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General Discussion - Part 1

General discussion

In this thesis, | investigated how stress, either chronically early in life, or acutely
after learning experiences, affects learning and memory processes. | studied
this in the adult and aging brain, and examined the underlying mechanisms.
The first aim was to elucidate whether positive and/or negative early life
experiences contribute to a different onset, or exacerbation of cognitive
decline in relation to Alzheimer’s Disease (AD), and what the underlying
mechanisms are. In the General Discussion — part 1, | will give a broader
perspective on the current literature and discuss the role of early life
experiences in modulating AD risk and progression, primarily from a preclinical
perspective, and integrate our own findings presented in this thesis (Chapter
2 to 7). | finish with some outstanding questions that have arisen from our
work and that of others.

A second question that | addressed in this thesis, is how glucocorticoid
hormones determine memory strength and memory specificity, and
what the underlying neuronal substrates are. Therefore, in the General
Discussion - part 2, | discuss how neuronal ensembles, or engram cells
that represent memory traces, are modified under the influence of stress
hormones, and how this affects memory formation.

227






General Discussion
Parti1




Chapter 10

Parts of this discussion were published in adjusted form as:

Vulnerability and resilience to Alzheimer’s disease: Early life conditions
modulate neuropathology and determine cognitive reserve

Sylvie L. Lesuis, Lianne Hoeijmakers, Aniko Korosi, Susanne R. de Rooij,
Dick F. Swaab, Helmut W.H.C. Kessels, Paul J. Lucassen, Harm J. Krugers

Alzheimer's Research & Therapy (2018). 10:95.
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General Discussion - Part 1

1. Early life experiences affect AD neuropathology and
cognition

Several clinical studies have suggested an association between either
stressful or enriching/stimulating experiences during childhood and the later
risk to develop Alzheimer’s disease (AD). For example, more years of formal
education have been associated with a lower risk to develop AD". Also,
early life ‘enrichment’ and more cognitive challenges and ‘stimulation’ were
correlated with a later manifestation of AD symptoms?>®. In contrast, clinical
literature further indicates that stressful events early in life are associated
with a higher chance to develop AD*®. While this association underscores the
possible importance of the early postnatal period for AD symptomatology
and neuropathology, the long time lag in between both hampers a deeper
understanding of the underlying causes and possible mechanisms. To address
this, animal models allow a more detailed investigation of these cause-and-
effect relationships that may help to identify the underlying mechanisms by
which e.g. environmental factors during the early life period can modify later
AD symptoms and pathology. For example, the ability to model specific genetic
risk factors for AD and the precise temporal control over the occurrence of life
events make animal models highly suitable to study these mechanisms and
the interactions between genes, the (early) environment and later AD risk.

1.1. Early life adversity and AD

As outlined in Chapter 1, genetically modified mice allow for modelling specific
pathological features of AD, such asthe expression of Apand tau at pathological
levels. Many studies in transgenic mice have now demonstrated effects of early
life experiences on later cognitive function. In the widely used APPswe/PS1dE9
mice, cognitive performance at an adult age was generally impaired when
the mice had been exposed to prenatal or other forms of early life stress. For
instance, exposing these mice to repeated, brief periods of restraint stress from
embryonic day 1to 7 resulted in impairments in object location memory at 6
months of age’. In addition, maternal separation attenuated spatial learning
as tested in the Morris water maze task in 9 months old mice®. Furthermore,
we have shown in this thesis that APPswe/PSIdE9Q mice exposed to chronic
early life stress from PND 2-9 displayed cognitive impairments one year later,
specifically in the cognitive flexibility domain (Chapter 4)°. These latter effects
were not caused by early life stress alone, since wild type mice exposed to early
life stress were not impaired. Together, this suggests that early life stress may
modify AD related processes and thereby accelerate and/or aggravate AD
symptom development (Chapter 4)°.
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These cognitive impairments are often accompanied by alterations in A
neuropathology. In middle-aged APPswe/PSIdE9 mice, we show that both
plaque load and the soluble intracellular Ap levels were increased following
early life stress exposure (Chapter 4)57°, although at 4 months of age, also
a decrease in cell-associated AB has been reported after early life stress®.
Interestingly, we observed the most striking differences in Ap neuropathology
in 6 month old APPswe/PS1dEQ mice, where early life stress induced a striking
6- to 7-fold increase in hippocampal soluble AB-40 levels, and even an 8- to
9-fold increase in Ap-42 levels (Chapter 4). Although the relative increase in
AB-42 levels after early life stress is much smaller at 12 months of age (1.2-fold
increase), the overall AB-42 levels at 12 months are much higher. This results in
a higher absolute difference in Ap-42 pathology following early life stress, that
also correlated with the deficitsin cognitive flexibility observed at thisage. Given
the latter effect, it would be interesting to also measure soluble AB levels in the
prefrontal cortex (PFC),as this brain regionisstrongly implicated in behavioural
flexibility. Surprisingly, we did not observe a difference in hippocampal plaque
load at any of the ages in this study (except in the subiculum at 6 months of
age), suggesting a higher degradation and/or clearance of Ap following early
life stress. Also this needs to be further substantiated, e.g. by evaluating the
expression of AB-degrading enzymes like neprilysin™ and insulin-degrading
enzyme (IDE)™?, and phagocytic uptake and degradation of Ap (see also section
2.3).

Effects of early life adversity on later AD measures have been studied in
other transgenic mouse models as well. For instance, in a model co-expressing
mutant APP and tau (biAT-mice), chronic early life stress increased soluble AB
levels already in four month old mice while it at the same time significantly
reduced their life expectancy (Chapter 2)®. This illustrates that in a genetic
background relevant for AD, additional exposure to early life stress can increase
AB neuropathology prior to the onset of cognitive impairments and even affect
life expectancy. However, as the cause of death has not been investigated
extensively in this model, it remains unclear how ELS altered lifespan. Previous
studies in the parental Tau.P301L line, which display hindbrain tauopathy,
revealed an inverse relation between brainstem tauopathy and lifespan™®,
As the brainstem controls autonomous vital systems such as breathing,
swallowing, and blood pressure, this may give a hint toward the cause of
the premature death in Tau.P301L mice. However, the lifespan of biAT mice
is even stronger reduced compared to Tau.P301L mice, suggesting that the
additional and specific contribution of the APP.V717| mutant protein, possibly
in combination with the tau mutation, is involved in the reduced survival of
these ELS-exposed animals.
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Alternatively, different transgenic AD mouse models expressing mutant
forms of APP also die prematurely, possibly due to spontaneous seizures
and abnormal epileptiform electroencephalography (EEG) activities™".
Interestingly, ELS was also associated with a higher incidence of spontaneous
seizures®2° and enhanced excitability??2. This may link ELS to the reduced
survival in biAT animals possibly by potentiating epileptic seizures. Although
these preclinical observations are consistent with the higher incidence of
epileptic activity in aged AD patients as compared to non-demented elderly?
as also found with intracranial electrodes??°, the timeline and mechanisms
of human and rodent presentation of symptoms (neuropathology, cognitive
decline, epileptic seizures) does not overlap, obscuring a direct translational
value of our present findings.

The effects of stress early in life on both later cognition and AD-related
neuropathology may not be specific for transgenic animals since also in
wild type rodents, impairments in cognition occur following maternal
separation that are accompanied by increased levels of AB-40 and -42,
together resulting in an exacerbation of Ap levels?®, BACE expression?” and
tau phosphorylation??%32. While in wild type animals, the Ap monomers do
not aggregate into neurofibrillary plaques, these findings do suggest that
regardless of the genetic background of an animal, stress exposure, be it early
or later in life, may promote APP processing towards the production of more
amyloidogenic species, and may thereby modify the sensitivity to develop AD
pathology later in life.

