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Chapter 1 MEMORY CIRCUITS IN HEALTH AND
@QKYGDHLDQ¥Y?R CHRD@RD

Perhapsd a greater degree thanany other organ system found in the mammalian booipprehendinghe
etiology ofa particular lesiomvithin the CNS requirean understanding @fs paradoxically modular yet distributive
nature. Science has only begun to identify the neurobiological substrates cuits whichmediate specific domains of
cognition and the determination tbfe complex manner in whigdhese systems interactasguably one of the greatest
challenges left in modern science. Put plainly, our current understanding of the neurobiological processes-gdricd sub
normal cognition is at beghcomplete Historically, his state of unknowinbas been of central corgeence to those
who study AD, as a fundamental tenant of decipheringatieophysiologic mechanisaf 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 @mplete understanding of how memories are acquired, encoded, and stored, it becomes a daunting task to
explain how AD pathogenic lesions producparticular clinical phenotyp€ompounding this issué&D, as we define it
currently, is a heterogeneous rnadegenerative 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 explanaifdhe intrinsic and extrinsicircuits of the hippocampus in order to
facilitate comprehension of the etiology of memory deficits in AD. Furthermore, in order to appropriately interpret the
generalized athogenic changes observed in this disease musfirst be familiar with changes occurring as a
consequencef normalaging.Only given this background canprecise neuroanatomical description of the cardinal
features of AD pathogenicity, namely neuron loss, neurofibrillary tangles (MIERs)ty and anyloid-b () pldmue
depositionbe appropriately discussed. Of note, all subsequent chapters will reference the neuroanatomical description
AD pathology described in this section to provide context for additional descriptions of AD clinical dpfittitayenic

subtypes, proposadolecular etiology, and treatmeagppraches



1.1 HIPPOCAMPUS ARCHITECTURE & MEMORY CIRCUITS

Ever since Scoville & Milneroés initial report of s
hippocampategion has been defined as central to our memory capaéigllowing the general trend in neuroscience
however, even withithe narrow scope ahemory the role of the hippocampus is further constrained to both a temporal
window and selegte domain of memory processinglith respect to a temporal consitato 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 le$idpated memories that have already been consolidated into
longt er m memory, such as rae siilarly exesmptrbrdebcitsatiributalbletdediodsiofthe d |
hippocampu$® Analyzed as a whole, these fingshave ledhe field to theorizeéhat the hippocampus playsemporally
constrainedole in memory consolidation, the process occurring between the initial formation of memories and their final
repositoryin the cortex? Interestingly, the duration of critical hippocampal involvement in memory formation may
depend on mediation from adjacent arefthe temporal cortexas damage to these regions produces a more temporally
extensive form of memory 10§5® 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 lesias until sometime later. Inde&dvas notuntil 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 m&h@oynposed of episodic and semantic
memory subtypes, the declarative domain of memory defines our ability to consciously recollect evengasifithe
compliment, procedural or nesreclarative memory, involves the acquisition of skills and biases that can be expressed
unconsciously through alternations in performance. Not dependent on hippocampal function,grnateddral memory
is principdly mediated by the nestriatum and cerebelluffi? Thus, it 5 now clear that there are several independent yet
interconneatd memory systems in the bralivat subserve specific domains of memotwg.fact, in addition tahe
procedural and declarative memories subdivisions already described, robust eviderappats the existence of an
emotional memory system mediated in part by the amygdala and a working memory syssenvedlby various cortical

regions® ™ The discovery of these regionallistinct memory systems can be credited largelwork done in animal



modelsthrough which we are beginning to characterize the neural circuitry and information processing mechanisms tha
mediateeachof the unique domains of memory.

With respect to thgeneralizedinatomyand processing mechanismtbé hippocampal memory systewnrk
donepredominatelyn animal modelsupports what has been termed the classgytraptic model of hippocampal
synaptic transmissioffrigure 11). While not included in tls simplified model, extensive work confirrtizat the origin of
afferent information for the hippocampus is derived from virtually every neocortical associatiét B €. significance
however these neocorticalfferentsources 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 cortice3.Eachof these parahippocampal subdivisions are highly interconnected and send
efferent projections to the CA1 and CA3 sectors of the hippocamudethate gyrus, and subiculWhile each
subdivision of the parahippocampal cortex plays an important role in memory, tlemeff@jection®riginating inthe
entorhinal cortextermed the perforant pathwaygnstitute the major cortical afferent source for the hippocampus and
dentate gyruand therefore waant a more precise descriptigkdditionally, as summarized in det&il subsequent
sections, this source of cortical afferent information to the hippocampus is specifically perturbed in AD and constitutes t
first connection defined in the classic$ginaptic modebf synaptic transmission in the hippocamftiNotably, his
collection of efferent projections originates from pyramidal and stellate cells contained in entorhinal layeidl Brad
to a lesser extent deep layers V andafid received its name as a consequence of its projection through the subiculum or
its way to the dentate gyrus and hippocampal sectors CA1%€ABore precsely, it terminates along the outer dendritic
branches of the subicular and hippocampal pyramids, and on the outhirtigoof the dendritic fields of the dentate
gyrus granule cell$? As described in further detail below, the perforant pathway initiates asgmbitic excitatory
sequence of intrinsic hippocampal circuits that terminate i€#ikefield and the subiculu®® 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 layerBl 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 braf€AXY &f the perforant
path has been shown to medispatial memory consolidatidl? Returning to oureferene ofthe trisynaptic loop of

hippocampal synaptic transmission, granule cells in the dentate gyrus fire on CA3 pyramidal neunomg/elimated
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efferent axons termed mossy fibekdore precisely, these preahinantly 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 stratu
lucidum of CA3®® Completing the trsynaptic circuit, hippocampal CA3 pyramidal neurons synapsson CA1

neurons via Schaffer collaterdl3.In reality, theafferent signalseacting the hippocampusia the perforant pathway are
processed by broad network of highly convergent/divergent connectishigh are hypothesized to mediate memory
consolidation in a plasticitgependent mann&® However, asnformationprocessing ihippocampusas not been
completelyelucidatedthis tri-synaptic model of hippocampal transmission summarizes the major intrinsic pathways well.
The outpubof these intrinsic hippocampal circuitsconveyegredominately via efferent projections from pyramidal cells

in CA1 and the subiculuto a variety of locations in the brain including the: thalamus, hypothalamus, basal forebrain,
amygdala, and association corti€&sAgain, as described in subsequent sections, these efferent pathways are of particul:
interest when considering the etiology of memory deficits in ADthe majoity of studies have utilized animal models

to do this, a brief discussion of the efficacy of employing animal models to study hippoaappatient memory is

