Chapter 11
Stress and HPA Axis Dysfunction
in Alzheimer’s Disease

Yash B. Joshi and Domenico Pratico

Abstract Memory loss is the most prominent clinical aspect of Alzheimer’s
disease (AD) but, as recent clinical evidence has been revealed, intervening when
memory difficulties are already apparent does little to alter the morbidity and mor-
tality of the disease. Therefore, risk factors that accelerate the development of AD
have recently received tremendous interest. Among those risk factors, interrogation of
stress hormones/glucocorticoids have been particularly impactful because stress is an
inherent aspect of life and unavoidable. Heightened indices of stress in mid-life predict
greater risk for AD in late-life, stress hormone dysregulation in the aged increases AD
vulnerability and higher levels of circulating glucocorticoid in AD patients correlates
with faster cognitive decline. However, despite this evidence, the precise mechanism
linking glucocorticoids and stress hormone to AD remain elusive.

In this chapter, we provide an overview of the hypothalamus—pituitary—adrenal
(HPA) axis, and how stress, dysregulation of stress hormones and HPA axis dys-
function are currently thought to play a role in AD pathogenesis.

11.1 Introduction

The past several decades have dramatically improved understanding about the
molecular pathogenesis of Alzheimer’s disease (AD), especially its characteristic
brain pathologies: plaques composed of amyloid beta (Ap) peptides and neurofibril-
lary tangles composed of the microtubule-associated tau protein. In parallel, knowl-
edge about the underlying genetic mutations found in patients with inherited,
early-onset AD, have also lead to fruitful investigation of the AP precursor protein
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(APPP), and the proteases that cleave ABPP to form Af peptides, which include the
[-secretase and the y-secretase complex composed of the presenillin, presenillin
enhancer-2, anterior pharynx-defective-1, and nicastrin proteins. However, well
over 95 % of all AD cases are sporadic, without mutation in any of the above targets.
Because of this evidence, environmental factors are thought to play a significant role
in AD vulnerability, progression and severity. Of those environmental factors, recent
attention has been placed on the role of stress and dysfunction of the hypothalamus—
pituitary—adrenal (HPA) axis in AD. Because stress is an unavoidable aspect of life,
understanding of how stress modulates AD vulnerability is useful both for the
development of clinical preventative and therapeutic strategies as well as investigation
of AD pathobiology.

11.2 Overview of the HPA Axis

In response to psychological or physiological stress, corticotrophin-releasing factor
(CREF; also called corticotrophin-releasing hormone) is secreted from the paraven-
tricular nucleus of the hypothalamus. CRF acts on the neuroendocrine cells of the
anterior pituitary gland to release adrenocorticotropic hormone (ACTH; also called
corticotropic hormone), which enters circulation induces secretion of stress hor-
mones, such as glucocorticoids, from the adrenal glands (for a review on the HPA
axis see [1]). The primary glucocorticoid in humans is cortisol which binds to min-
eralocorticoid (MRs) as well as glucocorticoid receptors (GRs), forming complexes
that translocate to the nucleus to modulate patterns of gene expression. Emerging
evidence also indicates that in the brain there exist membrane-associated receptors
sensitive to corticosteroids which may explain rapid changes in cell physiology too
fast for genomic modulation [2]. Glucocorticoids feedback at the level of paraven-
tricular nucleus and anterior pituitary through GRs, with the GR-cortisol complex
binding to CRF and ACTH, which suppress the HPA axis and is critical in maintaining
a normal homeostasis. The vast majority of circulating endogenous glucocorticoids
is bound by corticosteroid binding globulin (CBG) while a small portion is bound to
serum albumin, with only the free steroids acting on tissues. Under basal physiolog-
ical conditions, glucocorticoid levels follow patterns of discrete pulsatile release,
approximately hourly, punctuated by low levels between release, with the highest
circulating levels occurring in the early morning and the lowest levels occurring in
the evening. However, this periodicity and circadian cycle of glucocorticoid release
is plastic and can be greatly influenced by different physiological contexts, environ-
mental factors or disease states.