1.2. Early life enrichment and AD

Although less well studied, exposing mice to an enriched and ‘positive’
environmentduring the early life period may exert opposite effects on cognition
and AD-related neuropathology when compared to conditions of early life
stress (Chapter 3)*3*%4 For instance, neonatal handling (early handling, EH),
twice daily from PND 1-21, which has been associated with enhancing levels of
maternal care, prevented spatial cognitive deficits and emotional alterations
at four months of age in 3XTgAD mice, an effect that was most pronounced in
females®. Similarly, we found that daily handling from PND 2-9 prevented the
cognitive impairments in APPswe/PSIdE9 mice at 11 months of age (Chapter
3)%4. Interestingly, while deficits in hippocampus-dependent and PFC-
dependent-memory performance were prevented by the neonatal handling
procedure in this study, we found that amygdala-dependent memories were
not affected in the same animals (Chapter 3)*4. In line with this, EH reduced AB
plague load in the hippocampus, but not in the amygdala (Chapter 3)3“.

233



234

Chapter 10

In 4 month old biAT mice, neonatal handling reduced Ap levels prior to
the emergence of cognitive deficits, and notably, prolonged lifespan (Chapter
2)%. Combined, these studies indicate that neonatal handling reduces or
delays the incidence of AD-related pathology and cognitive impairments,
with differential effects on hippocampal and amygdala function. This could
potentially be attributed to a difference in developmental trajectories, since
the hippocampus and amygdala display clear differences in postnatal growth
and maturation®3¢. So far, it remains elusive what defines the optimal time
window for installing lasting protective effects, an area of research that
deserves more attention. In addition to the effects of positive stimuli during
the early life period, there are other studies showing protective effects of
environmental stimuli, such as housing mice in enriched environmental
conditions or allowing them to exercise at adult or late age, on cognitive or
neuropathological measures in different AD models (see e.g.>%3).

1.3. Role of the PFC

Most AD rodent studies have investigated changes in the cognitive domain
as important readout parameter, with a strong focus on spatial memory and
hippocampal neuropathology. Considerably less attention has been given to
cognitive deficits caused by AD-pathology in other brain regions. For instance,
both the observed deficits in behavioural flexibility following chronic early life
stress (Chapter 4)°, and theimprovementin working memory performancethat
occur following neonatal handling (Chapter 3)*4 hint towards modifications in
PFC function. The PFC could be a particularly relevant brain area in relation
to ELS since it develops strongly in the first postnatal week (comparable to
the hippocampus), exceeding the developmental window of most other brain
structures®44, In wild type mice, early life stress has already been shown to
hamper dendritic development and spine density in the PFC, and maternal
deprivation has been reported to affect PFC volume*, further indicating the
relevance to investigate this brain region in more detail in relation to early life
stress and AD outcome®®.

1.4. Role of tau pathology

In addition, tau pathology has so far received less attention with respect to
early life programming. Tau pathology is potentially relevant given that its
expression correlates well with cognitive deficitsin Alzheimer's disease, more so
than amyloid levels. Also, the expression of tau protein and its phosphorylation
is strongly developmentally regulated“’°, is sensitive to stress*> 46, and tau
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phosphorylation has been associated with cognitive decline®>>, In addition,
reducing tau levels per se is protective in specific disease conditions (Cheng
2014) including amyloid induced cognitive deficits®*".

There is a substantial amount of literature on the effects of adult stress
or glucocorticoid exposure on various tau and phosphorylation measures
in different tau and AD mouse models, often studied from a cognitive
perspective or in relation to structural plasticity, neurogenesis and sex32505158-64,
Tau pathology, which is generally represented by intracellular neurofibrillary
tangles®, is enhanced by stress-exposure® and hyperphosphorylated tau, as
precursor to intracellular tangle formation, was e.g. found to accumulate after
exposure to a stressoréos7-7°,

In transgenic mice, so far only few studies have evaluated tau levels
following early life experiences. We found that both early life stress and
neonatal handling do not strongly affect later tau pathology in biAT mice
(Chapter 2)®, although this could possibly be attributed to the relatively
young age at which we evaluated tau pathology. Others have found improved
cognition and reduced tau pathology following maternal dexamethasone, a
synthetic glucocorticoid receptor (GR) agonist, treatment®. Although early
environmental factors have been shown to affect tau hyper-phosphorylation
in wild type rodents?®+7 further studies, especially in more advanced tau
pathology models, are required before any conclusions can be drawn with
regard to the possible consequences of early life experiences for later tau
pathology.

1.5. Conclusion

In conclusion, there is substantial evidence from rodent studies that the
perinatal environment determines later brain vulnerability or resilience against
cognitive impairments and AB neuropathology later in life. Early life adversity
generally worsens cognitive performance and aggravates AB neuropathology,
whereas more positive experiences like early life enrichment can delay these
cognitive deficits, at least for some behavioural domains, and attenuate AP
neuropathology.

2. Early life environment, Ap and tau neuropathology

To further understand the association between early life experiences and the
vulnerability or resilience to develop AD, it isimportant to understand how early
life experiences can alter AD pathology. The steady-state levels of AR depend
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on a balance between APP processing, the rate of amyloid production and
clearance of the peptide from the brain’. Several lines of evidence indicate
that early life experiences could affect these processes. Likewise, also tau
hyper-phosphorylation can be potentiated by factors induced early in life.

2.1. Hypothalamus-pituitary-adrenal (HPA)-axis

As discussed in Chapter 1, the early postnatal environment is a strong
determinant of HPA axis activity, thereby regulating later-life sensitivity
to stressors’™ and circulating levels of glucocorticoid hormones (cortisol in
humans, corticosterone in rodents). Positive early life experiences generally
dampen HPA axis reactivity, resulting in lower CRH and glucocorticoid levels
in response to a stressor, whereas early life adversity generally increases HPA
axis reactivity”7, As a consequence, the subsequent, cumulative exposure to
glucocorticoids and/or CRH in adult animals is often persistently enhanced by
early life stress exposure’.

Human studies have shown that at the early stages of AD, basal levels
of circulating cortisol are often elevated’™78. AD and dementia patients also
show a failure to suppress their endogenous cortisol after administration of
the synthetic glucocorticoid dexamethasone”®, indicating a dysfunction in
the feedback of the HPA axis. Elevated basal cerebrospinal fluid (CSF) cortisol
levels were specifically found in MCI patients who later developed AD, but not
in MCI patients with other underlying neuropathologies®. Moreover, higher
baseline CSF cortisol levels were associated with a faster clinical worsening
and cognitive decline in MCI patients once they were developing AD#,
However, HPA dysfunction does not seem to worsen any further as the disease
progresses®®4 suggesting that early life induced alterations in HPA axis
function may in particular accelerate the onset of AD pathogenesis.

Rodent studies further indicate that repeated stress exposure or
pharmacological treatment with (synthetic) glucocorticoids can induce
pathological processing of both AB and tau in 3xTg-AD mice®” or wild type
rats®. In addition, using the GR antagonist mifepristone (RU486), we were
able to reverse the ELS-induced impairments in cognitive flexibility as well
as reduce AB-40 and AB-42 levels. These effects were most prominent in
ELS-APPswe/PS1dE9 mice. This finding provides support for the notion that
changes in HPA axis activity contribute to the accelerated cognitive decline
in ELS-APPswe/PSIdES mice. In addition, a reduction in APP-derived C99 and
C83 fragments was reported in 3xTg-AD mice after mifepristone treatment
indicating effects on the amyloid processing pathway®. Since modulation
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of glucocorticoid levels or GR activation can modify AB neuropathology®’£788,
this points towards a causal involvement of glucocorticoids in the initial
development, or later promotion of AD neuropathology, rather than that the
alterations in glucocorticoids observed in AD may result as a consequence of
disease progression.

