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CHAPTER 1 MEMORY CIRCUITS IN HEALTH AND
ALZHEIMER'S DISEASE

Perhaps to a greater degree than in any other organ system found in the mammalian body, comprehending the
etiology of a particular lesion within the CNS requires an understanding of its paradoxically modular yet distributive
nature. Science has only begun to identify the neurobiological substrates and circuits which mediate specific domains of
cognition and the determination of the complex manner in which these systems interact is arguably one of the greatest
challenges left in modern science. Put plainly, our current understanding of the neurobiological processes which sub-serve
normal cognition is at best, incomplete. Historically, this state of unknowing has been of central consequence to those
who study AD, as a fundamental tenant of deciphering the pathophysiologic mechanism of a particular disease is a
working knowledge of how the system it affects operates in the absence of pathology. In the context of AD research,
without a complete understanding of how memories are acquired, encoded, and stored, it becomes a daunting task to
explain how AD pathogenic lesions produce a particular clinical phenotype. Compounding this issue, AD, as we define it
currently, is a heterogeneous neurodegenerative entity with respect to symptomology, pathophysiology, and possibly
etiology.

The purpose of this introductory chapter is to orient the reader to the background in which AD is studied. This
task, at a minimum, requires a detailed explanation of the intrinsic and extrinsic circuits of the hippocampus in order to
facilitate comprehension of the etiology of memory deficits in AD. Furthermore, in order to appropriately interpret the
generalized pathogenic changes observed in this disease, one must first be familiar with changes occurring as a
consequence of normal aging. Only given this background can a precise neuroanatomical description of the cardinal
features of AD pathogenicity, namely neuron loss, neurofibrillary tangles (NFTs) density, and amyloid-f3 (AB) plaque
deposition, be appropriately discussed. Of note, all subsequent chapters will reference the neuroanatomical description of
AD pathology described in this section to provide context for additional descriptions of AD clinical deficits, pathogenic

subtypes, proposed molecular etiology, and treatment approaches.



1.1 HIPPOCAMPUS ARCHITECTURE & MEMORY CIRCUITS

Ever since Scoville & Milner’s initial report of selective memory deficits in humans following its removal, the
hippocampal region has been defined as central to our memory capacity.® Following the general trend in neuroscience
however, even within the narrow scope of memory, the role of the hippocampus is further constrained to both a temporal
window and selective domain of memory processing. With respect to a temporal constraint to hippocampal function,
evidence comes from human studies indicating that immediate memory, the ability to recognize items just brought into
consciousness, is intact in patients with hippocampal lesions.® Dated memories that have already been consolidated into
long-term memory, such as memories of one’s childhood, are similarly exempt from deficits attributable to lesions of the
hippocampus.® Analyzed as a whole, these findings have led the field to theorize that the hippocampus plays a temporally
constrained role in memory consolidation, the process occurring between the initial formation of memories and their final
repository in the cortex. Interestingly, the duration of critical hippocampal involvement in memory formation may
depend on mediation from adjacent areas of the temporal cortex, as damage to these regions produces a more temporally
extensive form of memory loss.® ® While early investigators quickly elucidated these temporal restrictions on
hippocampal involvement in memory, they failed to recognize the specific pattern of memory deficits unique to
hippocampal lesions until sometime later. Indeed it was not until 1980, that strong evidence supporting the notion that the
cognitive domain of memory was not globally dependent on the hippocampus was published. Since that time, we now
recognize that the hippocampus plays a critical role only in declarative memory.” Composed of episodic and semantic
memory subtypes, the declarative domain of memory defines our ability to consciously recollect events of the past. Its
compliment, procedural or non-declarative memory, involves the acquisition of skills and biases that can be expressed
unconsciously through alternations in performance. Not dependent on hippocampal function, instead, procedural memory
is principally mediated by the neo-striatum and cerebellum.®® Thus, it is now clear that there are several independent yet
interconnected memory systems in the brain that sub-serve specific domains of memory. In fact, in addition to the
procedural and declarative memories subdivisions already described, robust evidence now supports the existence of an
emotional memory system mediated in part by the amygdala and a working memory system sub-served by various cortical

regions.® ' The discovery of these regionally distinct memory systems can be credited largely to work done in animal



models through which we are beginning to characterize the neural circuitry and information processing mechanisms that
mediate each of the unique domains of memory.

With respect to the generalized anatomy and processing mechanism of the hippocampal memory system, work
done predominately in animal models supports what has been termed the classic tri-synaptic model of hippocampal
synaptic transmission (Figure 1-1). While not included in this simplified model, extensive work confirms that the origin of
afferent information for the hippocampus is derived from virtually every neocortical association area.**? Of significance
however, these neocortical afferent sources of information do not directly converge at the hippocampus. Instead, the
association cortices project to one or more subdivisions of the parahippocampal region; comprised of the perirhinal,
postrhinal, and entorhinal cortices.™® Each of these parahippocampal subdivisions are highly interconnected and send
efferent projections to the CA1 and CA3 sectors of the hippocampus, the dentate gyrus, and subiculum.*” While each
subdivision of the parahippocampal cortex plays an important role in memory, the efferent projections originating in the
entorhinal cortex, termed the perforant pathway, constitute the major cortical afferent source for the hippocampus and
dentate gyrus and therefore warrant a more precise description. Additionally, as summarized in detail in subsequent
sections, this source of cortical afferent information to the hippocampus is specifically perturbed in AD and constitutes the
first connection defined in the classic tri-synaptic model of synaptic transmission in the hippocampus.™ Notably, this
collection of efferent projections originates from pyramidal and stellate cells contained in entorhinal layers Il and Il and
to a lesser extent deep layers V and VI, and received its name as a consequence of its projection through the subiculum on
its way to the dentate gyrus and hippocampal sectors CA1/CA3."® More precisely, it terminates along the outer dendritic
branches of the subicular and hippocampal pyramids, and on the outer two-thirds of the dendritic fields of the dentate
gyrus granule cells.*” As described in further detail below, the perforant pathway initiates a multi-synaptic excitatory
sequence of intrinsic hippocampal circuits that terminate in the CAL field and the subiculum."® Of functional
significance, there appears to be a dichotomy with respect to the laminar origin and terminal distribution of perforant
pathway fibers. Axons originating from cell bodies in layers Il and VI appear to project selectively to the dentate gyrus,
whereas layers Il and V project to CA1 and the subiculum in what is termed the temporoammonic pathway. Critically, in
addition to its general role in the acquisition of spatial memories, the temporoammonic branch (TA-CA1) of the perforant
path has been shown to mediate spatial memory consolidation.™® Returning to our reference of the tri-synaptic loop of

hippocampal synaptic transmission, granule cells in the dentate gyrus fire on CA3 pyramidal neurons via unmyelinated
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efferent axons termed mossy fibers. More precisely, these predominantly glutamatergic axons emerge from the basal
portions of the granule cells and pass through the polymorphic cell layer of the dentate gyrus before entering the stratum
lucidum of CA3.% Completing the tri-synaptic circuit, hippocampal CA3 pyramidal neurons synapse next on CA1l
neurons via Schaffer collaterals." In reality, the afferent signals reaching the hippocampus via the perforant pathway are
processed by a broad network of highly convergent/divergent connections which are hypothesized to mediate memory
consolidation in a plasticity-dependent manner.®” However, as information processing in hippocampus has not been
completely elucidated, this tri-synaptic model of hippocampal transmission summarizes the major intrinsic pathways well.
The output of these intrinsic hippocampal circuits is conveyed predominately via efferent projections from pyramidal cells
in CAL and the subiculum to a variety of locations in the brain including the: thalamus, hypothalamus, basal forebrain,
amygdala, and association cortices.®? Again, as described in subsequent sections, these efferent pathways are of particular
interest when considering the etiology of memory deficits in AD. As the majority of studies have utilized animal models
to do this, a brief discussion of the efficacy of employing animal models to study hippocampal-dependent memory is

warranted.
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Figure 1-1. Wiring Diagram of Hippocampal Trisynaptic Loop

The wiring diagram of the hippocampus is traditionally presented as a tri-synaptic loop. The major input is carried by axons of the
perforant path, which convey polymodal sensory information from neurons in layer Il of the entorhinal cortex to the dentate gyrus.
Perforant path axons make excitatory synaptic contact with the dendrites of granule cells: axons from the lateral and medial entorhinal
cortices innervate the outer and middle third of the dendritic tree, respectively. Granule cells project, through their axons (the mossy
fibers), to the proximal apical dendrites of CA3 pyramidal cells which, in turn, project to ipsilateral CA1 pyramidal cells through
Schaffer collaterals and to contralateral CA3 and CA1 pyramidal cells through commissural connections. In addition to the sequential
trisynaptic circuit, there is also a dense associative network interconnecting CA3 cells on the same side. CA3 pyramidal cells are also
innervated by a direct input from layer Il cells of the entorhinal cortex (not shown). The distal apical dendrites of CA1 pyramidal
neurons receive a direct input from layer 111 cells of the entorhinal cortex. There is also substantial modulatory input to hippocampal
neurons. The three major subfields have an elegant laminar organization in which the cell bodies are tightly packed in an interlocking C-
shaped arrangement, with afferent fibers terminating on selective regions of the dendritic tree. The hippocampus is also home to a rich
diversity of inhibitory neurons that are not shown in the figure. Reproduced with Permissions from Nature Reviews Neuroscience.?®



1.2 PATHOLOGICAL CHANGES ASSOCIATED WITH NORMAL AGING

From a neuropathological point of view, neurofibrillary tangles (NFT), senile plaques (SP), and neuronal/ synaptic
loss are the major pathologic features associated with AD. NFTs are comprised of paired helical filaments (PHFs), which
are aggregations of a hyper-phosphorylated microtubule-associated protein known as tau. These lesions are intracellularly
localized. By comparison, Ap plaques are extracellular aggregations comprised of aberrantly cleaved AP peptides. While
these histological abnormalities are well established cardinal features of AD pathogenesis, they are not unique to AD,
being present in a number of brain disorders and even in normal aging. In fact, at the gross level, the pathophysiology of
AD manifests itself in many of the same ways as normal aging, especially with respect to cortical atrophy. Even today, a
common misconception about normal ageing is that significant cell loss and dramatic changes in neuronal morphology
occur diffusely and with no appreciable regional restrictions. Under this misconception, a multitude of studies have
investigated the relationship between cortical atrophy in cognitively normal elderly and patients with AD. Rationally
assuming that increased atrophy must underlie the clinical deficits observed in AD, early studies operated under the
assumption that brain atrophy must be more severe and regionally restricted in AD than in cognitively normal elderly.
Operating under this assumption, several studies have investigated the possibility of meaningful trends existing between
brain weights of cognitively normal elderly as compared to individuals with AD.?2® Unexpectedly, even in the largest of
these studies, significant differences in brain weight are not detected between AD and aged-matched controls; although a
non-significant trend towards more severe atrophy in AD is observed.®?® From this negative finding, several points of
insight can be garnered. Most contributory to the lack of a discernable difference observed in brain weight between AD
and cognitively intact elderly, human brain weights in the elderly are characterized by a high degree of inter-individual
variability. Furthermore, while brain weight can decrease by nearly 10% in AD patients, the brains of cognitively normal
elderly also undergo a significant degree of atrophy.®¥ In fact, simply as a consequence of normal aging, brain
volume/weight declines with age at a rate of around 2-5% per decade after age 40.“"?® Not only does this individually-
variable rate of atrophy in cognitively normal subjects compound the intrinsic variability in brain mass present at baseline,
it is not constant, with reports suggesting that the rate of neurodegeneration increases over the age of 70 in an

unpredictable fashion.” 2 Still, even if AD brains differed in mass from those of cognitively normal elderly subjects, it is
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unlikely this finding would harbor diagnostic utility. This is because without knowing what neuronal systems and cell
populations underlie the reductions in brain mass, the extent of AD pathology alone is unlikely to correlate robustly with
symptom severity. At the most fundamental level this is because the brain is functionally compartmentalized. Highly
integrated neuronal networks, capable of robust plasticity, sub-serve very specific functions which when perturbed evoke
an equally unique behavioral phenotype. Thus, the severity and nature of a particular functional deficit is always a
reflection of two variables: (i) the extent of neuropathology and (ii) the specific neuroanatomical location and nature of
that neuropathology. Put differently, since the pathological features of AD are also present in normal aging, it is not
sufficient to know the extent of AD pathology in the whole brain. Instead, one must privy to both the severity of the
pathology and its anatomical/cellular targets in the brain in order to robustly correlate pathology to functional deficits. The
differential in functional deficits associated with atrophy due to AD and normal aging perfectly illustrates this point.
While the first variable, the extent of cortical atrophy averaged over the whole brain appears similar in normal aging and
AD. The second variable, the neuroanatomical pattern characteristic of each neurodegenerative process is not assessed
when considering total brain weight. For example, a reduction in total brain weight could be explained by neuronal
apoptosis, loss of non-neuronal cell-types, degeneration of white matter tracks or any number of equally plausible
processes. For this reason, the degree of cortical atrophy across the whole brain fails to correlate robustly with symptom
severity in either AD or cognitively normal elderly. Here also, we have our answer to the question, “why does the
neurodegeneration associated with AD produce more profound clinical deficits compared to the process of hormal aging if
the degree of cortical atrophy is not significantly different between the two etiologies?”” Only when averaged over the
whole brain is cortical atrophy equivalent between AD and normal ageing. In reality, the two pathophysiological
processes display unique patterns of neurodegeneration and impact each region of the brain to a different degree.

Keen to correlate the degree of cortical atrophy with a precise neuroanatomical region of the brain in order to
explain function deficits, beginning in 1955, pioneer neuroanatomist H. Brody began quantifying neuron loss across the
human life span.*® Subsequently followed by a large volume of studies, science became falsely convinced of a
ubiquitous 10-60% decline in neuronal density from early adulthood to late old age occurring as a consequence of normal
aging within the human cerebral cortex.® 232 perplexingly, just as in AD, robust neurodegeneration attributable to the
normal aging process was reported to occur to a varying degree in different regions of the brain. While these early studies

would later be corrected as described below, profound neuron loss in the range of 18-57%, 15-51%, and 14-29% were
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attributed to normal aging in regions such as the temporal association cortices® 3" 33 frontal association cortices®* **
%39 and subiculum® 3, respectively. Especially relevant to the topic of memory impairment, later studies would go on
to demonstrate an equally profound 19-43% loss in hippocampal neurons in normally ageing humans.® Indicative of the
technical difficulties inherent in quantifying neuronal degeneration, the precise mechanism by which neuronal density
declined in normal aging was not unanimously agreed upon. While the majority of studies supported the hypothesis that
neuronal density decreased due to the loss of gray matter, others emphasized that reductions in white matter pathways is
also contributory. Still others hypothesized, in defiance of the popular paradigm, that robust neuronal death was not
characteristic of normal aging, and that instead reductions in brain volume/mass represented shrinkage of cell bodies or
reductions in neuropil. In fact, not until the advent of new stereological principles in the 1980’s did investigators being to
uncover the systematic confounds which led to this uncertainty. Employing these more precise methodologies, modern
investigators uncovered that early reports of severe neuronal loss as a consequence of normal ageing were confounded by
various technical and methodological issues, such as tissue processing and sampling design.®” Instead, the resulting
conclusion of these studies was that in humans® *®, non-human primates,“*“ and rodents®* *, significant cell death in
the hippocampus and neocortex is not characteristic of normal ageing. In fact, a ~30% reduction in neuron number in
layer 8A of the prefrontal cortex (PFC), is one of the only reductions in neuron number attributable to normal ageing that
has been corroborated using modern methodologies.“” Lending further credibility to this finding, the same report states
that neighboring regions of the PFC exhibit conservation of neuron number, and that the neural degeneration in layer 8A
of the PFC correlates with impaired performance on a working memory test.“”

Similar to early reports of a decline in neuronal density with ageing, early investigations of dendritic branching
incorrectly suggested massive deterioration in the human entorhinal cortex and hippocampus.“* *® These experiments too,
however, were plagued by experimental confounds such as the selection of a heterogeneous study population including
both healthy and demented individuals. Subsequent investigations, which were more precisely controlled for the
participants' mental status and which applied stereological controls, have found that normal aged individuals exhibit no
significant reduction in dendritic branching as a consequence of ageing. In fact, perhaps counterintuitively, dendritic
branching and length appears to be greater in aged individuals as compared to younger adults in specific regions of the
brain.“” *¥ Interestingly, some investigators suggest that the observed increases in dendritic branching are largely

accounted for by the lengthening and branching (apical dendrites) or lengthening only (basal dendrites) of terminal
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dendritic segments.“” Mechanistically, these data suggest a model of robust plasticity in which the aging cortex contains
regressing/apoptotic and surviving/arborizing neurons, with the latter group predominating even in the aging adult brain.
Highlighting only those studies which characterize dendritic branching in regions of particular significance to AD,
extensive dendritic branching in layer 11 of the parahippocampal gyrus, the origin of the perforant pathway, is now well-
established in the literature.“”“® Additionally, increased dendritic extent in the dentate gyrus of old compared with
middle-aged humans has now been reported.“® * Lastly, the human hippocampus and subiculum exhibit no change in
dendritic branching with age.®®*? Corroborating these findings in humans, modern studies of dendritic extent in other
animal models have, in general, confirmed that there is no regression of dendrites with age. For example in rats, no
significant reductions in dendritic length of hippocampal granule cells or CA1 neurons between young (3 months),
middle-aged (12—20 months) and aged (27—30 months) rats have been observed.®**® Consistent with the studies above
which suggest the morphology of PFC neurons is uniquely sensitive to age-related neurodegenerative processes, age-
dependent reductions in both apical and basal dendritic branching of PFC neurons have been reported in the medial PFC
in humans and rats.®*%" In summary, extensive research in both animal models and human subjects strongly alludes to
the conclusion that PFC neurons are more vulnerable to the neurodegenerative processes of ageing than their hippocampal
counterparts, although this is not to say more subtle changes to neuronal morphology are completely absent in the regions
of the brain which sub-serve memory. To the contrary, while the CA1 region of the hippocampus®® and dentate gyrus®®
%) demonstrate no significant difference in spine density in humans and rats, in the subiculum of non-human primates,
significant reductions in spine density with age have been observed in monkeys between the ages of 7 and 28 years of
age.®

Summarizing the changes associated with normal aging, at worst, the brains of intellectually preserved elderly
individuals are characterized by mild brain atrophy with functionally significant reductions in neuron number and
dendritic density predominantly restricted to the cells of the PFC. While this unique pattern of neurodegeneration
differentiates normal aging from the neuropathological profile of AD described below, it also raises a new question.
Namely, “what neurodegenerative processes, if not neuronal/dendritic reductions, account for the commonly observed
phenomenon of age-associated memory impairment (AAMI)?”

Compared to their younger counterparts, it is now well-established that aged humans exhibit a distinct pattern of

memory impairment in the domains of episodic memory and working memory.®"%? Given the evidence of robust age-
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dependent reductions in PFC neurons in the elderly discussed above, it is not surprising that deficits in working memory
are observed in this population. One way these age-dependent deficits in working memory have been demonstrated
empirically is by evaluating performance on the delayed non-matching-to-sample (DNMS) task. While humans display
significant reduction in performance on this task®, they are not the only species to exhibit deficits in working memory
with advancing age, as aged rats®”and non-human primates®> ® also show time-dependent deficits on the DNMS task.
However, deficits in working memory are not the only behavioral sequela of PFC neurodegeneration. In addition to its
involvement in working memory, the PFC is also considered to be the neural substrate of executive function. One way to
measure executive function is with the Wisconsin card sorting task (WCST). Unsurprisingly, aged humans are impaired
on the WCST and make more perseverative errors.®” As with working memory impairment, adaptations of the WCST for
animal models have demonstrated deficits in executive function are also seen in non-human models.®® Notably, unlike
deficits in spatial and episodic memory observed in AAMI, impairment in working memory and executive function are
not surprising given that the morphology of neurons in the PFC is more susceptible to age-related neurodegenerative
processes.

Whereas the PFC is necessary for working memory > ™ and executive function ™, the remaining deficits
associated with AAMI, namely impairment in episodic and spatial memory tasks, are hippocampus-dependent.
Perplexingly, despite the lack of overt neurodegeneration in the hippocampus, performance on episodic memory tasks
declines with age in humans.®"®? In addition, aged humans®, monkeys ™ dogs" ™ rats""" "® and mice!”® all show
deficits on tasks designed to test spatial navigation. Until recently, the neurobiological substrate of these observed deficits
was a mystery given the absence of overt neuron death or alterations in dendritic density associated with increased age. As
it turns out, the mechanism behind age-associated behavioral impairments attributable to hippocampal-dysfunction are far
more subtle and result from region-specific changes in dendritic morphology, cellular connectivity, Ca*" dysregulation,
gene expression and other factors which affect plasticity. With respect to dendritic morphology and cellular connectivity,
electron microscopic investigation at the perforant path—granule cell synapse showed that aged rats have a 27% decrease
in synapse number in the middle molecular layer of the dentate gyrus compared with young rats.®#? The specificity of
this synapse loss in the dentate gyrus is astonishingly constrained, as age-related synaptic loss involves axospinous, but
not axodendritic, junctions.® Moreover, these alternations in synaptic connectivity are both functionally significant and

regionally constrained, as spatial memory deficits correlate robustly with a reduction in perforated synapses at the medial
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perforant path—granule cell synapse.® Notably, the alternations in cell-to-cell interactions observed in the dentate gyrus
are not observed for Schaffer collateral-CAL synapses, as the total synapse humber remains the same across different age
groups.®” Instead, it is believed that age-related dysfunction in CA1 pyramidal cells is related to profound reductions in
the post-synaptic density area of these perforated synapses. Supporting this conclusion, electrophysiological data
demonstrates that the amplitude of the field EPSP recorded in area CA1 of aged rats is reduced compared to younger rats.
Taken together, these findings support the idea that many hippocampal perforated synapses become non-functional or
silent in aged learning-impaired. While this loss of functional synapses might contribute significantly to cognitive decline
during normal ageing, it is not the only change associated with ageing in the hippocampus. In addition to the changes in
cell-to-cell interactions described, the biophysical properties of hippocampal neurons are also dramatically altered by age.
For example, numerous studies have demonstrated an increase in Ca®* conductance in aged hippocampal CA1 neurons,
perhaps due to an increased density of L-type Ca®* channels.® While reductions in synapse number could perturb the
cooperativity of active synapses and lead to network dysfunction, dysregulation of Ca®* homeostasis undoubtedly
contributes to restrictions in plasticity that may contribute to the observed deficits in spatial and episodic memory seen in
the elderly. The best evidence of this summary comes from experiments which demonstrate that aged rats exhibit deficits
in LTP, a process universally acknowledged as crucial to memory formation in the hippocampus. Convincingly, the
functional consequences of altered morphology, biophysical properties and synaptic connections of aged neurons on
plasticity and LTP are robust; with aged rats demonstrate deficits in both phases of LTP. As described earlier, LTP can be
divided into an induction phase and a maintenance phase. The induction phase involves the temporal association of
presynaptic glutamate release with postsynaptic depolarization, resulting in the ejection of Mg2+ from NMDA receptors
and a consequent increase in intracellular Ca?*.*Y81 Considering this phase of LTP’s dependence on appropriate Ca?*
regulation and the cooperativity of afferent input, it is mechanistically apparently why LTP induction is perturbed in the
hippocampus of aged animals. Less intuitively however, normal aging also impairs the maintenance phase of LTP. In this
second phase of LTP, changes in gene expression and the insertion/relocation of AMPA receptors into the post-synaptic
membrane insures the continued expression of increased synaptic efficacy after induction. As stated, it is known that the
maintenance phase of LTP requires gene expression and de novo protein synthesis. This protein synthesis is facilitated via
the expression of immediate early genes (IEGs) such as cfos. Functionally, IEGs can be grouped into two classes:

inducible transcription factors (c-jun, c-fos, and zif2) and effector proteins.® After c-jun and c-fos MRNA are translated

11



into protein, their protein products can form a heterodimer called the activator protein 1 (AP1) complex. Critically, AP1 is
a transcription factor that promotes the expression of late-response genes, some of which are important for the growth of
new synapses or the modification of synaptic structure.®” Relating this pathway of LTP maintenance to age-related
alternations in plasticity which may affect cognition, although hippocampal pyramidal cell expression of IEGs do not
differ significantly across age groups, elderly animals transcribe less IEG mRNA as compared to younger controls.®
This consequently may lead to dysregulation of other genes that depend on the AP1 transcription factor, resulting in the
deficits in LTP observed in aged animals. Interpreted as a whole, these studies suggest that age-related changes in key
excitatory synaptic connections, even in the absence of significant circuit degeneration, perturb neuronal function in the
hippocampus to a degree sufficient to impair LTP; one of the principal neuronal phenomenon underlying memory
formation.

In summary, once thought to be exclusively a consequence of massive cell loss and the deterioration of dendritic
branching, animals experience an age-dependent decline in cognitive function.“® “® Clinically referred to as AAMI, these
age-related deficits in episodic, spatial, and working memory in addition to perturbations in executive function have now
been mechanistically linked to subtle neuronal changes in the PFC and hippocampus. Without gquestion, of the brain
regions affected by ageing, the hippocampus and the PFC appear to be particularly vulnerable. However, alluding to the
complexity of the pathogenic processes which underlie age-related neurodegeneration, the impact of ageing on neuronal
function in each of these regions differs dramatically. With respect to the PFC, the morphology of these neurons appear
more susceptible to age-related change, as these neurons exhibit a decrease in dendritic branching across animal
models.?® 555" Additionally, in stark contrast to initial reports of wide-spread neuronal decline in the aging brain,
evidence now suggests that regionally constrained losses in cell number (area 8A in monkeys) occurs naturally with age,
and that this decline in cell density is correlated with working memory deficits.“? Although there is also evidence of Ca®*
dysregulation in aged PFC neurons ®, the functional consequences of this are not yet known and are far better
characterized in the hippocampus. In this second vulnerable brain region, more is known about the impact of ageing on
neuronal function. Specifically, dysregulation in Ca?* homeostasis® and changes in synaptic connectivity®® are
hypothesized to perturb plasticity and gene expression resulting in an alteration of the hippocampal neuronal circuitry
which sub-serve memory. Notably, although the age-related neurological changes described are of sufficient severity to

perturb neuronal function in these two brain regions, like the clinically observed deficits associated with AAMI, these
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neuronal changes tend to be subtle when compared with the alterations that are observed in age-associated disorders such
as Alzheimer’s disease. However mild by comparison, a robust understanding of the precise mechanistic underpinnings of
AAMI is critical for the study of AD, as understanding age-related changes in cognition sets a background against which

it is possible to assess the effects of pathological disease states.