11.3 The Glucocorticoid Hypothesis of Brain Aging

Decades of investigation have revealed that glucocorticoids and stress are critical
modulators of memory, with significant attention being paid to the effects gluco-
corticoid on the hippocampus, a limbic system structure essential to memory.
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Because aging is the strongest non-modifiable non-genomic risk factor for AD,
Landfield and colleagues originally posited the hypothesis that glucocorticoids pro-
mote brain aging based on studies in rodents that suggested corticosteroids produce
aging-associated neurodegenerative changes in hippocampus, a brain locus wherein
GRs are richly expressed [3]. Since hippocampal neurons are important negative
feedback regulators of the HPA axis, it was conjectured that extended stress or
glucocorticoid exposure and aging acted cooperatively to produce cognitive decline.
Animal and human studies initially provided support for this hypothesis, with eleva-
tions in circulating stress hormones correlating with cognitive decline, and longitu-
dinal studies linking cortisol with loss of hippocampal volume. Extended activation
of the HPA axis and elevation of stress hormones also structurally change the
hippocampus, resulting in atrophy and altered metabolism. Positron emission
tomography (PET) and functional magnetic resonance imaging have revealed,
respectively, that stress/glucocorticoid administration reduces blood flow and
decreases hippocampal activation during memory retrieval tasks [4—7]. However,
these phenomena are influenced greatly by the magnitude and type of stressor as
well as the length of exposure. Similarly, studies involving both humans as well as
other model organisms show performance on memory tasks vary greatly and depend
heavily on glucocorticoid dose and treatment duration. While glucocorticoids
impair memory retrieval, they have been shown to enhance hippocampal-dependent
memory consolidation [8]. In parallel with these behavioral findings, analysis of
synapses in the hippocampus have revealed that acute exposure to low or moderate
levels glucocorticoids strengthen and functionally enhance synaptic function, while
chronic exposure reduces dendritic spine morphology [9]. Due to these observa-
tions, Landfield and colleagues have since reformulated this hypothesis to include
molecular feedback between neuron and non-neuronal cells as well as context-
dependent competing genomic actions of glucocorticoids. Regardless, to appropri-
ately investigate the link between stress, aging, and hippocampal functioning, future
human studies must use a combined approach that includes new imaging modalities,
memory testing, and sensitive biomarkers of aging and stress. In particular, animal
and in vitro studies must explore both genomic and non-genomic actions of gluco-
corticoids on not only neurons and other cell types in the hippocampus, but other
brain areas known to be involved in learning and memory (e.g., cortex, other limbic
structures such as the amygdala and fornix).

11.4 Stress and AD

Several human studies have been carried out suggesting that stress and stress
hormones may be involved in AD pathogenesis. AD patients display higher basal
salivary cortisol levels than controls and higher HPA activity, as measured by plasma
cortisol, correlates with more severe disease progression in mild and moderate cases
of AD [10-12]. Postmortem analyses of cerebrospinal fluid (CSF) cortisol levels
also show a similar trend between AD and age-matched controls [13]. In elderly
patients without detectable dementia, higher levels of chronic distress are associated
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with greater risk for development of mild cognitive impairment, which is considered
by many in the field to be a prodrome for AD, as well as AD itself [14]. Higher urinary
cortisol excretion is also associated with greater incidence of cognitive impairment
[15]. In AD patients, hyperactivity of the HPA axis also correlates to hippocampal
volume, with lower volume being associated with lower scores on neuropsycho-
logical batteries of episodic and visuospatial memory [16]. Administration of
exogenous glucocorticoids, such as prednisone has also been reported to cause
behavioral decline in AD patients [17].

Many of these observations have been recapitulated in several animal studies. In
rodents, suppression of glucocorticoids from mid- to late-life increases neurogen-
esis in the hippocampi of aged animals while chronic long-term activation of the
HPA axis results in cognitive dysfunction and reduction in neurogenesis [18, 19].
Work by multiple investigators has shown that behavioral stress, across a variety of
paradigms (including restraint, isolation and/or immobilization stress), worsens
AD-like pathology and exacerbates memory impairments in various rodent models
of AD [20, 21]. Pharmacologic administration of synthetic glucocorticoids as
well as endogenous corticosteroids also exacerbates the AD-like phenotype, while
corticosteroid antagonists are protective [22—24]. In wild-type animals, behavioral
stress also augments the detrimental cognitive effects of A peptide infusions in
the brain.