Notably, early life stress also increased the expression of BACET in adult
APPswe/PSIdE9 mice (Chapter 4)°, and in wild type mice?82%° Enhanced
BACET1 expression following early life or adult stress exposure can be a direct
effect of altered glucocorticoid signalling, as BACET contains glucocorticoid
binding sites?. Indeed, mifepristone treatment, reducing corticosterone levels,
also reduced BACET expression (Chapter 4)°. Thus, altered BACE1 expression
could be a mechanism through which glucocorticoid signalling modifies AD
outcome.

Following chronic early life stress, wild type animals show decreased
corticosterone levels in response to an acute stressor, whereas APPswe/
PS1dE9 mice exposed to the same paradigm, but not control-reared AD
mice, displayed elevated corticosterone levels (Chapter 4)°. This suggests
that AD neuropathology by itself can also affect HPA axis functioning. In
order to determine whether alterations in HPA axis activity indeed precede
or determine the enhanced AD neuropathology, HPA axis functioning should
be evaluated at a younger age, and e.g. selectively modulated experimentally
prior to the manifestation of ELS-induced alterations in AD neuropathology.

Increased glucocorticoid exposure most likely cannot fully account for all
neuropathologicalchangesobservedfollowingearlylifeexperiences.In Chapter
3 we observed an increase in stress and recovery levels of corticosterone in
early handled APPswe/PSIdE9 mice, which were accompanied by a rescue in
cognitive deficits and a reduction in plaque load**. These observations suggest
thatotherfactorsarisingearlyinlife, beside corticosteronesignalling,contribute
to the resilience to develop AD (see section 3 for potential mechanisms).

Although less extensively described in recent literature, chronic stress or
glucocorticoid exposure also induce abnormal hyper-phosphorylation of tau
in wild type? (see also paragraph 1.4) and 3xTg-AD mice®’. Glucocorticoids e.g.
potentiate the ability of centrally infused Ap to induce hyper-phosphorylation
of tau epitopes associated with AD?, suggesting that also tau pathology is
affected by HPA axis-related mechanisms. Although speculative, this could
be a mechanism by which early life experiences, via alterations in HPA axis
activity, could modulate the development of tau pathology in later stages®®.
Together, these studies indicate that alterations in glucocorticoid signalling,
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which are both altered by early life experiences, can potentially promote AD
pathology. Modulating these systems may thus directly affect pathological
markers like AR production and tau hyper-phosphorylation. However, further
research is needed to study the exact underlying mechanisms and causality,
in particular with respect to tau pathology.

2.2 Blood-brain barrier integrity

The total amounts of AB in the brain are controlled by a steady-state,
homeostatic balance of production and removal. In humans, approximately
25% of AB is cleared from the brain via the blood-brain barrier (BBB)%. Post-
mortem studies have shown that BBB integrity declines with age®**’, and
might therefore be involved in the onset of dementia. Both acute and chronic
activation of the stress system may compromise the permeability of the blood-
brain barrier®®, Restraint stress in rodents induces damage to the capillary
brain endothelial cells and alters expression of the tight-junction proteins
occludin, claudin-5, and glucose transporter-1in brain capillaries, pointing to
impaired BBB functioning®.

In particular, low density lipoprotein receptor-related protein 1 (LRP1) and
the receptor for advanced glycation end products (RAGE) seem to play central
roles in transport of A over the BBB®>®¢. RAGE is an important transporter in
regulating the influx of circulating Ap into the brain. Corticosteroid treatment
increases the expression of RAGE™ which can thereby promote transport of
AB into the brain. In addition, LRP1 regulates the efflux of brain-derived AB into
the circulation. Interestingly, LRP1 has glucocorticoid receptor binding sites!™
and is, at least in macrophages, regulated by glucocorticoids'®?. Dysfunction
of LRP1 following prolonged high exposure of glucocorticoids could therefore
result in a less efficient transport of AR from the brain and result in increased
AB levels in the brain. Although further experimental validation is required,
particularly with regard to how early life experiences regulate BBB integrity
and permeability, (early) stress could potentially influence AB clearance from
the brain by altering BBB permeability.

2.3. Neuroinflammation

In addition, the neuro-inflammatory response is involved in AB clearance.
Microglia e.g. bind Ap oligomers and fibrils and clear Ap from the brain through
the secretion of Ap-degrading enzymes like neprilysin, insulin-degrading
enzyme (IDE)?, and through the phagocytic uptake and active degradation
of AB. Both IDE and neprilysin activities are reduced in AD, and, interestingly,
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are further inhibited by glucocorticoids'®. In response to AB oligomers,
microglia induce an acute inflammatory response, to aid clearance and restore
homeostasis'o4106,

However, when AB levels accumulate over time, the physiological functions
of microglia, such as synaptic remodelling, may be compromised and lead to a
chronic neuro-inflammatory response'’. The progressive microglial activation,
elevated pro-inflammatory cytokine levels and morphological changes of
microglia together may result in functional and structural neuronal alterations
that ultimately can promote neuronal degeneration'”’. Adverse early life
experiences alter the number, morphology, phagocytic activity and gene
expression of microglia in the developing hippocampus, which extends into
the juvenile period (reviewed by'%80) and also affects their neuroinflammatory
response to amyloid in APPswe/PSIdE9 mice in an age-dependent manner®,
These changes are associated with abnormalities in developmental processes
mediated by microglia, including synaptogenesis, synaptic pruning, axonal
growth, and myelination (reviewed by"") and are thought to make them
more responsive to subsequent inflammmatory challenges like A (microglial
‘priming’)'e>"14 - Conversely, neonatal handling programs the expression of
the anti-inflammatory cytokine IL-10 early in development by decreasing its
methylation within microglia and attenuating glial activation™. Whether the
enhanced AB pathology after early life stress reduces the microglial response,
or whether early life programming causes alterations in microglial activation,
which in turn may modulate AB neuropathology, requires further investigation.

Together, impairments in glial functioning and/or in the inflammatory
response to AB, possibly modulated or “primed” by early life experiences, could
lead to the altered Ap phagocytic capacity or clearance,and hence an altered AB
burden with increasing age. Further studies are required to examine whether
positive early life experiences increase AD resilience via the modulation of
neuro-inflammatory responses and whether early life events can program
microglia directly or indirectly.

3. Modulation of cognitive and brain reserve by early life
experiences

Besides their direct role in AD neuropathology and related cognitive decline via
regulating Ap and tau, early life experiences may also modify the brain's ability
to cope with the pathological burden of AD. For instance, a healthier, more
active and more flexible brain may have a higher capacity to “circumvent” or
delay effects of an insult and hence cope in a better way with the challenges
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posed by the AD pathology™. This concept has been termed “brain” or
“cognitive reserve”, and has been introduced to explain individual variation in
vulnerability and resilience for age-related cognitive decline (see Box 1). These
concepts stem from findings that brain pathology (such as plague load) is an
unreliable predictor of human cognitive performance per se given that with
a comparable pathological load, some patients perform better than others
in cognitive tasks'. This could be a secondary mechanism, in addition to the
mechanisms described above, through which early life experiences determine
behavioural AD outcome.

3.1 Early life experiences, brain and cognitive reserve

The hypothesis that early life experiences influence brain or cognitive reserve,
and may either protect against or aggravate the clinical consequences of AD
neuropathology, comes from several epidemiological studies. For instance,
individuals with less than 8 years of formal education had a 2.2 times higher
risk of developing dementia than individuals with more than 8 years of
education. Moreover, participants with low socio-economic status were at
2.25 times greater risk of developing dementia than those with high lifetime
occupational attainment'’, and the occurrence of a parental death between
age 0-18 is associated with a higher incidence of AD®. Conversely, higher social
economic family status reduced the risk of dementia lastingly®, while both
the number of years of formal education?, and higher school grades appear
to protect against dementia, even in the absence of later-life educational or
occupational stimulation4, while early life linguistic ability is a strong predictor
for later-life cognitive performance and being raised in a bilingual family e.g.
protects against AD>", Furthermore, elderly people participating in frequent
leisure activities expressed a 38% lower risk of developing dementia™.