1.3 NEUROPATHOLOGICAL CHANGES ASSOCIATED WITH ALZHEIMER’S DISEASE

As justification for why an understanding of age-related neurodegeneration is fundamental to assessing the
pathological changes in AD, one must look no further than the now dated theories of AD pathogenesis developed in the
eighties and nineties. During this time period, a considerable portion of the scientific community favored the hypothesis
that AD simply exemplified exaggerated aging rather than a truly distinct disease process.® As in the preliminary
assessments of brain changes associated with ageing, initial attempts to distinguish between normal aging and AD
pathology applied stereological methods for quantitative assessment of neuronal numbers to determine if specific patterns
in neuron loss existed between these two etiologies of cognitive impairment. Logically, since memory impairment is a
cardinal clinical manifestation of both AAMI and AD pathology, neuroanatomists first focused on the neuronal substrates
of memory formation in the brain; the entorhinal cortex, hippocampus and subiculum. In addition to sub-serving the
cognitive functions most perturbed by AD, these regions of interest also non-coincidentally are the first to develop the
histopathological hallmarks of AD; AP plaques and NFTs. Unlike in normal aging in which preliminary findings of robust
neuronal loss were later proven false, the neuronal loss reported in AD has been more or less consistent since its initial
discovery. For example, in one of the earliest studies of neuron loss attributable to AD, a 52% and 31% decline in the
number of neurons in the subiculum and hilus of the dentate gyrus represent the two most significant findings,
respectively.® While these studies are notable for being among the first to quantitatively measure neuron loss in AD,
later studies which contrasted AD patients with age-matched controls, were those which truly marked the downfall of the
theory that AD and normal aging represent the same pathological process. Chronologically, M.J. West and colleagues
were the first to present well-controlled evidence of differences in hippocampal neuron loss between AD and cognitively

normal elderly. Chief among their 1994 discoveries was the finding of a robust 31% decrease in CA1 hippocampal neuron
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number in individuals with AD as compared to both youthful and aged subjects (AD= 4.4x10° CA1 neurons versus
14.08x10° in normal ageing group).®® In contrast to the finding of reduced CA1 neurons in AD, almost no neuron loss
attributable to ageing was measured in this region. Later studies would go on to characterize the rate of
hippocampal/entorhinal atrophy between AD and cognitively normal controls only to discover that AD patients
demonstrate a greater annual percentage volume change in both the entorhinal cortex (6.8 +/- 4.3%) and hippocampus (5.9
+/- 2.4%) when compared to controls.®> % From these findings, the authors concluded that the neurodegenerative
processes associated with normal ageing and with Alzheimer's disease are qualitatively different.®® The independent
corroboration of this groups findings would subsequently confirm this conclusion and disprove the hypothesis that AD
and accelerated aging are synonymous terms for the same pathological process.®* %

Now pathologically distinct from normal aging in the literature, the specific pattern of neuron loss in AD was
quickly elucidated by further quantitative stereological studies. As stated, the first of these confirmatory studies
recapitulated the finding of severe neurodegeneration in regions of the brain sub-serving memory, with estimated neuronal
losses of 31-68%, 22-47%, and 14-25%, for pyramidal CAL neurons, the subiculum, and the hilus of the hippocampus,
respectively.®® % % %) Equally critical, a subset of these studies also demonstrated that the extent of neuronal loss
progresses with the pathological severity of AD. For example, Braak stage IV AD patients exhibit a 33% reduction in
pyramidal CAL neurons while a 51% decline in this same neuron population was measured in Braak stage V AD
patients.®® Of additional significance, neuron loss is not homogenously distributed even within a particular brain region, a
finding once again indicative of the selective vulnerability of particular neuronal populations to the unique pathological
processes underlying AD. Case in point, comparison of AD and non-demented age-matched controls reveals a 48%
decline in the overall neuronal content of the entorhinal cortex. However, the vast majority of this neuron loss in the
entorhinal cortex, up to 90%, is secondary to the specific loss of neurons in layer 11.®® While neuron loss in the structures
discussed to this point are certainly fundamental to the clinically observed deficits in memory associated with AD, cell
loss in other key brain regions, like the Nucleus basalis of Meynert (NBM), is unquestionably contributory as well. In this
region, investigators report a devastating 42-89% reduction in cholinergic neurons.®* *® A component of the highly
integrated basal forebrain cholinergic pathways, strong evidence suggests that this system makes key contributions to
normal cognitive processes and that disruption of this system in AD has serious consequences for attention, learning and

memory. In fact, as described in subsequent chapters, evidence of cholinergic dysfunction contributing to deficits in
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memory observed in AD is so great, modulation of this neurotransmitter system currently represents the gold-standard in
AD palliative treatment. However the ineffectiveness of these treatments clinically may be an indication of other regions
of substantial neuronal degeneration in AD. With respect to neocortical brain regions, two areas of robust neuronal insult
have been described; the PFC and superior temporal sulcus. The later of these two brain regions exhibits a greater than
50% reduction in neuron content in severe AD.“*" Similar to the entorhinal cortex and hippocampus, the former
demonstrates a selectively vulnerable cell population, with an astonishing 90% reduction in PFC pyramidal neurons.*?
Lastly, while subcortical structures like the substantia nigra are general spared from severe neuron loss in AD", the
amygdala®® and Edinger-Westphal nucleus™® both exhibit robust degeneration, 51-56% and 67% respectively. Notably,
while these quantitative assessments demonstrating an extensive neuronal loss during the progression of AD have been
instrumental in defining AD as a unique pathophysiological process, questions still remain regarding the nature of this
neuron loss. While the majority of studies support the conclusion that apoptotic cell death underlies the majority of neuron
loss observed in AD™ 7 other mechanisms of neurodegeneration such as necrosis cannot be ruled out in light of
evidence of abnormal oxidative stress and advanced glycation-end products.®%

Beyond distinguishing AD as a unique pathophysiological entity, when interpreted within the context of
hippocampal-mediated memory pathways, the patterns of neuron loss in AD also provide a mechanistic understanding of
the cognitive dysfunction observed in AD. As discussed, the input and output pathways of the hippocampal formation are
formed by axons that arise from specific and discrete cell populations. Summarizing the afferent/efferent pathways
relevant to memory formation, cortical input from sensory association and limbic cortices to the hippocampus arises from
projection neurons in layers Il and 111 of the entorhinal cortex. The axons of these neurons in the entorhinal cortex
constitute the performant pathway and serve as the major cortical afferent source for the hippocampus/dentate gyrus. As
these are precisely the neurons lost in AD brains, with layers V & VI unaffected, it is clear to see that afferent input into
the hippocampus is very likely perturbed in AD. In the absence of pathology, afferent signals from the performant
pathway are then processed via intrinsic hippocampal circuitry. Once processed via a mechanism not yet completely
elucidated, hippocampal output to the cortex arises principally via the CAL pyramidal neurons and from projection
neurons originating in the subiculum. Mirroring the specificity of AD lesions with respect to afferent hippocampal

pathways, CAl pyramidal neurons and the subiculum are robustly degenerated as a consequence of AD pathology. Thus,

both the principal afferent and efferent pathways to the hippocampus are selectively perturbed in AD. Generalizing for the
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sake of clarity, the functional ramification of this finding is analogous to a bi-lateral hippocampal lesion, with

hippocampal tissues intact, but unable to facilitate memory consolidation in isolation.
1.3.1 Tau Deposition in AD

While neuronal loss represents the first cardinal pathological feature of AD and partially explains the clinical
deficits observed in AD, it is obviously far too ubiquitous among neurodegenerative disorders to be considered a
pathognomonic feature of AD. Instead, a fundamental distinction between other neurodegenerative pathologies and AD is
that the pathophysiology of the latter is characterized by a distinct topographical distribution of two pathognomonic
neurobiological lesions; AB plaques and neurofibrillary tangles (NFTSs). In summary of this topographical distribution of
NFTs, the CAL fields of the hippocampus, entorhinal cortex and the inferior temporal cortex typically harbor the greatest
degree of tauopathy. In contrast, the superior frontal and occipital cortex are relatively spared in AD, even in the tenth and
eleventh decades of life."? Acknowledging the finding that NFT deposition in the substantia nigra and locus coeruleus
are not specific to AD pathology, NFT deposition follows a stepwise topographic distribution pattern that begins in the
trans-entorhinal region (Braak stage |) before affecting the entorhinal cortex (Braak stage Il), hippocampus and temporo-
occipital gyrus (Braak stage I11), temporal cortex (Braak stage 1V), parietal cortex (Braak stage V) and lastly occipital
cortex (Braak stage V1). Notably, while this temporal profile of NFT deposition is typical of AD, NFTs are not
specific for AD and are indeed found universally in almost every class of brain disease. Exemplifying the ubiquitous
nature of NFTs in diseases of the brain, NFT deposition has been found in the brains of individuals who experience:
frontotemporal lobar degeneration with tauopathy (FTLD-MAPT), focal cortical dysplasia, myotonic dystrophy, prion
diseases, metabolic/storage diseases, some brain tumors, chronic traumatic encephalopathy, viral encephalitis, and other
brain diseases.****'®. Especially with respect to its role in the pathology of AD, the ubiquitous presence of NFTs in
human brain disease suggests that NFTs are, at least under some conditions, a secondary response to injury. In support of
this interpretation, NFTs are even found, albeit in a topographically restricted manner, in the absence of overt
pathology.*” Two independent studies demonstrate this finding, with all individuals over the age of 40 years exhibited at
least initial NFT pathology in the brainstem.*® *® On the other hand, others argue that NFTs play a primary role in
neurodegeneration, citing that NFT pathology is observed in the human brain long before the formation of Af plaques in

patients with AD.®® 11819 gj|| despite likely representing a secondary response to injury rather than the primary
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neurodegenerative insult, the density of neuroanatomical localization of NFTs remains one of the most important clinical
parameters in AD. This is principally due to the vast literature supporting the conclusion of a robust correlation between
neocortical (not necessarily allocortical or subcortical) NFT density and ante-mortem cognitive status. Highlighting the
most scientifically rigorous of these studies, many groups have independently demonstrated that the density of NFTs in
select cerebral fields significantly correlate with cognitive performance as assessed via behavioral assays such as the
MMSE."® Y |n fact, the correlation between NFT deposition and cognitive deficits is so robust that the neuroanatomical
distribution of NFTs is predictive of the cognitive domains affected in patients with AD.% %) For example, the trend
for AD pathology to manifest itself as disturbances in memory clinically has been linked to the deposition of NFTs in the
anatomical substrates of memory in the medial temporal lobe. Similarly, deficits in domains associated with mid-to-late
stages AD such as executive function, visuospatial capacities, and speech manifest themselves in synchrony with the
development of NFTs in the neocortical brain regions sub-serving these constituents of cognition. In summary, regardless
of its role as an initiating factor or secondary sequela of AD pathogenesis, NFT load is unequivocally related to cognitive
impairment. This relationship is so robust, that amongst the thousands of cases and dozens of studies conducted
worldwide, never has there been a report of a documented individual with “end-stage” neocortical NFT pathology who
lacked ante-mortem cognitive impairment.®?* 2%

Beyond this clinical relevance, the neuroanatomical distribution of NFTs has also been shown to correlate with
the prototypical pattern of neuron loss observed in AD.® 123 However, a subset of studies have indicate that more
neurons disappear in brains of AD subjects than can be explained directly by the number of NFTs observed at autopsy. "
One hypothesis to explain this discordance is that NFTs are removed or reabsorbed from the brain over the course of AD

pathogenesis.®? While reports of such “ghost tangles” have been made, the cumulative body of evidence is more

supportive of neuronal shrinkage and/or non-NFT-mediated cell death mechanisms to explain this observation.
1.3.2  Amyloid Deposition in AD

Despite neuron loss and NFT deposition being cardinal features of AD and more closely related to symptomatic
progression, to date, the unequivocal diagnosis of AD rests predominately on the histopathological confirmation of A
senile plaques in the brain."*?® As discussed, this is in part due to the fact that NFTs and neuron loss are universally

common lesions and therefore lack the specificity necessary to differentiate AD from other etiologies of dementia. In this
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regard, NFTs and neuron loss resemble many of the additional changes that may also occur in the brains of AD patients
including: amyloid angiopathy, age-related brain atrophy, synaptic pathology, white matter rarefaction, granulovacuolar
degeneration, and neuroinflammation.®**?®) In contrast to all of these lesions described, A plaques are unique to AD by
definition. However their use in defining criteria for the morphological diagnosis of AD is considerably complicated by
two other issues; the phenotypical heterogeneity of AB plaques and science’s incomplete understanding of their formation.
In the current paradigm, amyloid plaques are hypothesized to undergo gradual growth in the interstitial space of the brain
via continual extracellular deposition of AP peptides at “seeding sites”. These growing plaques encroach progressively on
the axons and dendritic processes of neighboring neurons, eventually leading to neuronal death.™® While the research
behind this assertion is robust and very likely true for a subset of amyloid deposits in AD, its validity may be comprised
due to its failure to acknowledge the multiple subtypes of amyloid deposits in AD brains. For instance, deposits of Af
peptide frequently, but not always, aggregate at the center of a cluster of dystrophic neurites. Termed, neuritic plaques,
this subset of senile plaques are considered to be the most closely associated with neuronal injury. In support of this
conclusion, studies have demonstrating greater synapse loss and glial activation around this subset of lesions.®****? For
this reason, the confirmation of neuritic plaques in the brain at autopsy serves as the keystone of guidelines for the
neuropathological assessment of AD. However the pathological significance of the second class of AB plaques, named
non-neuritic or diffuse plaques, cannot be underestimated. Speaking generally, this is a morphologically diverse subset of
APB-peptide-containing lesions which includes deposits of AB-peptide not in close association with dystrophic neurites. In
contrast to their neuritic counterparts, diffuse amyloid plaques lack associated inflammatory cells and are not closely
associated with neuron degeneration.**? Recent studies also indicate diffuse plaques originate via an independent
mechanism. Instead of a gradual extracellular deposition of AP at seeding sites, diffuse plaques are hypothesized to be the
result of leaks of amyloid from compromised blood vessels at focal sites of blood-brain-barrier breaches.??
Troublesomely, while the various subtypes of AP plaques have been recognized for decades at the histochemical level, the
majority of AD researchers continue to publish under the false assumption that AB plaques can be referred to as a
homogenous unit. For those researchers who do make the effort to distinguish between A plaque types, the issue is
further complicating by the inconsistent use of nomenclature pervasive in the literature. Using diffuse plaques as an
example, similar lesions are also referred to as cotton wool plaques, amyloid lakes, and sub-pial bands. It is important to

emphasize that this issue is not purely semantic. As discussed, not only do neuritic and diffuse plaques differ in their
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correlation with cognitive deficits, they may also arise as a consequence of completely distinct pathological processes.
While the significance of the latter point is still unknown, the failure to distinguish between morphological plaques types
certainly has led to the overemphasis that Ap plaque deposition does not correlate with disease severity. To the contrary,
when morphological subtypes of Ap plaques are considered, progression to clinical dementia is associated with a higher
proportion of more “mature” plaque subtypes. For example, in one study comparing plaque morphology between pre-
clinical and end-stage AD, 53% of all amyloid deposition was classified as diffuse plaque in the pre-clinical group as
compared to 31% in the end-stage cohort.**® Even in the absence of a direct correlation between AP plaques and
symptom severity, a strong association between AD genetic risk factors and AP plaque formation is clearly established in
the literature.®®¥ All high-penetrance AD genetic risk alleles (APOE4, Trisomy 21, APP mutations/duplications, PSEN1/2
mutations) have been linked with increased AP deposition and formation of the putative toxic subtypes of Ap peptide
species. Given that genetic factors confer approximately 70% of an individual’s risk for AD, these findings carry strong
mechanistic implications and support the idea that Ap plaques represent a temporally upstream feature of AD
pathogenesis. 13

Despite inconsistencies in nomenclature and the general failure of the field to recognize the various subtypes of
AP plaques, the topographical pattern of AB deposition in the brain has been well-characterized. In stark contrast to the
pattern observed for NFTs, the topographical pattern of Af deposition is markedly different. AB plaques appear first in the
neo-cortex (phase I) and expand in an anterograde fashion into allocortex (phase I1). Next, AP deposition becomes robust
in the diencephalic nuclei, striatum and cholinergic nuclei (phase 111) before spreading to the brainstem nuclei (phase 1V)
and finally cerebellum (phase V)."® Translating this 5 phase system to pay homage to the 3 stage system used by Braak
& Braak, stage A is defined by the presence of neuritic AP plaques in the basal portions of the frontal and temporal
cortices.™® Of particular significance with respect to the clinical correlation of AP deposition with memory deficits,
during this stage no evidence of amyloid is present in the hippocampus although the pre-subiculum and entorhinal cortex
demonstrate evidence of diffuse plaques. Similarly, primary sensory and motor brain regions are completely spared, with
the only notable exception to this rule being the olfactory cortex.®*” By stage B of the Braak & Braak system, a moderate
density of AP plaques is found ubiquitously in the isocortex with the notable exceptions of primary sensory and motor
areas. During this stage of AD the hippocampal formation is only mildly involved, with sparse AP deposition mostly

restricted to the pyramidal cell layers of the subiculum and sector CA1. The unique exception to this description is the
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presence of two rows of densely packed amyloid deposits in the molecular layers of the subiculum and fascia dentata. In
comparison to CAL, sectors CA2 and CA4 contain relatively few plaques regardless of AD severity. Although AP plaque
deposition in the hippocampus worsens with disease progression, the final Braak & Braak stage, stage C, is defined by Ap
deposition in the primary sensory/motor areas.®*® Alluding to the possibility of a subpopulation of vulnerable cell types,
AP deposition also follows a unique laminar distribution in the cortex across all stages. ™ Briefly, the external glial layer
remains virtually completely devoid of amyloid deposits while layers 1l and 111 display sparse AP plaque distribution.
Similarly, the myelin rich layers 1V and Vb of the isocortex fail to demonstrate a propensity to facilitate amyloid
aggregation. Instead, robust AB plaque deposition is loosely restricted to a laminar distribution in layers I, Va, and VI.?

In summary, AB deposition follows a topographically and temporally distinct pattern in AD which distinguishes it
from other etiologies of memory impairment. Furthermore, Ap deposition appears uniquely restricted to particular layers
in specific brain regions. In light of this differential in pathological involvement between brain regions and laminar
distribution of NFTs and AP, some investigators have concluded that the pathological changes in Alzheimer disease must
extend along connecting fibers. Indeed, as described in other sections, the pathological regions of interest in AD are
connected by well-defined groups of neurons. Notably however, the validity of this theory will likely remain untested
until the molecular etiology of AD has been completely elucidated. Still, the invariable and severe involvement of the
olfactory areas of the brain in AD is in striking contrast to the minimal changes in the somatosensory and primary visual
areas. While this finding has various explanations, it raises the possibility that the olfactory pathway may be initially
involved in AD pathogenesis and facilitate disease progression as a consequence of its highly integrated nature into the
brain’s memory circuitry. A more common interpretation of this finding is that Ap plaque deposition and even NFT are
inconsequential to AD progression and instead represents an epiphenomenon of aging. 342

Without a doubt one the longest and most hotly contested controversies in modern science, critics of AB-centric
definitions of AD commonly cite four general arguments.**¥ The first of these assertions, stems from reports of
cognitively normal individuals with “advanced AD pathology” at autopsy. The second, much weaker argument points to
the fact that individuals presenting with cognitive impairment similar to AD but who lack AD pathological changes at
autopsy have been reported. Summarizing these first two assertions in a more generalizable manner, the degree of A
pathology corresponds poorly to the clinically observed severity of cognitive impairment. Despite being converse

examples of one another, both of these assertions are partially addressed via the implementation of a more complete

20



definition of “advanced AD pathology”. While it is true that AB plaques in the absence of other neurodegenerative
changes are not a sufficient substrate for severe dementia, this definition of “advanced AD pathological change” is
incomplete. More precisely, the classification of widespread AP plagque deposition as advanced AD pathology without
regard for the numbers and distribution of NFTs is incorrect. Instead, advanced AD pathology should be characterized by
all three cardinal features of AD pathology; namely neuron loss, NFT deposition, and Af plaque density. In congruence
with this holistic definition of AD pathology, the most recently published guidelines for the pathological confirmation of
AD present criteria for both NFTs and AP plaques and even include a distinction between total Ap plaque load and
neuritic plague load.™* Thus, the response to the first assertion is that AB plaques, in the absence of NFTs and neuron
loss, do not represent the same pathophysiological process which underlies AD. This retort in part emphasizes the point
made earlier with respect to the morphological variability of AB plaques. All aggregations of A are not equivalent. This
is certainly not to say that the failure of AP plaque load to correlate robustly with disease severity is attributable solely to
oversights in differentiating between diffuse and neuritic plaques, although the latter do correlate better with disease
severity.*® Instead, as discussed at length in subsequent chapters, the key point here is that Ap peptides, and as a
consequence AP plaques, are tremendously diverse. A collection of AP peptides of heterogeneous length, amino- and
carboxyl-termini, and post-translational modification have been identified. Not only are do each of these peptides differ
with respect to their contributions to direct and indirect neurotoxicity, they assemble at different rates and exist in vivo in
a variety of different assembly states spanning from small oligomers to protofibrils and plaque aggregates. In short, the
simplistic conceptualization of AP plaques and NFTs used by critics of AB-centric models does not adequately reflect the
complexity of biological changes in the brains of AD patients. Because critics often subscribe to this simplistic model,
some groups argue that AP plaques and NFTs are actually neuro-protective rather than cytotoxic. These groups contend
that because AP deposits and NFTs are present in normal aging, albeit to a reduced degree, there must be some beneficial
and adaptive aspects to their formation. While the vast literature contending this argument is reviewed in subsequent
chapters, the major failure of this third fundamental critique of AD pathology is its failure to recognize the complexity of
AD pathophysiology. The immense number of peptides and higher-order aggregates derived from the APP and MAPT
genes very likely result in combinations of end-products which may simultaneously be neuro-protective and cytotoxic.?¥
For those critics who do not contest the pathogenicity of Ap plaques and NFTs, the fourth and probably largest point of

criticism directed towards AB-centric models of AD stems from the failure of amyloid-centric therapies in randomized
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clinical trials. This topic is of such prominence, it is addressed fully in subsequent chapters. Speaking generally however,
experts in the field agree that the failure of anti-amyloid clinical therapeutic trials does not threaten the validity of Af-
centric models of AD pathogenesis because they have yet to appropriately test the hypothesis. Virtually all studies to date
have been plagued with experimental confounds, most embarrassingly with some trials drawing negative conclusions only
to discover the therapies tested failed to even cross the blood brain barrier. Oversights of this nature in combination with
inhomogeneous cohort selection, the late timing of therapy, and a variety of other confounds discussed elsewhere
summarize why clinical trials have failed to provide definitive answers as to the direct role of AP plaques or NFTs in the

cognitive impairment associated with AD.
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CHAPTER 2 CLINICAL SUBTYPES & SYMPTOMS OF
ALZHEIMER'’S DISEASE

2.1 SPORADIC & EALRY-ONSET SUBTYPES OF ALZHEIMER’S DISEASE

Experts have long recognized two forms of AD: (i) the sporadic variant and (ii) familial AD (FAD) (Figure 2-1).
Unfortunately for the field, alternative terminologies have been loosely applied to each of these AD forms in a manner
which can be misleading. Most troublingly, the sporadic variant of AD is colloquial referred to as late-onset AD, a term
which ignores the existence of early-onset forms of sporadic AD. Furthermore, the classification of FAD can be
subdivided based on the development of symptoms and inheritance pattern (Figure 2-2). By definition, the term FAD
implies the inheritance of genetic risk factors which has led to the presentation of AD in at least three generations.
However because the vast majority of FAD patients develop symptoms before the age of 60-65, this term is commonly
used in lieu of the more precise term early-onset FAD (EOFAD). Just as with sporadic AD, not all forms of FAD result in
an early-onset presentation. Thus, use of the term FAD to denote only cases of EOFAD inadvertently ignores cases of
late-onset FAD (LOFAD). Furthermore, for the subset of LOFAD cases which harbor an autosomal dominant genetic
component, the term autosomal dominant AD (ADAD) is correctly employed. Logically, the autosomal dominantly-
inherited form of AD which results in early symptom onset is termed autosomal dominant early-onset AD (ADEOAD).
Though it may seem academic, this variable nosology is of significance when considering the challenge of identifying
individuals that should undergo predictive genetic testing, as the probability of a positive hit will vary depending on the
subpopulation tested. For example, using the stringent criteria of symptom onset before age 61, the prevalence of EOAD
is 41.2 per 100,000 persons. If instead we were interested in applying genetic screening to individuals with ADEOAD,
defined as the occurrence of EOAD in at least three generations, then an the expected prevalence would be closer to 5.3
individuals per 100,000.%® While the topic of genetic screening certainly underlines the importance of understanding of
AD nosology, this point can be similarly made for the construction of cohorts for AD therapeutic clinical trials.

Most importantly for the purposes of this work, an appropriate understanding of AD nosology is critical when

interpreting the origin and generalizability of amyloid-centric hypothesis of AD. Put in the simplest terms, the distinction
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between sporadic AD and FAD is of significance because evidence suggests that the pathologic etiologies of these two
forms of AD are distinct. As reviewed at length in subsequent sections, all known cases of FAD arise secondary to
mutations in three genes relevant to the production of AP peptides. As a consequence, although myriads of other possible
mechanisms for sporadic AD exist and data suggests that disturbances in AB production alone are likely insufficient to
incite disease, AP is considered a central mediator of sporadic AD pathophysiology. Still, it is important to recognize that
all studies to date suggest that the amyloid cascade theory plays a more important role in EOFAD than it does in sporadic
AD.® 159 Moreover, while this genetic evidence strongly implies the etiology of EOFAD involves the overproduction of
AP peptides, the pathogenesis of sporadic AD appears more dependent on the perturbation of both AB production and
clearance. From this etiological distinction, one critical point must be made. For decades, the vast majority of AD research
has been conducted in preclinical mouse models which carry etiological construct validity only for EOFAD. While it is
certainly reasonable to assume that the pathophysiological processes underlying sporadic AD may mimic those observed
in EOFAD to an undetermined degree, it is also essential to recognize this experimental confound. This point is of no
higher significance when considering the development of therapeutic strategies for sporadic AD. Among the greatest
criticisms of AB-centric hypotheses to date, all Ap-centric therapies have failed to robustly combat the progression of AD.
While the reasons for these failures are discussed at length in the appropriately titled section, it is worth mentioning here
that pathophysiological differences between EOFAD and sporadic AD may be contributory, with sporadic AD
representing a far more complex disease. Therefore, in order to efficaciously combat the multi-factorial nature of sporadic

AD pathology, it is very likely that the most effective therapies will need to target multiple-levels of AD pathophysiology.
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Figure 2-1. The Amyloid Cascade Hypothesis.

This is the lead hypothesis for Alzheimer's disease (AD) pathogenesis, which posits that the central event is an imbalance between B-
amyloid (AP) production and clearance. In familial AD, genetic alterations cause a life-long disturbance in AP production or generate
AP peptides that are more prone to aggregation. In sporadic AD, advanced age and possession of the apolipoprotein E (ApoE) ¢4 allele
have major effects on the risk for developing AD. The common denominator in the pathogenesis is a conformational change in Af,
which makes it prone to aggregation, with the initial formation of soluble oligomers, followed by larger fibrils that accumulate into
diffuse plaques and, at a later stage, neuritic plaques. Cognitive impairment is believed to be due to A oligomers inhibiting
hippocampal long-term potentiation and impaired synaptic function, as well as an inflammatory response, oxidative stress, and synaptic
and neuronal degeneration with neurotransmitter deficits. Tau pathology with tangle formation is regarded a downstream event that
contributes to cognitive symptoms. Abbreviations: APP, amyloid precursor protein; CSF, cerebrospinal fluid; LTP, long-term
potentiation; PET, positron emission tomography; PSEN, presenilin. Reproduced with Permissions from TRENDS in Pharmacological
Sciences. %V
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Figure 2-2. Diagram Representing the Relationship Between Several Terms About AD.

