 16461859.

Mayeux R, Honig LS, Tang MX, Manly J, Stern Y, Schupf N, et al. Plasma A[beta]40
and A[beta]42 and Alzheimer's disease: relation to age, mortality, and risk. Neurology.
2003 Nov 11;61(9):1185-90. PubMed PMID: 14610118.

Andreasen N, Blennow K. CSF biomarkers for mild cognitive impairment and early
Alzheimer's disease. Clin Neurol Neurosurg. 2005 Apr;107(3):165-73. PubMed PMID:
15823670.

Post A, Ackl N, Rucker M, Schreiber Y, Binder EB, Ising M, et al. Toward a reliable
distinction between patients with mild cognitive impairment and Alzheimer-type
dementia versus major depression. Biol Psychiatry. 2006 May 1;59(9):858-62. PubMed
PMID: 16325150.

Sun X, Steffens DC, Au R, Folstein M, Summergrad P, Yee J, et al. Amyloid-
associated depression: a prodromal depression of Alzheimer disease? Archives of
general psychiatry. 2008 May;65(5):542-50. PubMed PMID: 18458206. Pubmed
Central PMCID: 3042807.

Sheline Y1, West T, Yarasheski K, Swarm R, Jasielec MS, Fisher JR, et al. An
antidepressant decreases CSF Abeta production in healthy individuals and in transgenic
AD mice. Sci Transl Med. 2014 May 14;6(236):236re4. PubMed PMID: 24828079.
Pubmed Central PMCID: 4269372.

Sotiropoulos I, Catania C, Pinto LG, Silva R, Pollerberg GE, Takashima A, et al. Stress
acts cumulatively to precipitate Alzheimer's disease-like tau pathology and cognitive
deficits. J Neurosci. 2011 May 25;31(21):7840-7. PubMed PMID: 21613497.

Callahan LM, Vaules WA, Coleman PD. Progressive reduction of synaptophysin
message in single neurons in Alzheimer disease. J Neuropathol Exp Neurol. 2002
May;61(5):384-95. PubMed PMID: 12025941.

Lauckner J, Frey P, Geula C. Comparative distribution of tau phosphorylated at Ser262
in pre-tangles and tangles. Neurobiol Aging. 2003 Oct;24(6):767-76. PubMed PMID:
12927759.

Hampel H, Burger K, Pruessner JC, Zinkowski R, DeBernardis J, Kerkman D, et al.
Correlation of cerebrospinal fluid levels of tau protein phosphorylated at threonine 231
with rates of hippocampal atrophy in Alzheimer disease. Archives of neurology. 2005
May;62(5):770-3. PubMed PMID: 15883264.

Augustinack JC, Schneider A, Mandelkow EM, Hyman BT. Specific tau
phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer's
disease. Acta Neuropathol. 2002 Jan;103(1):26-35. PubMed PMID: 11837744,

Ewers M, Buerger K, Teipel SJ, Scheltens P, Schroder J, Zinkowski RP, et al.
Multicenter assessment of CSF-phosphorylated tau for the prediction of conversion of
MCI. Neurology. 2007 Dec 11;69(24):2205-12. PubMed PMID: 18071141.

Complimentary Contributor Copy



328 Sheela Vyas, Ana Joao Rodrigues, Joana Margarida Silva et al.

[97] van der Vlies AE, Verwey NA, Bouwman FH, Blankenstein MA, Klein M, Scheltens
P, et al. CSF biomarkers in relationship to cognitive profiles in Alzheimer disease.
Neurology. 2009 Mar 24;72(12):1056-61. PubMed PMID: 19307538.

[98] Kimura T, Yamashita S, Fukuda T, Park JM, Murayama M, Mizoroki T, et al.
Hyperphosphorylated tau in parahippocampal cortex impairs place learning in aged
mice expressing wild-type human tau. EMBO J. 2007 Dec 12;26(24):5143-52. PubMed
PMID: 18007595. Pubmed Central PMCID: 2140104,

[99] Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP, et al. Caspase-
cleavage of tau is an early event in Alzheimer disease tangle pathology. J Clin Invest.
2004 Jul;114(1):121-30. PubMed PMID: 15232619. Pubmed Central PMCID: 437967.