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

The wiring diagram of the hippocampus is traditionally presented as-aytmmaptic loop. The major input is carried by axons of the
perforant path, which convey polymodal sary 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 andntcedialal
cortices innervate the outer drmiddle 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 collaterbks 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 pyransidaé edHo
innervated by a direct input from layer Il cells of the entorhinal cortex (not shown). The distal apical dendrites of CA1 pyramida
neurons receive a direct input from layer Ill cells of the entorhinal cortex. There is also substantial modulatory inigptot@aimpal
neurons. The three major subfields have an elegant laminar organization in which the cell bodies are tightly packeder cokiimg G
shaped arrangement, with afferent friseterminating on selective regions of the dendritic tree. The hippocargako home to a rich
diversity of inhibitory neurons that are not shown in the figuReproducedwith Permissions from Nature Reviews Neurosciefnce.



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 thenajor pathologic features associated with AIB-Ts are comprised of paired helical filamefR&1Fs) which
are aggregations of a hypghosphorylated microtubulessociated protein known as taese lesions are intracellularly
localized.By comparison, A p | a gedtmcellularaggregatiomomprised obberranthc | eav e d AWhilepept
thesehistological abnormalitiearewell established cardinal features of AD pathogendséyarenot unique to AD,
being present in a number of brain disorderd even imormal 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 Btrephgday, a
common misconception about normal ageing is that sigmificell loss and dramatic changes in neuronal morphology
occurdiffusely and with no appreciable regional restrictidsisder this misconceptig@a multitude of studies have
investigated the relationship between cortical atrophy in cognitively normalyetaielpatients with AD Rationally
assuming that increased atrophy must underlie the clinical deficits observed in AD, early studies operated under the
assumption that brainraphy must be more severe and regionally restricted inh&D in cognitively normal elderly.
Operating under this assumption, several studies have investigated the possibility of meaningful trends existing betwee
brainweightsof cognitively normal elderly as compared to individuals with &B? Unexpectedly, even in the largest of
these studies, significant differences in brain weight are not detected between AD anttdedtontrols; although a
nonsignificanttrend towards more severe atrophy in AD is obsef?7é8.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 degreénafivideal
variability. Furthemore, whilebrain weight can decrease by nearly 10% in AD patients, the brains of cogmitiveigl
elderly also undergo a significant degre@wbphy?® In fact, simply as a consequence of normal aging, brain
volume/weight declines with age at a rate of arc2#%@ per decade after age 40?® Not only does this individually
variable rate of atrophy in cognitivehormal subjectsompound tie intrinsic variability in brain magwgesentat baseline,
it is not congant, withreports suggestg that the rate ofieurodegeneratiancreassover the agef 70in an

unpredictable fashiofi” 22 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 utilit¥his is becauseithout knowing what neuronal systems and cell
populations underlie the reductions in brain méss extenbf AD patholoy aloneis unlikely to correlate robustly with
symptom severityAt the mostfundamental level this is becaube brain is functionally compartmentalizedghly
integrated neuronal networksapable of robust plasticity, sslerve veryspecific functios which when perturbeglvoke
an equally unique behavioral phenotypaus, the severity and nature of a patéicfunctional deficit is always a
reflection of two variables: (i) the extent of neuropathology and (ii) the specific neuroanatomical lanativeturef
that neuropathologyPut differently, since the pathological features of AD are also presemntrirahaging, it is not
sufficient to know the extent of AD pathology in tiwBolebrain. Instead, one must privy to both the severity of the
pathology and itanatomical/cellular targets the brain in order to robustly correlate pathology to functioniditse 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 atro@weraged over the whole braippearsimilar in normal aging and
AD. The second variable, the neuroanatomical pattern characteristichafeurodegenerative procésaot assessed
when considering total brain weiglfor example, a reduction in total brain weightilcbbe explained by neuronal
apoptosis, loss of nemeuronal celtypes, degeneration wfhite matter tracker any number of equally plausible
processed-or this reason, the degree of cortical atroptross the whole brafails to correlate robustly with symptom
severity in either AD or cognitively nomhelderly.Here alspwe have our answer to the questitnhy doesthe
neurodegeneration associated with pidducemore profound clinical deficits compared to the process of normal aging if
the degree of cortical atrophy is not significantly different between the two etico@edy when averaged over the
whole brain is cortical atrophy equivalent between AD andnabageing. In reality hie two pathophysiolagal
processes display unique patterns of neurodegeneration and emplaictgionof the brairto a different degree

Keento correlatethe degree of cortical atrophy with a preaigeiroanatomicalegionof the brain in order to
explain function deficits, beginning in 1955, pioneer neuroanatomist H. Brody began quantifying neuron loss across the
human life spaff® Subsequently followed by a large volume of studies, science bdatsmly convincedof a
ubiquitous10-60% declingn neuronal densitfrom early adulthood to late old agecurringas a consequence of normal
agingwithin thehuman cerebral corté¥:2>33 Perplexingly, just as in ADrobustneurodegeneration attributable to the
normal aging proceswas reported toccur to a varying degree in different regions of the bi&fimle these early studies

would later be corrected as described below, profaweuwon loss in the range of-588% 1551%, and 14£9% were
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attributed to normalging in regions such as the tempass$ociatiorcortice$?® *-3% 39 frontal association corticéd3*

339 and subiculuf®3?, respectivelyEspecially relevant tde topic of memory impairmerieter studies woulgjo on

to demonstratan equallyprofound19-43% loss in hippocampal neurons in normallyeing human$? Indicative of the
technical difficultiesnherent inquantifying neuronal degeneratiadhe precise mechanism khich neuronal density
declinedin normal agingvasnot unanimously agreed upon. While the majority of studies sigajtbet hypothesighat

neuronal density decreasede to the loss of gray matter, others emphdstzat reductions in white matter pathways is

also contributoryStill others hypothesizetih defiance of the popular paradigthat robusheuronal death was not
characteristic of normal aging, and that instead reductions in brain volume/mass represented shrinkage of cell bodies c
reductions in neuropil. In fact, not until the advent of newesr e ol ogi cal principles in th
uncover the systematic confounds which led to this uncertainty. Employing these more precise methodologies, modern
investigators uncovered that early reports of severe neuronald@sonsquence of normal ageingere confounded by
various technical and methodological issues, such as tissue processing and samplifitj dfestigad, the resulting

conclusion of these studies was thatiman§® *?, nonhuman primate&® *Y and rodenté®*?, significant cell death in

the hippocampus and neocortex is not characteristic of normal atyefagt, a ~30% reduction in neuron number in

layer 8A of theprefrontal cortex (PFC), is one of the only reductions in neuron number attributable to normal ageing that
has been corroborated using modern methodolé§i¢ending 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 8
of the PFC correlates with impaired performance on a working metest*{?