Red circle: familial AD (FAD); black circle: early-onset AD (EOAD); blue circle and shadow; autosomal dominant AD (ADAD). The
area surrounded by red and black lines represents early onset familial AD (EOFAD). The region encircled by blue and black lines
represents the autosomal dominant form of early-onset AD (ADEOAD). Reproduced with Permissions from the Canadian Journal of
Neurological Sciences.(*%?
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2.2 CLINICAL FEATURES OF ALZHEIMER’S DISEASE

Alzheimer's disease (AD) is a neurodegenerative subtype of dementia characterized symptomatically by a
progressive decline in cognitive function which leads to severe morbidity and ultimately death. Such is the devastating
nature of AD burden that the reported mean survival after diagnosis of AD ranges from only 3-8 years.%**5"
Interestingly, although the phenotypic heterogeneity of AD is cited as one of the largest impediments to its study, the early
deficits in memory which typify AD are largely constrained to explicit memory faculties until late in the disease course.
One of the two main subdivisions of long-term memory in humans, explicit memory refers to knowledge that can be
consciously recalled (in contrast to implicit memory which cannot be consciously recalled). Thought to be principally
supported by mesial temporal and neocortical structures in the brain, explicit memory can be further subdivided into
episodic, spatial, autobiographical, and semantic forms of memory!**® > Here again, the clinical presentation of AD
exhibits a temporal bias for the development of early deficits in episodic memories before impairment is observed in the
semantic memory subcategory of explicit memory.**” Loosely defined as those memories involving the storage and
recollection of life-events, episodic memory is characterized by a subjective sense of time, an egocentric focus, and
autonoetic consciousness, or the ability to mentally place oneself in the past.****®® The neuronal substrate of episodic
memory is believed to include both mesial and neocortical brain regions while semantic memory, the recall of non-
biographical knowledge such as the name of objects, vocabulary, and concepts, is not believed to be associated with
mesial brain structures.*® As further demonstration of the brain structure-dependent specificity of early AD memory
impairments, within the domain of explicit memory, recall deficits in AD are further biased towards those memories
which have not been well consolidated. By dividing explicit memory into immediate recall, memory for recent events, and
memory of distant events, it can be demonstrated that AD patients typically exhibit the most profound deficits when
recalling recent events.™ ** Strikingly, the recall of this particular temporal subset of memory has been found to be
highly dependent on brain structures such as the hippocampus, entorhinal cortex, and related structures in the mesial
temporal lobe; precisely the brain regions affected earliest in AD.® ") |n contrast to memory of recent events, forms
of explicit memory not dependent on the hippocampus and other mesial temporal lobe structures such as immediate

memory (encoded in the sensory association areas and prefrontal cortices) and memories which have been consolidated
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for many years and are thus retrievable via non-hippocampus mediated mechanisms are spared early on in the AD course.
Thus, as a consequence of its bias for recently encoded memories of the episodic subtype of explicit memory, the early
memory deficit observed clinically in the majority of AD patients is most precisely described as an anterograde long-term
amnesia. Of note, the technical qualifier “long-term” in this description is misleading, as “long-term memories” include
those memories which can fail over the course of a few minutes. Instead of denoting an absolute time interval the
distinction between long-term and short-term memory systems are best stratified by two fundamental characteristics,
temporal decay and chunk capacity limits, with only short-term memories exhibiting both these phenomenon. ¢®
Precisely due to the confusion these technical definitions impose, clinicians prefer the term “recent memory impairment”
when characterizing the early memory impairment of AD. Although highly variable among patients, this “recent memory
impairment” typically manifests itself as the first notable symptom of AD and for this reason is the most frequently cited
chief complaint of newly presenting AD patients. As AD progresses, the memory impairment initially constrained to
recent episodic memories as described progresses slowly to encompass deficits in semantic memory. As a consequence of
AD’s tendency to spare the subcortical systems supporting implicit memory and motor learning, deficits in these domains
are typically only noted very late in the disease course. Without exception, the clinical course of memory impairment in
AD is progressive, although the magnitude of an individual’s cognitive decline is highly unpredictable. Attempts to
characterize the standard rate of accruement with respect to memory deficits in AD have largely focused on behavioral
measurement tools such as the Mini-Mental Status Examination (MMSE) and Clinical Dementia Rating Scale. In studies
tracking probable AD patient cohorts over 2-4 years, studies have reported on average a decline of 3-3.5 points on the
MMSE each year.**'"? Additionally, in a rapidly progressing subset of individuals suffering from AD, totaling less than
<10% of all AD patients, cognitive decline can be very rapid, with a loss of 5-6 points annually on the MMSE.*"
However, it should be noted that the reliability of cognitive memory examinations are routinely found to be limited in
their ability to assess cognitive decline in AD. For example, when the MMSE is administered to probable AD patient
cohorts, studies have found that only 15.8% to 65% of patients exhibit a significant decline on their MMSE performance
after a 2-3 year follow-up, with significance defined as a loss of >3 points; a single standard deviation in these studies.®*
172 Despite the problems in reliability when employing behavioral metrics of cognitive performance, such studies have

demonstrated that the rate of cognitive decline in AD may be associated with age of onset. Perhaps counterintuitively, an

older age of onset of AD has been associated with a milder clinical progression as compared to patients diagnosed at a
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younger age.“"Regardless of the age onset, patients presenting with early neuropsychiatric symptoms including
psychosis, agitation and aggression coincide highly with those patients whose cognitive decline progresses more

(175)

rapidly.
2.2.1 Language Dysfunction in Alzheimer’s Disease

However, despite the constrained nature of AD’s presenting memory impairment to recent episodic memories and
the correlation this specific deficit shares with regions of the brain most heavily affected in the disease’s pathogenesis, it
is imperative to recognize that the course of AD is highly heterogeneous. In fact, although memory impairment is the most
common presenting symptom in the majority of patients presenting with AD, language dysfunction is quite commonly the
first initial symptom recognized by patients.*’® Early deficits in language are most commonly constrained to word-
finding difficulties, circumlocution, increasingly restricted vocabulary in spontaneous speech, and anomia on
confrontational naming tests which may progress to include agrammatism, paraphasic errors, impoverished speech
content, and impaired comprehension. Interestingly, accruing deficits in language are related to the progressive
development of deficits in semantic memory. As evidence of this correlation between language dysfunction and semantic
memory in AD, studies have demonstrated that patients with AD perform significantly worse on category fluency tests
(which rely more heavily on semantic memory) as compared to letter fluency tests.” % Notably, the ability to repeat

phrases is highly conserved in AD patients until very late in the disease course.®"”
2.2.2 Impairments in Visuospatial Skills in Alzheimer’s Disease

Yet another prominent deficit in a subset of patients with early-stage AD is impairments in visuospatial skills.
Impairments in the visuospatial domain manifest themselves insidiously, with patients commonly describing difficulties in
navigating unfamiliar places or an increasing frequency to misplace items.*¥**#2 However, as with the impairments in
memory and language, AD progression can commonly lead to patients suffering from difficulties navigating within
familiar terrains such as their own neighborhood. As the disease course progresses even further, clinically detectable
visual agnosia, the inability to recognize objects, or prosopagnosia, the inability to recognize faces, become a concern. In
the very late stages of AD, reports of severe visuospatial deficits such as hemi-spatial neglect have been reported in AD

patient populations. 83 189
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2.2.3 Disturbances in Executive Function and Judgement in Alzheimer’s Disease

Beyond deficits in memory, language, and visuospatial skills, subtle changes in executive function and judgement
can also accompany the early deficits observed in AD. Clinically, impairments in executive function are typically first
detected by family members due to the insidious onset of symptoms and nature of the impairment. AD patients typically
display poor insight and a reduced ability for abstract reasoning upon examination, however the most commonly
identified impairments include a lack of motivation or apathetic demeanor as compared to baseline."®® Indeed, as with the
other deficits described in AD, impairment in executive function and errors in judgement inexorably progresses with the
disease course. As impairment worsens, poor judgement and an inability to plan may manifest as symptoms, often to the
degree that patients are no longer able to complete everyday tasks."® Notably, the importance of monitoring the
accruement of deficits in executive function is paramount in the assessment of AD patients for two distinct reasons.
Firstly, AD patients with severe impairments in judgement may present clinically with anosognosia, or a reduced insight
into their own deficits. Thus, if not appropriately noted in the clinical assessment of AD, patients may tend to
underestimate their deficits and offer alibis in response to the cognitive dissonance generated by their perceived state of
health and what is relayed to them by the physician. Secondly, the severity of impairments in judgement and executive
function are correlated with the pattern of associated AD neuropsychiatric symptoms. For example, patients with
relatively preserved insight are predisposed to being depressed, while conversely, judgement impaired individuals are
more likely to be agitated, disinhibited, and exhibit psychotic features. #6189

These neuropsychiatric symptoms, more typical in middle to late stage AD, are extremely common and typically
lead to greater functional impairment than do the amnestic symptoms of AD.*¥* %) This is true not only for AD, but for
dementias as a whole, with approximately 61-92% of demented patients accruing neuropsychiatric symptoms at some
point in their disease course.*®* %1% As with other dementias, the spectrum of neuropsychiatric symptoms observed in
AD includes: agitation, aggression, delusions, hallucinations, wandering, depression, and disturbances in sleep.®
With respect to symptom onset, personality changes such as apathy, social disengagement, and disinhibition are the most
common early manifestations. Sleep disturbances are also highly prevalent, even in early AD, afflicting 25-35% of

patients, and can be worsened by typical AD therapies such as acetylcholinesterase esterase inhibitors.®*" 1%

Additionally, 20-45% of AD patients may develop Sundown Syndrome, the psychological propensity to develop

30



increased confusion, agitation, restlessness, and a generally more severe neuropsychiatric profile in the evening. %% 2%

More characteristic of middle-stage AD, unlike many other symptoms of AD, the severity of Sundown Syndrome
typically attenuates as the disease progresses.®® Similar to the well-defined pattern of recent memory impairment
observed in AD, the neuropsychiatric symptoms in AD are, in some ways, also useful in differentiating AD from other
forms of dementia. Studies demonstrate that the percentage of patients with mild to severe AD who experience delusions
is somewhere between the range of 30-34% while only 7% of AD patients report hallucinations.®** 22 |n a long-term
follow up study including 456 patients with mild to moderate AD, 70% of patients reported at least one delusional episode
over a 4.5 year time period. As only 33% of patients reported visual hallucinations in this cohort, the literature seems
definitive on the typical pattern of neuropsychiatric deficits observed in AD.* In short, delusions are most commonly
observed in AD, while a patient presenting with the symptoms of memory loss and visual hallucinations, particularly early
in the disease course, is more concerning for Dementia with Lewy Bodies. Predictably, the presence of either delusions or
hallucinations in AD is correlated with increased risk for severe cognitive impairment, functional decline, and death.®*
209 Furthermore, delusions, hallucinations, depression or aggression is highly correlated with patient placement
institutionalization and nursing home placement and thus greater socioeconomic burden. %202 205 208) prom the
perspective of family members, delusions of the paranoid subtype in particular generate significant emotional trauma.®*
For example, AD patients may rationalize that their personal objects have been stolen or that someone is trying to harm
them. Paranoid delusions in AD can even progress to the stage that they develop Capgras syndrome, the belief that their
loved ones have been replaced by imposters. Inappropriate sexual behavior, especially towards caregivers, is yet another
neuropsychiatric manifestation of AD and in dementia as a whole, with a reported prevalence of 15-25% of all demented

patients.?” 219 Tragically, the neuropsychiatric symptoms and changes in personality observed in AD are progressive and

often resistant to therapeutic intervention.
2.2.4  Miscellaneous Signs and Symptoms of Alzheimer’s Disease

While the magnitude of morbidity associated with neuropsychiatric symptoms in AD is very high, less
stigmatized symptoms such as dyspraxia are also major contributors to dependency in middle to late-stage AD.*V
Defined as an impaired ability to perform coordinated movements, clinical dyspraxia in AD first manifests as a difficulty

performing complex multi-step activities. As a consequence of its insidious onset, dyspraxia is best evaluated in a newly
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presenting AD patient via ideomotor tasks as opposed to patient history.®? Asking the patient to pantomime the use of
an everyday tool, such as a toothbrush or comb for example, has been demonstrated to elicit mild dyspraxia in AD
patients before it manifests clinically.®"* %4 Interestingly, the tendency of AD patients to utilize their body parts as
objects may actually stem from an inability to retrieve information about the appropriate holding posture for items.®*?
Notably, dyspraxia typically manifests only after the emergence of cognitive and language deficits in AD, with damage to
the anterior cingulate cortex in particular being correlated with the more debilitating ideomotor and dressing dyspraxia

symptoms. ?12 2149

It is important to distinguish dyspraxia from pyramidal and extrapyramidal motor signs such as
myoclonus, incontinence, and seizures. While these symptoms do occur in AD, they are restricted to late-stage disease,
with seizures occurring in 9-16% of AD patients.®*?'? In fact, the presence of clinically apparent motor dysfunction in
early to middle stages of cognitive impairment is justification for consideration of an alternative diagnosis.**> However as

mentioned, AD is a phenotypically heterogeneous disease of variable course and unpredictable symptomatology. Thus,

atypical symptoms or even distinct presentations of AD are well reported.

2.2.5 Atypical Presentations of Alzheimer’s Disease

For example, in AD patients with an uncommonly prominent involvement of the parietal lobes bilaterally,
dyspraxia, visuospatial disorientation, and dysgraphia may outweigh language impairment and memory deficits with
respect to symptom severity earliest in the disease course.?*??? |nterestingly, the development on language and auditory-
verbal short term memory deficits in this variant presentation of AD later in the disease course is believed to represent the
spread of neuropathology from the parietal cortices to encompass the peri-Sylvian language regions of the brain.®? A
second atypical presentation of AD is characterized by early and robust posterior cortical atrophy, specifically with
deficits in the dorsal visual stream contained in the lateral occipital and parieto-occipital cortices.®* %222} As opposed to
early deficits in memory, this syndrome manifests primarily with progressive cortical visual impairment that is most
commonly experienced symptomatically as difficulty reading or driving.%* #® Acalculia (an impairment in performing
simple mathematics), alexia (difficulty reading), and anomia (difficulty recalling the names of everyday objects) are also
common presenting symptoms.®® %% Clinically, the visuospatial variant of AD may present similar to Balint syndrome,
containing elements of simultanagnosia (the inability to integrate a visual scene despite sufficient acuity to resolve the

individual elements composing it), optic ataxia (the inability visually guide a limb towards a target), and ocular apraxia
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(the inability to direct gaze accurately between targets). " Visual agnosia, apraxia, prosopagnosia, and visual field
neglect comprise the remaining constellation of symptoms associated with this atypical presentation of AD, 18 228231, 232)
Compounding the difficulties associated with correctly diagnosing the visuospatial variant of AD, common alternative
pathologies such as Dementia wit Lew Bodies, frontotemporal lobar degeneration, and prior disease can mimic this
presentation.®* %% |n addition to the visuospatial variant of AD, a frontal variant has also been ubiquitously reported in
the literature, with prominent deficits in executive function overshadowing the more typical impairments in memory.®*
24 Although considered an atypical presentation, one study found that in a cohort of 100 mild AD patients, 88 exhibited
more significant impairment in executive function as compared to 56 who were classified as predominately memory
impaired.®*® Thus, variants of AD may not be as rare as previously thought and more troublingly, both variants have been
linked with a more rapid clinical progression.®* 234

Further muddling the clinical presentation of AD, Alzheimer pathology can frequently co-exist with other
neurodegenerative processes, most commonly vascular dementia. In fact, the coincidence of AD and vascular dementia is
so high patients are more likely to possess a combined pathology as compared to either disease process in isolation. ®
Independent reports of autopsy studies reveal that approximately one-third of all patient brains with vascular dementia
contain AD-like pathology, with almost all AD patients demonstrating either cerebral amyloid angiopathy, microvascular
degeneration, or periventricular white matter lesions.®® Typically, the cognitive deficits of vascular dementia are highly
specific and subdivided into cortical and subcortical syndromes. Expectedly, the brain regions harboring the most
abundant pathology dictate the nature of the impairment. For example, vascular dementia in the medial frontal cortex
principally presents with executive dysfunction and apathy, medial temporal localization typically elicits anterograde
amnesia. Similarly, vascular dementia involving the left parietal cortex presents with aphasia, apraxia, or agnosia while
right parietal involvement produces symptoms such as anosognosia, asomatognosia, confusion, and agitation. *” With
respect to subcortical pathology, deficits in personality, mood, urologic disease, and motor signs may be common. %% %9
As many of these symptoms overlap with those observed in AD, the comorbidity of AD with other neurological diseases
such as vascular dementia significantly blurs the classical symptomology associated with AD.

Similarly, although more frequent in patients with frontotemporal lobar degeneration (FTLD), approximately one-
(221, 240-243) A

third of patients with primary progressive aphasia (PPA) also have signs of AD pathology at autopsy.

pathologically heterogeneous disorder, PPA is characterized by progressive language difficulty with relative sparing of
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memory and cognitive function early on in the disease course.™™® Notably, AD with PPA typically presents with the
logopenic variant, characterized by word-finding pauses in the absence of major grammar or comprehension deficits.*"®

24428 However, less commonly, cases of AD with non-fluent or semantic variants of PPA have been reported.#>23 As
with most comorbid conditions in medicine, the clinical course and symptomology of either pathology can be modified

unpredictably by the other neurodegenerative condition resulting in significant diagnostic uncertainty. "

2.3 CURRENT CLINICAL DIAGNOSTIC STRATEGIES

2.3.1 History of Clinical Guidelines

With such a broad symptomology, unpredictable onset, and variable progression, compounded by the possibility
of co-morbid or atypical presentations, reliably establishing a clinical diagnosis of AD remains one of the fundamental
problems in geriatric medicine. Of note, a definitive diagnosis of AD requires histopathological analysis of patient brain
tissue to confirm presence of AP plaques.™'®2*® As this approach is only practically implemented post-mortem, experts in
the field of AD have sought to establish core clinical criteria with strong diagnostic sensitivity and specificity to facilitate
the assignment of a diagnosis of probable or possible AD. The first of these diagnostic recommendations for AD was
published in July 1984 by the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) in
collaboration with the National Institute of Aging and Alzheimer’s Association (ADRDA). The resulting NINCDS-
ADRDA criteria remained largely unmodified for 27 years. In a review of 13 independent studies measuring the
diagnostic accuracy of the NINCDS-ADRDA diagnostic criteria for probable AD, a mean sensitivity and specificity of
81% and 70% have been reported, respectively.®® However, these parameters varied greatly between studies, with
sensitivity ranging from 49-100% and specificity from 47-100%.% With respect to the clinical criteria for possible AD,
reported sensitivities range from 85-96% while specificity ranges from 32-61% depending on the study.®*® Interpretation
of this summary provides two pieces of insight. First, the clinical accuracy for diagnosing either probably or possible AD
based on clinical examination alone is unacceptably low despite some authors suggesting these values are acceptable.
However, consideration of these mean sensitivity and specificity values in the context of AD incidence, estimated to have
reached 469,000 people over the age of 65 in 2014, reveals the inadequacy of the NINCDS-ADRDA criteria as the lone

diagnostic determinant for AD.®*® Even ignoring the unreasonably broad ranges for sensitivity/specificity, the reality of
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these values means that almost 90,000 AD patients would not receive the correct diagnosis while over 140,000 individuals
would be told they have some other condition. Extrapolating these figures out to 2050, when the incidence of AD is
projected to double, and these seemingly reasonable sensitivity/specificity values become much less acceptable.®”
Secondly, reports which boast a reasonably high sensitivity for the clinical diagnostic accuracy of the NINCDS-ADRDA
criteria are often those which report very low specificity and visa-versa. This trend emphasizes the subjectivity intrinsic to
diagnoses made solely on clinical criteria, and reveals the need of objective biomarkers to aid in the diagnosis of AD. To
the field’s credit, this is precisely the conclusion that was reached when then NINCDS-ADRDA clinical criteria for AD
were revised by the National Institute for Ageing-Alzheimer’s Association (NIA-AA) in 2011. Here, two principal
changes to the NINCDS-ADRDA recommendations were made, (i) preclinical stages of AD were acknowledged and (ii)
imaging and biomarker technologies were incorporated to assist in the diagnosis of AD. Briefly, the NIA-AA
recommendations note 3 distinct stages of AD: preclinical AD, MCI due to AD, and dementia due to AD. Importantly,
clinical diagnostic criteria are only provided for the last of these stages. However, preclinical AD is defined in the
guidelines as patients without overt cognitive impairment but with evidence of an underlying AD pathology as assessed
by biomarker studies. Very likely, the inclusion of a preclinical stage of AD was incorporated to reinforce the paradigm
that AD associated brain changes may occur up to 20 years prior to symptom onset. ®*%% |n contrast to preclinical AD,
in which patients have yet to develop signs of cognitive impairment, individuals receiving a diagnosis of MCI due to AD
under the NIA-AA guidelines must exhibit measurable cognitive decline. Similar to the preclinical AD stage, the NIA-AA
guidelines stress the need for further biomarker validation before the definition of MCI due to AD can be utilized
clinically. Once biomarkers have been reliably validated however, the NIA-AA guidelines recommend biomarker
screening for AD pathophysiology in all MCI patients to facilitate risk stratification for progression to full dementia.
These recommendations stem from studies suggesting that 10-15% of patients presenting with MCI will progress to AD
within 1 year of visiting their physician.®* % More concerning, approximately half of patients with MCI will progress to
dementia within 4-5 years.®*” Placed in the context of 10-20% of all U.S. citizens over the age of 65 suffering from MCI,
it is clear to see why risk stratification in such a large population is warranted.

The second major evolution in the diagnosis of AD made by the NIA-AA guidelines is the inclusion of
biomarkers in the assessment of AD. While not yet clinically recommended, the NIA-AA defines two major categories of

AD biomarkers: biomarkers of AP pathology and biomarkers of neurodegeneration. As a consequence of the
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incorporation of these technologies, the diagnostic bins of probable and possible AD were expanded to include:
pathophysiologically proved AD, probable AD, probable AD with AD pathophysiological process, possible AD, possible
AD with AD pathophysiological process, and dementia unlikely due to AD. The diagnoses of probable/possible AD with
AD pathophysiological process were intended only for research purposes, and differ from probable/possible AD diagnoses
only in that they require biomarker evidence of an Ap pathophysiology. Four arguments were outlined for the exclusion of
biomarkers in the diagnosis of AD in the clinical setting: (1) the core clinical criteria alone were projected to provide good
diagnostic accuracy, (2) limited research has been done to characterize the benefit of incorporating biomarkers in AD
diagnosis clinically, (3) biomarker tests are highly variable between clinical sites or (4) unavailable in community hospital
settings. However, in the recommendations and indeed in the field as a whole, the eventuality of biomarker incorporation
in the clinical diagnosis of AD is widely accepted.®*)

Although the 2011 NIA-AA recommendations do not remedy the innate limitations associated with an
exclusionary clinical diagnosis of AD, they do update the NINCDS-ADRDA recommendations in several meaningful
ways. Perhaps most relevant to improving the diagnostic accuracy of the core clinical criteria, the new guidelines
incorporate additional exclusion criteria into the diagnosis of AD based on advances in the characterization of similarly
presenting dementias such as Dementia with Lewy bodies, vascular dementia, behavior variant frontotemporal dementia,
and primary progressive aphasia.”**?°% More generally, the NIA-AA recommendations also help to acknowledge the
heterogeneous nature of AD symptomology, by highlighting the relatively high prevalence of non-amnestic presentations
of AD. Similarly, the NIA-AA recommendations do away with proposed age cutoffs for AD, noting that AD pathology
before 40 or after age 90 is essentially the same pathophysiological process despite clinical-pathological correlations
becoming lost in these populations. Lastly, the recommendations update the diagnostic algorithm to include information

on now well-established genetic risk factors for AD such as mutations in APP, the presenilin family, and APOE.™

2.3.2 Diagnostic Criteria

As described, in an effort to improve diagnostic accuracy with respect to detecting new onset AD, revisions have
been made to both the NINCD-ADRDA criteria and DSM-IV to yield the NIA-AA criteria and DSM-V, respectively.
Additionally, the IWG has published its own criteria for the diagnoses of AD. In general, all these guidelines are quite

similar, focusing on cognitive decline which must affect a patient’s independence or ability to function in everyday life.
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Each set of guidelines also require states of delirium and other medical causes of cognitive dysfunction to be ruled out
clinically before assigning a diagnosis of AD. All have additionally expanded the domains of cognitive function from
their predecessors in an effort to account for the heterogeneous symptomology of AD. In fact, one of the largest
differences between the DMS-V, IWG, and NIA-AA criteria lies in their nomenclature. Still, of the three sets of
diagnostic criteria, those outlined by the DSM-V are by far the least specific for AD. For example, severely limiting its
applicability in the research setting, a major short-coming of the DSM-V criteria is its failure to incorporate biomarker or
genetic testing into the clinical assessment. More troublingly, the DSM-V does not specifically assign a diagnosis of AD
or address pre-symptomatic manifestations of AD. Still, considerable changes have been made from previous versions in
an effort to conform to new-age paradigms of AD. Most strikingly, the classification “Delirium, Dementia, Amnestic, and
Other Cognitive Disorders” in the DSM-1V is now referred to as “Neurocognitive Disorders” in the DSM-V. In addition
to seeking harmonization with the NIA-AA criteria, this new classification scheme was introduced to distinguish diseases
like AD from psychiatric disorders that have cognitive impairment as a symptom rather than a defining feature, such as
schizophrenia or depression. Within the classification of neurocognitive disorders exist three main diagnoses: mild
neurocognitive disorder (NCD), major NCD, and delirium. In contrast to the DSM-IV guidelines which required deficits
in memory and impairment one or more of the following: aphasia (language problems), apraxia (impaired motor ability),
agnosia (failure to recognize known objects), or deterioration in executive function, the DSM-V does not require memory
impairment for the diagnosis of major NCD. Instead, as outlined in Table 2-1, the diagnosis of major NCD is defined as
impairment in two or more cognitive domains that is accompanied by a loss of independence. However, according to the
DSM-V, to assign a specific etiology of Alzheimer's to either mild or major NCD requires “clear evidence of decline in
memory and learning”. Furthermore limiting the utility of the DSM-V, especially in the research setting, is its failure to
capture pre-symptomatic stages of AD. Despite the DMS-V’s criteria for mild NCD being virtually identical to those for
"mild cognitive impairment (MCI) due to Alzheimer's disease" as outlined in the NIA-AA diagnostic guidelines,
preclinical/asymptomatic AD is not addressed. Thus, only two sets of research criteria for Alzheimer’s disease (AD) are
now available: one published by an International Working Group (IWG) in 2007 and a second published by the NIA-AA
in 2011. Unlike the DSM-V, both the IWG and NIA-AA guidelines cover the AD clinical spectrum from pre-symptomatic
pathology through the development of MCI and eventually dementia. While the IWG criteria and NIA-AA

recommendations both address asymptomatic and symptomatic stages of AD, each differs in its approach and
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terminology. At the heart of the differences in each respective guidelines approach to classification, lies a difference in the
definition of the term AD. In line with more traditional approaches to AD diagnosis, the term AD as used by the IWG
refers only to the symptomatic stage of the disease. In contrast, the newer NIA-AA criteria refer to AD as a pathological
process, whether asymptotic or symptomatic. Within the domain of symptomatic AD, one of the principal differences
between these two sets of guidelines lies in the cognitive criteria required for diagnosis. More stringent in this respect, the
2007 IWG criteria for AD require objectively measured impairment on an episodic memory test. In contrast, the NIA-AA
guidelines openly accept both objective and subjective reports of cognitive impairment, as well as deficits in non-memory
domains of cognition. Later revisions to the IWG criteria in 2010 would accommodate non-amnestic presentations of AD
by assigning subjects with non-memory impairments the diagnosis of atypical AD; but only if presenting with a well-
defined syndrome such as: primary progressive non-fluent/logopenic aphasia, frontal variant of AD, or posterior cortical
atrophy.®®Y Moreover, currently on the IWG criteria require a positive AD biomarker for the assignment of a diagnosis of
AD. Despite these differences between the NIA-AA and IWG guidelines with respect to symptomatic AD, the major
advantage of both guidelines as compared to the DSM-V is the recognition of preclinical stages of the disease and the
incorporation of biomarkers. Again, terminology differs between both sets of guidelines, with the IWG defining three
stages of AD: preclinical AD, prodromal AD, and AD dementia. By comparison the NIA-AA uses a slightly more graded
approach, with 3 stages of preclinical AD being followed by the diagnosis of “MCI due to AD” and lastly the diagnosis of
AD itself. While the IWG’s criteria for prodromal AD are almost precisely concordant with the NIA-AA’s definition of
MCI due to AD, both focusing on objective evidence of cognitive impairment with the preservation of independence,
important differences exist when considering the domain of asymptomatic AD.®*%% Here, the most important
distinctions between the IWG and NIA-AA guidelines stem from their differing utilization of AD-specific and nonspecific
biomarkers. Notably, both guidelines utilize essentially the same biomarkers, consisting of: CSF measurements of
ABgo/tau, amyloid imaging methodologies, measures of hippocampal atrophy as assessed by MRI, and evidence of hypo-
perfusion/hypo-metabolism as assessed by PET/SPECT imaging. No substantial differences in AD specific biomarkers
exist between guidelines, with CSF tau, CSF AP, and amyloid imaging methods termed pathophysiological markers and
amyloid markers by the IWG and NIA-AA respectively. Similarly, the remaining non-AD specific biomarkers are referred

to as topographical markers by the IWG and as neural injury markers by the NIA-AA. Semantic differences between
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guidelines considered, perhaps the most relevant difference is the degree of validation for each set of criteria in the
literature.