[100] Carroll JC, Iba M, Bangasser DA, Valentino RJ, James MJ, Brunden KR, et al. Chronic
stress exacerbates tau pathology, neurodegeneration, and cognitive performance
through a corticotropin-releasing factor receptor-dependent mechanism in a transgenic
mouse model of tauopathy. J Neurosci. 2011 Oct 5;31(40):14436-49. PubMed PMID:
21976528. Pubmed Central PMCID: 3230070.

[101] Sotiropoulos 1, Silva J, Kimura T, Rodrigues AJ, Costa P, Almeida OF, et al. Female
hippocampus vulnerability to environmental stress, a precipitating factor in Tau
aggregation pathology. Journal of Alzheimer's disease: JAD. 2015;43(3):763-74.
PubMed PMID: 25159665.

[102] Weaver CL, Espinoza M, Kress Y, Davies P. Conformational change as one of the
earliest alterations of tau in Alzheimer's disease. Neurobiol Aging. 2000 Sep-
Oct;21(5):719-27. PubMed PMID: 11016541.

[103] de Calignon A, Polydoro M, Suarez-Calvet M, William C, Adamowicz DH, Kopeikina
KJ, et al. Propagation of tau pathology in a model of early Alzheimer's disease.
Neuron. 2012 Feb 23;73(4):685-97. PubMed PMID: 22365544. Epub 2012/03/01. eng.

[104] Wang YP, Biernat J, Pickhardt M, Mandelkow E, Mandelkow EM. Stepwise
proteolysis liberates tau fragments that nucleate the Alzheimer-like aggregation of full-
length tau in a neuronal cell model. Proc Natl Acad Sci U S A. 2007 Jun
12;104(24):10252-7. PubMed PMID: 17535890. Pubmed Central PMCID: 1891218.

[105] Kimura T, Fukuda T, Sahara N, Yamashita S, Murayama M, Mizoroki T, et al.
Aggregation of detergent-insoluble tau is involved in neuronal loss but not in synaptic
loss. The Journal of biological chemistry. 2010 Dec 3;285(49):38692-9. PubMed
PMID: 20921222. Pubmed Central PMCID: 2992302.

[106] Wakabayashi K, Takahashi H. Neuropathology of autonomic nervous system in
Parkinson's disease. Eur Neurol. 1997;38 Suppl 2:2-7. PubMed PMID: 9387796.

[107] Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, Braak E. Staging of
brain pathology related to sporadic Parkinson's disease. Neurobiol Aging. 2003 Mar-
Apr;24(2):197-211. PubMed PMID: 12498954.

[108] Braak H, Muller CM, Rub U, Ackermann H, Bratzke H, de VVos RA, et al. Pathology
associated with sporadic Parkinson's disease--where does it end? J Neural Transm
Suppl. 2006 (70):89-97. PubMed PMID: 17017514.

[109] Kempster PA, O'Sullivan SS, Holton JL, Revesz T, Lees AJ. Relationships between
age and late progression of Parkinson's disease: a clinico-pathological study. Brain.
2010 Jun;133(Pt 6):1755-62. PubMed PMID: 20371510.

[110] Corti O, Lesage S, Brice A. What genetics tells us about the causes and mechanisms of
Parkinson's disease. Physiol Rev. 2011 Oct;91(4):1161-218. PubMed PMID: 22013209.

Complimentary Contributor Copy



Glucocorticoids and Neurodegeneration 329

[111] Rabey JM, Scharf M, Oberman Z, Zohar M, Graff E. Cortisol, ACTH, and beta-
endorphin after dexamethasone administration in Parkinson's dementia. Biol
Psychiatry. 1990 Mar 15;27(6):581-91. PubMed PMID: 2157505.

[112] Stypula G, Kunert-Radek J, Stepien H, Zylinska K, Pawlikowski M. Evaluation of
interleukins, ACTH, cortisol and prolactin concentrations in the blood of patients with
parkinson's disease. Neuroimmunomodulation. 1996 Mar-Jun;3(2-3):131-4. PubMed
PMID: 8945728.

[113] Charlett A, Dobbs RJ, Purkiss AG, Wright DJ, Peterson DW, Weller C, et al. Cortisol
is higher in parkinsonism and associated with gait deficit. Acta Neurol Scand. 1998
Feb;97(2):77-85. PubMed PMID: 9517856.

[114] Ros-Bernal F, Hunot S, Herrero MT, Parnadeau S, Corvol JC, Lu L, et al. Microglial
glucocorticoid receptors play a pivotal role in regulating dopaminergic
neurodegeneration in parkinsonism. Proc Natl Acad Sci U S A. 2011 Apr
19;108(16):6632-7. PubMed PMID: 21467220.