Similar to early reports of a decline in neuronal density with ageing, early investigations of dendritic branching
incorrectlysuggestednassive deterioration in the human entorhinal cortex and hippocafhfighese experiments too,
however, were plagued by experimental confounds such as the selectioet@faeneoustudy pgulation 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 ageifagt, 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 obseinae@asesn dendritic branchingrelargely

accounted for by the lengthening and branching (apical dendrites) or lengthening only (basal dendriteis)abf te
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dendritic segment$? Mechanisticallythese data suggest a modetobust plasticityin which the aging cortex contains
regressingapoptotic angurvivingarborizingneuronswith the latter group predominatireyenin the agingadultbrain
Highlighting only those studies which characterize dendritic branching in regions of particular significance to AD,
extensive dendritic branctgrin layer 1l of the parahippocampal gyrus, the origin of the perforant patiswegw welk
established in the literatuf®.*® Additionally, increased dendritiextent in the dentate gyrus of old compared with
middle-aged humans hamw been reported® *? Lastly, the human hippocampasid subiculunexhibitno change in
dendritic branching with ag&®*? Corroborating these findings in humans, modéudiss of éndritic extent in other
animal model$ave, in general, comfned that there is no regression of dendrites with Bgreexamplen rats, no
significant reductiongn dendritic length ohippocampal granule cells @Al neurondetween young (3 months),
middle-aged (1220 months) and aged (230 months) ratsave beembserved>**® Consistent withhe studies above
which suggesthe morphology of PFC neurons is uniquely sensitive terelgéed neurodegenerative procesags,
dependent reductions in both apical and bdsadriticbranching ofPFC neuronfiave been reported in the medial PFC
in humans and raf& °%°? In summary, extensive research in both animal models and human subjects stfodgiyto
the conclusion that PFC neurons arere vulnerable to theeurodegenerative processes of agéiag their hippoampal
counterpartsalthough this is not to say more subtle changes to neuronal morphology are completely absent in the regio
of the brain which sulserve memory. To the contrary, while the CA1 region of the hippocaiipusl dentate gyr(ré
%) demonstrate no significant differemin spine densityn humans and ratin the subiculum of nehuman 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 noagailg, at worst, the brains of intellectually preserved elderly
individuals are characterized hyild brain atrophywith functionally significant reductions in neuron number and
dendritic density predominantly restricted to the cells of the R#dle thisunique pattern of neurodegeneration
differentiates normal aging from the neuropathological profile of AD described below, it also raises a new.question
Na mel vy, Awhat neur oifthet geeronalfdendrificreeluctpmsqeaur forsthee somnmby observed
phenomenon of agassociated memory impairment (AAM?

Compared to their younger counterpaittss now well-established thaaged humans exhikét distinct pattern of

memory impairment in the domains gfigodic memoryand working memor{f*®? Given the evidence of robust age
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dependent reductions in PFC neurons in the eldigstbussed aboyé is not surprising that deficits in working memory
are observed in this populatidDne way thesege depemlent deficits in working memory have been demonstrated
empiricallyis by evaluating performance dmetdelayed nematchingto-sample (DNMS) taskVhile humanglisplay
significant reduction in performance on this t&&ktheyare not the only species to exhibit deficits in working memory
with advancing age, as aged f#tand norhuman primaté®* ®® also show timelependent 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 sulistxaeutive function. One way to
measure executive function is with the Wisconsin card sorting task (WCST). Unsurprisingly, aged humans are impairec
on the WCST and make more perseverative eftdss with working memory impairment, adaptations of the WCST for
animal models have demonstrated deficits in executive function are alsa seerhuman model€? Notably, unlike
deficits in spatial and episodic memory obsetin AAMI, impairment in working memory and executive function are
not surprising given that the morphology of neurons in the PFC is more susceptibleetategbneurodegenerative
processes.

Whereas the PFC is necessary for workimgmory®® "% and executivéunction™, theremaining deficits
associated with AAMI, namely impairment in episodic and spatial memory tasks, are hippockmpendent.
Perplexingly, despite the lack ofert neurodegeneratiam the hippocampygperformance on episodic memory tasks
declines with age in humaf?$.%? In addition, aged humafig, monkey§>"?, dogs™ ™, ratd’” "® and mic&? all show
deficits on tasks designed to test spatial navigation. Until recently, the neurobiological substrate of these observed defic
was a mystery given the absenc®wértneuron death or alterations in dendritic density associated with increased age. As
it turns out, the mechanism behind agsociated behavioral impairments attributable to hippocadysélinction are far
more subtle and result from regispecific changes in dendritic morphology, cellular connectivity’ @gsregulation,
gene expression anther factors whiclaffect plasticity. With respect to dendritic morphology and cellular connectivity,
electron microscopic investigation at the perforantimtimule cell synapse showed that aged rate ba27% decrease
in synapse number in the middle lexular layer of the dentate gyrus compared with yound®4tsThe pecificity of
this synapse logs the dentate gyrus astonishinglyconstrainedas ageelated synaptic loss involves axospinous, but
not axodendritic, junction§? Moreover thesealternations in synaptic connectivitye both functionally significant and

regionally constrainedysspatial memory deficitsorrelate robustlyvith a reduction in perforated synapses at the medial
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perforant pathgranule cell synaps& Notably, the alternations in cefb-cell interactions observed in the dentate gyrus

are not oberved for Schaffer collatefdC Al synapses, as the total synapse number remains the same across different ag
groups® Instead, it is believed that agelated dysfunction in CA1 pyramidal ceiésrelated to profound reductions in

the postsynaptic density area of these perforated synapses. Supporting this conclusion, electrophysiological data
demonstrates that the amplitude of the field EPSP recorded in area CALl of aged rats is reduced compared to younger
Taken together hiese findings support the idea that many hippocampal perforated synapses becumetitomal or