Such associations between early life environmental factors and AD indicate
that cognitive stimulation at an age at which the brain is still in development
may contribute to the building of cognitive reserve and thereby reduce the
risk for later AD, while disturbances like stress or trauma during early life
can be detrimental for building cognitive reserve. This is consistent with
observations in animal studies demonstrating the existence of specific “critical
periods” during early life’?%?" when disturbances in neuroplasticity can have
a long-lasting impact on brain function. Overall, these studies indicate that
educational and possibly also specific occupational experiences may create
a reserve that could delay consequences of AD pathology for behavioural
symptoms (Figure 1). This does not exclude the important contribution of the
genetic background nor of familial and societal factors that may also promote
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Box 1. Brain and cognitive reserve hypothesis

The terms brain or cognitive ‘reserve’ have been used to explain individual
differences in one’s capacity to maintain cognitive function despite
the emergence of brain pathology, or with individual differences in
pathology?®'?*. For example, some individuals (with a possible increased
brainorcognitivereserve) cantolerate more pathologicalalterations before
functional deficits appear than others'. The underlying neurobiological
mechanisms behind why one person develops AD symptoms later than
another person, with comparable pathology, remains elusive, but several
possibilities have been proposed, mainly in relation to resilience of the
brain to AD neuropathology?>.

Possible explanations for a later development of clinical symptoms of
AD include; 1) enhanced resistance of the brain to withstand the effects of
disease causing agents (e.g. by more efficient, or more effective cellular
defence mechanisms and detoxification or clearance mechanisms), 2)
better compensatory or repair responses to an insult, 3) a higher level
of brain ‘plasticity’ and capacity to functionally adapt in general, and 4)
larger numbers of synaptic connections or neuronal numbers?42,

The presence of a large cognitive reserve is in the first place thought
to be instrumental in delaying later disease onset. Cognitive reserve has
been linked to functional adaptations and a large extent of ‘flexibility’
in the adult and aging brain that may delay deficits from becoming
apparent and prolong the period before certain critical thresholds are
reached. Cognitive reserve may have been installed as a result of positive
stimulation of the brain during sensitive early life periods, e.g. by growing
up in an enriched and intellectually more stimulating environment, or by
receiving more years of education and/or mental training or challenges?=.
This has also been phrased as ‘use it or lose it"77?%¢, As defined here,
brain reserve is a related concept, generally referring to differences in
neural substrates, like brain size, neuron numbers, synapses or dendritic
complexity that may to some extent be driven by genetic factors but that
can also be modified by early life experiences?”.

a higher educational and occupational stimulation and thereby a better
coping with pathological load in later ages.

Despite the support for this theory from epidemiological studies, more
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4 Alzheimer’s disease progression N
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Figure 1. Proposed timelines illustrating how early life experiences can alter
brain and cognitive reserve and impact development of AD neuropathology. The
early life period determines the rate in which AD neuropathology develops, with early
life stress (red) accelerating disease progression, while early life enrichment (green)
decreases disease progression. In addition, the cognitive reserve of the brain is
modulated by early life experiences, thereby determining at what pathological stage

Kthe clinical diagnosis of dementia is established. j

controlled studies aimed to determine whether (early) environmental factors
can actually help build AD resilience are thus far limited. In particular, the
guestion remains open what the molecular and cellular substrates are that
mediate such effects of life experiences, especially those occurring early in life,
on cognitive reserve and clinical AD outcome.

3.2. Animal research on early life experiences and cognitive reserve

Although attractive as a concept, it is currently unknown which brain
mechanisms underlie brain and cognitive reserve. To address this, animal
studies are required to investigate whether and how a brain and cognitive
reserve can be installed, and what the underlying molecular and cellular
substrates are.
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One possible mechanism that could underlie cognitive reserve is the
ability/capacity to withstand and/or compensate for dysfunction in one brain
circuit by recruiting associated, unaffected brain circuitries. This would allow
for switching between cognitive strategies and for using alternative and/or
additional brain networks, to e.g. better cope with the gradual accumulation
of AB pathology. For instance, Granger et al'? observed that male and
female mice overexpressing the human APP transgene exhibited a similar
neuropathological load, while females displayed earlier cognitive impairments
than males. Assuming that task performance was not influenced by sex per se,
this suggests that males could compensate for Ap-associated impairments,
and that they did so by alternating navigational search strategies, which
would have required different brain circuits and adopting alternative spatial
search strategies in the Morris water maze task. In contrast, females failed to
efficiently switch from systematic to spatial learning strategies, potentially
indicating a weaker cognitive reserve'?2, A similar inability to adopt alternative
behavioural strategies has been observed after early life stress. Prenatal and
postnatal stress in rodents has been reported to bias navigation strategies
towards more rigid, inflexible striatum-based learning strategies even under
low stress conditions™ 2, This suggests that (early life) stress may decrease
cognitive flexibility and can modify the ability to activate different brain areas,
which can be interpreted as a reduction in cognitive reserve. Indeed, we show
that APPswe/PS1dE9 mice exposed to chronic early life stress specifically show
impaired behavioural flexibility in the Barnes maze (while initial acquisition
is not worsened by early life stress) (Chapter 4)°. More extensive studies are
required, also examining the underlying circuitry, to better understand
how cognitive reserve and flexibility contribute to early life stress-induced
exacerbation of AD symptomatology.

3.3. Early life experiences and brain reserve

More research has been conducted in animal models assessing how early life
experiences can affect components that contribute to brain reserve, the neural
substrates of brain functioning. This involves synaptic plasticity and proteins
that regulate synaptic function, that all determine plasticity of the brain and
may render the brain more or less susceptible for AD related pathological
changes.

3.3.1. Synaptic plasticity
Disturbances in long-term potentiation (LTP) have been implicated in the
early manifestation of AD'?*'?7. Several in vitro and in vivo studies have shown
that AB oligomers trigger synaptic dysfunction (e.g.?®) by weakening synapses,
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Box 2. Reflections on the limited nesting and bedding materials
(“chronic early life”) stress model.

The value of any animal model relies strongly on the reproducibility of its
main readouts, both within and across different laboratories. Nowadays,
reproducibility is an important consideration in many animal studies
28 which can be compromised by subtle variations in experimental
conditions and/or by low power. In particular, stress-related experiments
are very sensitive to mild disturbances and variations in its procedures.

At PND 9, immediately following the early life stress procedure,
outcomes of the limited nesting and bedding model seem to be robust,
with comparable reports of increased CORT levels?**?4 and reductions
in body weight gain?i3239240242244 - that were also consistently found in
all our studies (reduced body weight gain: Chapter 2, 4-7; CORT levels:
unpublished observations). However, in all the studies described in this
thesis, we found no effects on body weight at PND 21, and age at which
some studies did report differences (e.g. *).

At adulthood, ELS results in enhanced anxiety-like behaviour?247
(although not found by?4°244 or by us (unpublished observation)) and
impaired spatial memory™7239240245 \While some studies report effects of
ELS on basal plasma corticosterone levels at adulthood?°24> several studies
have not found these increases®*6232248 Also the effects of the model on
cued fear conditioning are variable, as e.g.?** reported differences in the
identification of “safe” periods (i.e. no tone present), while we specifically
show differences in their response during the tone (Chapter 5 and 7).