[115] Javoy-Agid F, Ruberg M, Pique L, Bertagna X, Taquet H, Studler JM, et al.
Biochemistry of the hypothalamus in Parkinson's disease. Neurology. 1984
May;34(5):672-5. PubMed PMID: 6143285.

[116] Shannak K, Rajput A, Rozdilsky B, Kish S, Gilbert J, Hornykiewicz O. Noradrenaline,
dopamine and serotonin levels and metabolism in the human hypothalamus:
observations in Parkinson's disease and normal subjects. Brain Res. 1994 Mar
7,639(1):33-41. PubMed PMID: 8180836.

[117] Politis M, Piccini P, Pavese N, Koh SB, Brooks DJ. Evidence of dopamine dysfunction
in the hypothalamus of patients with Parkinson's disease: an in vivo 11C-raclopride
PET study. Experimental neurology. 2008 Nov;214(1):112-6. PubMed PMID:
18723016.

[118] Smith AD, Castro SL, Zigmond MJ. Stress-induced Parkinson's disease: a working
hypothesis. Physiol Behav. 2002 Dec;77(4-5):527-31. PubMed PMID: 12526994.

[119] Metz GA. Stress as a modulator of motor system function and pathology. Rev
Neurosci. 2007;18(3-4):209-22. PubMed PMID: 18019607.

[120] Snyder AM, Stricker EM, Zigmond MJ. Stress-induced neurological impairments in an
animal model of parkinsonism. Annals of neurology. 1985 Nov;18(5):544-51. PubMed
PMID: 3935041.

[121] Barrot M, Abrous DN, Marinelli M, Rouge-Pont F, Le Moal M, Piazza PV. Influence
of glucocorticoids on dopaminergic transmission in the rat dorsolateral striatum. Eur J
Neurosci. 2001 Feb;13(4):812-8. PubMed PMID: 11207816.

[122] Pihlstrom L, Axelsson G, Bjornara KA, Dizdar N, Fardell C, Forsgren L, et al.
Supportive evidence for 11 loci from genome-wide association studies in Parkinson's
disease. Neurobiol Aging. 2013 Jun;34(6):1708 e7-13. PubMed PMID: 23153929.

[123] Dzamko N, Geczy CL, Halliday GM. Inflammation is genetically implicated in
Parkinson's disease. Neuroscience. 2014 Oct 22. PubMed PMID: 25450953.

[124] Ouchi Y, Yoshikawa E, Sekine Y, Futatsubashi M, Kanno T, Ogusu T, et al. Microglial
activation and dopamine terminal loss in early Parkinson's disease. Annals of
neurology. 2005 Feb;57(2):168-75. PubMed PMID: 15668962.

[125] lannaccone S, Cerami C, Alessio M, Garibotto V, Panzacchi A, Olivieri S, et al. In
vivo microglia activation in very early dementia with Lewy bodies, comparison with

Complimentary Contributor Copy



330 Sheela Vyas, Ana Joao Rodrigues, Joana Margarida Silva et al.

Parkinson's disease. Parkinsonism Relat Disord. 2012 Jul 26. PubMed PMID:
22841687. Epub 2012/07/31. Eng.

[126] Hirsch EC, Hunot S. Neuroinflammation in Parkinson's disease: a target for
neuroprotection? The Lancet Neurology. 2009 Apr;8(4):382-97. PubMed PMID:
19296921.

[127] Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, et al. Direct transfer of alpha-
synuclein  from neuron to astroglia causes inflammatory responses in
synucleinopathies. The Journal of biological chemistry. 2010 Mar 19;285(12):9262-72.
PubMed PMID: 20071342.

[128] Liberatore GT, Jackson-Lewis V, Vukosavic S, Mandir AS, Vila M, McAuliffe WG, et
al. Inducible nitric oxide synthase stimulates dopaminergic neurodegeneration in the
MPTP model of Parkinson disease. Nat Med. 1999 Dec;5(12):1403-9. PubMed PMID:
10581083.

[129] Hunot S, Vila M, Teismann P, Davis RJ, Hirsch EC, Przedborski S, et al. JNK-
mediated induction of cyclooxygenase 2 is required for neurodegeneration in a mouse
model of Parkinson's disease. Proc Natl Acad Sci U S A. 2004 Jan 13;101(2):665-70.
PubMed PMID: 14704277.