silent in agedearningimpaired 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 i
cell-to-cell interactionglescribed, the biophysical properties of hippocampal neurons are also dramatically altered by ag
For example, numerous studies have demonstrated an incr&eédonductance in aged hippocampal CA1 neurons,
perhaps due to an increased density-ofe Ce?* channeld®® While reductions in synapse number could perturb the
cooperativity of active synapses and lead to network dysfunction, dysregula@afi bbmeostasis undoubtedly

contributes taestrictions implasticitythat may contribute tthe observed deficits in spatial and episodic mersegn in

the elderly The best evidence of this summary comes from experiments which demonstrate that aged rats exhibit defici
in LTP, a process universally acknowledges 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 areobust;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 releasghnwpostsynaptic depalzation resulting in the ejection of Mg2+ from NMDA receptors

and a consequent increasérimacellular C&.*81Consi dering this phase of *LTPo&s
regulation and theooperativityof afferent input, it is mechanisticglapparently why LTP induction is perturbed in the
hippocampus of aged animals. Less intuitively however, normal aging also impairs the maintenance phase of LTP. In tl
second phasef LTP, changes in gene expression and the insertion/relocation of Al¢eptors into the postynaptic
membraneénsures theontinued expression of increased synaptic effiedt®r inductionAs stated, it is known that the
maintenanc@haseof LTP requires gene expression and de nowten synthesisThis protein synthesiis facilitated via

the expression of immediate early genes (IEGs) such as cfos. Functitif@Bycan be grouped intao classes:

inducible transcription factor-jun, cfos, and zif2)and effectoiproteins® After c-jun and efos mRNAare translated
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into protein, th& protein products caform a heterodimer caliethe activator protein 1 (APtpmplex.Critically, AP1 is
a transcription factor that promotese expression of latresponse genes, some of wharle impotant for the growth of
new synapses or teodification of synaptic structufé) Relating this pathway of LTP maintenance to-agjated
alternations in plasticity which may affect cogniticthough hippocampal pyramidal cell expression of IEGs do not
differ significantly across age groupderly animals transcribe less IEGRNA as compared to younger contr6fs

This consequentlynay lead to dysregulation of other genes that depend on the AP1 transcriptionrésciting in the
deficits in LTP observed iaged animals. Interpreted as a whole, these studies suggest trelategbchanges in key
excitatory synafic connections, even in the absence of significant circuit degenenagidarb neuronal function in the
hippocampus to a degree sufficient to impair LTP; one of the principal neytoeradmenominderlying memory
formation.

In summary, ace thoughtd be exclusively a consequence of massive cell loss and the deterioration of dendritic
branchinganimals experience an agependent decline in cognitive functiéh?® Clinically referred to as AAMIthese
agerelateddeficits in episodic, spatial, amegbrking memory in addition to perturbatiomsexecutive functiotave now
been mechanistically linked to subtle neuronal changes in theRd#8ippocampus. Without questiofitie brain
regions affected by ageing, the hippocampus and theapp€ato be particularly vulnerable. However, alluding to the
complexity of the pathogenic processes which underlieglgéed neurodegeneration, thgact of ageing on neuronal
function ineachof these regions differdramatically. With respect to th-C, the morphology of these neurons appear
more susceptilel to agerelated changeas these neuromshibita decrease in dendritic branching across animal
models®?® %57 Additionally, in stark contrast to initial reports of wigpread neuronal decline in the aging brain
evidence now suggests that regionally constrained losses in cell nfardzBA in monkeys)ccuis naturally with age
andthatthis decline in cell densitig correlated with working memory deitis*® Although there is also evidence ofa
dysregulation in aged PR@uron<®, the functional consequences of this are not yet known and are far better
characterized in the hippocampus. In this secarderablebrainregion, more is known about the impact of ageing on
neuronal function. Specifically, dysregulation in“Claomeostast®’ and changes in synaptic connecti{fdyare
hypothesized to perturb plasticity and gene expression resulting in an alteration of tharnygiageuronal circuiy
which subserve memoryNotably, dthoughtheagerelatedneurological changegescribed are of sufficient severity to

perturb neuronal function in these two brain regidike the clinically observed deficits associated with AAkhiese
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neuronal changdend to be subtlezhencompared with thalterations that are observed in agsociated disorders such
as Al z hei mdowever mildl byscenparison, a robust underdiag of the precise mechanistic underpinnings of
AAMI is critical for the study of AD, asinderstanding ageslated changes in cognition sets a background against which

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

1.3 NEUROPATHOLOGICAL CHANGES ASSOCI ATED WITH ALZHEI MER

As justification for why an understanding of agdated neurodegeneration is fundamental to assessing the
pathological changes in AD, one must look no further than the now dated theories of AD pathogeekesisdian 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 [ffoéasim 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 spegific patte
in neuron losexisted 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 substrate
of memory formatin in the brain; thentorhinal cortexhippocampusnd subiculumin addition to sutserving the
cognitive functions most perturbed by AD, these regions of interest alscoimridentally are the first to develop the
hi stopathol ogi c aplagdemdnd NRasInlike in reofmal Agihg in Whith preliminary findings of robust
neuronal loss were later proven false, the neuronal loss reported in AD has been more or less consistent since its initia
discovery.For example, in onef the earliest studs of neuron loss attributable to AB52%and 31%decline in the
number of neurons in the subiculandhilus of the dentate gyrus represent the two most signiffaadings
respectively®® While these studies are notable for being among the ficgidatitatively measure neuron loss in AD,
later studies which contrasted AD patients with-aggched controls, were those which truly marked the downfall of the
theory that AD and normal aging represent the same pathological process. ChronologicaledWlahccolleagues
were the first to present watbntrolled evidence of differences in hippocampal neuron loss between AD and cognitively

normal elderlyChief among their 1994 discoveries was the finding of a robust 31% decrease in CALl hippocarapal neur
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number in individuals with AD as compared to both youthful and aged subjects (AD= 41 ®eurons versus
14.08x1G in normal ageing groupy? In contrast to the finding of reduced CA1 neurons in AD, almost no neuron loss
attributable to ageing was measured in this rediater studies would go on to characterize the rate of
hippocampal/entorhinal atrophy between AD and cognitively normalalswinly to discover that AD patients
demonstrat@ greater annual percentage volume change in both the entorhinal cortex 4638%6}/and hippocampu$s.9
+/- 2.4%) when compared to contr&8°® From these findings, the authors concluded that the neurodegemerat
processes associated with normal ageing and with Alzheimer's disease are qualitatively. d¥fEherindependent
corroboration of this groups findings would subsequently confirm this conclusion and disprove the hypothesis that AD
and accelerated agirage synonymous terms for the same pathological préteég®