As briefly addressed, when considering only symptomatic AD patients of typical presentation, the DSM-V, IWG,
and NIA-AA are in agreement with respect to diagnostic criteria. Given this fact, it is not surprising that the diagnostic
accuracy of each set of guidelines appears to be more or less comparable. Although studies of the DSM-V criteria’s
reliability for major cognitive disorder have not yet been published, previous studies investigating the reliability of DSM-
IIIR’s definition suggest moderate performance (kappa .51-.73).%%?%") Similarly, no reports of the DSM-V’s diagnostic
sensitivity/specificity have been reported, however traditionally reports suggest that these parameters have improved with
each new generation of the DSM. As evidence, as part of the 1994 Canadian Study of Health and Aging the relative
percentage of subjects with AD dementia was evaluated using the DSM-I1I, DSM-I111-R, and DSM-1V in a population of
10,263 individuals. The relative proportion of subjects with AD dementia was 29.1 percent when the DSM-III criteria
were used, 17.3 percent with the DSM-III-R criteria, and 13.7 percent with the DSM-1V criteria.®® With respect to
sensitivity and specificity, reports for the DSM-111-R are again most abundant. In autopsy confirmed studies, the
sensitivity of these dated guidelines lies somewhere in the range of 51-76%, while reported specificities range anywhere
from 80-97%.#° 7% |Information regarding the diagnostic accuracy of the IWG criteria is also scarce, especially when the
2010 adaptations are considered. In the limited studies to date, sensitivity and specificity vary broadly, with ranges of
68%-95% and 86-93% being reported, respectively.?* % Of particular interest, one of these studies compared the
specificity of the IWG criteria for AD in non-demented individuals as well as in a population of mixed dementias included
in the differential of AD. Predictably, a reported specificity of 95% was obtained when distinguishing AD from non-
demented patients. Optimistically, the results of this study suggest that the IWGs proposed incorporation of biomarkers
into the diagnosis of AD can considerably raise specificity, as objective memory tests alone resulted in a specificity of
only 86%. However, under the more realistic clinical scenario of attempting to distinguish AD patients in a mixed
dementia cohort, specificity dropped considerably to 49%.™ While the specificity of the IWG criteria when applied to a
mixed dementia cohort is humbling, when contrasted to the 33% specificity when objective memory tests are used in
isolation, the incorporation of biomarkers once again becomes supportable. On the hand, sensitivity when applying the
IWG guidelines was only 86% compared to 93% for episodic memory tests alone. All data considered, the IWG

guidelines appear to yield robust improvements in specificity when applied to non-demented patient cohorts as compared
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to conventional diagnostic strategies. In the context of mixed dementia cohorts however, a reasonable specificity of 77%
can only be obtained when the requirement that both pathological and topographical biomarkers be positive is
implemented. Consistent with the theme however, the application of such stringent criteria affects negatively on
sensitivity (48% if requiring both pathological and topographical biomarkers to be positive). In summary, the DSM-V and
IWG criteria both appear to fulfill their aim of providing improving diagnostic accuracy for AD; although considerable
uncertainty will preside over their true reliability until robust trials are conducted. Here, the NIA-AA criteria demonstrate
an advantage, as substantial effort has gone into validating these set of guidelines despite its chronologically delayed
publication in 2011. As summarized in Table 2-2, the NIA-AA criteria for probable and possible AD distinguish
themselves from the NINCDS-ADRDA, IWG, and DSM-V guidelines via the inclusion of stringent exclusion criteria
designed to improve the diagnostic specificity for AD.#" For example, a patient who meets the core clinical criteria for
probable AD but demonstrates evidence of non-AD etiologies, such as cerebrovascular disease or FTLD, would be
clinically downgraded from probable to possible AD. Similarly, atypical onset or progressions are grounds for demotion
to a diagnosis of possible AD despite the core clinical criteria for probable AD being met.** With respect to diagnostic
accuracy, in a mixed cohort of 157 patients with pathologically confirmed AD or FTLD, the NIA-AA criteria had a
marginal sensitivity of 65.6% for probable and 79.5% for possible AD. The reported specificity of the NIA-AA diagnostic
guidelines in the same study were 95.2% and 94% for probable and possible, AD respectively.#* Notably, the high
specificity in this study is likely due to the increasingly stringent exclusion criteria adopted by the NIA-AA criteria. Of
particular importance, raters in this study were provided only with anonymized clinical data with which they evaluated
each patient against the NIA-AA criteria. Raters were not allowed patient interaction nor did they collect the pertinent
clinical information themselves. Instead, this was done by a specialist cognitive group.“’® While these features were
likely necessary for completion of the study, it is important to recognize the ideal nature of this clinical scenario when
extrapolating these findings to real-world patient populations. Additional studies which more accurately measure the NIA-
AA criteria in typical clinical environments will undoubtedly be necessary.

Other studies have focused on evaluating the NIA-AA criteria with specific focus on the proposed incorporation
of biomarkers as modifiers to the diagnosis of probable AD.#*?"® Recently, patient data obtained from the Alzheimer
Disease Neuroimaging Initiative (ADNI), an ongoing, longitudinal, multi-center study designed to develop clinical,

imaging, genetic, and biochemical biomarkers for the early detection and tracking of AD, was used to evaluate the NIA-

40



AA criteria. Two-hundred and eleven individuals with clinical data, PET or CSF amyloid biomarkers, and MRI or FDG-
PET biomarkers for neuronal injury were selected in the final cohort. When using a requirement that subjects have a
positive amyloid biomarker and single neuronal injury marker having an AD pattern, 87% (48% for both neuronal injury
biomarkers) of the subjects could be categorized as “high probability” for AD according the NIA-AA criteria. However,
in this supposedly pure cohort of AD, 10% of patients demonstrated no positive amyloid biomarkers (CSF or PIB-PET)
and thus would receive a diagnosis of “dementia unlikely due to AD”.?"® While these findings suggest that incorporation
into the N1A-AA criteria does stratify a large proportion of subjects with AD, an appreciable minority of clinically
categorized AD patients may also be excluded from the diagnosis of AD. Perhaps most troublingly, the study reveals a
significant degree of inconsistency in biomarkers on a per-patient basis. For instance, in 37% of patients with confirmed
AD pathology as assessed by CSF of PIB-PET, one biomarker for neuronal injury is positive while the other is
negative.?’® While reported under the context of evaluating the NIA-AA criteria, such findings undermine the diagnostic
accuracy of biomarkers as a whole and therefore reflect poorly on the IWG criteria as well. Furthermore, inconsistencies
in biomarker readout become even more troubling when they are weighted more heavily in the diagnostic assessment;
such as in the evaluation of MCI where clinical symptoms are less pronounced.

Given that 10-15% of amnestic MCI patients progress to AD annually, one of the principal goals of the IWG and
NIA-AA has been to generate guidelines capable of predicting the relative risk for convergence to AD among mixed MCI
populations.®* Defined as a state of circumscribed anterograde long-term memory impairment with preserved general
cognitive and social functioning, each set of guidelines take a distinct approach to the topic of mild cognitive impairment
(MCI). Again differentiating itself from the other two sets of guidelines, the DSM-V does not attempt to assign an AD-
specific pathological process to the clinical syndrome of MCI, which it classifies under the division “mild neurocognitive
deficit”. Thus, the DSM-V criteria does not aid in risk stratification for progression to AD in cohorts of MCI patients. For
this reason, no studies on the predictive value of the DSM-V are available. Instead, studies have focused on the degree of
diagnostic concordance between the DSM-IV guidelines as compared to those recommended in the DSM-V. For example,
in a cohort of 234 individuals with MCI, 85% received a concordant diagnosis of MCI using the DSM-IV and mild NCD
using the DSM-V. Raising concern however, 40% of the subjects classified by the DSM-1V as mildly cognitively
impaired were diagnosed with major NCD with operationalization of the DSM-V criteria.#’” In summary, while the

DSM-V performs similarly to previous versions when assessing for dementia (major NCD), these guidelines have a
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tendency to over-report dementia in MCI cohorts. Moreover, as the DSM-V does not currently directly address the issue,
only the IWG and NIA-AA criteria exist to aid researchers in discriminating between AD and non-AD causes of MCI.
While numerous studies have investigated the predictive value of individual biomarkers in patient populations with MCI,
fewer have operationalized either the IWG or NIA-AA guidelines in attempt to evaluate their diagnostic accuracy. In one
of the best studies today with respect to patient sample size, 138 AD patients, 145 non-demented subjects, 78 patients with
other dementias and 91 patients with mild cognitive impairment (MCI) were evaluated using the IWG guidelines. To
accomplish this aim, the study operationalized the IWG criteria by combing clinical evaluation with objective episodic
memory tests (MMSE & Visual Association Test). Additionally, the IWG’s recommendation for “topographical
biomarkers” was operationalized via MRI via assignment of a dichotomized medial temporal lobe atrophy (MTA) score.
Similarly, dichotomized CSF profiles based on beta-amyloid1-42, tau, and phosphorylated tau at threonine 181 levels
were used as “pathological biomarkers” in the study. The report details the positive (the probability of a person who has
the disease testing positive divided by the probability of a person who does not have the disease testing positive) and
negative (the probability of a person who has the disease testing negative divided by the probability of a person who does
not have the disease testing negative) likelihood ratios obtained when applying the IWG criteria for prodromal AD in a
MCI population.?”® To the credit of the IWG, the new criteria predicted progression from MCI to AD better than
objective memory tests alone (+LR=2.44, -LR=.33, +LR=1.75, -LR=.37, respectively). These likelihood ratios correspond
to 69% specificity and 77% sensitivity for the IWG criteria, compared to 54% specificity and 80% sensitivity for objective
memory tests alone. While these values again support the conclusion that the IWG criteria represent a major improvement
in AD diagnostics, it should be noted that most studies of the IWG guidelines lack robust sample sizes; included the one
discussed (N=62 MCI patients).

Providentially, larger studies investigating the diagnostic utility of the NIA-AA criteria in MCI populations are
available for review.?"*%? |n congruence with its strategies in both preclinical AD and AD dementia, the NIA guidelines
leverage biomarkers to stratify the diagnostic certainty associated with the “diagnosis of MCI due to AD”. For example, a
patient meeting the core clinical criteria for MCI due to AD but exhibiting negative “amyloid “ and “neural injury”
biomarkers would be assigned the qualified diagnosis “MCI unlikely due to AD”. By comparison, a patient with MCI
symptoms and a positive biomarker in either subdivision would be given the diagnosis of “MCI due to AD of intermediate

likelihood”. Logically, a patient with positive amyloid and neuronal injury biomarkers would be assigned the diagnosis of
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“MCI due to AD of high certainty” under the NIA-AA guidelines.®®® In summary of the work that has been done to
validate the NIA-AA criteria for MCI due to AD, the vast majority of studies demonstrate increasing clinical severity and
higher conversion rates to AD in the subgroups of higher diagnostic certainty.”*?" For example, reports suggest that 4-
14% of “MCI due to AD of low certainty” patients will progress to AD as compared to 50-80% of patients fulfilling the
criteria for “MCI due to AD of high certainty”. " 282

With respect to a comparison of the relative sensitivity/specificity between the IWG and NIA-AA guidelines, a
single study in a modestly sized cohort has been performed. Speaking generally, the IWG criteria for prodromal AD were
found to be more sensitive but less specific as compared to the NIA-AA guidelines for the diagnosis of “MCI due to AD
of intermediate likelihood”. Using the IWG criteria for prodromal AD, cognitive impairment plus positivity in at least one
biomarker, a robust sensitivity of 100% was obtained.®® Expectedly however, a high degree of false positives were
suffered as a consequence of this high sensitivity, with the IWG criteria for prodromal AD only achieving 36%
specificity. ®” By way of comparison, a specificity of 97% and sensitivity of 50% was obtained when the NIA-AA
diagnostic criteria for “MCI due to AD of intermediate certainty” were employed. Predictably, when the NIA-AA criteria
for “MCI due to AD of high certainty” were employed, requiring positivity in both divisions of biomarkers, specificity
ranged from 45-69% while sensitivity improved to between 79-93% depending on the combination of biomarkers
employed.® Reviewing the data, it is clear that while the incorporation of a single biomarker for AD increases
diagnostic sensitivity robustly, without a confirmatory marker, a high degree of false positives are to be expected. Using a
dual-biomarker requirement, one to demonstrate neuronal injury and a second to demonstrate specific amyloid pathology,
specificity is improved while sensitivity is reduced. Again, the predominant limitation hindering the incorporation of
biomarkers into the clinical diagnostic setting seems to be the high degree of discordance between biomarkers of neuronal
injury and AD specific pathology. Several explanations exist for this lack of concordance, especially in minimally
symptomatic cohorts. Patients with positive AD pathology biomarkers but negative neuronal injury markers might not yet
exhibit sufficient neurodegeneration to elicit symptoms. Conversely, patients with neuronal injury yet negative AD
pathology biomarkers may harbor a neurodegenerative process distinct from AD or the heterogeneous nature of AD
pathology may be too broad to be captured by only one test. Alternatively, the current generation of biomarkers may
simply not be sensitive enough to faithfully detect AD pathology or neuronal injury early in the disease process. Further

research and the development of second generation biomarkers will undoubtedly be necessary to overcome these
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limitations. Notably this sentiment is echoed by the organizations that develop these guidelines, as both the IWG and
NIA-AA limit the scope of biomarkers to the research setting.

As early-detection represents a key goal of AD research, other studies have evaluated the proposed preclinical
definitions of AD formulated by the NIA-AA. By definition, preclinical AD refers to the stage of AD in which the
molecular pathology of AD is already present in the brain but is not yet clinically expressed. Thus, preclinical AD criteria
seek to stratify asymptomatic and cognitively normal individuals into groups which are predictive of clinical progression
to AD. As stated in the NIA-AA’s report, preclinical AD is defined by biomarker or genetic data and until further
validation, is restricted to use in research. Despite this lack of clinical implementation, the preclinical guidelines
formulated by the NIA-AA are arguably more important to the future of AD research than the clinically implemented
criteria for probable/possible AD. This is because preclinical AD definitions are widely implemented in the recruitment of
patients for early intervention strategies and for longitudinal study of people at risk. Again representing the most well
studied preclinical AD criteria to date, the NIA-AA describe three stages of preclinical AD. Stage 1 is characterized by
abnormal levels of Ap which can be demonstrated by PET amyloid imaging or CSF AP levels. Stage 2 represents
abnormal levels of AP in addition to brain neurodegeneration as evidenced by brain atrophy on structural MRI,
abnormalities on [*®F] fluorodeoxyglucose (FDG) PET, or elevated levels of CSF tau. Stage 3 includes the features of
stage 2 as well as subtle cognitive changes. The order of the NIA-AA stages is meant to imply that the risk for cognitive
impairment due to AD increases progressively across successive stages.®? In the first large study investigating the
predictive value of the NIA-AA preclinical AD classifications, of the 296 initially normal subjects studied , 10%
progressed to a diagnosis of mild cognitive impairment or dementia (27 amnestic MCI, 2 non-amnestic MCI, and 2 non-
AD dementias) within 1 year. The proportion of subjects who progressed to MCI or dementia increased with advancing
stage (stage 0, 5%; stage 1, 11%: stage 2, 21%; stage 3, 43%; test for trend, p < 0.001).®*¥ Validating these findings, an
independent group has reported that in initially cognitively normal cohorts 11%, 26%,and 56% of stage 1,2, and 3 of
preclinical AD patients, respectively, progress to symptomatic AD. Moreover, compared to individuals classed as normal
at the beginning of the study, participants with preclinical AD as defined by the NIA-AA had an increased risk of death
after adjustment for covariates (hazard ratio 6.2, 95% C1).®® Thus, in two independent studies, preclinical AD as defined
by the NIA-AA guidelines may correlate with an increased risk of conversion to MCI or dementia.®* %% Not

surprisingly, the NIA-AA is not alone in their attempts to generate clinically predictive stages of preclinical AD. Indeed as
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stated, due to the irreversible nature of neuronal damage, most researchers have focused on accurately diagnosing AD
prior to the onset of symptoms as opposed to developing methods to confirm symptomatic pathology. While the NIA-AA
definitions for preclinical AD have been the focus of many preliminary studies, organizations like the IWG have
generated similar definitions of preclinical AD that also merit introduction. In comparison to the 3 stage model employed
by the NIA-AA, the IWG distinguish between two patient groups. The first diagnosis, “asymptomatic at risk for AD”,
refers to cognitively normal individuals with evidence of AD molecular pathology by laboratory or imaging
biomarkers.®®® As a consequence of being virtually equivalent to NIA-AA stage 1 preclinical AD criteria, not all subjects
receiving a clinical assignment of “asymptomatic at risk for AD” are predicted to progress to AD. Rather than being
predictive, these diagnostic categories are instead designed to highlight individuals at increased risk for progression to
symptomatic AD. In contrast, the second IWG preclinical AD group termed “Pre-symptomatic AD”, refers to cognitively
normal and asymptomatic carriers of a dominantly inherited gene mutation that causes AD. In contrast to all NIA-AA and
IWG definitions of preclinical AD, individuals within the “Pre-symptomatic AD” group are certain to develop in
individuals over the course of a normal lifespan.®®

While the studies discussed focused on the predictive value of the NIA-AA criteria for preclinical AD, other
groups have focused on the operationalization of the NIA-AA guidelines. In one such study, a group of 42 clinically
diagnosed AD subjects were used to generate imaging biomarker thresholds for amyloid burden (PIB-PET) and
neurodegeneration (hippocampal volume MRI) which facilitated a diagnostic sensitivity of 90%. Additionally, a control
group of 450 cognitively normal adults was used to characterize the cognitive performance of their population-based
sample. Using their established thresholds, the 450 cognitively normal adults were then stratified according to the NIA-
AA guidelines for preclinical AD. In the cognitively normal cohort scoring in the bottom 10" percentile, 43% were
classified as having no sign of AD/cognitive impairment. Of the remaining patients demonstrating subtle cognitive
deficits, 16% were classified as stage 1, 12% stage 2, and 3% stage 3."> Overall, only 3% of the population-based
sample was unable to be classified using the NIA-AA guidelines operationalized with the group’s amyloid and cognitive
performance thresholds. However, these figures include an additional classification group. Termed suspected non-AD
pathophysiology (SNAP), this classification includes patients with normal amyloid PET imaging but abnormal

neurodegeneration marker studies. Still, the study concludes that 97% of a population-based cohort is capable of being
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stratified into NIA-AA stages of preclinical AD, suggesting the guidelines are generalizable enough to representative
patient populations.

Summarizing the current state of diagnostic guidelines for AD, updated consensus criteria for the clinical
diagnosis of AD include: the revised NICDS-ADRDA guidelines recommended by the NIA-AA, the DSM-V, and the
IWG-2 criteria for AD. While these guidelines are good representations of AD diagnostic criteria as a whole, they by no
means reflect the full complement of AD diagnostic criteria. Groups like the European Federation of Neurological
Societies, European Neurological Societies, and Canadian Consensus on the Diagnosis and Treatment of Dementia have
also published their own sets of guidelines, although they are generally similar to those discussed.®®”%® For example, all
these updated diagnostic criteria for AD acknowledge the phenotypical heterogeneity of AD by generating specific
guidelines for the identification of typical, atypical, and mixed forms of AD. Furthermore a subset of these guidelines, like
those published by the IWG and NIA-AA, include criteria for preclinical states of AD and incorporate biomarkers into the
diagnostic algorithm of AD in an effort to increase diagnostic accuracy. While the incorporation of biomarkers is arguably
is one of the greatest advancements made by modern diagnostic criteria, it also represents its greatest shortcoming as to
date, no guidelines have published standards for each biomarker. “™* 2" This in part may contribute to the widely ranging
sensitivity/specificity data available for the current diagnostic guidelines for AD. Beyond the lack of biomarker
standardization, our lack of knowledge with respect to the pathologic course of AD is also contributory to deficits in
diagnostic accuracy. This is particularly true when attempting to identify AD in the preclinical stage, where there isn’t
even a consensus on whether there is a single sequence of events in the pathological cascade. At present, the limited
cross-sectional and long-term follow up studies do not provide adequate data from which to draw a conclusion. Without
guestion more work is warranted, as early diagnosis of AD and its distinction from other dementing disorders is crucial to

implement effective treatment strategies and management of AD patients.
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Table 2-1. DSM-5 Criteria for Major Neurocognitive Disorder

DSM-5 Criteria for Major Neurocognitive Disorder

1.) Evidence of significant cognitive decline from a previous level of performance in one or more cognitive domains

2) Cogniti

®Poo0 oW

f

Learning & memory
Language

Executive Function
Complex attention
Perceptual-motor
Social cognition

ve deficits interfere with independence in everyday activities. At a minimum, assistance should be required with

complex instrumental activities of daily living, such as paying bills or managing medications.
3.) Cognitive deficits do not occur exclusively in the context of a delirium
4.) The cognitive deficits are not better explained by another mental disorder

Table 2-2. NIA-AA Core Clinical Criteria for Probable AD

NIA-AA Core Clinical Criteria for Probable AD

Neuropsychiatric Symptoms that:

1.) Interfere with ability to function at work or at usual activities

Are not explained by delirium or major psychiatric disorder

Cognitive impairment established by history-taking form the patient AND a knowledgeable informant in addition to
objective bedside mental status examination

Cognitive Impairment involving a minimum of two domains

a. Impaired ability to acquire and remember new information

b. Impaired reasoning and handling of complex tasks, poor judgment
c. Impaired visuospatial abilities

d. Impaired language functions

e. Changes in personality, behavior, or comportment

Insidious onset

Clear-cut history of worsening symptoms

Initial and most prominent deficits are in one of the following:

2)
3)

4)

8.)

a.
b.

Amnestic presentation: recent memory impairment

Non-amnestic presentation:

i language impairment with prominent word-finding deficits

ii. Visuospatial impairment with visual cognitive deficits

iii. Dysexecutive presentation with prominent impairment of reasoning, judgment, or problem solving

No evidence of substantial:

o0 o

Concomitant cerebrovascular disease

Core features of Dementia with Lewy bodies

Features of behavioral variant of frontotemporal dementia

Features of semantic or nonfluent/agrammatic variants of primary progressive aphasia
Other concurrent, active, neurological or non-neurological disease process or medication
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Table 2-3. NIA-AA Core Clinical Criteria for Possible AD

NIA-AA Core Clinical Criteria for Possible AD

Table 2-4. IWG Definitions & Core Clinical Criteria

IWG Definitions & Core Clinical Criteria
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2.3.3 Differential Diagnosis

While refined diagnostic criteria, the inclusion of biomarker technology, and the undeniable increase in AD
awareness within the medical, research, and public forums are all causes of celebration within the AD community, these
trends likely represent a double-edged sword. This is because as the heterogeneity of AD presentations becomes
increasingly well recognized, alternative medical conditions included in the differential diagnosis of AD may be
increasingly overshadowed. In fact, in a meta-analysis of 39 studies describing 5620 individuals with dementia-like
symptoms, 9% were found to have a non-dementia etiology.®®® The sobering message of such findings is made clear
when considering that unlike AD, a large proportion of these non-dementia causes of cognitive impairment have robust
medical treatments.

While AD is by far the most likely cause of dementia, representing between 60-80% of cases, a number of
alternative forms of dementia may closely mimic the presentation of AD.®® Furthermore, less than 50% of all cases of
AD dementia reflect an AD pathophysiological process in isolation. Instead, in the majority of cases of dementia due to
AD, the pathophysiological hallmarks of AD coincide with patterns of neurodegeneration associated with other forms of
dementia. Termed, “mixed dementias”, AD with vascular dementia, AD with DLB, and AD with vascular dementia and
DLB constitute the most frequently encountered dual-etiology of dementia, in that order. In addition to being the most
common form of comorbid dementia with respect to AD, vascular dementia (VaD) is also the second most common
independent form of dementia after AD, representing 10-20 percent of cases in North America and Europe.®* %) Like
AD, both incidence and prevalence demonstrate a robust positive correlation with advancing age.®® Worthy of note
however, differences in screening methods and a lack of standardized diagnostic criteria have led to substantial variability
in the reported prevalence and incidence of VaD. In fact, no standardized clinical criteria for VaD have been widely-
adopted and some investigators have suggested that VVaD should not be classified as a dementia at all due to the lack of
early presenting memory deficits.®**?* Still, studies estimate \VaD prevalence to be between 1.2 - 4.2 percent of
individuals and report age-adjusted incident rates of 6 to 12 cases per 1000 person years in individuals over the age of 65
and 70 years, respectively.®? Thus, as a consequence of its high incidence/prevalence, differentiating VaD from AD
represents a common clinical dilemma. At the foundation of the difficulties associated with accurately diagnosing, and

estimating the relative health burden of VaD, is the fact that cerebrovascular disease is itself a heterogeneous disorder.