[130] Furuya T, Hayakawa H, Yamada M, Yoshimi K, Hisahara S, Miura M, et al. Caspase-
11 mediates inflammatory dopaminergic cell death in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of Parkinson's disease. J Neurosci. 2004 Feb
25;24(8):1865-72. PubMed PMID: 14985426.

[131] Mount MP, Lira A, Grimes D, Smith PD, Faucher S, Slack R, et al. Involvement of
interferon-gamma in microglial-mediated loss of dopaminergic neurons. J Neurosci.
2007 Mar 21;27(12):3328-37. PubMed PMID: 17376993.

[132] Castano A, Herrera AJ, Cano J, Machado A. The degenerative effect of a single
intranigral injection of LPS on the dopaminergic system is prevented by
dexamethasone, and not mimicked by rh-TNF-alpha, IL-1beta and IFN-gamma. J
Neurochem. 2002 Apr;81(1):150-7. PubMed PMID: 12067227.

[133] Kurkowska-Jastrzebska I, Wronska A, Kohutnicka M, Czlonkowski A, Czlonkowska
A. The inflammatory reaction following 1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine
intoxication in mouse. Experimental neurology. 1999 Mar;156(1):50-61. PubMed
PMID: 10192776.

[134] Sugama S, Takenouchi T, Kitani H, Fujita M, Hashimoto M. Microglial activation is
inhibited by corticosterone in dopaminergic neurodegeneration. J Neuroimmunol. 2009
Mar 31;208(1-2):104-14. PubMed PMID: 19201037.

[135] Ghosh A, Roy A, Liu X, Kordower JH, Mufson EJ, Hartley DM, et al. Selective
inhibition of NF-kappaB activation prevents dopaminergic neuronal loss in a mouse
model of Parkinson's disease. Proc Natl Acad Sci U S A. 2007 Nov 20;104(47):18754-
9. PubMed PMID: 18000063.

[136] Medzhitov R. Origin and physiological roles of inflammation. Nature. 2008 Jul
24;454(7203):428-35. PubMed PMID: 18650913.

[137] Kotas ME, Medzhitov R. Homeostasis, inflammation, and disease susceptibility. Cell.
2015 Feb 26;160(5):816-27. PubMed PMID: 25723161. Pubmed Central PMCID:
4369762.

Complimentary Contributor Copy



Glucocorticoids and Neurodegeneration 331

[138] de Pablos RM, Villaran RF, Arguelles S, Herrera AJ, Venero JL, Ayala A, et al. Stress
increases vulnerability to inflammation in the rat prefrontal cortex. J Neurosci. 2006
May 24;26(21):5709-19. PubMed PMID: 16723527.

[139] Munhoz CD, Sorrells SF, Caso JR, Scavone C, Sapolsky RM. Glucocorticoids
exacerbate lipopolysaccharide-induced signaling in the frontal cortex and hippocampus
in a dose-dependent manner. J Neurosci. 2010 Oct 13;30(41):13690-8. PubMed PMID:
20943909. Epub 2010/10/15. eng.

[140] Frank MG, Thompson BM, Watkins LR, Maier SF. Glucocorticoids mediate stress-
induced priming of microglial pro-inflammatory responses. Brain Behav Immun. 2012
Feb;26(2):337-45. PubMed PMID: 22041296. Epub 2011/11/02. eng.

[141] Panda A, Arjona A, Sapey E, Bai F, Fikrig E, Montgomery RR, et al. Human innate
immunosenescence: causes and consequences for immunity in old age. Trends
Immunol. 2009 Jul;30(7):325-33. PubMed PMID: 19541535.

[142] Bihagi SW, Bahmani A, Adem A, Zawia NH. Infantile postnatal exposure to lead (Pb)
enhances tau expression in the cerebral cortex of aged mice: relevance to AD.
Neurotoxicology. 2014 Sep;44:114-20. PubMed PMID: 24954411. Pubmed Central
PMCID: 4175119.

[143] Bihagi SW, Bahmani A, Subaiea GM, Zawia NH. Infantile exposure to lead and late-
age cognitive decline: relevance to AD. Alzheimers Dement. 2014 Mar;10(2):187-95.
PubMed PMID: 23867794. Pubmed Central PMCID: 3864613.

[144] Graff J, Rei D, Guan JS, Wang WY, Seo J, Hennig KM, et al. An epigenetic blockade
of cognitive functions in the neurodegenerating brain. Nature. 2012 Mar
8;483(7388):222-6. PubMed PMID: 22388814.