Now pathologically distinct from normal aging in the literature, the specific pattern of neuron loss in AD was
quickly elucidatedy further quantitative stereological studids. stated, the first of these confirmatory studies
recapitulated the finding of severe neurodegeneration in regions of the braiersiny memory, with estimated neuronal
losses of 3168%,22-47%, and 1425%, for pyramidal CA1 neuronthesubiculum, andhehilus of the hippocampus,
respectively®® % 9 Equally critical, a subset of these studies also demongtiatethe extent of neuronal loss
progresses with theathologicakeverity of AD. For example, Braak stage IV AD patients exhibit a 33% reduction in
pyramidal CA1 neurons while a 51% declindhis same neuron population wagasured in Braak stage V AD
patients'®® Of additional significanceneuron loss is not homogenously distributed even within a particular brain ragi
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 andlanrented agmatched controls reveals a 48%
decline in the ow&ll 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 [@)&WHile neuron loss in the structures
discussed to this point are certainly fundamental to the clinically observed definigsriary associated with AD, cell
loss in other key brain regiorlike theNucleus basalis of MeyneffNBM), is unquestionably contributory as well. In this
region, investigators report a devastatingg®% reduction in cholinergic neurofi$*® A component of the highly
integrated basal forebrain cholinergiathways strong evidence suggests that this system makes key contributions to
normal cognitive processes and that disruptiotiisfsystem 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 neurotréiesraystem currently represents the ggtlandard in
AD palliative treatmentHowever the ineffectiveness of these treatments clinically may be an indication of other regions
of substantial neuronal degeneratinlAD. With respect to neocortical brairgiens, 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 tha
50% reduction in neuron content in severe AB Similar to the entorhinal cortex and hippocampus, the former
demonstrates a selectiyerulnerable cell population, with an astonishB@f6reduction in PFC pyramidal neursi®
Lastly, while subcortical structurdige the substantia nigra agenerakpared from severe neuron loss inR#) the
amygdald® and EdingeiwWestphal nucled®? both exhibit robust degeneration,-56% and 67% respectivelfotably,
while these quantitative assessments demonstrating an extensive neuronal loss during thepraigfg3$iave 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 magorityn of
loss observed in ABf® %7, other mechanisms of medegeneration such as necrosis cannot be ruled out in light of
evidence of abnormal oxidative stress and advanced glyeatidproduct§-*®

Beyond distinguishing AD as a unique pathophysiologicatyenthen interpreted within the context of
hippocampalmediated memory pathways, the patterns of neuron loss in AD also provide a mechanistic understanding ¢
the cognitive dysfunction observed in AD. As discussed, the input and output pathways gbdicaripal 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 hippocampusrarises fr
projection neurons in layers Il and Il 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. /
these are presely 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 wixinsic 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 speitiiof AD lesions with respect to afferent hippocampal
pathways, CA1 pyramidal neurons and the subiculum are robustly degenerated as a consequence of AD pathology. Tt

both the principal afferent and efferent pathways to the hippocampus are selgar@iped in AD. Generalizing for the
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sake of clarity, the functional ramification of this finding is analogous tel@éral hippocampal lesion, with

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

While neuronal loss represents the first cardinal pathological feature ahdpartially explains the clinical
deficits observed in ADit is obviously far too ubiquitous among neurodegenerative disorders to be considered a
pathognomonic featura AD. Instead a fundamentadistinction between other neurodegenerative pathol@gidsAD is
thatthepathophysiology of the latter is characterizedalujstinct topographical distribution oéfvo pathognomonic
neurobiological lesions A b p | aeqrafibrilarydangles (NFTs)n summary of this topographical distribution of
NFTs, the CAL fields of the hippocamp@ntorhinal cortexand the inferior temporal cortex typically harbor the greatest
degree of tauopathy. In contrast, the superior framdloccipital cortex are relatively spared in AD, even in the tenth and
eleventh decades of lif¥? Acknowledging the finding that NFT deposition in the substantia nigra and locus coeruleus
are not specifito AD pathology, NFT deposition follows a stepwise topographic distribution pattern that begins in the
transentorhinal region (Braak stage |) before affecting the entorhinalxc(Btaak stage 1), hippocampus atednpore
occipital gyrus (Braak stage )Jltemporal cortex (Braak stage 1V), parietal cortex (Braak stage Mpatigloccipital
cortex (Braak stage VI§*° Notably, while this temporal profile of NFT deposition is typical of ABETs are not
specific for AD and are indeed foundiversallyin almost every class of brain dsseExemplifying 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 (FIMBPT), focal cortical dysplasia, myotonic dystropipyion
diseases, metabolic/storage diseases, some brain tumors, chronic traumatic encephalopathy, viral encephalitis, and otl
brain disease$™*'!9. Especially with respect its role in the pathology @&D, theubiquitouspresence of NFTs in
human brain disease suggests that NFTs are, at least under some conditions, a secondary response to injury. In suppc
this interpretation, NFTs are even foyatbeit in a topographically restricted manner, in the absenoeecof
pathology™? Two independent studies demonstrate this finding, with all individuals over the age of 40 years exhibited
least initial NFT pathology in the brainstétf 13 On the other handthers argue that NFTs play a primary role in
neurodegeneratioeitingt hat NFT pat hol ogy is observed in theinhuma

patients with AD™® 18119 Gl despite likely representing a secondary response to injury rathethéngrimary
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neurodegenerative insult, the density of neuroanatomical localization of NFTs remains one of the most important clinice
parameters in AD. This is principally due to the vast literature supporting the conclusion of a robust correlation betweer
neocorticanot necessarily allocortical or subcortical) NFT density and-anaigem cognitive status. Highlighting the
most scientifically rigorous of these studiegnygroups have independently demonstrated that the density ofiNFT
select cerebral fieldsgnificantly correlatewith cognitive performance as assessed via behavioral assays such as the
MMSE.*?% 120 |n fact, the correlation between NFT deposition and cognitive deficits is so robust that the neuroanatomic:
distribution of NFTds predictive of the cognitive domains affected in patients witH’AB" *?? For example, the trend
for AD pathology to manifest itself as disturbances in memory clinically has been linked to the deposition of thETs i
anatomical substrates of memory in the medial temporal lobe. Similarly, deficits in domains associated-wwitatmid
stages AD such as executive function, visuospatial capacities, and speech manifest themselves in synchrony with the
development oNFTs in the neocortical brain regions ssdrving these constituents of cognitidn.summary, regardless
of its role as an initiating factor or secondary sequela of AD pathogenesis, NFT load is unequivocally related to cognitiv
impairment. This relatiaship is so robust, that amongst the thousands of cases and dozens of studies conducted
wor |l dwi de, never has there been -atagporhnheotont doabl mHBE
lacked antemortem cognitive impairmert?* *2%