In line with this, even within our own studies, we observed some
contradictions in the outcomes of the model. For instance, in Chapter 5
we report aberrant, strongly increased LTP in ELS-APPswe/PSIdE9 mice,
but in Chapter 6, we find LTD in the same mice. Interestingly, this was
both associated with a worsened cognitive performance. Importantly,
these studies analyse LTP at different ages (Chapter 5: + 12 months old;
Chapter 6 and 7: + 6 months old), although preliminary unpublished
data from the mice described in Chapter 5 at 6 months of age show a
similar increase in LTP in ELS-APPswe/PSIdE9 mice. In WT mice LTP
was impaired following early life stress in Chapters 6 and 7, but not in
Chapter 5, which emphasises the need to investigate the role of age

Box continues on next page
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impairing LTP and by reducing the density of dendritic spines?”2°*4 Under
conditions where LTP induction is already challenged, e.g. following early life
stress exposure7#1s1uasetss the effects of AR on synapses and plasticity can
be aggravated, thereby accelerating the onset of cognitive impairments. In
contrast, enhanced LTP after early life enrichment can potentially alleviate the
effects of AB and delay the onset of cognitive impairments. As AB specifically
targets synapses and disrupts synaptic signalling pathways, a larger or smaller
dendritic tree and/or of spine density could provide a structural substrate that
could modulate effects of A exposure, and hence make specific neurons more
or less vulnerable to Ap-induced dysfunction.

We have also shown that following early life stress in wild type mice, it is
no longer possible to induce LTP in the CAl of 6 month old mice (Chapter

Box 2. (continued)

in these effectsin more detail. Likewise, while we (Chapter 4)° and others'©
have previously not reported any effects of early life stress on plaque load
in the CAl of the hippocampus, we find a profound increase in the plaque
load in our study described in Chapter 6.

One factor that could potentially contribute to these different
outcomes is the ambient temperature at which the early life stress
procedure is conducted, as one can imagine the perceived stressor of the
pups being much higher at a lower ambient temperature. Also external
disturbances in the housing environment of the animals could contribute
to the perceived stress of the animal, either during the early life stress
procedure or while growing up, as stress sensitivity is also known to be
affected by the model. Finally, other factors, among which composition of
the chow, may determine the outcome of the early life stress.

To conclude, this model has been praised for its simplicity in
implementation, resulting in relatively robust and reproducible changes
in maternal behaviour within and across laboratories*®. Indeed, at PND 9
all reports seem to point in the same direction. Notwithstanding, it seems
that minor variations in the model result in different outcomes later in life,
in our hands particularly on later life fear conditioning behaviour, synaptic
plasticity and plague pathology. These observations emphasise the need
to investigate factors that contribute to variations within the model, such
as housing conditions and nutrition, in this animal model.
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6, Chapter 7), supporting previous findings that early life stress impairs LTP.
In APPswe/PSIdE9 mice, ELS even resulted in long-term depression (LTD)
(Chapter 6), which could possibly mediate the impairments in spatial memory
that we observed in this study. Counterintuitively, we found that hippocampal
synaptic plasticity in 1year old APPswe/PS1dE9 mice following early life stress
was in fact enhanced (Chapter 5)'“°, although this was still accompanied by
decreased spatial flexibility in the Barnes Maze (Chapter 4)° and diminished
specificity of fear memory (Chapter 5)'“>. Although enhanced synaptic plasticity
is usually associated with improvements in cognitive performance, others
have also shown that networks composed of synapses that exhibit aberrant
synaptic potentiation, rather than synapses in which synaptic strength is bi-
directionally controlled, decrease their storage capacity and increase errors,
thereby failing to adequately store memories'“®18, This awaits further study
(see also Box 2 for further considerations of the use of this early life stress
model).

Together, these studies indicate that early life experiences alter synaptic
plasticity, which may influence the adult brain’s capacity to ‘circumvent’ and
cope with AD-associated insults, thereby prolonging the period of healthy
cognitive performance despite ongoing Ap neuropathology.

3.3.2. N-methyl-D-aspartate (NMDA) receptors

A potential molecular mediator of altered synaptic plasticity is the expression
or activation of the glutamatergic N-methyl-D-aspartate (NMDA) receptors.
In Chapter 5, Chapter 6 and Chapter 7, we investigated the expression and/
or function of NMDA receptor subunits following early life stress and/or in
relation to an APPswe/PSIdE9 transgenic background. During development,
there is a switch in NMDA-R composition, with GIuN2B being predominantly
present in the early postnatal brain. Over time, the number of GIuN2A subunits
grow, and after 2 weeks they outnumber the GIuN2B'°. This process can be
disturbed by early life stress, as maternal deprivation delays the switch to a
mature, predominantly GIuN2A containing NMDA-R phenotype at PND 28-
310, Interestingly, by 8 weeks of age, the effects of maternal separation stress
on the GIuUN2B-GIuN2A switch were reversed to less GIUN2B expression in the
hippocampus™. In line with this, we find in Chapter 7 reduced GIuN2B subunit
expression following ELS in 6 month old wild type mice. In addition, we show
that fEPSP synaptic plasticity measures of 12 month old ELS-APPswe/PSTdE9
mice are largely insensitive to application of the GIUN2B antagonist Ro25 6981
(Chapter 5). This suggests that possible alterations in NMDAR expression or
composition following ELS have functional consequences for the ability to
elicit synaptic plasticity in APPswe/PSIdE9 mice.
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Figure 2. Model of how the pathways of early life stress and AD may both resultin
excess extra-synaptic glutamate, activating extrasynaptic NMDA-R and promoting
pathways inducing LTD, and how treatment with the glutamate modulator riluzole
can counteract both of its effects. A. In young, healthy mice, there is a moderate
release of glutamate, resulting in a balance between synaptic and extra-synaptic
activation of NDMA-Rs. B. AD is accompanied by increased release osf glutamate,
resulting in higher activation of extra-synaptic NMDA-Rs, promoting the induction
of LTD over LTP. C. ELS exposure in AD mice lowers the expression of EAAT2 on glial
cells, reducing the reuptake of extra-synaptic glutamate and further promoting
the activation of extra-synaptic NMDA-Rs. D. Lifelong riluzole treatment decreases
the release of glutamate and increases its reuptake by glial cells through EAAT2,
preventing the activation of extra-synaptic NMDA-Rs. This results in the induction of

\LTD. j
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Interestingly, life-long treatment with the glutamate modulator riluzole
increased synaptic plasticity as well prevented the cognitive deficits induced
by early life stress in APPswe/PSIdE9 mice (Chapter 6). Riluzole specifically
decreases the activation of extra-synaptic NMDA-Rs by enhancing the
expression of EAAT2 on glial cells™, preventing excess glutamate from binding
to these NMDA-Rs. Whereas synaptic NMDA activity is critical for LTP and
memory formation, extra-synaptic NMDA activation is associated with the
induction of long-term depression (LTD) and excitotoxicity™2. The expression of
glutamate transporters, including EAAT2, decrease following early life stress’™3
and in AD®%5, As such, early life stress and AD share a common pathway
through which they can induce altered glutamatergic signalling, promoting
the induction of long-term depression and activating pro-apoptotic
pathways (see Figure 2 for a model of how early life stress and AD, via altered
glutamatergic signalling, may exert additive effects in the induction of LTD
and excitotoxicity).

How the effects observed after riluzole treatment (Figure 2; Chapter 6)
relates to the decreased GIuN2B expression after early life stress at 6 months
(Chapter 7)*° remains to be investigated in more detail. In our study, GIuN2B
expression was analysed in whole cell homogenates, whereas important
differences are present in the expression of synaptic versus extra-synaptic
GIuN2B expression®’. Alternatively, compensatory mechanisms could have
been activated to compensate for the reduction in GIuN2B expression, for
instance by recruiting higher levels of other NMDA-R-subunits. Indeed, the
unresponsiveness of early life stress mice to Ro25 6981 treatment (a selective
GluN2B-R antagonist) during a fear conditioning experiment supports this
notion, as early life stress animals were able to learn the association between
a tone and a foot shock in this paradigm, whereas control mice treated with
Ro25 6981 were unable to do so (Chapter 7).