[145] Carvey PM, Chang Q, Lipton JW, Ling Z. Prenatal exposure to the bacteriotoxin
lipopolysaccharide leads to long-term losses of dopamine neurons in offspring: a
potential, new model of Parkinson's disease. Front Biosci. 2003 Sep 1;8:5826-37.
PubMed PMID: 12957870.

[146] Baier CJ, Katunar MR, Adrover E, Pallares ME, Antonelli MC. Gestational restraint
stress and the developing dopaminergic system: an overview. Neurotox Res. 2012
Jul;22(1):16-32. PubMed PMID: 22215534.

Complimentary Contributor Copy



Complimentary Contributor Copy



	ADRENAL GLANDS  FROM PATHOPHYSIOLOGY  TO CLINICAL EVIDENCE 
	ADRENAL GLANDS  FROM PATHOPHYSIOLOGY  TO CLINICAL EVIDENCE 
	Library of Congress Cataloging-in-Publication Data
	CONTENTS 
	PREFACE 
	Chapter 1    IMAGING OF ADRENAL GLAND 
	ABSTRACT 
	INTRODUCTION 
	IMAGING MODALITY SELECTION 
	IMAGING TECHNIQUES 
	CT 
	MRI 
	PET

	NORMAL ADRENAL GLAND 
	HYPERFUNCTIONING ADRENAL MASSES 
	Cortisol-Producing Adenoma 
	Aldosterone-Producing Adenoma 
	Pheochromocytoma 
	Adrenocortical Carcinoma 

	ADRENAL MASSES IN PATIENTS WITH AN ONCOLOGIC HISTORY: ADENOMA VS. METASTASIS 
	Imaging of Intracellular Lipid: CT and CS-MR 
	Perfusion Imaging: CT Washout 
	Functional Imaging: PET and PET/CT 
	Image-Guided Biopsy 


	ADRENAL INCIDENTALOMAS 
	Masses with Specific Imaging Features 
	Myelolipomas  
	Cyst and Pseudocyst 
	Hemorrhage

	Masses without Diagnostic Imaging Features 
	Imaging Algorithm  

	CONCLUSION
	REFERENCES 

	Chapter 2    MECHANISMS INTEGRATING ENDOPLASMIC RETICULUM STRESS, CHOLESTEROL METABOLISM AND STEROID HORMONE BIOSYNTHESIS IN THE ADRENAL CORTEX 
	ABSTRACT
	INTRODUCTION 
	The UPR and Some Key Signaling Molecules
	GRP78 Is a Pivotal Regulator of the Unfolded Protein Response 
	Three Key Regulators Involved in the Activation of UPR Signaling Pathways 
	IRE1 
	PERK
	ATF6 
	The Consequences of Severe or Persistent ER Stress
	CHOP Is a Key Regulator of ER Stress-Induced Apoptosis 
	Caspases As Crucial Regulators of ER Stress-Induced Apoptosis 
	(1) The ER/Mitochondria-Independent Cell Death Pathway 
	(2) The ER/Mitochondria-Dependent Cell Death Pathway 
	Crosstalk of Various Apoptotic Pathways 

	Common Pharmacological Agents Capable of Inducing ER Stress 
	Thapsigargin  
	Tunicamycin 
	Brefeldin A 
	Calcium Ionophores (A23187 and Ionomycin) 
	Dithiothreitol 

	The Regulation of Cholesterol Homeostasis
	Cholesterol Synthesis 
	Cholesterol Intake
	Cholesterol Transport in Cells  
	Cholesterol Efflux  
	Key Mediators of Intracellular Cholesterol Homeostasis 

	Crosstalk Exists between Cholesterol Levels and ER Stress in Different Cell Types 
	The Liver 
	Atherosclerosis and Macrophages 
	The Brain 
	The Adrenal Gland


	CONCLUSION 
	ACKNOWLEDGMENTS 
	REFERENCES 

	Chapter 3    REGULATION OF CATECHOLAMINE PRODUCTION FROM THE ADRENAL MEDULLA 
	ABSTRACT 
	INTRODUCTION 
	PHYSIOLOGY OF CATECHOLAMINE SYNTHESIS, STORAGE, AND SECRETION IN CHROMAFFIN CELLS 
	REGULATION OF CATECHOLAMINE SECRETION FROM CHROMAFFIN CELLS
	G protein-Coupled Receptor (GPCR) Signaling in Chromaffin Cells 
	Specific Receptors Regulating Catecholamine Secretion in Chromaffin Cells 