Despite these observations, the mechanism of how stress and glucocorticoids
modulate the AD phenotype is elusive. In human trials, this issue is complicated
because sensitive tests (i.e., PET labeling and CSF assays for Af and tau, and neu-
ropsychiatric battery/examination) have not yet been widely adopted that would
allow researchers to diagnose AD, and accurate biomarkers have not been devel-
oped that can track the trajectory and timeframe of cognitive decline from normal to
mild cognitive impairment and full dementia. In animal models of the disease, there
are also subtle idiosyncrasies in pathologic glucocorticoid-mediated Ap and tau
production. For example, in the 3xTg animal model of AD developed by LaFerla
and colleagues, which expresses the human APPP Swedish mutation, presenilin-1,
and tau, administration of glucocorticoids results in an elevation of ABPP and
[B-secretase expression [24]. This suggests that glucocorticoids exacerbate the
symptomatology of AD through an elevation of starting substrate and its cleavage
product, AP. While elevations in AP peptides are found in the Tg2576 model of AD
developed by Hsiao and colleagues upon glucocorticoid administration (which
expresses only human APPP Swedish mutation), such changes in ABPP metabolism
are not seen. This is an intriguing observation, likely attributable to the differences
in promoters of the knock-in ABPP transgenes in different animal models (Thy1
with the 3xTg, and hamster prion promoter with the Tg2576). However, given that
there is a glucocorticoid response element in the promoter region of human ABPP a
complete analysis of HPA axis dysfunction using these two animal models may not
be possible. Similarly, differences in the phosphorylation of tau, a crucial step in
the development of neurofibrillary tangle pathology, have also been reported that
are not consistent and depend greatly on the stress paradigm used. For example,
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Lee and colleagues have reported that restraint stress for 2 h/day for 16 days results
in higher levels of ser199, thr231 and ser296 phosphorylated tau but not the ser202
tau phosphoepitope in the Tg2576 mice [25]. However, Jeong and colleagues have
reported that transgenic mice expressing the ABPP London mutation displayed
memory impairment and increased tau phosphorylation at the ser202/thr205 site
after 8 months of immobilization and isolation stress, starting at 3 months, for 6 h/day
for 4 day/week [20].

In addition to stress and glucocorticoids, a role for CRF has emerged in the
pathogenesis of AD, despite earlier work that indicated CRF was protective in vitro.
CREF acutely elevates brain AP levels and phosphorylated tau in transgenic AD
animals which is prevented by using CRF antagonists [26]. Overexpression of
CRF in an AD mouse also results in faster progression of the AD phenotype,
while disruption of the CRF receptor results in normalization of pathology [27].
These early results seem to indicate that stress, in addition to elevating glucocor-
ticoids, facilitates neurodegeneration through CRF. Other important aspects of the
HPA axis, including the neuroactive properties of the mineralocorticoid receptor
and ACTH, are less well studied and may also play a role in AD. Additionally, since
the HPA axis can also be modulated by circulating catecholamines such as epineph-
rine and norepinephrine, further investigation of these in the context of stress may
prove fruitful.

11.5 HPA Axis, Major Depressive Disorder,
and Alzheimer’s Disease

A recent body of work shows that potential links may exist between major depressive
disorder (MDD) and AD [28]. MDD is characterized by a majority of the following
symptoms for at least 2 weeks: depressed mood, anhedonia, weight loss or weight
gain, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or
loss of energy, feelings of worthlessness, diminished ability to concentrate, and
suicidal ideation. HPA axis dysfunction, including an elevation of circulating gluco-
corticoids and CREF, is known to occur in patients with major depressive disorder.
Interestingly, MDD that occurs early in life is correlated with the development of
AD in later life, and the risk for developing symptoms of dementia increase by over
10 % per MDD-related hospitalization [29, 30]. Additionally, persons who develop
MDD after the age of 50, termed late-life depression, many times also develop cog-
nitive impairments [31]. In patients with mild cognitive impairment, co-incident MDD
increases risk for development of AD, and MMD occurs in over 30 % of AD patients
[32]. As with AD, in patients with MDD, there is volume loss in the hippocampus [33].
While at the present time it is unclear whether MDD is directly related to the devel-
opment of AD, this relationship appears to be significant, and, given similar HPA
axis dysfunction in both MDD and AD, further work must be done to understand
how these diseases are related.
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11.6 Conclusion

In summary, stress and HPA axis dysfunction appears to be a significant component
of AD pathogenesis. Stress and stress hormones modulate important brain regions
known to be crucial for learning and memory, such as the hippocampus. Stress
increases the risk for the development of cognitive decline and many AD patient
display dysregulation of the HPA axis. In AD animal models, stress leads to an
increase in AP and tau pathology as well as cognitive decline. Finally, emerging
data suggests that in other disease states where there is HPA axis dysfunction,
including at least MDD, there is a greater risk for AD. While further work must be
carried out to sufficiently dissect the pathological molecular mechanisms involved,
current understanding of stress in the AD context suggests that behavioral or phar-
macological management of stress should be a significant priority in researchers
and clinicians who work not only with AD patients, but also with individuals bearing
this risk to develop the disease.
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