49



Thus, like FTD discussed later, VVaD represents a heterogeneous clinical syndrome rather than a distinct etiology of
dementia. Instead, VaD encompasses all pathophysiologic processes attributable to cerebrovascular disease which in some
form ultimately manifest as deficits in cognition. However, this is not to say that the pathophysiology of VaD is
completely unknown. To the contrary, researchers have discovered that at least three common pathological entities are
thought to underlie the deficits observed in VaD.®® The first and most injurious of these pathological entities involves
the infarction of large, principally cortical, but occasionally subcortical, arteries. The second etiology involves infarction
of small arteries to form lacunes. Exclusively subcortical, these small arteries include branches of the large arteries
emanating off the circle of Willis, and middle cerebral, and basilar arteries.®® 2% The sequela of this small-vessel disease
is very common, with incidence rates in of micro-infarcts ranging from 26 - 52 individuals per 100,000 population in
community-based cohorts.®*3%? Furthermore, estimates of the frequency of one or more detectable micro-infarcts range
from 16% to 46% in unselected elderly persons dying of all causes, with micro-infarcts being detected in 33% of
cognitively normal elderly dying of all causes.®*® Completing the triad of known pathogenic processes underlying VaD,
chronic subcortical ischemia can lead to the development of cognitive deficits in the setting of small-vessel disease not
sufficiently localized to produce overt micro-infarction. Most commonly, this chronic subcortical ischemia occurs in the
distribution of small arteries in the periventricular white matter and affects each constituent of the CNS depending on their
selective vulnerability. Put differently, chronic ischemia leads to a pattern of neurodegeneration determined by the
specific vulnerability of each cell population; with preliminary losses in neuronal tissues being followed by the
death/degeneration of oligodendrocytes, myelinated axons, astrocytes, and endothelial cells.®* Mechanistically, the term
micro-infarcts is somewhat miss-leading, as embolization in the small penetrating arteries that perfuse the periventricular
white matter or non-cortical gray matter has yet to be pathologically confirmed. Instead, small vessel disease is most
commonly attributable to lipohyalinosis or microatheroma formation secondary to chronic hypertension; as evidenced by
the decreasing prevalence of these lesions in the setting of properly managed hypertension.®® %% This mechanistic
distinction is of significance when ascribing the underlying etiology of observed micro-infarcts to either VaD or AD, as
the latter can mimic the former due its high coincidence with cerebral amyloid angiopathy (CAA), the accumulation of
amyloid in cerebral vessels. Not only can AD with CAA mimic lacunar pathology, but extensive CAA in AD can also
mimic the ischemic white matter damage typically associated with VVaD by diffusely narrowing the penetrating cortical

vessels with amyloid deposits.®" *® Given the already diverse pathology of VaD, it is not surprising that the clinical
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manifestations of vascular dementia (VVaD) are diverse and thus overlap tremendously with AD. Also as expected, the
pattern of cognitive deficits is highly dependent on the brain regions burdened by pathology. Though pathologically
diverse, investigators currently recognize two clinical of VaD.

With respect to prevalence in the United States, the second most common pure neurodegenerative dementia after
AD is likely dementia with Lewy bodies (DLB). This statement is only conjecture however, as accurately reporting the
epidemiological impact of DLB is limited by medicine’s current inability to accurately diagnose DLB clinically or even
differentiate its etiology from other dementias. Although the symptomology of DLB can be similar to AD in many ways, a
majority of individuals with DLB are more likely to present with prominent visual hallucinations, parkinsonism, cognitive
fluctuations, dysautonomia, sleep disorders, and neuroleptic sensitivity. Unlike typical AD, these features, as well as early
visuospatial impairment, may even occur in the absence of significant memory impairment. Notably, these symptomatic
differences between AD and DLB reflect the contrasting etiologies of the diseases’ and correlate with the differential sites
of neurodegeneration in the brain associated with each condition. For example, the tendency for DLB patients to present
with parkinsonian movement features earlier in the disease course as compared to AD, reflects the predisposition for
alpha-synuclein aggregation in the substantia nigra in DLB. Interestingly, these aggregates of alpha-synuclein, referred to
as Lewy Bodies, are not unique to DLB but are also found in Parkinson’s disease. However, while people with DLB and
PD both have Lewy bodies, the onset of the disease is marked by motor impairment in PD and cognitive impairment in
DLB. However, especially in late-stage PD, dementia is common, although the incidence of dementia due to PD is about
one-tenth that of AD. Troublingly, the differentiation of Parkinson disease dementia and DLB is so arbitrary; a “one-year
rule” which has been shown not to correlate with pathological etiology is still employed.®*® *9 Generally speaking, this
“one-year rule” holds that in PDD, dementia occurs in the setting of well-established parkinsonism, while in DLB,
dementia usually occurs concomitantly with or before the development of parkinsonian signs. Thus, if parkinsonism is
present for more than one year before the onset of dementia, it is officially classified as PDD. Contributing to the
diagnostic uncertainty which plagues dementia in general, dementia due to PD may result from a mix of AD and DLB
pathological processes as Lewy bodies, AP plaques, and neurofibrillary tangles are all observed in PD brains. Thus, with
even the pathological lesions not cleanly segregated between forms of dementia, it is not surprising that distinguishing

between phenotypes of dementia clinically remains one of the paramount challenges in medicine.
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Denoting more of a heterogeneous group of clinical syndromes than a specific neurodegenerative disease, the
definition of frontotemporal lobar dementia (FTD) has evolved over time and currently serves as an umbrella term for
three clinical presentations: behavioral variant FTD (bvFTD) and two forms of primary progressive aphasia (PPA),
specifically, the non-fluent and semantic variants. Poetically alluding to the clinical similarities of AD and FTD, Alois
Alzheimer characterized the first reported case of PPA and dubbed the disorder Pick disease due to the distinctive round,
silver-staining inclusions he termed Pick bodies upon histological examination of the patient’s brain tissue.®*? Subsequent
clinic-pathological studies determined that many patients diagnosed clinically with Pick disease did not have Pick
neuropathology at autopsy, and thus Pick disease now designates a pathological diagnosis, rather than a clinical syndrome.
Further reflecting the lack of correlation between the clinical syndromes of FTD and underlying pathophysiology, the
distinct term frontotemporal lobar degeneration (FTLD) denotes the distinct pathological processes which underlie the
clinical syndromes of FTD. Three main histological subtypes of FTLD have been characterized: FTLD-tau, FTLD-TDP,
and FTLD-FUS. FTLD-tau is characterized by tau positive inclusions often referred to as Pick-bodies while FTLD-TDP is
characterized by ubiquitin and TDP-43 positive, tau negative, FUS negative inclusions. Lastly, FTLD-FUS is
characterized by fused in sarcoma RNA-binding protein (FUS) positive cytoplasmic inclusions, intra-nuclear inclusions,
and neuritic threads. While the relative prevalence of each of these FTLD subtypes is not well-studied, one report suggests
that FTLD-TDP represents 48.5% of FTD cases while FTLD lacking distinctive histopathological features (18.2%) and
Pick disease (15.2%) constitute the next two most common neuropathological diagnoses.®*? Notably, these lesions
display a characteristic pattern of distribution in the cortex, medulla, hippocampus, and motor cells of the spinal cord and
XlIth cranial nerve in each of the clinical syndromes of FTD. Again, as in AD and DLB, the initial presenting symptoms
of the three FTD variants reflect the pattern of neurodegeneration with respect to brain regions. For example,
neuroimaging studies have correlated increasing tissue atrophy in the right ventromedial superior frontal gyrus, right
subgenual cingulate gyrus of the ventromedial prefrontal cortex, and right dorsal ACC and left premotor cortex, with
worsening apathy, disinhibition and aberrant motor behavior, respectively.®** % Thus, in the case of bvFTD, which
typically presents with disinhibition, apathy/less of empathy, hyper-orality, and compulsive/ritualistic behaviors, the afore
mentioned brain regions are most robustly affected. With respect to its contribution to the diagnostic uncertainty
surrounding AD, patients with early-onset AD are frequently misdiagnosed with bvFTD and vice versa. This is principally

due to AD patients often performing poorly on measures of executive function. Still, symptomatic differences exist, with
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AD patients often retaining social cognitive faculties until late in the disease process and having more robust deficits in
episodic memory and visuospatial skills than do patients with bvFTD. Although important in differentiating bvFTD from
AD, these subtle differences in clinical presentation become of even greater importance when considering the differential
of AD versus PPA. Characterized by the insidious onset and gradual progression of aphasia, PPA manifests itself
symptomatically as deficits in word finding, word usage, word comprehension, or sentence construction, the only notable
clinic difference between PPA and a typically presenting AD patient is the absence of memory impairment in PPA.%* In
the context of atypical presentations of AD in which clinically detectable deficits in language outweigh observed deficits
in memory impairment, it is easy to see why FTD syndromes constitute a major source of misdiagnosed cases of AD.
Further muddling the differentiation of AD versus FTD, although characterized by isolated language impairment early in
the disease course other cognitive faculties are frequently reduced in FTD as the disease progresses. Like bvFTD and all
other forms of neurodegeneration discussed, the symptoms of PPA correlate best with neurodegeneration to specific brain
regions, in the case of FTD the language-dominant hemisphere of the brain, as opposed to with a specific underlying
pathophysiologic process. At a group level, three clinical variants of PPA have been described and have been loosely
affiliated, with limited clinical value, to different underlying neuropathologies. The first of these clinical PPA variants,
termed non-fluent PPA, is most commonly associated with the FTLD-tau pathophysiology.®?® In contrast, FTLD-TDP
pathology most commonly underlies the semantic variant of PPA.®* Lastly, the logopenic variant of PPA, most typically
associated with AD pathology, is characterized by impaired single-word retrieval and repetition with errors in speech and
naming but with spared single-word comprehension, object knowledge, motor speech, and absence of agrammatism.
Interestingly, though mimicking AD pathology in most ways, hemispheric asymmetry distribution of neurofibrillary
tangles distinguishes the logopenic variant PPA from typical AD.#* *% While differences in NFT distribution are not yet
clinically utilized to distinguish between logopenic PAA and AD, the symptoms of all FTLD typically manifest earlier in
life as compared to AD, with the average age of onset for FTLD and AD being 60 and 65 years old, respectively.
Similarly, reports have concluded that FTD progresses more rapidly than AD.®*® Not surprisingly, this 5 year differential
in age of onset nor subtle differences in initial presentation have proven sufficient to reliably distinguish between AD and
FTD syndromes and thus, a strong push towards the development of biomarkers for both diseases has been a priority in

both fields over the past two-decades. The significance of this clinical dilemma carries ever more significance when

considering that the differential between AD and FTD is not purely academic, with current guidelines advising against the
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use of cholinesterase inhibitors in FTD. Importantly however, treatment trials with any form of medications, including
cholinesterase inhibitors, are not reasonable in the context of robust diagnostic uncertainty. For this reason, questions
surrounding the therapeutic management of different forms of dementia are highly prevalent among clinical forums.

As a consequence of their long incubation periods and inexorable progression, prion diseases represent
yet another class of dementia causing conditions included in the differential of AD. Representing more than 90% of all
cases of prion disease, Creutzfeldt-Jakob disease manifests itself symptomatically as impairments in memory and
coordination as well as changes in behavior. Pathologically, human prion diseases such as CJD are associated
with common neuropathological features including: neuronal loss (especially in cortical layers I11-V), proliferation of glial
cells, absence of an inflammatory response, and the presence of small vacuoles (20-30 microns) within the neuropil which
produce a spongiform appearance. As in all human prion diseases, these profound neuropathological changes are the
result of an accumulation of aberrantly folded proteins. Unlike their non-pathogenic counterparts, prion proteins exhibit
multiple structurally diverse conformations, of which at least one is transmissible to other prion proteins.®*” Like AD
patients, the brains of CJD patients may display appear atrophic and exhibit signs of ventricular enlargement. However as
with other forms of dementia, the pattern of atrophy is in some ways distinct when compared to AD. Atrophy in CJD may
include the deep gray structures: the caudate, putamen, and thalamus, but in contrast to AD typically spares the
hippocampus. Conversely, robust cerebellar degeneration is not typical of AD, yet is atrophy of the folia due to loss of
gray matter is common in CJD. Although variants of CJD have been defined, sporadic CJD represents 85-95% of cases
and is associated with two cardinal clinical manifestations, namely a rapidly progressive mental deterioration with
frequent behavioral abnormalities and myoclonus.®® % Notably, while myoclonus and a rapidly progressive course are
not typical of AD, the diverse range of presentations of AD and CJD, coupled with the possibility of atypical presentations
for AD, currently generates significant diagnostic uncertainty when distinguishing between the two etiologies. #** *?V For
example, one study found that 58% of AD patients also meet clinical criteria for CJD. Critics of these types of studies
might argue that sensitive and specific biomarkers for CJD should alleviate this diagnostic uncertainty. However, in this
same study, approximately 10% of AD patients (2/19) presented with diagnostically significant levels of 14-3-3 protein, a
biomarker for CJD, in their CSF.®? Thus, neither clinical criteria nor biomarker studies are currently sufficient to
distinguish between AD and CJD in all cases. In addition to its similar symptomology, Creutzfeldt-Jakob disease afflicts a

similar patient demographic as AD, with a typical age of onset between 57 and 62 and rarely reported cases of disease in
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young adults or individuals over the age of 80.%'3%43%) Degpite the symptomatic and demographic overlap between AD
and CJD, clinically, this dilemma is rarely played out, as the incidence of sporadic Creutzfeldt-Jakob disease is
approximately one case per 1,000,000 population per year. Unfortunately there is no effective treatment for CJD, with
death usually occurring within one year of symptom onset with a median disease duration of six months. " 3232

As a consequence of its treatable nature, normal pressure hydrocephalus (NPH) in particular represents an
essential consideration in the diagnostic workup of AD. Manifesting itself clinically as the classical triad of difficulty
walking, memory loss and urinary incontinence, dementia attributable to normal pressure hydrocephalus is caused by
chronically sustained local elevations in CSF pressure at the periventricular white matter secondary to impaired
reabsorption. Produced by the choroid plexus in the lateral ventricles, CSF flows next to the third and fourth ventricles
before reaching the basal cisterns, tentorium, and subarachnoid space over the cerebral convexities to the area of the
sagittal sinus. Under normal conditions, CSF is absorbed into the systemic circulation primarily across the arachnoid villi
into the venous channels of the sagittal sinus. As stated, impaired absorption of CSF across the arachnoid villi is the
suspected mechanism of most cases of secondary NPH. Most commonly, this is due to intra-ventricular/subarachnoid
hemorrhage or prior acute or chronic meningitis of any etiology. However, Paget disease, mucopolysaccaridosis of the
meninges and Achondroplasia all constitute other rarely reported causes of NPH. These conditions impair reabsorption of
CSF by inciting inflammation and subsequent fibrosis of the arachnoid granulations, although alternative mechanisms
have been proposed. Nevertheless, in approximately half of all patients, leptomeningeal biopsy reveals evidence of
arachnoid fibrosis.®® *2% Decreased CSF resorption leads to gradual accumulation of CSF within the ventricular system,
which manifests as increased local pressure. While increased pressure is not measured on lumbar puncture, a pressure
effect is nonetheless believed to occur locally on periventricular white matter tracts, producing the observed dilatation of
the lateral ventricles which is pathognomonic for NPH. With respect to differentiating NPH from AD, while both
classically present with cognitive deficits, gait abnormalities and urinary incontinence are more typical of NPH. However,
when considering the prevalence of gait abnormalities in the elderly demographic most at risk for AD, reported by one
study to be as high as 56% of individuals over the age of 70, gait abnormalities may frequently coexist with AD.®*
Similarly, urinary incontinence from other causes such as prostatism or stress incontinence may frequently coexist with

AD due to its high prevalence in elderly populations. In one study investigating the prevalence of urinary incontinence in

the patient demographic older than 70 years of age, 12 percent of men and 36 percent of women were reported to exhibit
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clinically observable symptoms.®*Y Again reflecting the differences in the underlying neuronal insult between AD and
NPH, prominent dementia, especially when it includes cortical features (aphasia, apraxia), strongly suggests AD as an
alternative or comorbid diagnosis in a patient with suspected NPH. A guideline undoubtedly justified by the restricted
nature of CSF elevations, and thus neuronal insult, to the periventricular white matter in NPH as opposed to the cortical
neurodegeneration typical of AD. However, further compounding the diagnostic uncertainty when distinguishing between
AD and NPH, as with virtually all forms of dementia, NPH can coexist with other dementias, and in particular AD.®% ¥
9 In studies of patients with strong clinical and laboratory evidence of NPH, biopsies carried out at the time of shunting
reveal AD pathology in 20 to 61 percent.®? 33337 Ty series have found that the degree of AD pathology correlated with
the degree of cognitive impairment.®** 3% Uniquely, normal pressure hydrocephalus can often be corrected with surgical
installation of a shunt to drain excess CSF, making it one of the few treatable etiologies of dementia. Critically,

distinguishing between NPH, AD, and NPH with AD may carry implications for the response to treatment, as NPH

patients with underlying AD typically demonstrate no improvement following CSF shunting.

2.3.4  Clinical Evaluation Strategy

Both NIA-AA and equally used DSM-V clinical criteria highlight the importance of the history of present illness
when assessing a presenting patient for AD. Throughout the clinical interview, careful observation to the patient’s
attention, speed of responses, and ability to provide relevant information can be crucial in raising diagnostic suspicion.
Critical information to garner during the interview includes the patient’s age, education level, pre-morbid function,
medical history, and current prescriptions. Additionally, more so than in other illnesses input from family members is an
indispensable asset to the physician. Using either guideline, diagnostic suspicion for AD arises principally on
documentation of significant impairment in more than one cognitive domain. Notably, a “significant impairment”, must
represent a change from the patient’s baseline and be of sufficient severity to impair his/her independence. In the DMS-V,
the cognitive domains are segregated into: learning and memory, language, executive function, complex attention,
perceptual-motor, and social cognition. Translated to a complete assessment of mental status in the clinic, physicians
should note deficits in: level of consciousness, attention, memory, language, visual spatial perception, executive function,
mood and thought content, praxis, and calculations. Level of consciousness or arousal is typically subjectively evaluated

and patients can be stratified into alert, attentive, sleepy, or unresponsive. Assessment of attention is critical, as a deficit in

56



this domain can confound additional testing. Deficits in attention can be elucidated either in the course of the clinical
interview or via testing through exams such as the digit span test.®** **% Here the examiner recites numerical digits at a
rate of one per second and asks the patient to repeat back the number sequence. Regardless of age or education level,
cognitively normal individuals can recite a 5-9 numerical sequence.®*” If more subtle deficits in attention are suspected,
increasingly complex attentional tasks such as the trail-making test, symbol-copying tasks, and letter-cancellation tasks
can be employed.*3#3%3 Eyaluation of memory in a suspected AD patient should, at minimum, distinguish between
impairments in immediate/working memory, recent memory, and retrieval of remote memories. While the digit span test
used to assess attention is sufficient to probe working memory, tests of recent memory involve asking the patient to
remember 3-4 words and then recite those words 5-10 minutes into the interview once their attention has been shifted. The
proctor may issue categorical cues to aid in the retrieval of words, with cognitively intact individuals being capable of
recalling 3-8 words.®*® Prompting the patient to recall the names of past presidents or recall important historical events is
suitable for preliminary probing of long-term memory. Predictably, language deficits are most often noticed during the
clinical interview and perceived deficits can be probed via a variety of tests. Commonly, deficits in categorical fluency
can be assessed by asking the patient to recite at least 15 words in a particular category (i.e. animals) within a minute,
while letter fluency can be assessed by asking patients to recite the same number of words beginning with a particular
letter (commonly “F”).%"® In contrast to the necessity of objective behavioral tasks for the evaluation of deficits in
memory, it is generally agreed upon that information garnered during the clinical interview is the most appropriate

method for documenting impairment in executive function. If not relayed as a problem by the patient, executive function
can be probed by asking the patient to describe their probable course of action during an imagined emergency.®*?
Alternatively, standardized tests for the 5 domains of executive function including: working memory (serial reverse tasks),
verbal fluency (categorical/letter fluency tests), motor programming (Luria fist-edge palm test), response inhibition (go/no
go tests), and ability to divide attention (Wisconsin Card Sorting Test) area available.®**** Clinical evaluation of affect
should focus firstly on any abnormal intrusions, preoccupations, perservations, delusions, or hallucinations as these
neuropsychological symptoms best differentiate AD from non-AD causes of dementia.®® **¥ Additionally, evaluation for
depression both in the clinical interview and via standardized batteries such as the Beck Depression Inventory, Geriatric
Depression Scale, or Neuropsychiatric Inventory is high yield as up to 40% of AD patients are estimated to harbor an

underlying depression.*®” Visuospatial abnormalities can be suggested via patient report of misplacing items with
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increased frequency or difficulty navigating unfamiliar terrain. Neurological assessment typically differentiates between
perceptual and constructional visuospatial functions. Perceptual function is probed by prompting the patient to draw
copies of geometric visual stimuli such as overlapping pentagons.*#2 3% |n contrast, constructional visuospatial function
is assessed most commonly via building/assembly tasks with patients asking to construct structures from blocks.®*” The
evaluation of praxis, defined as impairment in the performance of learned motor activities in the absence of primary
motor/spatial deficits, manifests symptomatically as difficulty dressing, feeding, or bathing during the clinical interview.
Asking the patient to demonstrate these everyday yet complex learned movements is an ideal way to elucidate deficits
during the preliminary evaluation of AD. Lastly, deficits in mathematical calculation are rapidly assessed via the “serial
sevens test”, in which patients are asked to sequentially subtract 7 from 100 and recite the difference. Of note, this test
must be evaluated in the context of patient’s education level, attention, and anxiety in order to be of diagnostic
significance. Two or more deficits in these domains, in the setting of an insidious onset and in the absence of alternative
etiologies, should generally prompt the physician to conduct a detailed cognitive and neurological physical evaluation for
AD.

In clinical practice, routine independent testing of each of these cognitive domains is impractical. Thus, perceived
deficits obtained from the patient history is most often coupled with standardized neuropsychological batteries, most
commonly the Mini-Mental State Examination (MMSE), to test for the presence or progression of AD.34 %7
Encompassing a broad range of cognitive abilities including: orientation, recall, attention, calculation, language
manipulation, and constructional praxis, the MMSE takes minutes complete making it highly compatible with clinical
implementation.®*® Based on a maximum score of 30 points, a score of less than 24 points is suggestive of dementia or
delirium, although the exam is easily confounded by age, education, as well as language, motor, and visual
impairments.®® Improvements in the interpretation of the MMSE have been reported, with age-specific norms as well as
studies of MMSE scores as a function of education being reported.®*? Still, in a large community population study of
18,056 individuals, a reported sensitivity and specificity of the MMSE for accurately detecting dementia was 87%, and
82% respectively.®*? Especially when utilized to evaluate the possibility of AD, in addition to a patients overall score, the
pattern of point deductions in the MMSE can be of significance. Especially early in the disease course, the cognitive
domain of memory may be the only faculty affected. As the MMSE contains two tasks that evaluate memory, the three

object naming and delayed recall tests, a patient with mild AD might score zero points on these exams and present with a
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“normal” score of 27. Thus, a failure to look specifically for common deficits in the MMSE may contribute to false-
negatives, especially in early-stage AD.

Further limiting the diagnostic utility of the MMSE with respect to tracking progression of AD as opposed to
establishing a new diagnosis, changes of 2 or less points on the MMSE may represent measurement error, regression to
the mean, or a practice effect and are thus of uncertain diagnostic significance.®*® Instead, the Clinical Dementia Rating
(CDR) scale, designed specifically to measure the severity of AD in a longitudinal manner, is the preferred cognitive test.
Conducted as a semi-structured interview with the patient and/or caregiver, impairments in the domains of memory,
orientation, judgement, community affairs, home and hobbies, as well as personal care are assessed. The severity of AD is
binned as absent, questionable, mild, moderate, or severe. Although designed for implementation in clinical trials and
longitudinal studies of AD, the CDR is increasingly utilized in clinical decision making models to assess a patient’s ability
to live independently. For example, the CDR can be an objective tool in assessing whether an AD patient’s symptoms are
severe enough to warrant placement in a skilled nursing facility or if his/her driver’s license should be revoked. Despite
CDR examinations taking upwards of 3 hours to complete, studies have reported strong validity and an inter-rater
reliability of 62-83% in well-controlled settings.®*%,

Physical examination in a patient with suspected AD focuses primarily on ruling out an atypical presentation of a
medical illness and a detailed neurological assessment which seeks to identify focal neurological deficits. Specifically,
focal sensory-motor neurological deficits suggestive of prior stroke, signs of Parkinson’s disease such as cogwheel
rigidity, tremors, gait abnormalities, and abnormal eye movements should be assessed to help exclude alternative
diagnoses. Noted specifically in both NIA-AA and DSM-V criteria, the exclusion of delirium is a fundamental component
of AD diagnosis. Differentiating between dementia and delirium relies heavily on patient history and repeated assessment
of his/her cognitive faculties (Table 2-5). From these longitudinal assessments, dementia and delirium can often be
distinguished based on symptom onset, course, duration, and presence or absence of changes in perception or sleep.®**
However, especially in the absence of a complete longitudinal history, this exclusion can be difficult. To alleviate this
diagnostic burden, the Confusion Assessment Method and Memorial Delirium Assessment scale have been developed and
are well validated in their ability to detect delirium.®* In general, both methods require an acute onset of changes or

fluctuations in the mental status and attention in the patient, as well as an altered level of consciousness or disorganized
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thinking.  With an appropriate H&P decreasing the likely hood of alternative forms of dementia, additional laboratory

tests can help exclude atypical presentations of common medical illnesses.