Beyond this clinical relevance, the neuroanatomical distribution of NFTs has also been shown to correlate with
the prototypical pattern of neuron loss observed inABP* 22 However, asubset of studies have indicatat more
neurons disappear in brains of AD subjects than can be explained directly by the number of NFTs observed & autopsy
One hypothesito explain this discordandg that NFTs are removed or reabsorbed from the brain over the course of AD
pathogenesi€®Whi | e reports of such fighost tanglesodo have bect

supportive of neuronal shrinkage and/or #RT-mediated cell death mechanisms to explain this observation.

1.3.2 Amyloid Deposition in AD

Despite neuron loss and MFepositiorbeing cardinal features of ABnd more closely related to symptomatic
progression, to date, the unequivocal diagnosis of AD pestiominatelon t he hi st opat hol ogi ca
senile plaques the brair*® As discussed, this isipart 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 thi
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regard, NFTs and neuron loss resemble many aidtigional changes thaay also occur intie brains of AD patients
including:amyloid angiopathy, ageelated brain atrophy, synaptic pathology, white matter rarefaction, granulovacuolar
degeneratiorandneuroinflammatior?**? In contrast to all of these lesiodsscribedA b p | aejunigue to AD by
definition. Howevettheir use indefining criteria for the morphologicdiagnosisof AD is considerably complicated by

two other issueghe phenotypical heterogeneityf pAlba q u e s a imadmptete undeatanding af their formation.

In the current paradigm, amyloid plaques are hypothesized to undergo gradual growth in the interstitial space of the bre
via continual extracellular depositi on emmriachprogregsiglyton d e s
the axons and dendritic processes of neighboring neurons, eventually leading to neurofta? tféhile. the research

behind this assertias robustandvery likely true for a subset of amyloid deposits in A3 validity may be comprised

due to its failure to acknowledge the multiple subtypesnafloid deposits in AD braingor instanced eposi t s of
peptide frequently, but not always, aggregate at the center of a cluster of dystrophic neurites.neemitieghglaques,

this subset of senile plaques are considered to be the most closely associated with neuronalsoppygrt of this
conclusionstudieshavedemonstrating greater synapse lass glial activation around this subsetiesions™****? For

this reason, the confirmation of neuritic plaques in the brain at autopsy setiekagstone of guidelines for the
neuropathological assessment of AD. However the patt
nortneuritic or diffuse plagues, cannot be underestim&@pdaking generallyhis is amorphologicallydiverse subset of

A Bpeptidecontaining lesionsvh i ¢ h i nc | u d epsptidd aopim dosetassociation wiklb dystrophic neurites.
contrast to their neuritic counterparts, diffuse amyloid plagues lack associated inflammatory cellsnahdlezely

associated with neuron degenerafidf Recent studies aldndicate diffuse plaques originate via an independent

mec hani s m. |l nstead of a gradual extr ac alehypothesized t bepghes i t

result of leaks of amyloid from compromised blood vessels at focab$ibésod-brainbarrierbreactes?

Troubl esomely, while the various subtypes of ADb pl aql
majority of AD researchers continuet publ i sh under the false assumption
homogenous unit. For those researchers who do make tt

further complicatindpy the inconsistent use of nomencia pevasive in the literature. Usirgjffuse plaguess an
example, similar lesions are alsgerred to as cotton wool plaques, amyloid lakes, ang®llibandslt is important to

emphasize that this issue is not purely semantic. As discussed, not ontyitio ard 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 distinguisheleetworphological plaques types
certainly has |l ed to the overemphasis that Ab plaque
when morphol ogi cal subtypes of Ab pl aques tedwithaligben s i d ¢
proportion of more fimatureodo plagque subtypes. For exart
clinical and enestage AD, 53% of all amyloid deposition was classified as diffuse plaque in tobrpcal group as
comparedo 31% in the endtage coholt™ Even in the absence of a direct co
symptom severity, a strong association betwddh genet i c ri sk factors and Ab pl
the literaturé**? All high-penetrance AD genetic risk alleles (APOE4, Trisomy 21, APP mutations/duplications, PSEN1/z
mutations) have beenlindke wi t h i ncr eased ADb deposition and for mat.i
species. Given that genetic factors confer approxi mat
mechanistic implications and supporttheiteh at Ab pl aques represent a tempor
pathogenesig4 1%

Despite inconistencies in nomenclature and general failure othe field to recognize the various subtypes of
Ab plaques, the topographical p a t-characterizen.fin staflx codtragittes i t i ¢
pattern observed for NFTs,potshd itomp d gr amalrikceall ylirsdtttfed ren
neacortex(phase land expandh an anterograde fashion into allocortex (phase I)Ne xt , Ab deposi ti
in the diencephalic nuclei, striatum antolinergic nuclei (phase Ill) before spreading tolitenstem nuclei (phase V)
and finally cerebellum (phase ¥§° Translating this 5 phasg/stem to pay homage to the 3 stage system used by Braak
& Braak, stage A is defined by the presence of neuri-t
corticest™? Of particular significancewith espect to the clinical «codeficessl ati on
during this stage no evidence of anigl present in the hippocampakhough the prasubiculum and entorhinal cortex
demonstrate evidence of diffuse plagu&isilarly, primary sensory and motor brain regions are completely spared, with
the aly notable exception to this rule being the olfactory cofféx By stage B of the Braak & Braak system, a moderate
density of Ab plaques is found ubiquitously in the i:¢
areasDuring this stage of AD the hippocampal formati on

restricted to the pyraiatal cell layers of the subiculum and sector CAl. The unique exception to this description is the
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presence of two rows of densely packed amyloid deposits in the moleculaofater subiculunandfascia dentatdn
comparison to CAl, sectors CA2andC&Ab nt ain relatively few plaques rega
deposition in the hippocampus worsens with disease progredsien, tf i n a | Braak & Braak sta
depositionin the primary sensory/motor aré&®. Alluding to the possibility of a subpopulatiori vulnerable cell types,