3.3.3. Repressor element-1 silencing transcription factor (REST)
The disturbed developmental switch to increased GIuUN2B expression, as
described in section 3.3.2, has been suggested to be mediated by an impaired
activity of the transcriptional repressor element-1 silencing transcription
factor (REST) in the hippocampus following early adversity™. REST is a gene-
silencing factor expressed during development that inactivates neuronal
genes important for synaptic functioning, among which the gene encoding
for GIUN2B, and is essential for the experience-dependent fine-tuning of gene
expression involved in synaptic activity and plasticity™®'*°, The composition
of the NMDA receptor is of particular relevance as Ap acts specifically via
the GIuN2B subunit, effecting a switch in subunit composition from GIuN2B
to GIuN2A®°, REST has been found to be present during normal aging of
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cortical and hippocampal cells, but to be lost in both MCl and AD. Also, REST
switches off genes promoting cell death while promoting the expression of
various genes involved in the protection against stress'®. Cognitively healthy
elderly people indeed show increased REST levels compared to cognitively
impaired elderly, together suggesting REST can be neuroprotective. This
makes REST an interesting candidate that could link early life experiences to
later resilience to AD. However, whether changes in REST expression following
early life experiences persist into aging is unknown and remains to be further
investigated.

3.3.4. Early Growth Response Protein 1 (EGR1)

Another candidate to mediate effects of early life experiences on AD
vulnerability/resilience is EGRI1 (also commonly referred to as Zif268, NGFI-A
or KROX-24), a transcription factor critically involved in processes underlying
neuronal activity, from neurotransmission and synaptic plasticity to higher
order processes such as learning and memory, and to the response to
emotional stress and reward®?%?. EGRI1 expression is induced in neurons by
activity-dependent synaptic plasticity upon learning. Both the complete
absence and the heterozygous deletion of EGRIis associated with impaired LTP
maintenance over longer periods of time'™®, In contrast, EGR1 overexpression
enhances LTP™°. There is also extensive evidence that EGRI1 expression is
sensitive to natural environmental stimuli, such as learning tasks”", and
learning-related increases in EGR1 expression have been reported in many
paradigms and brain structures (e.g.”?>'”3).

EGRI is expressed at low levels during the postnatal period. Over a period
of about 2 weeks (for the hippocampus), expression levels slowly increase to
reach adult levels'®. Interestingly, neonatal handling increased EGRT mRNA
and protein levels'’4, while postnatal restraint stress downregulated EGR17.
Furthermore, early life stress induces rapid alterations in the acetylation
of histones H3 and H4, which correlate with the expression of EGRI1, and
stress-induced activation of the GR itself also regulates EGR1 expression'.
This highlights a role for EGR1 as an experience-dependent mediator of the
adaptation to different early environments. It is tempting to speculate that the
altered expression of EGR], usually measured acutely after the early life period,
may be a starting point for a lasting dendritic and synaptic reorganisation
following these experiences.

EGR1 expression is of particular interest in shaping brain reserve in
AD, as it is upregulated during the non-symptomatic stages of AD, but
not in symptomatic stages in humans””7® and is also downregulated in
cognitively impaired aged mice'”®° The effects of EGR1 may counteract Ap
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mediated synaptotoxicity; in patients that do show AD-pathology but do
not have cognitive decline (Braak stages II-1ll) EGR1 may be upregulated to
increase synaptic plasticity as an attempt to compensate for Ap-induced
neuropathology. After a certain threshold has been reached, EGRI1 is likely
no longer able to compensate sufficiently and may no longer cope with the
synaptotoxic consequences of AB, and cognitive impairment associated with
the symptomatic stage of AD is thought to commence. Lower initial levels
of EGRI following early life adversity could thus result in a lower capacity to
counteract, or cope with, AB neurotoxicity, and an earlier display of cognitive
impairment, whereas higher baseline EGR1 expression following positive early
life experiences would allow the brain to counteract AB neurotoxicity for a
longer period of time. More recently, EGR1 has also been implicated as a driving
factor of AD neuropathology and cognitive decling, since hippocampal EGR1
inhibition was shown to reduce tau phosphorylation, lower AB pathology and
improve cognition in 3XTG-AD mice'®. Since EGRI inhibition was also shown
to activate BACET activity'®?, this calls for further studies into the role of (early
life) modulation of EGR1 and its implication in cognitive impairment and AD
neuropathology.

3.3.5. Activity regulated cytoskeleton-associated protein (Arc)

Several potential target genes of EGR1 have been implicated in AD vulnerability,
among which the immediate-early gene Arc (also commmonly referred to as
Arg3.1), which is activated upon EGR1 expression'®4 Arc is critical for memory
consolidation™ and is abundantly expressed in dendrites'®®, the postsynaptic
density'™®®, and the nucleus™. Glutamatergic neurons in the brain express Arc in
response to an increase in synaptic activity in relation to a range of behavioural
and learning paradigms® and appear altered in AD (models)®%2 Arc is
implicated in the homeostatic scaling of synaptic strength™ by selectively
lowering the levels of AMPA-receptors that contain subunit GluA3™4, GluA3-
containing AMPA-receptors, in contrast to those containing subunit GluAl,
traffic to synapses in a manner that is independent of neuronal activity™>°¢,
Thus, while active synapses are enriched for GluAl, synapses that are deprived
of input are enriched for GIUA3". Interestingly, the presence of GIUA3 is
required for AR to mediate synaptic and memory deficits?’, suggesting that
Arc expression may render synapses resistant to AB. Besides this protective
role, Arc may also contribute to the pathogenesis of AD by regulating the
neuronal production of AB2.

Arc expression is regulated via activation of GRs®®'°, the expression of
which is affected by early life experiences. Indeed, life-long Arc expression
can be determined early in life, and Arc mRNA expression was e.g. strongly
reduced in aged rats with a history of maternal separation®. Furthermore,
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Arc expression is reduced with aging per se in wild type animals®, possibly
underlying impairments in cognitive performance with older age, and
particularly in AD. For example, following learning experiences, Arc expression
was lower in the neocortex of AD transgenic mice, indicating an impairment
in neuronal encoding and network activation?®. Increased levels of AB in
transgenic mice expressing human APP (hAPP) resulted in impaired Arc
expression and hyperexcitable networks and the subsequent development of
seizures'”?9". This suggests that increasing Arc levels prior to the development of
AD neuropathology, e.g. through positive early life experiences, could possibly
protect for a longer period of time, and also against the cognitive impairments
that accompany AD neuropathology.

3.4. Conclusion early life environment and cognitive/brain reserve

Together,thefindings presentedinthisthesisandin currentliterature highlight
that programming of neuronal function and structure by early life experiences
may determine aspects of brain and cognitive reserve. The induction of LTP
is decreased/weakened following early life adversity or early stress, whereas
a positive early life environment enhances/increases brain plasticity. The
installation of such alterations occurs prior to disease onset and can possibly
modify brain function at many levels. Thereby, such changes may determine
the extent of reserve that the brain encompasses, which could determine
its ability to later cope with further insults, including a.o. the emergence of
amyloid-p and tau changes and other aspects of AD neuropathology.

Experimental evidence for this hypothesis is thus far limited however,
and very few studies have addressed effects of early life experiences on the
abovementioned parameters in genetic AD models. Whether the molecular
changes in e.g. REST, EGRI1, and Arc expression following early life experiences
indeed persist throughout the life span ofananimaland can thusactually affect
the rate of aging, remains to be further investigated. A correct interpretation of
the functional implications of the stress- or AD-induced up- or downregulation
ofsome ofthese markersor processes underlying effects ofearly life experiences
on cognitive reserve is further complex. The magnitude and direction of these
neurochemical changes depend on a variety of factors, including the type and
severity of the stressor, the age of the animal during stress exposure and the
age, sex and species of the animal used, as well as the brain area and cell types
studied. Further research is therefore needed to answer the question whether
the stress-induced up- or downregulation of a given process is beneficial or
detrimental for neuronal and synaptic plasticity, and whether this may then
mediate the potential to adapt brain and behaviour to a stressful or AD-related
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micro environment before any clinical application of any of these targets can
be implemented. In particular, carefully controlled, well-timed and region-
specific interventions on these targets in animal models should be performed
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Figure 3. Schematic model depicting how early life experiences could modulate
later AD vulnerability or resilience. Early life experiences directly modulate AD
pathogenic pathways by e g. altering tau phosphorylation and the production and/or
clearance of AB, resulting in a higher pathological load. Secondly, early life experiences

may in a more indirect manner determine the establish

brain reserve, yielding the brain more vulnerable to pathological insults later in life.