Table 2-5. Dementia versus Delirium

Dementia versus Delirium®?
Features Delirium Dementia
Onset Acute Insidious
Course Fluctuating Stable Decline
Duration | Hours to Weeks | Months to Years
Perception | Hallucinations Normal
Sleep/Wake Disrupted Fragmented
Attention Fluctuates Normal

60



CHAPTER 3 EPIDEMIOLOGY OF ALZHEIMER'S DISEASE

3.1 CURRENT & PROJECTED ESTIMATES OF DISEASE BURDEN

Representing the most common cause of senile dementia, Alzheimer's disease (AD) is a neurodegenerative disorder
of age-dependent onset characterized by an inexorable and progressive perturbation of cognitive function which
invariably leads to a loss of independence and ultimately death. In an effort to convey the magnitude of this disease’s
current and future impact on global health, it is best to systematically analyze each component of this introductory
statement. Firstly, elaborating on the reference made to AD’s unrivaled prevalence, as of 2014 AD accounts for 60-80%
of all cases of senile dementia.®® To place this statistic in perspective, more than 5 million Americans suffer from this
disease while more than 36 million individuals are estimated to be afflicted worldwide.®* Looking forward to the future,
conservative projections estimate that an astonishing 66 million people will be living with AD by 2030. With the
prevalence of AD continuing to double approximately every 20 years, this forecasts the worldwide health burden
attributable to AD at 115 million individuals by the year 2050.% Expectedly, this relatively short doubling rate for AD
prevalence is suggestive of an equally astonishing incidence, with just under half a million Americans developing AD in
2014 alone. Like projections for AD prevalence, future rates of AD incidence are exceptionally morbid. Assuming a
historical perspective for the sake of clarity, the incidence of AD in 2000 was estimated at 411,000 new cases. A decade
later, this statistic had risen by 10% to an annual incidence of 454,000 new cases in 2010.**” However by 2050, an
estimated 959,000 new cases of AD are projected to be reported in the U.S. alone, a 130% increase from the year
2000.Similarly, barring the development of medical breakthroughs to prevent AD, U.S. AD prevalence is expected to
triple from the current 5 million cases to nearly 14-16 million cases by 2050.%%® As alluded to by the “age-dependent”
qualifier used in the introductory sentence, the estimates of AD prevalence and incidence described above are both
disproportionately comprised of elderly individuals. Breaking the 500,000 new cases of AD in 2014 down by age, only
59,000 of these cases afflict individuals below the age 75 as compared to the 172,000 and 238,000 cases involving
individuals below and over the age of 85, respectively.® Similar trends in AD prevalence are observed with 1 in 9

individuals over the age of 65 and 1 in 3 individuals over the age of 85 having AD in the U.S.®® In the face of such
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jarring epidemiological statistics, the intuitive question becomes “what factors drive the projected increases in AD
incidence and prevalence?” While a variety of variables have been identified, the predominant answer in the field
references the phenomenon of demographic aging occurring both in the U.S. and worldwide. Generally speaking, this
term refers the rising proportion of individuals over the age of 65 in the population. Speaking to the specific case of the
U.S., two variables predominantly explain this increase in the elderly population; aging of the baby boomers and extended

life expectancy.

Inarguably one of the great achievements of mankind, the average adult lifespan continues to extend within the
context of ever improving medical technologies. Over 5 decades ago, average life expectancy was 65 in developed regions
and only 42 years in less developed regions of the globe. Today, the average adult can expect to live to 78 years of age in
the developed world and 68 years of age in more rural regions.®” Importantly, review of this data suggests the gap
between more modern nations and the less developed world is narrowing, which explains why demographic aging is
occurring more quickly in these rural countries. Forecasting life expectancy into the year 2050, the average citizen will
live to be 83 and 75 years of age in the developed and developing world, respectively.®>” While these numbers are
interesting they do not directly convey the relevance of an ageing population to AD. To accomplish this, we need to
analyze these data in a slightly different manner. Recalling that the average age of onset is between 60-65 years of age,
this specific population of elderly individuals represents the main demographic at risk for AD. Assuming no prophylactic
treatment options are discovered for AD, the proportion of at risk individuals in this elderly population who will go on to
develop AD is unlikely to change significantly. Thus, both the prevalence and incidence of AD are expected to increase
proportionally to the number of individuals in the at risk elderly demographic. When looking at the figures for individuals
over the age of 65 worldwide, this number has risen from 202 million in 1950 to over 841 million in 2013. Projecting
these trends to the year 2050, 1.6 billion people or 32% of the projected world population will be at highest risk for
AD.®¥" Of equal importance, 80% of these individuals will live in less developed regions.®” Of significance, these
statistics indicate that any future diagnostic/therapeutic option must not be prohibitively expensive or methodologically

complex in order to adequately address the epidemic of AD worldwide.

While longer life-expectancies represent a global phenomenon, the elderly population spike in the U.S. has a

second contributing factor of significance; the aging of the baby boomer generation. Describing those individuals born

62



between 1946 and 1964, during the post-world war |1 era, over 78.3 million Americans were born over this time period.
During this pan-demographic period of prolific reproduction, the number of annual births in the U.S. exceeded 2 children
per 100 women for the first time in decades. Relating this to AD epidemiology, as of 2011, the first individuals of this
generation have reached age 65, AD’s typical age of onset.®®® As a consequence of the full cohort of baby-boomers
reaching AD's age of onset, the future health burden of AD is daunting with its prevalence projected to reach 65.7 million
people by 2030. However, the impact of the baby-boomers does not end here, as their children, termed the millennium
generation, will also produce a less dramatic “echo baby boom”. While the implications of these projections are
admittedly abstract, cumulatively they convey the message that while AD represents a significant public health concern

currently, its associated disease burden will reach epidemic proportions in the coming decades.

Having communicated the message that AD represents an increasingly common global health threat, we next
focus on statistics which convey the humanitarian and economic cost associated with AD. In congruence with other
subtypes of dementia, mortality is often secondary to terminal-stage complications related to advanced patient
debilitation. Thus, dehydration, malnutrition, and infection are among the most common causes of mortality in patients
suffering from AD, with pneumonia reported to be the most frequently identified cause of death.®**3*® Notably, while the
World Health Organization defines cause of death as “the disease or injury which initiated the train of events leading
directly to death”, the tendency within the medical community to report more acute sequela of AD as the primary cause
of death carries with it the unfortunate consequence of under-representing the true mortality of AD.®** In fact, one report
indicates that the sensitivity of death certificates for reporting AD-related mortality may be as low as 28%.%% Despite this
tendency for mortality statistics to substantially underestimate the prevalence of dementing illnesses, according to the
National Center for Health Statistics of the Centers of Disease Control and Prevention (CDC), 83,494 people died from
AD in 2010; a statistic cementing AD firmly as the sixth-leading cause of death in the United States.®® Again
emphasizing AD’s age-dependent onset, it rises to the fifth-leading cause of death for those age 65 and older.145 In an
effort to reflect the degree to which under-reporting of AD on death certificates might have, we need to look at the
number of individuals who die with AD as a comorbid condition. In 2014 this number is estimated to be 600,000
individuals in the U.S. alone, or put another way, one-third of every senior citizen over the age of 65.%% While the true

number of deaths attributable to AD likely falls somewhere between the range of 83,000 and 600,000, there is no doubt
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surrounding AD’s contribution to premature death in the elderly. Regardless of the cause of death, among people age 70,
61% of those with AD are expected to die before age 80. To provide context to this statistic, simply compare it to the 30%
percent of people without AD who die before age 80 in this age demographic.®” In light of these statistics, it becomes
clear why AD is a world health priority when compared to less common causes of death. However, the finding that the
mortality rate attributable to AD is rising while that of other top ten disease fall, demonstrates the unique public health
threat posed AD (Figure 3-1). A testament to the impact translational research can have on human disease, between 2000
and 2010 the number of deaths attributable to heart disease, the number one cause of death in the U.S., decreased by 16%.
Similarly, deaths attributable to prostate and breast cancer decreased by 8% and 2%, respectively. Assuming a global
health perspective, the number of deaths attributable to HIV declined by 42%.%*” Clearly, advances in medicine made
possible by translation research are having a profound impact on virtually all top ten causes of death. As NIH funding is
projected to reach 586 million dollars for the 2015 fiscal year, a substantial amount of resources have gone in to
decreasing the mortality attributable to AD. Disappointingly, the total number of deaths attributable to AD increased by
68% across the 2000 to 2010 decade.®®® The purpose of these statistics is to drive home the introductory sentence’s final

phrase; that AD invariably ends with patient death. However this is not the greatest health burden associable to AD.

Foreshadowed by the phrase “invariably leads to a loss of independence”, the true disease burden associated with
AD stems from its progressively debilitating clinical course. The statistic which best captures this concept is termed
disability-adjusted life-years (DALY and reflects the sum of the number of years of life lost due to the disease as well as
the number of healthy years of life lost secondary to disability. Similar to the mortality data, the magnitude of this statistic
has risen for AD to a greater degree than for any other medical condition. Using DALYS as a measure of disease burden,

AD rose from the 25™ most burdensome disease to the 12" from 1990 to 2010.¢%®)
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Percentage Changes in Selected Causes of Death (All Ages) Between 2000 and 2010
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Figure 3-1. Public Health Impact of Deaths from Alzheimer’s Disease.

As the population of the United States ages, Alzheimer’s is becoming a more common cause of death. While deaths from other major
causes have decreased significantly, deaths from Alzheimer’s disease have increased significantly. Between 2000 and 2010, deaths
attributed to Alzheimer’s disease increased 68 percent, while those attributed to the number one cause of death, heart disease, and
decreased 16 percent. Reproduced with Permissions from the Alzheimer’s Association. %%
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Increases in both the number of years of life lost and the number of years lived with disability underlie this
unrivaled jump in ranking. Importantly, this data confirms that AD contributes significantly to poor health and disability
in the U.S. and that AD disease burden is increasing at an unrivaled pace each decade. Predictably, while mortality weighs
heavily when considering the humanitarian cost of AD, fiscally, the number of years lived with disability is most
contributory to the astronomical cost of healthcare for AD patients. A staggering 214 billion dollars in medical costs for
all individuals with dementia was paid in 2014.%**?"® Though contributory, the high prevalence of AD is not the main
factor driving this cost. Instead, this monetary burden is derived as a consequence of AD being a progressive disease that
robs the patient of his/her independence. Individuals affected with AD live an overage 4-8 years once diagnosed, but some
can live as long as 20 years.®® While the course duration of AD is variable, patients consistently become totally
dependent on caretakers for all essential daily living tasks. Aside from losing the ability to feed and bathe themselves, AD
patients also frequently develop other behavioral symptoms such as depression and wandering which places them at high
risk for institutionalization. To appreciate this, simply compare the average Medicaid payment for a Medicare beneficiary
without AD ($561) to that of one with AD ($10,771).%°” Notably these figures only address the cost directly associated
with AD and neglect the cost accrued by patients as a consequences of having AD as a comorbid condition. While this
cost is difficult to tabulate, data does demonstrate that AD patients with comorbid conditions can exhibit a 6-50% increase
in their number of hospital stays. Taking the specific case of coronary artery disease as an example, total Medicare
payments for a non-AD patient with this condition are estimated at $16,768 annually as compared to $27,033 for a similar
patient with AD.?* Incredibly, even if the annual increase in cost attributable to AD for each of these conditions could be
added to the $214 billion statistic mentioned earlier, this would still not account for even 50% of AD’s total economic

burden.

As with all diseases that impair one’s ability to remain self-sufficient, the greatest cost attributable to AD stems
from the 17.7 billion hours spent by friends and family caring for their debilitated loved ones.® This is due in part to the
fact that 85% of all care provided to older adults in the U.S. comes not from trained medical professionals, but family
members.®® The second contributing factor stems from AD being a disease which “progressively perturbs cognitive
function”. There are two components here that deserve attention, the fact that AD is progressive and that it selectively

impairs cognition. With respect to the second factor, patients with AD or any form of dementia for that matter require an
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exorbitant amount of care to maintain a meaningful quality of life. For example, 54% of AD patients require assistance
getting into bed while 40% require help dressing themselves. Furthermore, as a consequence of AD being an “inexorably
progressive” disease, the average duration of caregiving is substantially longer for AD than for non-AD elderly.®*® Not
surprisingly, the economic impact of this unpaid care is tremendous, with 54% of caregivers admitting to having to take
time off work and 15% needing to take a leave of absence. Best estimates place the total cost of this unpaid caregiving at
$220.2 billion in 2013 alone.®™ Thus, the value of informal care is at least equal to the direct medical and long-term care
costs of AD & dementia. Again however, this statistic is misleading, as caregivers have also been shown to be less

satisfied in life, become sick more frequently, and report increased levels of stress. 37

In summary, AD is a neurodegenerative disorder of age-dependent onset characterized by an inexorable and
progressive perturbation of cognitive function which invariably leads to a loss of independence and ultimately death. As
emphasized in the body of this chapter, each component of this description is of significance when tabulating the
economic and humanitarian costs associated with AD. It is under this context that we study AD, and in view of the
growing socioeconomic catastrophe and worldwide health problems associated with AD, the impetus to develop new

diagnostic and treatment strategies for AD has never been greater.

3.2 POTENTIAL BENEFIT OF ALZHEIMER’S DISEASE TREATMENT DEVELOPMENT

As emphasized in the entirety of this work, there is currently no available disease-modifying therapeutics for AD.
Defined as a therapy that addresses the underlying pathogenic etiology of AD symptoms, the lack of such a treatment
makes AD unique among the top ten causes of death in the United States. Unlike all of these other conditions, today,
medicine is without a way to prevent, cure, or even slow AD progression. Instead, as described in subsequent sections in
detail, the five current-generation medications approved by the U.S. Food and Drug Administration for the treatment of
AD only provide temporary symptomatic relief in a subset of patients. Put plainly, these drugs do not alter the disease
course of AD and as a consequence, as alluded to in the previous section, billions of dollars and millions of American
lives are lost. Bluntly, without an effective disease-modifying treatment, the socioeconomic and public health
consequences of AD will cripple the nation. Recognizing this, in 2011 the National Alzheimer’s Project Act (NAPA) was

signed into law and tasked with the development of a national plan to address the growing threat of AD. Only a year later,
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the National Plan to Address Alzheimer’s Disease was published. This document calls for additional research dollars and
sets scientific benchmarks with the aim of “preventing and effectively treating AD by 2025”. As we have no alternative,
the purpose of this section is to emphasize the potential impact of a disease-modifying therapeutic for AD. To do this, we
will contrast real-world estimations of AD burden with that of a hypothetical U.S. nation with access to a disease-

modifying therapy by the NAPA’s 2025 deadline.®™

For the purposes of this discussion, we will assume the hypothetical treatment is both effective in delaying the onset
of AD by 5 years and universally accessible within the United States. Using conservative projections, the number of
Americans affected by AD in 2030 is projected to be around 8.2 million people. Now, assuming universal access to a
disease-modifying treatment by 2025, the projected number of AD cases in the U.S. drops to 5.8 million (Figure 3-2).
Thus, in just 5 years the implementation, a disease-modifying treatment can reduce AD prevalence by approximately a
third. Of course, the benefits of such a treatment are compounded as a function of time. For example, 40% of the 9.9
million Americans who would be expected to have developed AD by 2035 would be living normal lives in a U.S. nation
with access to a disease-modifying treatment. Of course, and a consequence of AD’s age-dependent onset, the
demographic most benefited are those individuals over the age of 65. Instead of 11% of all individuals over the age of 65
having AD in 2030, only 8% would be afflicted if AD onset could be delayed by 5 years. These same statistics are 16%
without a disease-modifying treatment and 9% by the year 2050, again emphasizing the time-dependent growth in
therapeutic benefit associated with a preventative approach to AD. In fact, one of the only negative side-effects associated
with a treatment which delays AD progression is that for a brief time, the proportion of those living with severe AD would
increase. This is because a delay in onset would prevent people from moving into the mild stage of the disease, but have
no effect on those who already had the condition before the treatment became available. Using population statistics to
illustrate this point, with a delay in AD onset of 5 years beginning in 2025, 53% of patients with AD in 2030 would be
classified as end-stage. If the current AD trajectory remains unaltered, this percentage would only be 41%. Of course, this
trend is only temporary and by 2050 the introduction of treatment would actually decrease the proportion of patients with
end-stage AD from 48% to 46%. Additionally, a 5 year delay in onset would also decrease the total number of individuals
in each stage of AD such that in 2050, 3.6 million individuals would have severe-stage AD compared with the 6.5 million

people under the current disease trajectory. Still, it is important to recognize the point that a disease-modifying treatment
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is unlikely to alter the disease course of patients with moderate to severe AD. This is because it highlights the following
point; the longer the delay in disease-modifying treatment development the more individuals progressing to disease stages

which can no longer be altered.®
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Impact of a Treatment That Delays Onset by Five Years on the Number of Americans Age 65 and Older
Living with Alzheimer’s Disease, 2015-2050
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Figure 3-2. Projected Impact of Disease-modifying Treatment for AD

A treatment introduced in 2025 that delays the onset of Alzheimer’s by five years would reduce the number of individuals affe cted by
the disease immediately. In 2030, the total number of Americans age 65 and older living with Alzheimer’s would decrease from 8.2
million to 5.8 million. In 2035, 4 million Americans — approximately 40 percent of the 9.9 million Americans who would be expected
to have Alzheimer’s — would be living without it. In 2050, total prevalence would be 7.8 million, meaning 5.7 million Americans — or
42 percent of the 13.5 million who would be expected to have Alzheimer’s barring a treatment breakthrough — would not have
Alzheimer’s disease. A treatment introduced in 2025 that delays the onset of Alzheimer’s by five years would also reduce the
proportion of the U.S. population age 65 and older who have the condition. In 2030, 8 percent of older adults would be living with
Alzheimer’s disease instead of 11 percent. In 2050, only 9 percent of older adults would have Alzheimer’s instead of 16 percent.
Reproduced with Permissions from the Alzheimer’s Association.?®?
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Time is of the essence too when considering the economic threat posed by AD. As with prevalence, a treatment in
2025 that delays symptom onset by 5 years would reduce the total cost of AD care immediately. Unaltered, the annual
treatment cost for AD in the U.S. is projected at $451 billion for the 2030 fiscal year. Delaying symptoms just 5 years
shifts this projected cost to $368 billion, an $83 billion dollar savings in just half a decade of implementation. With more
time for the benefits to accrue, by 2050, total costs to all payers would decrease by one-third from $1.101 trillion under
the current disease trajectory to $734 billion. Of special significance to the well-being of the U.S. healthcare system, 40%
of this $367 billion savings would be accounted for by Medicare cost reductions. Employing a Medicare specific example,
introduction of a disease-modifying therapeutic would produce a savings of $67 billion in the 2035 fiscal year alone.
Similar benefits are expected for Medicaid, with $1 billion saved in the first year alone, and a savings of $38 billion by
2035. Tallying the cumulative savings for federal and state governments from 2026-2035 reveals an astonishing $535
billion differential in cost. However, significant savings are not restricted to the public sector. To the contrary, AD
patients and their family members would spend $2 billion less on care by 2026, and $44 billion less by 2035, if an
effective disease-modifying treatment was discovered. Again summing the cumulative savings in the decade following the
implementation of our hypothetical therapeutic in 2025, total savings for all payers would reach a staggering $935 billion.
While these statistics are of significance because they serve as the principal impetus behind the recent increases in
government research funding for AD, the truth of the matter is that the current state of healthcare cannot be maintained if
disease-modifying treatments for AD are not developed soon. One statistic, the estimated $3.2 trillion in government

spending to care for AD and other dementias over the 2026-2035 decade, is sufficient to convey this point."

In summary, it is of fundamental importance to the well-being of society that AD research be appropriately funded so
that a disease modifying treatment can be discovered. At the $2 billion a year investment suggested by the NAPA for AD
research, even summing all research spending between now and 2025, the federal government would recoup their funding
in the first three years after a disease-modifying treatment became available.8,9 The American legislature has taken
positive steps in this regard, but further support is needed. So too, measures to insure government funding is being spent
on clinically feasible therapies is critical. As of 2015, the American Congress passed the Alzheimer’s Accountability Act,
requiring the National Institutes of Health to submit a review of AD research investments and the progress being made

towards a treatment.10 Still, more can be done by politicians and scientists alike. Specifically, scientists need to advocate
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for newly developed AD therapies with increased scrutiny. As reviewed in subsequent sections, historically AD clinical
trials have been initiated without proper attention to study design or the clinical feasibility of the therapy they are designed
to evaluate. Not only does this epitomize a misallocation of public funding, but more significantly, if left unchecked,

improper evaluation of potential AD therapeutics may lead to the dismissal of agents with true clinical efficacy.
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CHAPTER 4 CURRENT SYMPTOMATIC MANAGEMENT OF
ALZHEIMER'’S DISEASE

Of all the statistics presented to justify the need for further AD research, the most alarming from a public health
perspective must be the fact that AD remains the only top ten cause of death in the U.S. without a disease-modifying
treatment. Put more plainly, no treatment options which halt or even retard the progression of AD pathology have been
successfully implemented clinically. Instead, the mainstay of AD treatment remains symptomatic management, with
emphasis placed on the treatment of behavioral disturbances, environmental manipulations to support function, and
counseling with respect to safety issues. However, management of even common medical problems can be more complex
in patients with dementia.®™ Particularly in AD, but generalizable to dementia as a whole, patients have a decreased
ability to make decisions, adhere to treatment plans (including medication compliance), and report adverse effects of
therapy.®"® %" Likely as a consequence of these issues, patients with advanced stages of dementia appear to have
diminished survival when faced with acute illnesses.®™® In a study that adjusted for length bias, a random sample of
10,263 subjects ages 65 and older from the Canadian Study of Health and Aging were screened for dementia and followed
for five years.**” The adjusted median survival for patients with probable and possible AD was 3.1 and 3.5 years,
respectively. In this chapter, the current treatment paradigm for AD will be reviewed with an emphasis on pharmaceutical
interventions targeting the cholinergic system. By way of introduction, the synthesis and recycling of Ach in the CNS will
be reviewed in addition to the neuroanatomy of the major cholinergic pathways in the brain and their role in memory.
Building on this understanding of the cholinergic system’s role in memory, the perturbations in cholinergic signaling in
AD will be summarized. From this point, a mechanistic review of the major pharmaceutical interventions for AD, namely
acetylcholinesterase inhibitors will be presented. The rational, mechanism of action and usage guidelines for the only non-
AchE targeting drug used in AD, Memantine, are also summarized. Lastly, data evaluating the efficacy of these therapies

in accordance with current guidelines will be reviewed.
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4.1 ACETYLCHOLINE SYNTHESIS & RECYCLING

Originally identified in cardiac tissue by Henry Hallet Dale in 1915, Acetylcholine (Ach) was the first
neurotransmitter recognized by science after Otto Loewi characterized its function in the VVagus nerve. Acetylcholine
(Ach) is a polyatomic cation synthesized via the conjugation of choline and acetyl-CoA by the enzyme choline
acetyltransferase. As is the case for all proteins at the synaptic terminal, the enzyme responsible for the synthesis of Ach,
choline acetyltransferase (CAT), is produced at the cholinergic cell body and transported down the axon. Importantly, the
enzyme kinetics of CAT is not saturated under normal physiological conditions and therefore increased expression of this
enzyme is unlikely to modulate cholinergic neurotransmission. Instead, the availability of choline and acetyl-CoA are the
rate-limiting steps in Ach synthesis. As described in Figure 4-1, the majority of choline in the synaptic terminal is
recycled from the synaptic cleft. Additionally, two independent pathways have been established for the production of
choline. First, phospholipase D cleaves the phosphoester bond towards the choline head-group forming free choline and
the membrane bound phosphatidic acid. By the second mechanism, phosphatidylcholine is degraded into its glycerol
backbone and fatty acid constituents by the sequential actions of phospholipases A and B. Phospholipase A1/2 removes
the acyl chain from the C1 position of phosphatidylcholine, forming a free fatty acid and lysophophatidylcholine.
Phospholipase B then removes the C2 acyl residue to form glycerol-3-phosphocholine and a fatty acid. Finally, glycerol-
3-phophocholine is hydrolyzed to glycerol-3-phosphate and free choline. By either mechanism, free choline is then
covalently linked with an activated acetyl unit from acetyl-CoA to form Ach in a reaction catalyzed by choline-acetyl
transferase. Similarly, a variety of metabolic pathways cause mitochondrial release of acetyl-CoA to rise proportionally
with neuronal activity, insuring adequate substrate supply for CAT. Interestingly, while the substrate abundance is the rate
limiting step for Ach synthesis, studies indicate that consuming an enriched choline diet does not modulate cholinergic
transmission. One explanation of this finding is that increased choline availability peripherally is not translated to the
CNS. Once synthesized, the large majority of Ach is immediately packaged into approximately 100 micron vesicular
compartments by the vesicular Ach transporter. Only a small fraction of Ach remains the in the cytosol of the synaptic
cleft and the functional significance of this pool is not completely elucidated. Importantly, no pharmacological agents
capable of modifying the function of the vesicular Ach hydrogen-Ach antiporter have been identified. While Ach

neurotransmission is generally facilitated via the traditional calcium-dependent mechanisms, it is important to recognize
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Ach also serves as a potent neuromodulator. Regardless of its release mechanism, Ach elicits its physiological response
via two broad classes of cholinergic receptors: nicotinic and muscarinic Ach receptors. Speaking generally, these two
classes of Ach receptors differ in their synaptic localization, structure, and mechanism of action. With respect to
localization, nicotinic receptors are predominately restricted to the post-synaptic membrane while their muscarinic
counterparts are found both pre- and post-synaptically. Shifting our attention to structure, neuronal nicotinic receptors are

selectively-permeable ion channels while muscarinic
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Figure 4-1. Schematic Representation of a Hypothetical Cholinergic Synapse.