Ab deposition also follows a uni qu e®3Baefly thesexterndliglgltayer b u t
remains virtually completely devoid of amyloid deposits while layeand lll displays par se Ab pl aque ¢
Similarly, the myelin rich layers 1V and Vb of the isocortex fail to demonstrate a propensity to facilitate amyloid
aggregation. Instead, robust Ab pl ariputienindagepsd ¥a, and \dH i s

I n summary, Ab deposition follows a topographical
from other etiologies of memory impairmerfeur t her mo r e ,appadsniduelprestsictet to particular layers
in specificbran regiors. In light of this differential in pathological involvement between brain regions and laminar
di stribution of NFTs and Ab, some investigators have
extend along connecting fibersaideed, as described in other sections, the pathological regions of interest in AD are
connected by weltlefined groups of neuronslotably howeverthe validity of this theory will likely remain untested
until the molecular etiology of AD has been completely elucide&@él, the invariable and severe involvement of the
olfactory areas of the brain &D is in striking contrast to thminimal changein the somatensory and primary visual
areas While this finding has various explanations, it raises the possibility thatftwory pathway may be initially
involvedin AD pathogenesiand facilitate disease progression as a consequence of itg inigigrated nature into the
brai nds me momone cominanicnutietrrpyr.et at i on odlaque depasitioh and eléniNBile i s t
inconsequential to Aprogression and instead represents an epiphenomenon of'atity.

Without a doubt one the longest and most hotly contested controversigsther n s ci e n-ceatfic cr i |
definitions of AD commonly cite four general argumefitd The firstof theseassertion, stems from reports of
cognitively nor mal individuals with Aadvanced AD pat!
the fact that individuals presenting with cdgre impairment similar to AD but who lack AD pathological changes at
autopsy have been report&iimmarizing these first two assertions in a more generalizable mannerh e degr e e
pathology corresponds poorly to the clinically observed severitggiitive impairmentDespite being converse

examples of one another, both of these assertionsaatially addressed via the implementation of a more complete
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definition of Aadwhaneed tADspdtriuel adhwd. AW pl aques in
changes are not a sufficient substrate for severe der
incomplete More precisely, the classificationofi d e s p r aqualdepdditiogs Advanced AD pathology without

regard for the numbers and distribution of NFTs is incoriestead, advanced AD pathology should be characterized by
all three cardinal features of AD pathologgmelyn eur on | os s, N F plagueadensitglri congraemce a n d
with this holistic definition of AD pathology, the most recently published guidelines for the pathological confirmation of
AD present criteria famrd kotem NmMcd uadred aAfd i msétleadand s on b
neuritic plaque loa#** Thus, the response to the first assertion i
loss, do not represent the same pathsjaihygical pr@ess which underlies AT his retortin partemphasizes thgoint

made earlier with respect to the morphol ogical wvari at
is certainly not to say that the failure of Aé¢olelptd aqgue
oversights in differentiating between diffuse and neuritic plagues, although the latter do correlate better with disease
severity'**d Insteadas discussed at length in subsequent chaptdise k ey poi nt hgendasda s t hat
consequencA bplaguesare tremendouslyierse. Acollection ofA b  p e pftdtedogemeougngth, amineand
carboxyttermini, and postranslational modification have been identified. Not only areadinof these peptides differ

with respect tdgheir contributions tairectand indirectneurotoxicity, they assembdg different rates and exist Wivo in

a variety of different assembly states spanning from small oligomers to protafifiislaque aggregatés.short, the
simplistic conceptualizat i omr so-foehtAdinbgels dogsinet adecuatetly reNeEtthe
complexity of biological changes in the brains of AD patients. Because critics often subscribe to this simplistic model,
some groups argue that Ab -protectiyeratisethan oytbtoXitFThese gaoupsnteadc t u a |
t hat because A hbaregrespndis notmal aging, dlbellts d reduced degree, there must be some beneficia
and adaptive aspects to their formatidihile the vast literature contending this argumemngigewed 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 hagder aggregates derived from the APP and MAPT
genes very likely result in combinations of gmabducts which may simultaneously be neprotective andytatoxic."*?

For those critics who do not contest the pathogenici:t

criticism di {entddnmodels of ADvsiemsifiom thdifae of amyloidcentric therapies in randomized
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clinical trials. This topic is of such prominence, it is addressed fully in subsequent chapters. Speaking generally howeve
experts in the field agree that the failure of @mtyloid clinical therapeuticti al s does not threate
centric models of AD pathogenesis because they have yet to appropriately test the hypothesis. Virtually all studies to d
have been plagued with experimental confounds, most embarrassingly with some trialg diegaitive conclusions only

to discover the therapies tested failed to even cross the blood brain leareesights of this nature in combination with
inhomogeneous cohort selection, the late timing of theeamya variety of other confounds discusskgwhere
summari ze why clinical trials have failed to provide

cognitive impairment associated with AD.
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Chapter 2 CLINICAL SUBTYPES & SYMPTOMS OF
@QKYGDHLDQ¥%R CHRD@RD

2.1 SPORADIC & EALRY-ONSETSUBTYPES OF ALZHEI MERG6S DI SEASE

Experts have long recognized two forms of AD: (i) the sporadic variant afaniiljal AD (FAD) (Figure 21).
Unfortunately for the field, alternative terminologies have been loosely appleaghof these AD forms in ananner
which can be misleading. Mosbublingly, the sporadic variant of AD is colloquiadferred to as latenset AD, a term
which ignores the existence of eadgset forms of sporadic AD. Furthermottee classification of FAD can be
subdividedbasednthe development of symptoms and inheritance paffggure 22). 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 vasgjority of FAD patientsdevelopsymptomsbefore the age @d0-65, this term is commonly
used in lieu of the more precise teearly-onset FAD (EOFAD)Just as with sporadic Aot all forms of FAD result in
an earlyonset presentatioifhus, use of the term FAD to denote only cases of EOFAD inadvertently ignores cases of
lateonset FAD (LOFAD) Furthermore, dr the subset of LOFAD cases which harbor an autosomal dominant genetic
component, the term autosomal dominant AD (ADAD}dsredly employed. Logically, the autosomal dominantly
inherited form of AD which results in early symptom onset is termed autosomal dominartresstyAD (ADEOAD).
Though it may seem academic, this variable nosology is of significance when consideriraglémgelof identifying
individuals that should undergo predictive genetic testing, as the probability of a positive hit will vary depending on the
subpopulationiested For example, using the stringeniteria of symptom onset before age 61, the prewaafi EOAD
is 41.2 per 100,000 persons. If instead we were interested in applying genetic screening to individASIE QAD,
definedasthe occurrence oEOAD in at least three generations,rtan the expected prevalence would be closBrdo
individuals per 100,0006**® 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 wodk appropriate understanding of AD nosology is critical when