Combined, these two pathways can mediate the effects
the vulnerability or resilience of the brain to AD.
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before we can causally link them to AD resilience, let alone consider them as a

target for human interventions.
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4. Conclusion

4.1. Lessons from animal models of AD

In animal models for AD, early life experiences can have a profound impact
on aging and survival, later cognitive function and the development of AD
specific neuropathological features. These effects are two-sided: directly
by altering disease-modifying factors, and indirectly by affecting the brain’'s
ability to cope with these insults (see Figure 3 for a schematic overview).
Although not addressed in sufficient detail yet, animal models for early life
stress are particularly suitable to identify the so far unknown key molecular
and cellular mechanisms that may underlie brain and cognitive reserve and
the correlations between specific early life experiences and later AD risk (see
Box 3 for an overview of some of the outstanding questions in this respect).

4.2. Clinical implications

Identification of the factors that are causally related to AD resilience could be
pivotal in individual risk assessment and determining disease vulnerability
for aged individuals and MCI patients. In addition, they might aid the future
development of early environmental and/or pharmacological interventions
aimed to increase AD resilience (see Box 4 for an overview of the remaining
outstanding questions and). However, we warrant caution in the (over)
interpretation of the available preclinical findings and their relevance for the
clinic since the fundamental basis of the described targets and their causal
relevance to AD is not yet fully understood. Also, the gap between preclinical
and clinical studies can be vast. To bridge this gap, clinical validation of the
concepts identified in rodent studies may yield insight towards relevance
for patients. In particular, existing longitudinal cohort studies like the Dutch
Hunger Winter or the ABCD cohorts, could help to identify whether early
stress affects AD related parameters, and from there, help to identify critical
time windows during which cognitive reserve is most effectively established.
Alternatively, this could be further extended by implementing ‘signatures’ or
biomarkers of early life stress, as is now done for adult stress exposure based
on e.g. hair cortisol measurements?®,

One ofthe few interventionsthat has been shown to be successful in rodent
studies at older ages and after a relatively short treatment, while also being
FDA approved, is targeting the action of glucocorticoid hormones?®®, A small
clinical trial in AD patients and old macaque monkeys reported improvements
in cognition after treatment with mifepristone (GR antagonist)?%32°4, although
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Box 3. Outstanding questions in preclinical research

1. What is the role of the PFC in ELS-induced cognitive deficits?

The effects of early life stress have predominantly been investigated in
relation to hippocampal functioning. However, many behaviours that are
affected by early life stress also depend on PFC functioning, and a more
extensive understanding of this brain area would therefore be pivotal in
understanding the full consequences of early life stress.

2. Do alterations in HPA axis activity precede alterations in AD
neuropathology?

Although different studies have shown that HPA axis activity is altered in
AD models, it is unclear whether these changes are a consequence of AD
neuropathology, or more causally, steer AD pathogenesis. Investigating
HPA axis reactivity and circulating glucocorticoid levels at different ages
prior to the presence of AD neuropathology will unravel whether and how
these changes are the cause or consequence of AD.

3. What is the role for tau hyper-phosphorylation in stress-induced
acceleration of AD development?

While the association between (early life) stress and tau is probable, it
has so far received little experimental validation with regard to AD mouse
models.

4. Are NMDAR expression and composition involved in altered
glutamatergic signalling after ELS, during aging and in AD?

How is synaptic and extrasynaptic NMDAR expression and subunit
composition affected by stress, AD, and aging? Is glutamatergic signalling
is increased? Does this result in excess glutamate and activation of
extrasynaptic NMDARs, and in the activation of pro-apoptotic pathways?

5. Does early adversity affect the cognitive reserve?

There are ample indications that early life stress affects brain reserve.
However, whether and how early life adversity affects cognitive reserve
remains to be determined in more detail. To this end, an operational,
translational definition of how cognitive reserve is determined
neurobiologically is imperative to converge findings from rodents and
humans. The critical question is what the underlying neuronal networks,
connections and synaptic properties are that mediate this cognitive
reserve. Behaviourally, it will be important to understand whether (and
how) early life adversity affects learning strategies and behavioural
flexibility in AD mouse models, also measures of cognitive reserve.
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Box 4. Outstanding questions for clinical research

1. What are critical time windows for development of AD pathology?
Can critical time windows be identified in humans during which stress
modifies AD risk? What are the critical periods for early stress exposure in
humans, and can interventions during those periods indeed prevent later
effects on AD changes?

2. Do early life experiences affect AD in humans?

Rodent studies indicate a strong relationship between early life
experiences and the development of AD pathology. It remains elusive,
however, whether such associations also exist in humans. Can human
longitudinal cohort studies confirm the associations found in preclinical
studies between early life experiences, AD vulnerability / resilience and
brain function?

3. Modifying vulnerability for AD pathology?

It will not only be important to understand whether and how effects of
early life adversity can be overcome, but in general the field needs to
consider whether and how strategies can be developed, optimised and
implemented to increase the resistance for developing and delaying AD
pathology. Based on fundamental studies, this may involve strategies
involving e.g. cognitive stimulation and nutrition. Within the framework
of the early life period and cognitive reserve, what are the most relevant
substrates regarding AD vulnerability that allow to be studied and
manipulated in both humans and rodent models?

the time window was short and sample size small. Furthermore, AD patients
with the highest baseline cortisol levels benefited most from a mifepristone
intervention and showed persistent memory improvements up to 8 weeks
after discontinuation of the treatment?®4. This could therefore potentially
present a promising strategy to further explore, specifically in relation to AD
cases with a stress history.

In conclusion, the mechanisms that are identified in preclinical studies and
their verification in clinical studies will hopefully benefit the identification and
stratification of specific populations with higher vulnerability to develop AD, as
well as aid in the selection of putative targets. Ultimately, this may promote the
development of an early and targeted treatment approach during the many
decades between the early life environment and clinical AD presentation.
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General Discussion — part 2

In the final part of this thesis (Chapter 8 and 9), | investigated how stress
hormones modify the consolidation of fear memories. Stressful or threatening
events are usually remembered very well, an effects that is attributed, among
others, to the enhanced release of glucocorticoids (cortisol in humans;
corticosterone in rodents) upon a stressful encounter?®. In Chapter 8, |
systematically tested different fear conditioning paradigms with varying foot
shock frequency and intensity, to evaluate the effects of artificially increasing
the corticosterone levels after training on fear memory. Indeed, | find that
glucocorticoid exposure following fear conditioning enhances the strength
of this memory, but only in male mice. In females, corticosterone treatment
actually weakened fear memory. The underlying mechanisms remain elusive.
Effects of corticosterone follow a Yerkes-Dodson, or ‘inverted-U shape’ dose-
response relationship, in which optimal enhancing effects on memory are
seen at midrange doses, whereas higher or lower doses are less effective
or may even impair memory?%, Since female mice have both higher basal
corticosterone levels and a stronger corticosterone release upon exposure to
a stressor?”’, possibly the dosage that is required in males mice to enhance
memory, may have impairing effects on female memory formation.

While the enhanced retention of information following a stressful or
threatening event may have important adaptive value for future survival
of an organism, such events can also trigger inappropriately expressed, yet
intrusive and vivid memories, which can result in a pathological state, such as
also seen in e.g. posttraumatic stress disorder (PTSD)%°8. Such anxious states
are characterised by re-experiencing the fear response also in safe situations,
notably in the absence of any predictive cues, and thus in an a-specific and/or
generalised manner.