MACchR subtypes have diverse synaptic localization patterns and function pre- and post-synaptically to modulate neurotransmitter
release and postsynaptic excitability, respectively. For instance, the M, and M, mAchRs serve as autoreceptors on cholinergic terminals
to suppress Ach release and inhibit cholinergic neurotransmission at select synapses in the central nervous system (left neuron). The
mAchRs located on non-cholinergic neurons act as heteroceptors controlling the release of other neurotransmitters, such as DA (not
shown). M1, M3, Ms, but also M, mAchRs that are located postsynaptically facilitate slow cholinergic synaptic neurotransmission
relative to nAchR subtypes. The a7 and asf, nAchR subtypes mediate fast synaptic transmission and also use-dependent changes
required for neuronal plasticity. These nAchR subtypes can have both pre- and postsynaptic localization. The endogenous ligand of
these cholinergic receptors, Ach, is synthesized in cholinergic neurons (left neuron) by the enzyme ChAT through the transfer of acetyl -
CoA onto choline. Choline uptake is mediated by presynaptic high-affinity choline transporters (ChT). After synthesis, Ach is packaged
into synaptic vesicles by the vesicular Ach transporter (vAchT). After neuronal activation-mediated release into the synaptic cleft, Ach
can bind to pre- and postsynaptic receptors, or it can be inactivated through hydrolysis by the AchE enzymes, a process that can be
inhibited by different substances (eg, organophosphates, AchE inhibitors) to increase synaptic Ach levels. Once Ach is hydrolyzed,
choline is transported through the ChTs into the presynaptic terminal, where it is again synthesized into Ach. Reproduced with
Permissions from Nature Neuropsychopharmacology.®"®
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receptors are classified as G protein coupled receptors (GPCRs). In more detail, nicotinic receptors are comprised of 5
polypeptide subunits. Whereas the nicotinic receptor localized to the neuromuscular junction is composed of four different
species of subunit (2 a, B, v, 8), the neuronal nicotinic receptor is composed of only two subunit types (2 a and 3 ). The 5
polypeptide subunits assume a conformation such that a funnel-shaped internal ion channel is formed in the center of the
protein complex. Relating this structure to function, nicotinic receptors facilitate post-synaptic membrane depolarization
as a consequence of ligand-binding. Of importance to pharmaceutical development, the binding surface on the nicotinic
receptor appears to be primarily on the alpha subunits. As stated, the structure of muscarinic receptors is distinct from
nicotinic receptors as this class of Ach receptor is classified as a GPCR. The muscarinic receptor is composed of a single
polypeptide as compared to the 5 polypeptide subunits described for nicotinic Ach receptors. Seven regions of the single
polypeptide which comprises muscarinic receptors are made up of 20-25 amino acids arranged in an a helix. As a
consequence of this secondary structure, each of these regions of the protein is markedly hydrophobic and thus spans the
cell membrane. Critically, the fifth internal loop and the carboxyl-terminal tail of the muscarinic receptor are believed to
be the site of interaction with G proteins. Similarly, the site of agonist binding is a circular pocket formed by the upper
portions of the seven membrane-spanning regions. As with all GPCRs, the biochemical responses to stimulation of
muscarinic receptors involve the receptor occupancy causing an altered conformation of an associated GTP-binding
protein. G protein is made up of the three subunits a, f and y. In response to the altered conformation of the muscarinic
receptor, the alpha subunit of the G protein releases bound guanosine diphosphate (GDP) and simultaneously binds
guanosine triphosphate (GTP). The binding of GTP "activates" the G protein and leads to dissociation of the alpha subunit
from the trimeric complex. Now free, the alpha subunit can interact with effector systems to mediate specific responses.
Again speaking generally, three principal effector systems are employed by muscarinic Ach receptors: inhibition of
adenylate cyclase, stimulation of phospholipase C, and activation of potassium ion channels. The inherent catalytic
activity of the G protein hydrolyzes the GTP back to GDP. This hydrolysis results in a conformational change in the alpha
subunit which causes it to again associate with the § and y subunits, terminating the action of the G protein. Thus, the rate
of GTP hydrolysis dictates the length of time the muscarinic receptor remains activated, not the period of time in which

Ach is bound to the receptor.
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Regardless of receptor class however, following dissociation from the receptor, Ach is rapidly hydrolyzed by the
enzyme acetylcholinesterase (AchE). AchE is a serine esterase with a catalytic triad consisting of Ser200, His440, and
Glu237, a domain similar to that found in serine proteases trypsin and chymotrypsin. The enzyme is located on the surface
of the post-synaptic membrane and linked by a GPI anchor. Importantly, AchE has one of the highest catalysis rates
known in biology, 2.5x10* molecules per second, and breaks Ach down into its choline and acetate constituents. The
products choline and acetate are inactive molecules and are reabsorbed by the synapse and recycled to replenish
acetylcholine containing vesicles for subsequent chemical transmission. As with the synthetic enzyme for Ach, choline
acetyltransferase, AchE is synthesized in the neuronal cell body and distributed throughout the neuron by axoplasmic
transport. Unlike all other proteins described in this process, irreversible and reversible classes of AchE inhibitors have
been developed. Furthermore, drugs that inhibit Ach breakdown are effective in altering cholinergic neurotransmission in
the CNS. Mechanistically, this is because in the absence of AchE activity, Ach molecules accumulate in the synaptic
space where they can stimulate either class of Ach receptor continuously. In fact, the irreversible inhibition of AchE by
isopropylfluoroesters modulate cholinergic neurotransmission so much, they can be incompatible with life. Two notable
examples of this class of AchE inhibitors are organophosphates such as dichlorodiphenyltrichloroethane (DDT) used
widely as an insecticide and Sarin nerve gas used in biological warfare. The mechanism of action of these irreversible
inhibitors of AchE is that they carbamylate the AchE, rendering both the acetyl and choline binding domains inactive. As
evidenced by their use in biochemical warfare, irreversible inhibitors of AchE are too difficult to calibrate in the clinical
setting. Instead, reversible AchE inhibitors are employed to transiently increase Ach levels in diseases and conditions
where an increased Ach level is desired. As described in detail later, one such condition is AD, with patients routinely
demonstrating a variety of perturbations in cholinergic function. Four cholinesterase inhibitors, Tacrine, Donepezil,
Rivastigmine, and Galantamine are currently approved for use in AD by the US Food and Drug Administration (FDA).
Tacrine, the first cholinesterase inhibitor approved, is essentially no longer used due to hepatic toxicity and severe,

predominantly gastrointestinal side effects.
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4.2 CHOLINERGIC SYSTEM NEUROANATOMY & ROLE IN MEMORY

Widely distributed in the CNS, Ach has been implicated in a variety of physiological functions including: cerebral
cortical development, cortical activity, regulation of cerebral blood flow, sleep-wake cycles, and most relevantly to AD,
modulation of cognitive performance on learning and memory tasks. In fact, the discovery that cholinergic neurons in the
basal forebrain degenerate in AD has been one of the most potent catalysts behind the relentless investigation of
cholinergic contributions to learning and memory. Today, substantial evidence garnered from both human and animal
models strongly implicates that the central cholinergic pathways are vital components to the neuronal circuitry underlying
learning, memory and cognition. In fact, by 1982 this assertion was so well-established in the literature, that Raymond
Bartus and colleagues proposed “the cholinergic hypothesis of geriatric memory dysfunction”.®® According to this
hypothesis, the deterioration of cognitive function associated with AD dementia in the elderly is attributable to a decline
in basal forebrain cholinergic neurotransmission. Predictably, the same studies that support the notion that cholinergic
pathways are of central importance to learning and memory are cited by supporters of this hypothesis and thus warrant
brief review. Historically, pharmacological manipulations and lesion studies represent the two traditional approaches used
to study the role of cholinergic systems in learning and memory. To interpret these studies, it is first necessary to review
the neuroanatomy of the cholinergic pathways which constitute the primary sources of cholinergic innervations to the
limbic and cortical brain structures. Note, while this section will detail specific pathways, it is important to recognize that

Ach is released from neurons projecting to a broad range of cortical and subcortical sites.

In general, two sets of cholinergic projections can be distinguished; the magnocellular basal forebrain cholinergic
system and the brainstem cholinergic system.®" %2 Of highest significance to learning and memory, the basal forebrain
system is comprised of efferent and afferent projections from cholinergic neurons originating in the nucleus basalis of
Meynert (nBM) and the medial septal nucleus (MSn), as well as the vertical and horizontal limbs of the diagonal band of
Broca. The cholinergic neurons comprising these structures send predominantly cholinergic projections to a broad range
of sites in the neocortex as well as limbic cortices such as cingulate cortex, entorhinal cortex and hippocampus, and other
structures including the basolateral amygdala and the olfactory bulb.®" More specifically, axons emanating from the MS
innervate predominantly the hippocampus and entorhinal cortex (in addition to the vertical limb of the diagonal band of

Broca), whereas vertical/horizontal limbs of the diagonal band of Broca project primarily into the anterior cingulate cortex
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and olfactory bulb, respectively. Of significance to AD research and Ach’s role in learning and memory, the entorhinal
cortex, one of the first regions affected by AD pathology, receives some of the densest cholinergic innervation of all
cortical structures.®" Of less significance to learning and memory but still warranting description, the brainstem
cholinergic system includes neurons located in the pedunculopontine tegmental nucleus and laterodorsal pontine
tegmentum and provides cholinergic input primarily to the thalamus and basal ganglia, but also to a minor degree the
cortex. To summarize the key neuroanatomical substrates of cholinergic influence in learning and memory, the basal
forebrain cholinergic system constitutes the major source of afferent Ach-based input to the cortex and hippocampus.
Specifically, the horizontal limb of the diagonal band of Broca in conjunction with the nBM provide the majority of
cholinergic input to the neocortex while the MS and vertical limb of the diagonal band of Broca project to the entorhinal

cortex and hippocampus proper.

While the precise mechanism by which Ach influences the neuronal circuitry facilitating learning and memory is
not universally agreed upon for all memory systems, Ach is known to modulate the responsivity of individual neurons via
a variety of mechanisms. These effects include depolarization®®®, reductions in spike frequency accommodation®®,
enhancement of long-term potentiation®®, presynaptic inhibition of glutamatergic and GABAergic synaptic
transmission.®% *¥7") As explained above, two classes of Ach-responsive receptors mediate these effects. Of the five
subtypes of muscarinic receptors in the central nervous system, the M1 receptor is located predominantly at post-synaptic
sites and is functionally related to the M3 and M5 receptors. The M1 receptor mediates the post-synaptic effects induced
via activation of muscarinic receptors including depolarization and suppression of spike-frequency accommodation.®®
M2 receptors on the other hand are located at both pre- and post-synaptic sites and are functionally related to the M4
receptor subtype.®® Interestingly, the cholinergic modulation of glutamatergic synaptic transmission via activation of
muscarinic receptors on glutamatergic terminals appears to involve the M4 subtype of receptor.®® 3% The second class of
Ach-responsive receptors, nicotinic receptors, demonstrates an even more diverse range of receptor properties, as well as a
temporally and spatially restricted expression pattern. Focusing specifically on the role of nicotinic Ach receptors in the
hippocampus, this class of receptor is expressed primarily by interneurons, where evidence suggests they play a role in
gating neuronal firing.®*Y With respect to spatial expression of particular subtypes of nicotinic receptors, alpha4beta?2

(type 1) receptors are sensitive to low concentrations of Ach®? (0.1-1uM) and have been described on the soma and
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dendrites of CA1 interneurons of mice.®% %% Alphadbeta2 (type I1) receptors are less sensitive than their type |
counterparts®®?, and have been identified on the axonal segments of CAL interneurons where their activation by low
concentrations of Ach can induce release of GABA without triggering an action potential.®*® While Alpha3beta3beta2
receptors are found on the axons of pyramidal associated interneurons, little is known about their role in
neurotransmission.®*” In contrast Alpha7 nicotinic Ach receptors are well characterized even in the context of AD and
display faster dynamics, a high calcium permeability, and are activated by the Ach precursor choline.®® Alpha7 nicotinic
Ach receptors are found on the somata®® and dendrites®® of hippocampal neurons where they can regulate calcium
responses, as well as on the axon terminal where they enhance transmitter release.®® As this description of Ach receptor
expression illustrates, the cholinergic pathways of the brain are well-suited to modulate neuronal activity in key memory

regions of the brain such as the hippocampus.

With this neuroanatomical description of cholinergic circuitry in mind, it follows logically that the previously
mentioned lesion studies focused predominately on the magnocellular basal forebrain cholinergic system when attempting
to investigate the role of Ach in memory. And indeed, studies support the role of Ach-signaling in learning and memory.
At the most basic level, pharmacological studies have demonstrated that high doses of anti-muscarinic agents such as
atropine and scopolamine can disrupt both the acquisition and recall of learned behaviors. " **® In contrast, the
enhancement of central cholinergic tone via administration of AchE inhibitors can, under specific circumstances, enhance
performance in learning and memory tasks.®* Importantly these findings have been recapitulated in animal models,
providing an experimental avenue through which to investigate Ach’s role in cognition.®*” For example, robust
experimental evidence confirms that depletion of cholinergic input to either the PFC or parahippocampus disrupts
working memory. Interestingly however, deficits in working memory associated with each of these cholinergic lesions are
distinct from one another. To summarize the relevant animal studies, loss of cholinergic input to the parahippocampal
region results in working memory deficits exclusively for non-familiar stimuli while similar lesions in the PFC impair
memory for trial-unique stimuli.“®>**Y Translation of this work into humans reveals even greater insight, as muscarinic
blockade does not impair performance on short-term memory tasks such as the digit span.“’? These results have been
interpreted to suggest that the familiar stimuli used in this paradigm (humbers) are already sufficiently established

synaptic connections and therefore have a reduced need for cholinergic neuro-modulation. Distilling these findings into a
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commentary on Ach’s role in working memory, cholinergic modulation of working memory seems more influential for
novel stimuli than for familiar ones.“’® While these studies help elucidate the role of Ach in working memory, studies of
people who smoke have led to the understanding that cholinergic input modulates attention.“*” For example, smokers
deprived of nicotine are impaired on attention demanding tasks and their performance can be rescued to baseline levels
via the administration of nicotine. Additionally, nicotine has been shown to boost visual attention performance in non-
smokers.“? Cholinergic depletion studies further underscore the importance of Ach in attentional processing. For
instance, selective cholinergic deafferentation of the cortex via pharmacological ablation of the nBM in rats has been
demonstrated to produce selective deficits in an attention demanding task.“’® Given the robust evidence supporting Ach’s
role in attentional processing, investigators have partially elucidated the relevant physiological processes. In short,
evidence suggests that Ach potentiates afferent projections while suppressing intrinsic projections, thereby allowing for
greater processing of extrinsic stimuli.““”” Akin to the brain region specific relationship between cholinergic innervation
and working memory performance for familiar/non-familiar objects, in attention each Ach receptor class plays a unique
role. To summarize, nicotinic receptors are critical for the amplification of afferent signals while the suppression of

intrinsic synapses likely depends on the muscarinic class of Ach receptors.“%

Finally, and perhaps of greatest relevance to AD because the brain regions involved, a wealth of evidence
supports a functional link between Ach-mediated neuro-modulation and spatial/episodic memory. Currently, Ach is
hypothesized to support the formation of new memories in two ways. The first, as just described, is to increase the extent
that afferent signals influence cortical activity while simultaneously decreasing the extent to which intrinsic signals
influence activity. Described more generally, Ach’s modulation of attention facilitates memory formation because the
fidelity of a memory is fundamentally limited by how effectively the relevant information was processed at encoding. The
second way Ach may modulate spatial/episodic memory formation is by enhancing the physiological phenomena that
support the encoding of new memories; specifically the induction of LTP and theta oscillation amplitude.®®4%® |n
slightly more detail, independent pharmacological manipulation of the alpha4beta2 and alpha7 receptors have revealed
that both are capable of inducing LTP but that the alpha7 receptors, in particular, induce a more stable form of LTP.“%

As mentioned, the second physiological phenomena modulated by Ach is termed the Theta rhythm, a prominent

oscillatory rhythm observed in local field potentials of hippocampal neurons when stimuli are presented during memory
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tests to humans.“*% **Y With respect to the evidence supporting its role in learning, the amplitude of theta is predictive of
improved memory encoding. In humans for example, the amplitude of intra-cranially recorded theta oscillations during
encoding in a free recall task was significantly greater for subsequently recalled words than for forgotten words. “*?
Mechanistically, this may be a consequence of LTP induction demonstrating a dependence on theta phase. In the simplest
model, LTP is preferentially induced during the peak of theta in the local field potential whereas LTD is preferentially
induced during the trough of theta in the local field potential.“*® However in addition to this modulation of
neuroplasticity, it has been suggested that theta may drive the formation of the spatial tuning pattern observed in
hippocampal place cells and entorhinal grid cells. As discussed, the hippocampus and medial EC play crucial roles in
navigation; as lesions of either region lead to deficits on spatial memory tasks.“* Today, we now know a little about how
the position of an animal is neutrally encoded in these temporal lobe structures. Cells in the pyramidal cell layers of
hippocampal regions CA1 and CA3, for example, preferentially fire in distinct sub-regions of testing enclosures, and as
such have been termed “place cells”. Located in the entorhinal cortex, grid cells received their name after the discovery
that they fire action potentials in a pattern which marks the vertices of a grid in the shape of an equilateral triangle.“*
Although the precise mechanism by which Ach contributes to the tuning of place cells and grid cells is not clearly
understood, a promising hypothesis is that the spatial tuning of such cells is affected by cholinergic modulation through an
intermediary: theta rhythms. Happily, models detailing how theta rhythm might relate to spatial memory formation are
more refined. Referred to in the literature as the oscillatory interference model, this model holds that grid cells fire when
the sum of at least two oscillators cross an arbitrary threshold.“*® Importantly, the frequency of each oscillator is
determined by the speed of the animal when heading in a preferred direction (e.g., north). Additionally, the frequency of
each oscillator increases proportionally with the speed of the animal. Lastly, if the animal travels in a direction orthogonal
to the preferred heading (e.g. west), the oscillator returns back to a baseline frequency presumed to lie in the theta
frequency range. When two such velocity controlled oscillators that differ in their preferred direction by an integer
multiple of 60° are summed and thresholded, the interference pattern closely resembles the spatial tuning pattern of
entorhinal grid cells.“’® Relating this theoretical model back to behavior, it is predicted that grid cell tuning should then
require an intact theta rhythm. And indeed, studies suggest that MS inactivation both significantly reduces the amplitude
of theta oscillations and significantly decreased the spatial tuning of grid cells.*® Provided the additional insight that

Theta rhythm is principally modulated by cholinergic and GABAergic inputs from the MS via the fornix, models of
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network theta rhythm oscillations suggest how theta may serve as an intermediary between cholinergic regulation and

episodic and spatial memory function.“%®

In summary, Ach plays an important role in cognitive function, as shown by pharmacological manipulations that
impact working memory, attention, episodic memory, and spatial memory function. However, it is important to note that
our ability to draw conclusions from the studies discussed are not completely devoid of confounds. Specifically relevant
in the case of lesion studies is the fact that cholinergic neurons are always intermingled with populations of non-
cholinergic cells. In addition to their cholinergic projections, the brain regions constituting the basal forebrain cholinergic
system also contain many non-cholinergic neurons, such as GABAergic interneurons that make connections with
cholinergic neurons.“*” Importantly, the synaptic connections of these non-cholinergic neurons are not restricted to inter-
cholinergic neuronal circuits. Instead, GABAergic innervation from basal forebrain structures also project to the
hippocampus.“® In light of studies which indicate that the degree of cholinergic dysfunction doesn’t necessarily predict
the severity of cognitive dysfunction, it is possible that perturbations of hon-cholinergic may contribute to memory
deficits observed when cholinergic signaling is disturbed. As an example of one such study, stereotactic obliteration of the
nBM results in robust memory impairment which can be ameliorated via the administration of Physostigmine.“*? While
this study generates what appears to be clear association between cholinergic function and memory performance, as
discussed, a cholinergic neuron specific lesion in the nBM is virtually impossible. Proponents of Ach’s central role in
memory formation will argue that in the context of physostigmine-induced amelioration of lesion-induced memory
deficits, this fact is academic. However, subsequent studies have demonstrated an important dissociation between a
lesion’s ability to produce memory deficits and the extent to which it perturbs cortical cholinergic tone. Put differently,
under certain experimental procedures, a lesion of the nBM which reduces cholinergic tone by 44% does not produce as
robust deficits in conditional learning as does a lesion which only decreases cholinergic tone by 27%.“*% The conclusion
reached by these studies is that damage to non-cholinergic cells in the vicinity of the nBM must contribute to the observed
perturbations in memory. Thus, while it is unanimously agreed that loss of predominantly cholinergic basal forebrain
structures impair learning and memory in humans and animal models, the mechanism by which this occurs and the
relative importance of Ach in these processes is still yet to be elucidated. Here, the evidence reviewed falls short as a

consequence of the pharmacological approach they employ. As highlighted in the introduction to this section, it is
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important to note that nearly the entire neuro-axis is innervated by cholinergic neurons.“?" It is also the case that
muscarinic receptors are found in virtually every region of the CNS.“?? **¥ |n the context of such ubiquitous Ach receptor
expression in the brain, systemically administered cholinergic agents undoubtedly influence behavior by their effects at a
variety of targets in the CNS. Furthermore, the sensitivity of these cholinergic based processes underlying cognitive
performance would be predicted to vary as a function of the behavioral task probed. As will be discussed in the
subsequent section, the very same regions of cholinergic input which have been studied in the context of learning and
memory exhibit significant cell death in AD. However, it remains to be fully established if the cholinergic
neurodegeneration represents the pivotal functional determinant of the cognitive symptoms observed in AD. Therefore,
the subsequent section will emphasize the ways in which AD pathology extends beyond cholinergic signaling dysfunction

in an effort to highlight the need for disease-modifying therapies.

4.3 CHOLINERGIC CHANGES IN ALZHEIMER’S DISEASE

Without question, long-standing evidence suggests that cholinergic signaling contribute significantly to learning
and memory. Even as early as the 1970’s, the systematic scientific investigation of brains of patients with Alzheimer’s
disease revealed deficits in key pathways associated with Ach neurotransmission. Among the earliest and most influential
of these discoveries is that the morphology of cholinergic cells in the basal forebrain are especially susceptible to the
pathogenic changes of AD and are thus among the groups of neurons that degenerate robustly.“****® However, the
specific functional consequences of this neuron loss remains uncharacterized, as there is no direct evidence that damage to
these neurons is responsible for cognitive decline in AD. Still, decreases in the activity of choline acetyltransferase
(ChAT) in the cortex and hippocampus are amongst the most consistent and severe neurochemical abnormalities found in
AD. For example, a 30-90% decline in ChAT activity is typical in AD brains while in-situ hybridization studies
demonstrate a 50% decrease in ChAT mRNA levels in the temporal, frontal and parietal lobes.“?* 4% 427-428) However as
discussed, ChAT is not rate-limiting for Ach synthesis and thus the purported decrease in ChAT activity is
mechanistically unlikely to be a causal factor of AD cognitive symptoms. Instead, the majority of experts favor the
hypothesis that changes in ChAT activity and expression simply reflect the degeneration of basal forebrain cholinergic

neurons. Supporting this hypothesis, the decline in ChAT activity in the nBM is correlated with the decline in cholinergic
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neuron number.“? Also in congruence with this hypothesis, ChAT activity in the neocortex of patients with dominantly
inherited olivopontocerebellar atrophy, a condition for which cognitive deficits are not a major symptomatic feature, is
reduced to as great an extent as in AD patients.*” This finding in particular raises the question of whether impaired
cholinergic function, especially in the cortex, contributes to cognitive decline in AD at all. However, in discordance with
the hypothesis that cholinergic dysfunction does not underlie cognitive deficits in AD, ChAT activity in the hippocampus
of AD patients is significant reduced while individuals with olivopontocerebellar atrophy demonstrate no hippocampal
cholinergic deficit.“*% In contrast to the first finding, this latter discovery raises the possibility that some aspects of
cognitive impairment in AD are indeed associated with dysfunction of the cholinergic neuropathways, in this specific case
the septo-hippocampal projections. Still, the finding that ChAT levels are decreased only in end-stage AD while patients
with MCI or even mild AD display no significant deviation in this marker of cholinergic tone with respect to baseline
severely undermines the “cholinergic hypothesis of AD”.“*"**3 Complicated the matter, for numerous reasons the
pharmacological studies which support the role of Ach in learning and memory are not generalizable to AD. Chief among
them, even if cholinergic degeneration was the sole pathological feature of AD, because both muscarinic and nicotinic
transmission would be impaired, muscarinic receptor antagonists would not be expected to recapitulate the full spectrum
of AD pathology. Additionally, the muscarinic antagonists used in these studies produce an acute blockade of cholinergic
receptors that are primarily post-synaptic. In contrast to all these characteristics of cholinergic antagonist models of
cognitive function, AD is a chronic, slowly progressing, and irreversible disorder that involves, in addition to the noted
changes in presynaptic cholinergic function, substantial pathology of many other neurotransmitter systems. A prime
example of this ultimate point is the reduction of excitatory neurotransmitters secondary to the selective loss of cortical
pyramidal neurons believed to support normal cognition. Similar to the manner in which neuron loss in the basal forebrain
underlies deficits in cholinergic signaling, early degeneration of cortical pyramidal neuron in AD impairs uptake of D-
aspartate, a putative excitatory amino acid, as well as contributes to observed deficits in glutamate concentrations in the
brain of AD patients.“**** While these changes may occur as a consequence of perturbation sin cholinergic signaling,
other neurotransmitter systems without direct cholinergic innervations are similarly perturbed in AD. Depending of the
stage of disease, neurotransmission facilitated via the serotonergic raphe nuclei, the noradrenergic locus coeruleus“® as
well as g-amino-butyric acid (GABA)*** **) and somatostatin®® **¥ producing interneurons are also disturbed in the

neurodegenerative process of AD. Evidence that these distinctions between AD pathology and cholinergic models of AD
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cognitive deficits are of significance comes from studies which demonstrate patterns in regional cerebral in AD patients
are markedly different from those obtained from young normal subjects given scopolamine to induce memory
impairments. %

To summarize, while cholinergic models do strongly implicate a robust modulatory role for Ach in learning and
memory, there is a lack of evidence which directly links perturbations in Ach signaling with the cognitive deficits
observed in AD. This is not to say cholinergic dysfunction does not contribute, as it almost certainly does. However, while
cholinergic deafferentation does induce deficits in cognition, it fails to produce the typical longitudinal decline observed
in AD. ““DThis hints at the fact that dysregulation of Ach neurotransmission is only part of a more complex etiology
underlying the memory deficits observed in AD. The hypothesis that cholinergic dysregulation underlies the etiology of
AD is even weaker, as loss of Ach-producing neurons fails to induce other pathognomonic lesions of AD such as NFTs
and AP plaques. Additionally, markers of cholinergic tone are not severely altered until late in the disease process. These
data cumulatively suggest that cholinergic dysfunction is a downstream consequence of some inciting neuropathology.
Therefore, a modernized theory of the role of Ach-based signaling in AD extends beyond the involvement of the isolated
neurotransmitter system itself and instead investigates the interactions between the cholinergic system and the
pathological hallmarks of AD. Here the evidence is convincing, as all cardinal features of AD pathology demonstrate
significant correlations with deficits in Ach-mediated neurotransmission and occur either in sync or before them. For
example, many studies indicate that the density of senile plaques correlates negatively with ChAT activity in the brains of
AD patients.** %3 Alpeit to less robust degree, similar correlations have been found for NFTs and cholinergic neuron
degeneration in most cortical areas of the brain.“? ** 4% While the mechanistic underpinnings of these correlations are
the focus of subsequent sections exploring the molecular pathogenesis of AD, the finding of significance with respect to
present day AD therapy is the finding that decreases in ChAT activity and the extent of cholinergic neuron loss in the
nBM both correlate with the severity of dementia in AD.*** ** Importantly, these early discoveries of a marked
cholinergic deficit in the brains of patients with AD subsequently led to the study of therapeutically augmenting
cholinergic activity. Yet, as just discussed, there are several critical points concerning the use of these drugs in AD. In an
effort to highlight the validity of these concerns, modern guidelines for the treatment of AD using pharmaceuticals which
target the basal forebrain cholinergic pathways will be reviewed. Additionally, data reflecting the real-life clinical efficacy

of these drugs will be summarized by highlighting data collected during randomized control studies.
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4.4 CURRENT ALZHEIMER’S DISEASE THERAPEUTIC GUIDELINES

To date, the main target of cholinergic therapy continues to be the use of compounds with anticholinesterase
activity. This practice comes as a consequence of studies which indicate augmentation of Ach-mediated
neurotransmission at other points in its synthesis/degradation pathways is not clinically impactful. Despite reductions in
ChAT being the most consistent cholinergic abnormality in the brains of AD patients, investigators rationally ignored this
potential drug target recognizing that this enzyme is not rate-limiting in the synthesis of Ach. As discussed previously, the
availability of precursors for this enzyme, namely choline and Acetyl-CoA, dictate the rate at which Ach is synthesized in
cholinergic neurons. Unfortunately, despite being appropriately grounded in cholinergic physiology, supplementation of
choline containing compounds fails to produce improvements in psychological test measures. Notably, this is not due to
an inability to raise plasma choline levels, as a 30 gram per day dose of lecithin increased plasma levels of choline 3-fold
while a similar treatment with choline chloride produced a doubling of this Ach precursor in the blood.® **? Clearly,
cholinergic precursor loading strategies must in some way fail to induce enzymatic activity. Most likely, increased plasma
levels of choline do not necessarily translate to increased substrate availability in the brain. While strategies aimed at
increasing cholinergic signaling at the presynaptic neuron have largely failed to modulate behavior, treatments aimed at
eliciting a response at the post-synaptic neuron by employing cholinergic receptor agonists have demonstrated limited
efficacy. For example, in one study employing a selective muscarinic receptor agonist in a cohort of 343 individuals with
mild to moderate AD, a significant treatment effect on behavior was observed at high doses (225 mg per day for 6
months).“*® Impressively, dose-dependent reductions in vocal outbursts, suspiciousness, delusions, agitation, and
hallucinations were noted. End-point analysis also demonstrated improvements in treated cohort’s memory, social
behavior, mood, self-care, and overall function in daily living as assessed by the Nurses’ Observational Scale for Geriatric
Patients. Thus, unlike cholinergic precursor loading strategies, pharmacological manipulation of muscarinic signaling
pathways may harbor therapeutic efficacy. However, one characteristic of this approach severely limits its clinical
applicability; its heinous side-effect profile. In the high-dose arm of the study described for example, 52% of patients
discontinued treatment because of adverse events. These dose-dependent adverse events were predominantly
gastrointestinal in nature, with 76% of patients experiencing severe nausea and 52% having at least one episode of emesis

in the high dose arm of the study. More severe adverse events such as syncope were also reported in 12.6% of patients on
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the high dose regiment.“®) To summarize these findings, cholinergic precursor loading strategies are associated with a
negligible side effect profile but also fail to demonstrate clinical efficacy. By contrast, muscarinic agonists demonstrate
reasonable therapeutic efficacy, but are clinically impractical as a consequence of their association with adverse events.
As it so happens, cholinesterase inhibitors, which increase cholinergic transmission by inhibiting cholinesterase at the
synaptic cleft, have a more favorable side effect profile and are of modest benefit in patients with AD. For this reason, of
the four drugs currently utilized for the symptomatic treatment AD, three: Donepezil, Rivastigmine, and Galatamine are
inhibitors of AchE activity.