	CHROMAFFIN CELL ADRENOCEPTORS, GRK2,  AND CATECHOLAMINE SECRETION: CONNECTION  WITH HEART FAILURE 
	CONCLUSION AND FUTURE PERSPECTIVES
	REFERENCES  

	Chapter 4    INTERACTIONS OF THE ADRENAL GLANDS WITH ADIPOSE TISSUE 
	ABSTRACT 
	INTRODUCTION 
	Mineralocorticoid-Adipose Interactions 
	Mineralocorticoid Receptor Effects in Adipocytes Are Regulated Primarily by Glucocorticoids 
	Aldosterone in Obesity 
	Adipose Tissue Dysfunction in Primary Hyperaldosteronism 
	Glucocorticoid-Adipose Interactions 
	Adipocyte Cortisol Metabolism in Obesity 
	Obesity and the HPA Axis 
	Adrenal Androgens and Adipose Tissue 
	Adipose Tissue and the Adrenal Medulla 
	Adrenal Medullary Function in Obesity
	Catecholamines and BAT 
	Nonfunctioning Adrenal Adenomas and Adipose Tissue 
	Adipocytokine Effects on Adrenal Function 
	Leptin-Adrenal Interactions 
	Adiponectin-Adrenal Interactions 

	CONCLUSION 
	REFERENCES 

	Chapter 5    HYPOADRENALISM: PRIMARY AND SECONDARY ADRENAL FAILURE
	ABSTRACT 
	INTRODUCTION 
	EPIDEMIOLOGY 
	CAUSES OF PRIMARY ADRENAL FAILURE 
	CAUSES OF CENTRAL ADRENAL FAILURE 
	PATHOPYSIOLOGY 
	CLINICAL MANIFESTATIONS 
	DIAGNOSIS 
	THERAPY OF PRIMARY AND CENTRAL ADRENAL FAILURE 
	THERAPY OF ADRENAL CRISIS 
	STEROID REPLACEMENT IN PREGNANCY 
	ADRENAL FAILURE IN CRITICAL ILLNESS 
	CONCLUSION 
	REFERENCES 

	Chapter 6    CLINICAL MANAGEMENT OF HYPERALDOSTERONISM 
	ABSTRACT 
	INTRODUCTION 
	ETIOLOGY 
	DIAGNOSIS – SCREENING 
	DIAGNOSIS – CONFIRMATION 
	DIAGNOSIS – SUBTYPING 
	MANAGEMENT 
	CONCLUSION 
	REFERENCES 

	Chapter 7    CUSHING’S SYNDROME
	ABSTRACT
	INTRODUCTION 
	HISTORICAL OVERVIEW 
	EPIDEMIOLOGY 
	CLINICAL PRESENTATION 
	SCREENING AND ETIOLOGY DIFFERENTIATION 
	ACTH DEPENDENT CUSHING SYNDROME OF PITUITARY ORIGIN 
	Clinical Features 
	Diagnosis
	Management/Pituitary Surgery/Evaluation for Remission 
	Radiation Therapy
	Medical Therapy 
	Bilateral Adrenalectomy 

	ACTH DEPENDENT CUSHING SYNDROME: ECTOPIC CUSHING’S SYNDROME 
	Clinical Features 
	Diagnostic Tests 
	Source Localization and Management 
	Follow Up and Prognosis 

	ACTH INDEPENDENT CUSHING’S SYNDROME 
	Etiology 
	Treatment 
	Surgical Intervention 
	Medical Approach 
	Mortality, Recurrence and Remission 


	REFERENCES 

	Chapter 8    PHEOCROMOCYTOMAS AND PARAGANGLIOMAS 
	ABSTRACT 
	INTRODUCTION 
	PRESENTATION 
	GENETICS
	DIAGNOSIS 
	Biochemistry
	Imaging 
	Histopathology
	Malignant/Metastatic Disease 

	MANAGEMENT 
	Pharmacological Management 
	Pre-Operative Care 
	Surgery 
	Radiotherapy 
	Radionuclide Therapy 
	Chemotherapy 
	Targeted Therapy 