Using the most optimal fear-conditioning paradigm (as determined in
Chapter 8) to observe effects of corticosterone on memory, in Chapter 9 |
investigated in more detail the effects of corticosterone on fear memory in
male mice. We found that artificially raising corticosterone levels directly after
fear learning resulted in a more generalised fear response. A delicate balance
between memory specificity and generalisation is essential to enable efficient
encoding of highly salient, stress-related information. Although some level
of generalisation is adaptive as it allows a learned response to transfer to
other relevant situations and stimuli, the overgeneralisation of a-specific fear
responses can be debilitating. Indeed, stressful learning processes contribute
to fear sensitisation, resulting in exaggerated startle responses to trauma-
unrelated stimuli?®®. This impairment is very similar to that observed in PTSD
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Context

Figure 1. Brain circuitry involved in fear memory. Contextual information from
the hippocampus and tone information from the amygdala converge to determine
the conditioned response after a fearful event. Although our current work has mostly
focussed on the role of the hippocampus, as evident from this scheme, there is a
central role for the amygdala in the integration of the information from the context
and the tone, that ultimately determines the conditioned response. We propose a
critical role for the amygdala in the expression of fear memory generalisation that
should be studied further

CS: conditioned stimulus, US: unconditioned stimulus, CR: conditioned response, LA:
thr’&z\ amygdala, BLA: basolateral amygdala, HC: hippocampus. j

patients in which contextual peri-traumatic cues are often forgotten, whereas
salient but irrelevant ones are strongly remembered. These salient cues, and
others more or less similar to them can then induce a strong fear response
in contexts different from the traumatic one?%®?°, |nterestingly, noradrenaline,
another key mediator of the stress response, has been shown to contribute to
memory specificity?". Possibly, a closely governed balance between the release
of noradrenaline and glucocorticoids is essential to the formation of reliable
memories, and we speculate that an imbalance in either could contribute to
memory generalisation and PTSD-like symptoms.

It is noteworthy to mention that the effects of corticosterone on memory
strength and specificity were only observed when during the training, foot
shocks were preceded by a tone. When either no tone was present, or it was
present but not predictive for a foot shock, corticosterone did not modulate
memory formation of the foot shock, indicating a critical role of (brain regions
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mediating the effects of) the tone. Although the focus of our current study
was on the dentate gyrus of the hippocampus (given its important role in
pattern separation and the contextual aspect of memories) these findings also
point towards a regulatory role of the amygdala, which determines the cue-
associated component of memory. It would therefore also be very relevant to
study in more detail the role of the amygdala in the effects of corticosterone
on memory (Figure 1), and whether e.g. inhibiting neuronal ensembles in
the amygdala upon retrieval would also prevent the contextual memory
generalisation.

Outstanding question 1: What is the role of the amygdala in the
corticosterone-induced effects on memory specificity and strength?

Secondly, we studied how these generalised memories were stored in the
brain. Until recently, most studies focused on the effects of glucocorticoids
in defined, entire, brain areas, such as the amygdala and the hippocampus,
but there is strong experimental support for the existence of more sparsely
distributed network of neurons, coined ‘engram cells’ by Richard Semon
in 192122, They have recently become a prominent focus in the field of how
memories are stored in the brain?*?% These neuronal ensembles, consisting of
10-30% of the eligible neurons?®, are both necessary and sufficient to recall a
fear memory?62®, Moreover, a recent study by Ryan et al.?”® showed that these
cells undergo lasting cellular changes following memory acquisition, and are
subject to both synaptic strengthening and structural plasticity. These cells
that were active during memory consolidation or retrieval are usually defined
by the expression of immediate-early genes (IEGs) such as the activity-
regulated cytoskeleton-associated protein Arc or c-fos.

In Chapter 9, | visualised IEG expression in the dentate gyrus, the main
area for contextual memory, to assess whether our observed generalisation
of context is accompanied by a change in the number of neurons that is
activated upon memory acquisition or retrieval. Most neurons in this area
can express multiple IEGs, but the extent to which their expression patterns
overlap in response to learning remains elusive?®°, For this reason, we assessed
expression of both c-fos and Arc in response to memory acquisition and found
that these expression patterns were differentially affected by corticosterone
treatment: both show increased expression levels but do so at a different time.
Different IEGs exhibit different properties, showing variations in function, the
degree of neuronal activity that is required to induce expression and in their
spatiotemporal dynamics of expression??°??, C-fos and Arc transcription in
response to a learning experience follows a dynamic, wave-like pattern over
a prolonged period of time?2224 This generates the possibility that second
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FC + Saline

o Basal excitability
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e Engram cell

Figure 2. Proposed model of the effect of CORT on a memory engram after fear
conditioning (FC). Cells with increased excitability at the time of training are more
likely to become allocated to an engram, than cells with lower excitability. Indeed,
following FC training, these neurons get allocated to the engram. In the presence
of CORT after FC training, more additional neurons get recruited into the memory
engram, creating a bigger engram. Possibly, this underlies the effects on memory

\that we observed. /

or even third ‘waves’ of c-fos and Arc transcription take place several hours

after their initial transcription, which is thought to correspond to the time-
window for memory consolidation. Our corticosterone treatment increased
c-fos expression possibly during its first transcriptional ‘wave’, whereas Arc
expression was only affected in its subsequent waves.

This raises the question of how corticosterone affects the time window in
which memories are consolidated. It is generally accepted that the window
for memory (re)consolidation is approximately 6 hours??2225226. One possibility
is that corticosterone prolongs the time window during which neurons can
be incorporated into this network, in line with our observation that also more
neurons are indeed recruited into the memory ensemble.

Outstanding question 2: How does corticosterone affect the time
window in which memories are consolidated?

Computational studies propose that fear memory strength is related to
the synaptic strength within the underlying neuronal ensemble, whereas fear
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specificityisrelated to the size (i.e.the number of neurons) in this ensemble?¢2?7,
Memory specificity isthen thought to be determined by the size of the memory
ensemble encoding the event?’. We find that corticosterone recruits more
neurons into the memory trace in the dentate gyrus, and thereby contributes
to a more generalised representation of such a memory (see Figure 2 for a
model).

It has been generally accepted that a coordinated activation of the neurons
within a memory ensemble underlies memory retrieval, but the network
dynamics that underlie memory acquisition still trigger some debate. One
hypothesis is that learning induces hippocampal oscillations in excitation that
induce a reactivation of the initially activated neuronal populations and thereby
drive memory consolidation??®. The occurrence of these oscillations most likely
depends on the activity of inhibitory interneurons that have been previously
implicated in the suppression of neurons that are not being allocated to a
memory ensemble?4?6223 |nterneurons can create alternations of inhibition
and disinhibition that regulate activity of excitatory neurons in such a way that
these are synchronously activated and reactivated. Mizunuma et al.>° showed
subsequent reactivations of Arc expressing neurons that were congruent to
spontaneous excitation in the hippocampus after novel context exposure. This
nicely fits in with our current observations regarding c-fos and Arc expression
patterns (Chapter 9), as well as with the decrease in parvalbumin expression
between 30 and 90 minutes after fear memory acquisition (unpublished
observation). It is relevant to examine if corticosterone affects this balance
between excitation and inhibition, as a potential secondary mechanism
through which stress hormones could modify the size of the memory engram.

Outstanding questions 3: How does corticosterone determine the
balance between excitation and inhibition, and do changes in this balance
contribute to engram size and memory specificity?

Ourstudies]) provide evidence that stress hormones contribute to memory
strengthening, but also to impairments in memory specificity in rodents,
which resembles PTSD-like memory impairments and 2) identify the dentate
gyrus as a key cellular circuits involved in PTSD symptoms. Understanding
the molecular mechanisms through which glucocorticoids can modify neural
activation and neural ensembles in the dentate gyrus could therefore open
new avenues for innovative treatments for PTSD.
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