Principally due to the inconsistencies associated with their efficacy, universal guidelines for the clinical utilization
of AchE inhibitors in AD patients are not available. Instead, prescription of these drugs is based on the individual
physician’s preference and clinical evaluation. Generally speaking however, the clinical application of AchE inhibitors is
guided by the results of extensive randomized control clinical trials. Important variables that have been addressed include:
the degree of benefit associated with AchE therapy, the optimal duration of therapy, and the cost-effectiveness of
treatment. Beginning with efficacy studies, the average benefit attributable to AchE inhibitor-based intervention in
patients with dementia is characterized by small improvements in cognition and activities of daily living.“***? To
illustrate this point, one group performed a meta-analysis of 14 studies measuring changes in cognitive outcome
associated with AchE therapy by means of the 70 point AD assessment cognitive subscale. Irrespective of the specific
AchE inhibitor employed in any given study, the treated AD patients displayed a 1.5-3.9 point improvement. At the
surface these results favor the utilization of AchE inhibitors in AD patients. However, a methodological assessment of
these studies reveals considerable flaws, like multiple testing without correction for multiplicity or exclusion of patients
after randomization. As a consequence, the major conclusion reached by the referenced meta-analysis is not that AchE
inhibitors are a valid therapy for AD, but that the scientific basis for their utilization is questionable.“*® Importantly
similar studies are in congruence with this conclusion. For example, in a second meta-analysis of 29 randomized, placebo-
controlled trials, patients on AchE inhibitors improved 0.1 standard deviations on behavioral measures of daily life
activities compared with placebo. Placed in a more accessible context, this effect would be similar to preventing a two
months per year decline in a typical AD patient.*” A separate meta-analysis presents the clinical utility of AchE
inhibitors in a slightly different manner, concluding that 12 AD patients would require treatment for one to exhibit

minimal improvement while one of the 12 patients would develop a treatment-related adverse event.“>? Compounding the
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complexity associated with interpreting such studies is the fact that the vast majority of the studies included in these meta-
analyses were industry sponsored. In an effort to summarize findings devoid of this conflict of interest, in one of the only
studies assessing AchE inhibitors not sponsored by the pharmaceutical industry to date, no significant benefit of
Donepezil compared to placebo for the two primary endpoints, entry into institutional care and progression of disability,
were found.“*® Thus, with respect to the degree of benefit associated with therapeutic management of AD using AchE
inhibitors, at best this approach yields very modest improvement in cognitive function while at worst its unwarranted
utilization in AD generates unnecessary adverse events. Unfortunately, treatment response to AchE is unpredictable and
evidence suggests that the response to AchE inhibitors may be quite variable, with as many as 30-50% of patients
showing no observable benefit.“>* “*® The counter-argument to this point stems from research indicating that up to 20% of
patients show a greater than average response to AchE inhibitor therapy, exhibiting a clinically relevant >7 point
improvement on the AD assessment cognitive subscale.“*® *”) Yet another subpopulation of AD patients may actually get
worse when started at AchE inhibitor therapy.“®® ** Taken together, these findings reinforce the importance of making
clinical decisions on a per patient basis in a manner which takes into account each individual’s clinical response and side-
effect profile.

That said, a treatment trial with a cholinesterase inhibitor is typically employed for patients with mild to moderate
cognitive impairment (MMSE 10 to 26). In a typical 8-week treatment trial, AchE inhibitors are prescribed at the
maximum tolerated dose and a benefit/risk analysis is made by the patients’ care team and family. Logically, treatment is
continued if improvements are noted upon bedside testing and stopped if no improvement is noticed. As suggested at the
beginning of this paragraph, randomized controlled trials investigating the efficacy of AchE inhibitors in mild to moderate
AD show more consistent findings in favor of their use at this particular stage of the disease. While AchE inhibitors can
be prescribed indefinitely, a significant degree of discord in the literature exists as to whether they are effective in
advanced-stage AD. Notably, this issue is particularly relevant with respect to treatment duration, as physicians must
decide when to taper patients off their AchE inhibitor regiment. As an example of the uncertainty which still surrounds
AchE inhibitor use in end-stage AD, in a study of 208 nursing home residents, 70 percent of whom had a MMSE score
<20 at baseline, therapeutic use of Donepezil was associated with improved clinical dementia rating (CDR) and MMSE
scores at six months compared with placebo-treated patients. However, there was no difference between groups when

assessed using the Neuropsychiatric inventory.“® In a similar study of 243 community-dwelling patients with severe AD
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(MMSE score 1 to 12), the cognitive function of patients prescribed Donepezil improved when assessed via the Severe
Impairment Battery (SIB), Clinician's Interview-based Impression of Change, and MMSE, but not others (activities of
daily living, neuropsychiatric inventory, caregiver burden, resource utilization).“®™ Other studies offer more convincing
support for the use of AchE inhibitors in severe AD, with one study of 216 nursing home patients with severe AD (MMSE
1-10) reporting improvements in cognitive ability as assessed by the SIB.“*? To summarize the therapeutic window of
AchE inhibitors in AD, these drugs likely provide symptomatic relief in mild to moderate AD with symptomatic benefits
lost with disease progression over time despite continued treatment. %% Seeking to extend the therapeutic window of
AchE inhibitors, some investigators have looked into the efficacy of high-dose regiments of AchE inhibitors in moderate
to severe AD. Such groups hypothesize that the loss of initial therapeutic benefit over time may be mitigated by higher
doses of a cholinesterase inhibitor. And indeed there are studies which suggest that current dosing regiments have not
maximized the therapeutic potential of AchE inhibition. In more detail, the currently approved doses of 5 and 10 mg/d of
Donepezil have been associated with 20% to 30% inhibition of cortical AchE activity, respectively.“*> *® Recognizing
the opportunity for improvement, a Japanese team placed 61 AD patients who had been receiving a stable dose of
Donepezil 5 mg/d on an increased dosing regimen of 10 mg/d for 24 weeks. Over this time period, treatment with high-
dose AchE inhibitor was more effective in preventing deterioration in severe AD as measured using the Revised
Hasegawa Dementia Scale and Mini-Mental State Examination (MMSE).“*” Inspiringly, these findings have been
recapitulated to some degree in a much larger cohort and scientifically robust manner. In this double-blinded study
conducted across 219 sites across the globe, 1371 patients were randomly assigned to either remain on their standard-dose
of Donepezil (10 mg) or increase to a 23 mg/day regiment.“® Co-primary effectiveness measures were changes in
cognition and global functioning, as assessed using least squares mean changes from baseline (LSM [SE] A) scores on the
Severe Impairment Battery (SIB; cognition) and the Clinician’s Interview-Based Impression of Change Plus Caregiver
Input scale (CIBIC+; global function rating) overall change score (mean [SD]). After 24 weeks of treatment, the LSM
(SE) A in SIB score was significantly greater with Donepezil 23 mg/d than with Donepezil 10 mg/d (+2.6 [0.58] vs +0.4
[0.66], respectively; difference, 2.2; P< 0.001). Consistent with other studies in its inconsistency, the between-treatment
difference in CIBIC+ score was non-significant (4.23 [1.07] vs 4.29 [1.07]).“*® Still, the authors conclude that in
moderate to severe AD, higher doses of Donepezil are associated with greater benefits in cognition compared with

standard-doses. In post hoc analysis, the authors go on to note that patients with more advanced AD appear to benefit
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from high-dose regiments of Donepezil more so than their less severely demented counterparts. However clearly, as
recognized by the investigators of all studies referenced, this observation requires additional work to be validated.

As a direct consequence of the uncertainty surrounding the clinical efficacy of AchE inhibitors, as evidenced by
the studies just described, data on the cost-effectiveness of current AD treatments is especially challenging to interpret.
Nevertheless, available treatments for AD need to be evaluated in order to determine whether the clinical benefits justify
their additional costs. Critically, data on this issue has demonstrated a profound ability to impact clinical practice, as data
suggesting AchE inhibitors lose efficacy in late-stage AD patients has led to recommendations in the UK suggesting the
restriction of treatment, on cost-effectiveness grounds, for patients with moderate to severe cognitive decline. In an effort
to steer policy makers into the appropriate choice, numerous investigators have generated models of cost-effectiveness for
AchE inhibitor treatment in virtually all stages of AD. However, the major limitation of these types of studies is that the
magnitude of cost offset and of the effect of Ach Inhibitor therapy on health-related quality of life depends heavily on the
model's assumptions about the duration of the drug effect, where we just learned internally consistent and controlled data
are lacking.“® In an effort to limit the impact of this confound, the best constructed studies estimate the duration of drug
effect from randomized controlled clinical trials. For example, employing efficacy data from 2 phase Il clinical trials of
Rivastigmine in this manner, one group has generated a hazard model of disease progression to estimate long-term
differences in cognitive functioning between patients receiving Rivastigmine and patients receiving no treatment.“’” At
the conclusion of their study, AchE inhibitor therapy was estimated to delay the transition to more severe stages of AD by
up to 188 days for patients with mild AD after 2 years of treatment. For patients with mild-to-moderate and moderate
disease, the delay in AD progression attributable to AchE inhibitor therapy was estimated to be 106 and 44 days,
respectively. Combining these estimates with data on health-cost obtained from other cross-section studies, the authors
report an estimated average daily cost savings ranging from a low of $0.71 (Canadian dollars) per patient per day after 6
months of treatment to a high of Can $4.93 (Canadian dollars) per patient per day after 2 years. Placing this data into
context, this study and others suggest that on average, treatment with AchE inhibitors yields savings in the direct cost of
caring for AD patients that exceed the cost of the drug after 2 years of treatment.“’® More recent studies have leveraged
the advantage of improved literature on the topic of therapeutic efficacy for AchE inhibitors and generally agree with the
assessment of early studies, suggesting that after 2 years of treatment in patients with mild AD, incremental cost-

effectiveness for direct medical costs is around 20,353 euro/QALY.(‘m) Therefore, although not definitive, simulations of
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cost-effectiveness suggest that health benefits and cost savings justify the use of AchE inhibitors when used to treat mild
to moderately severe AD. However, largely in congruence with data of treatment efficacy in late-stage AD, these same
studies also indicate that both benefits and savings may be greatest when treatment is started while patients are still in the
mild stages of AD. And of course, other studies employing only slightly different methods have reached the opposite
conclusion that benefits are below minimally relevant thresholds even in patients with mild AD.

And so, once again, the AD literature is split with respect to the efficacy of AchE inhibitors, be it in mild or
advanced stage AD. As a consequence, the appropriate duration of AchE inhibitor therapy in the clinic is also unguided by
studies of robust scientific merit. Based only on the relative abundance of conclusions, it is generally agreed upon in the
field that AchE inhibitors offer the most therapeutic benefit when initiated early. While a definitive conclusion on the
therapeutic value of AchE inhibitors in AD undoubtedly requires more attention, a comparison of these efficacy studies
with others performed in patient populations with differing subtypes of dementia reveals a few additional points of
interest. First, to date, the vast majority of trials have not provided support for the use of AchE inhibitors in preventing
progression of mild cognitive impairment to dementia.“’?*™ At first glance, these findings seem to be contradictory to
the conclusion that early intervention is the most appropriate treatment interval for cholinergic therapeutics. However
instead, this finding may simply reflect differences in the pathogenesis underlying cognitive deficits in MCI as compared
to AD. Alternatively, the failure of cholinergic modulators to influence the progression of MCI highlights another open
question in the field. Namely, whether AchE inhibitors can induce negative feedback on cholinergic tone, thereby
themselves compounding cholinergic decline.“’®*’” In congruence with the first hypothesis, all subtypes of dementia
demonstrate a unique therapeutic response to AchE inhibitor therapy. In summary of the relevant findings, similar benefits
are seen with AchE inhibitors in patients with vascular dementia as compared to AD.“"® %% |n contrast however,
cholinesterase inhibitors appear to show greater efficacy in patients with diffuse Lewy body dementia and no efficacy in
Huntington disease.“® “Y Importantly, these results hint at the existence of distinct etiologies underlying cognitive
deficits observed in each disease, each with their own varying susceptibility to the modulatory effects of cholinergic input
and as a consequence therapy. Relating this theory to disease back to AD pathology, in general, traditional
pharmacological replacement strategies are unlikely to succeed in AD because so many neurochemically distinct systems
degenerate, and because structures such as the hippocampus and cortex, which are among the presumed postsynaptic

targets for cholinergic drugs, are themselves damaged in this condition. As stated, for these reasons most experts agree
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that more fertile grounds for cholinergic based therapies exist in more mildly impaired, more neurologically intact
populations.“®® An extension of this expert opinion is that research programs aimed at identifying the etiology of the

degenerative processes and preventing their progression by various means may be more fruitful long-term strategies.

45 USE OF MEMENTINE IN ALZHEIMER’S DISEASE

As a comprehensive understanding of the molecular pathogenesis is still lacking, opinions vary widely with
respect to viable drug targets that will influence the etiology of the degenerative processes in AD. Put differently, there is
very little consensus as to which pathological abnormalities lies upstream in the pathogenesis of AD and as a
consequence, it is difficult to predict which degenerative processes should be of highest therapeutic interest. As stated,
numerous lines of evidence suggest that deficits in cholinergic signaling can induce cognitive dysfunction, a finding
which has been used to justify the use of AchE inhibitors in AD. However, the mild degree and inconsistent nature of
improvements in cognition attributable to cholinergic therapy seemingly confirm the presence of contributory
degenerative processes. Further, there is no evidence to suggest that AchE inhibitor therapies perturb the degeneration of
cholinergic neurons in the basal forebrain system. Instead this treatment approach simply supplements cholinergic tone to
compensate for accruing deficits in cholinergic signaling secondary to loss of nBM projections. Thus, not only do AchE
inhibitor therapies fail to qualify as disease modifying treatments, they also fail to prevent the progression of the
degenerative process they posit as central to the cognitive deficits in AD. In congruence with the hypothesis that
preventing the progression of degenerative processes may prove more fruitful with respect to the long-term treatment of
AD, investigators have leveraged the N-methyl-D-aspartate (NMDA\) receptor antagonist Memantine (Namenda/Axura in
Europe).

Mechanistically unique among the currently quartet of FDA approved drugs for the treatment of AD, Memantine
(Namenda/Axura in Europe), is an N-methyl-D-aspartate (NMDA) receptor antagonist devoid of any direct effect on
cholinergic signaling. Instead, it is purported to prevent cognitive decline via a neuro-protective mechanism. As discussed,
NMDA receptors are highly integrated into the neural circuitry of the hippocampus and cortex, which under physiological

conditions; serve as the principal neuronal substrates of learning and memory in the brain. Notably, glutamate is the
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principal activator of NMDA receptors as well as the principal excitatory neurotransmitter used by these cortical and
hippocampal memory systems. Therefore, succinctly, the rationale behind use of an NMDA receptor antagonist in AD
stems from the fact that excessive NMDA stimulation can lead to glutamatergic excito-toxicity. Synthesizing this
background information into a mechanistic hypothesis, the purported utility of Memantine in AD is the retardation of
neuron loss in the hippocampus and cortex secondary to glutamatergic excito-toxicity. In addition, by shifting
glutamatergic signaling closer to baseline, the physiologic function of remaining neurons could be restored, resulting in
symptomatic improvement.“®? While the literature behind this rationale is by far the most widely recognized, it is
important to note that other properties of Memantine may also be relevant to its efficacy in AD. For instance, two of the
properties most likely to be contributory to improvements in cognition include its ability to enhance LTP“* and decrease
tau hyper-phosphorylation.“®” Regardless of the significance of these additional mechanisms, efficacy data suggests that
Memantine is of modest benefit in patients with moderate to severe AD; a finding which distinguishes it further from
AchE inhibitor-based therapies which demonstrate highest efficacy in early-stage disease. Exemplifying this evidence, in
a 28-week study of 252 moderately to severely impaired AD patients (MMSE scores of 3-14); Memantine therapy
significantly reduced cognitive deterioration on multiple scales of clinical efficacy as compared to placebo.*®® Similarly,
the addition of Memantine to AchE inhibitor regiments in a cohort of 295 patients with moderate to severe AD proved
more effective at maintaining MMSE scores as compared to treatment with just AchE inhibitors alone.“**® Of course,
publications which dispute these findings are available for review, some of which suggesting that the continuation of
AchE inhibitor therapy may be of higher therapeutic value than the addition of Memantine .“*” In this discordant study
however, only patients who had already received Donepezil for more than 3 months were recruited. Significantly, this
recruiting method represents an experimental confound by generating a survivorship bias in which those patients whom
Donepezil had an unfavorable side-effect profile or failed to improve cognition could never be recruited.“®® Thus, in
congruence with the majority opinion, Memantine was approved by the FDA in October 2003 for use in patients with
moderate to severe AD, making it the only currently approved drug with demonstrated efficacy in late-stage AD.
Fortunately with respect to its clinical use, this drug is also unique in that it carries a negligible side-effect
profile. In fact, in some studies, the incidence of adverse events for patients on Memantine was even lower than for
placebo.“® 9 |mportantly this minimal side-effect profile has been used to argue in favor of its use earlier in the AD

course. However, with respect to Memantine efficacy early in disease progression, there is little, if any, evidence to
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support its use in patients with milder AD. In a systematic review of data pooled from three unpublished studies of
Memantine treatment in mild to moderate AD, intention to treat analysis indicated a very small but statistically significant
beneficial effect for Memantine at six months on cognition (<1 point on the 70-point ADAS-Cog) but no effect on
behavior or activities of daily living. While this result admittedly presents a mixed conclusion, a subsequent review of
three additional trials including 431 patients with mild AD (MMSE 20 to 23) failed to recapitulate even a small degree of
impact on cognitive function, finding no substantial benefit with Memantine.“*® Additional studies are clearly needed, but
the current consensus in the field is that the prescription of Memantine should be restricted to advanced disease. Notably
this restriction to late-stage AD means that Memantine is typically employed as a combination therapy rather than a
monotherapy, as patients are typically already on a regiment of AchE inhibitors by the time they reach the advanced
stages of AD. Predictably, the literature on the addition of Memantine to an established regiment of AchE inhibitor is
mixed. In 322 patients with moderate to severe AD (MMSE 5 to 14), treatment with Memantine plus Donepezil resulted
in significantly better outcomes than placebo plus Donepezil on measures of cognition, activities of daily living (ADLS),
global outcome, and behavior.“®® However in an equally powered study, no significant benefits of the combination of
Memantine and Donepezil over Donepezil alone were noted.“®® Given these inconsistencies even in advanced-stage AD,
it is not surprisingly that in a cohort of 433 mild to moderate AD patients, addition of Memantine to a regiment of AchE
inhibitor produced no significant improvement.“*® And so again, the only consistent finding with respect to the efficacy
of combination therapy with Memantine as compared to monotherapy with AchE inhibitors alone is that if combination
therapy does provide a modest benefit, it is likely only observable in more advanced stage disease.

Condensing all of the data presented on the topic of modern treatments for AD into a practical algorithm for
disease management.“*? Pharmacologic therapy using AchE inhibitors should be initiated upon diagnosis of AD, as these
drugs exhibit their maximum clinical impact early in the disease course. As a consequence, all of the currently available
cholinesterase inhibitors (Donepezil, Galantamine, and Rivastigmine) are indicated for mild-to-moderate AD and are of
equal therapeutic potency. Patient or caregiver preference, ease of use, tolerability, and cost should dictate which of these
drugs are used. Treatment should be individualized; with patients being switched from one AchE inhibitor to another if
the initial agent is poorly tolerated or ineffective. Especially in early-stage disease, the literature supports the conclusion
that these drugs improve cognitive function, global clinical status and patients' ability to perform activities of daily living.

Additionally, there is also evidence for reduction in emergence of behavioral symptoms with AchE inhibitor therapy. As
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patients progress to more severe stages of AD, Memantine may be introduced on top of the patients existing AchE
inhibitor regiment without worry of side effects. Most critically, clinicians must regularly monitor symptoms and
behaviors, manage comorbidities, assess function, and educate caregivers on how to obtain access to relevant information
and support. As emphasized by this summary, the main targets of cholinergic therapy continue to be the use of drugs with
anticholinesterase activity despite their inability to overcome the cognitive deficits associated with the cholinergic hypo
function seen in AD. Today, it has become evident that dysfunction of the cholinergic projection system is mainly a later
stage event in the development of AD. While there is in fact phenotypic dysregulation of cholinergic signaling in early
AD, no frank loss of neurons early in the basal forebrain system are appreciated. Correlating nicely with these pathogenic
features, AchE inhibitor therapy appears more useful early rather than late in the course of AD. Looking forward,
compounds need to be developed not only to enhance cholinergic activity, but preferably to slow or prevent the
degenerative processes underlying the eventual extensive loss of CBF neurons in AD. Of course, the ultimate goal must

be the discovery and clinical evaluation of disease-modifying treatments.
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CHAPTER 5 MOLECULAR ETIOLOGY OF ALZHEIMER'’S DISEASE

For well over two decades, the amyloid cascade hypothesis of AD has dominated with respect to its influence on
research conducted in academia and the pharmaceutical industry. Distilled to its simplest form, this hypothesis synthesizes
histopathological and genetic data, and posits that the deposition of the amyloid-p (AB) peptide in the brain parenchyma
initiates a sequence of events that ultimately lead to AD dementia. An extension of this hypothesis is that the NFTs, cell
loss, vascular damage, and dementia associated with AD pathology are a downstream consequence of AB-pathology.“*
Two seminal events in AD research are predominantly responsible for the generation of this cornerstone hypothesis: (i)
the characterization of Ap plaques by Alois Alzheimer in 1907 in the first described case of AD® and (ii) the discovery
that AD could be inherited in an autosomal dominant fashion.“* Amazingly, the influence of Alois Alzheimer’s initial
characterization of AD is still readily observed today, as the neuropathological hallmark of AD remains the amyloid
plaque and identification of these lesions is required for pathological confirmation of AD in all generations of published
guidelines.®® Since the discovery that aberrantly cleaved AB-peptide was the primary constituent of these lesions, Ap
plaques have been posited as central to AD pathogenesis.“® Admittedly this discovery in no way constitutes scientific
evidence of a central role for AB plaques in the pathogenesis of AD. Nevertheless, this early discovery inarguably placed
AP plaques at the center of attention with respect to AD pathology, where it has remained since. The fact remains
however that this initial discovery does nothing to exclude the possibility that A plaques may simply represent a
downstream consequence of some inciting etiology. In discordance with this possibility however, a seemingly irrefutable
amount of genetic evidence supports a central role for AP peptides in the pathogenesis of at least some forms AD. This
data, as well as work done in humans, animal models, and in vitro is the focus of this chapter. However in addition to
providing the mechanistic underpinnings underlying AB-centric models of AD, this section will also provide the necessary
background to address the most commonly levied criticisms of this model. Though expanded on later, it warrants
mentioning here that the failure of Ap-targeted therapies in clinical trials has caused some in the field to question the role
of amyloid-p and amyloid deposition in AD. While the primary focus of this chapter will be evidence supporting AB’s

central role in AD pathogenesis, subsequent sections will address these criticisms directly.
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5.1 AMYLOID PROCESSING

Before the evidence for and against AB-centric hypotheses of AD pathogenesis can be appropriately presented, a
generalized review of the physiological processes behind the production and clearance of the AP peptide is warranted. As
early as the 1980’s, researchers intent on purifying amyloid plaques discovered they were comprised principally of A
peptides 40-42 amino acids in length that aggregated as oligomers.“*® Later, gene cloning and cDNA analysis of the
monomer AP proteins would lead to the discovery that this peptide family was derived from the proteolytic cleavage of a
larger precursor which was subsequently named the amyloid precursor protein (APP).“*” The APP gene contains 18
exons and gives rise to at least eight APP protein isoforms by alternative splicing of exons 7, 8, and 15.“*® Of note, the
APP isoforms mainly expressed in neurons always contain exon 15 and are more amyloidogenic than the non-neuronal
forms. The longest APP isoform is a single transmembrane-spanning polypeptide of 770 amino acid residues with a long
extracellular N-terminal segment and a short C-terminal tail.“*® However the AP isoform most commonly expressed in
neurons occurs as a result of alternative splicing of exon 7. This generates one polypeptide of 695 amino acids in length
whereas alternative splicing of exon 8 results in a polypeptide of 751 amino acids which is also expressed in the brain, but
more commonly in non-neuronal tissues.®® Structurally, APP is a membrane bound cell-receptor which contains the Ap
peptide sequence in the extracellular domain.“*® Unfortunately, the function of APP is still poorly characterized. In-vitro
studies suggest that secreted APP can function as an autocrine factor by stimulating cell proliferation a