	CONCLUSION 
	REFERENCES 

	Chapter 9    NEW INSIGHTS OF GLUCOCORTICOIDS ACTIONS ON THE HOMEOSTATIC CONTROL OF ENERGY BALANCE AND STRESS-RELATED RESPONSES
	ABSTRACT 
	INTRODUCTION 
	NOVEL ASPECTS OF THE NEGATIVE FEEDBACK EXERTED BY GLUCOCORTICOIDS: ENDOCANNABINOIDS AS INTERMEDIATES ON CENTRAL GLUCOCORTICOIDS ACTIONS 
	CLINICAL IMPLICATIONS OF GLUCOCORTICOID NONGENOMIC ACTIONS 
	GLUCOCORTICOIDS ON THE CONTROL OF ENERGY HOMEOSTASIS
	THE CONTROL OF FOOD INTAKE IN THE EXPERIMENTAL MODEL OF PRIMARY ADRENAL INSUFFICIENCY
	THE CONTROL OF ENERGY HOMEOSTASIS MEDIATED BY STRESS RESPONSES 
	GLUCOCORTICOIDS IN THE INTERFACE OF IMMUNE CHALLENGES AND FOOD INTAKE 
	MICRO-RNA REGULATION AND GENETIC APPROACHES FOR THE STUDY OF GLUCOCORTICOID ACTIONS ON HOMEOSTATIC CONTROL AND STRESS-RELATED RESPONSES 
	CONCLUSION AND PERSPECTIVES 
	REFERENCES 

	Chapter 10    ROLE OF ADRENAL HORMONES IN THE FETAL PROGRAMMING OF HYPERTENSION
	ABSTRACT 
	INTRODUCTION - FETAL PROGRAMMING 
	ROLE OF HPA AND SA IN  CARDIOVASCULAR REGULATION 
	FETAL PROGRAMMING OF ADULT DISEASES 
	Human Studies Supporting Fetal Programming of Diseases 
	Mechanisms of Programming Gained from Human Studies 
	Animal Studies Supporting Fetal programming of Adult Diseases
	Animal Studies on Maternal Undernutrition 
	Animal Studies on Prenatal Hypoxia 
	Animal Studies on Prenatal Glucocorticoid Exposure 

	REGULATION OF THE CARDIOVASCULAR SYSTEM BY CATECHOLAMINES: THE ROLE OF GLUCOCORTICOIDS AND THE NEUROENDOCRINE-IMMUNE CIRCUIT 
	Role of Catecholamines in the Regulation of the Cardiovascular System 
	Regulation of Catecholamines by Glucocorticoids 
	Crosstalk between Cytokines and Catecholamines 
	The neuroendocrine system, its influence on hypertension and cardiovascular disease 

	Adrenal Cytokines and their Influence on Catecholamines 

	IMPLICATIONS OF FETAL PROGRAMMING
	Changes in HPA, SA and Adrenal Function
	Changes in Immune Function and Cytokine Profiles 

	CONCLUSION 
	ABBREVIATIONS  
	REFERENCES 

	Chapter 11    ADRENAL CORTICAL NEOPLASMS: PERSPECTIVES IN PEDIATRIC PATIENTS
	ABSTRACT 
	INTRODUCTION 
	CONCLUSION 
	REFERENCES 

	Chapter 12    PREMATURE ADRENARCHE
	ABSTRACT 
	INTRODUCTION 
	EPIDEMIOLOGY 
	PATHOGENESIS 
	CLINICAL MANIFESTATIONS 
	DIFFERENTIAL DIAGNOSIS 
	COMPLICATIONS 
	LABORATORY STUDIES 
	MANAGEMENT 
	REFERENCES 

	Chapter 13    HYPERANDROGENISM OF ADRENAL ORIGIN 
	ABSTRACT 
	INTRODUCTION 
	CAUSES OF EXCESSIVE ADRENAL ANDROGEN PRODUCTION
	Congenital Adrenal Hyperplasia (CAH) 
	Hyperandrogenism Accompanying Cushing’s Disease 
	Hyperandrogenism due to Adrenal Adenoma or Cancer 
	Treatment of Hyperandrogenism of Adrenal Origin 

	CONCLUSION 
	REFERENCES 

	Chapter 14    FUNCTIONAL ROLES OF CORTICOSTERONE AND STRESS IN PENILE MORPHOLOGY 
	ABSTRACT 
	INTRODUCTION 
	METHODS 
	CONCLUSION 
	REFERENCES 

	Chapter 15    GLUCOCORTICOIDS AND NEURODEGENERATION 
	ABSTRACT
	INTRODUCTION 
	REGULATION OF GC RELEASE AND AVAILABILITY 
	GENOMIC AND NON-GENOMIC ACTIONS OF GLUCOCORTICOID RECEPTOR (GR)  
	EPIGENETIC REGULATION OF GR 
	SUSTAINED GR ACTIVATION AND  NEURODEGENERATION IN AD 
	GC IMPACT ON AD NEURODEGENERATIVE MECHANISMS 
	GLUCOCORTICOID ROLE IN THE ONSET AND PROGRESSION OF PARKINSON’S DISEASE 
	THE NEURODEGENERATIVE POTENTIAL OF  GC IN PD PATHOLOGY 
	ROLE OF GLUCOCORTICOID RECEPTOR IN REGULATION OF INFLAMMATION IN PARKINSON’S DISEASE 
	GC-DRIVEN BRAIN PROGRAMMING AND  NEURODEGENERATIVE PATHOLOGIES 
	CONCLUSION  
	REFERNCES 

	Chapter 16    DISORDERS OF THE ADRENAL GLANDS: THE NEUROLOGISTS’ POINT OF VIEW 
	ABSTRACT 
	INTRODUCTION 
	CUSHING’S SYNDOME 
	Clinical Manifestations of Cushing’s Syndrome 
	Diagnosing Cushing’s Syndrome 
	Treatment of Cushing’s Syndrome 

	ADRENAL INSUFFICIENCY 
	Disorders Caused by Developmental Defects 
	Disorders Causing Impaired Steroidogenesis 
	Secondary AI  
	Clinical Manifestations of Adrenal Insufficiency 
	Diagnosis of Adrenal Insufficiency 
	Treatment of Adrenal Insufficiency 

	ADRENOLEUKODYSTROPHY AND ADRENOMYELONEUROPATHY 
	Clinical Manifestations of Adrenoleukodystrophy and Adrenomyelomyopathy 
	Diagnosis of Adrenoleukodystrophy and Adrenomyeloneuropathy  
	Treatment of Adrenoleukodystrophy and Adrenomyeloneuropathy 

	HYPERALDOSTERONISM 
	Diagnosis of Hyperaldosteronism 
	Treatment of Hyperaldosternonism 

	DISORDERS OF THE ADRENAL  MEDULLA (PHEOCHROMOCYTOMAS) 
	Clinical Manifestations of Pheochromocytoma 
	Diagnosis of Pheochromocytooma  
	Treatment of Pheochromocytomas  

	ACKNOWLEDGMENTS
	REFERENCES 

	Chapter 17    ADRENOCORTICAL CANCER 
	ABSTRACT 
	INTRODUCTION 
	DEMOGRAPHICS 
	CLINICAL PRESENTATION 
	PATHOGENESIS 
	PATHOLOGY 
	WORKUP AND DIAGNOSIS 
	Biochemical Tests 
	Imaging Studies 
	Computed Tomography  

	MAGNETIC RESONANCE IMAGING (MRI) 
	OTHER DIAGNOSTIC STUDIES 
	MANAGEMENT 
	Surgery 
	Role of Lymphadenectomy 
	Adjuvant Therapy 
	Mitotane 
	Radiotherapy 
	Other Options 
	Treatment of Recurrent or Metastatic Disease 

	RECENT ADVANCES 
	CONCLUSION 
	REFERENCES 

	Chapter 18    ADRENAL LEIOMYOMAS 
	ABSTRACT 
	INTRODUCTION 
	CLINICAL PRESENTATION 
	ASSOCIATIONS 
	INVESTIGATIONS & EVALUATION 
	MANAGEMENT
	HISTOPATHOLOGY 
	PROGNOSIS & FOLLOW-UP 
	CONCLUSION 
	ACKNOWLEDGEMENTS 
	REFERENCES 

	Chapter 19     RARE TUMORS OF THE ADRENAL GLAND 
	ABSTRACT 
	ADENOMATOID TUMOR 
	SCHWANNOMA 
	CAVERNOUS HEMANGIOMA 
	LYMPHANGIOMA 
	SOLITARY FIBROUS TUMOR
	LEIOMYOSARCOMA 
	ONCOCYTIC ADRENOCORTICAL TUMORS 
	COLLISION AND COMPOSITE TUMORS 
	ACQUIRED ADRENAL HYPERPLASIA 
	CONCLUSION 
	REFERENCES

	EDITOR CONTACT INFORMATION 
	INDEX 