interpreting the origin and generalizability of amylaientric hypothesis of AD. Put in the simplest terms, the distinction
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between sporadic AD and FAD is of significance because evidence sutigathe pathologic etiologiesf 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 r eAsacasequencaithoughmgriags ofotten possible n
mechanisms fosporadicAD exist anddata suggeststhdti st ur banc es i narelidely ipsuffcidnito t i o n
incite diseaseAb i s consi dered a centr al medi at or o fecogne®that di c

all studies to date suggest thia¢ amyloid cascade theory plays a more importantiroBOFAD thant does insporadic

AD. 159 Moreover, while this genetic evidence strongly implies the etiology of EOFAD involves the overproduction of
Ab peptides, the pathogenesis of sporadic AD appears
clearance. From this etiologiadistinction, one critical point must be made. For decades, the vast majority of AD researct
has been conducted in preclinical mouse models which carry etiological construct validity only for EOFAD. While it is
certainly reasonable to assume that the pdiysiplogical 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 theramtatiegies for sporadic AIAmong the greatest

cri ti ci-cemric hypdthesAsiidatea | |-cemriz therapies have failed to robustly combat the progression.of AD
While the reasons for these failures are discussed at length in the approptietiebetition, 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 tfeechouitl natue of sporadic

AD pathology, it is very likely that the most effective therapies will need to target muéigés of AD pathophysiology.
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PSEN mutations Unknown factors
Y Y
Life-long disturbance in A} production:
—increase in total AR grad::ll::::::sﬂln:.:[?l:::l:’:bnin
- absolute or relative increase in Af}42

~ Af} peptides with inc d tendency for aggregation

Conformational change in Af§ Impaired LTP with
with formation of soluble oligomers synaptic dysfunction
Y
Aggregation of Afl into diffuse plaques

Microglial and astrocytic activation,
inflammatory response, and

Gradual decrease
oxidative stress

in CSF Afi42

Y

Further aggregation resulting in fibrillar
A[} deposits, with tau-positive dystrophic neurites
and glial response as neuritic plaques

Gradual increase
in amyloid PET
ligand retention

with failure in neurotransmission [ Tau pathology ]

[ Synaptic and | dege:

[ Progressive cognitive dysfunction and dementia ]

TRENDS in Pharmacological Sciences

Figure2-1. The Amyloid CascadeHypothesis.

This is the lead hypothesis for Alzheimer's disease (AD) pathogenesis, which posits that the central event is an imbalaece bewe

amyl oid (Ab) production and cl earance. I-nod@amdil stadr ADn c @ einemeratdt @il o c
Ab peptides that are more prone to aggregation. I n s po ApoH)ivdcalledeD , a d\
have major effects on the risk for developing AD. The common denominator in the pathogenesis is a conforntatiomai ge i n Ab,
which makes it prone to aggregation, with the initial formation of soluble oligomers, followed by larger fibrils that a@tenntio

di ffuse plaques and, at a | ater stage, neur i ti c pgomegsurdhibitingCogni ti ve

hippocampal longterm 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 isedgadownstream event that
contributes to cognitive symptoms. Abbreviations: APP, amyloid precursor protein; CSF, cerebrospinal fluid; LTRetong

potentiation; PET, positron emission tomography; PSEN, presenRieproducedwvith Permissions from TRENDB in Pharmacological
Scienced!®?
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EOAD

FAD

EOFAD ADEOAD

Figure2-2. Diagram Representing the Relationship Between Several Terms About AD.

Red circle: familial AD (FAD); black circle: earlpnset AD (EOAD); blue circle and shadow; autosomal dominant AD (ADAD). The
area surroundety red and black lines represents early onset familial AD (EOFAD). The region encircled by blue and black lines
represents the autosomal dominant form of eashset AD (ADEOAD).Reproducedwvith Permissions fromte Canadianlournal of

NeurologicalSciences (**?
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22 CLI NI CAL FEATURES OF ALZHEI MERG6S DI SEASE

Alzheimer's disease (AD) is a neurodegenerative subtype of derdeat&cterize@ymptomatically bya
progressivalecline incognitive functionwhich leads toseveremorbidity and ultimatehdeath.Such is thelevastating
nature of ADburden thathe reported mean survival after diagnosis of AD ranges frign3-8 years>**5?

Interestingly, although the phenotypic heterogeneity of AD is cited as one of the largest impediments to its gaudy, the
deficits in menory which typify AD arelargelyconstrained t@xplicit memory facultiesntil late in the disease course
One of the two main subdivisions of letgrm memory in humans, explicit memory refers to knowledge that can be
consciously recalle@in contrast to implicit memory which cannot be consciously recalldtjught to be principally
supported by mesial temporal and neocortical structures in the brain, explicit memory can be further subdivided into
episodic spatial, autobiographicandsemantidorms ofmemor/**® **¥ Here againthe clinical presentation @D

exhibits a temporaliasfor the development afarlydeficitsin episodic memoriebefore impairment is observed in the
semantic memorgubcategory of explicit memaf{f? Loosely defined as thoseemories involving the storage and
recollection of lifeevents episodic memory is characterized by a subjective sense of time, an egocentric focus, and
autonoetic consciousness, or the ability to mentally place oneself in tH&¥'B&3fThe neuronakubstrate of episodic
memory is believed to include both mesial and neocorticah begjions wHe semantic memorythe recall ofhon
biographical knowledge such as the name of ohjectsabulary, and concepts, is not believed to be associated with
mesial brain structuré¥? As further demonstration of the brain structdependent specificity of early AD memory
impairments, vithin the domain oexplicit memory,recall deficits in AD are further bias¢owards those memories

which have not been well consolidat&y. dividing explicit memory into immediate recall, memory for recent events, and
memory ofdistant eventst can be demonstrated th&D patierts typically exhibit the most profound deficithen

recaling recent event:'® Strikingly, the recall of this particular temporal subset of memory has been found to be
highly dependent on brain structures such asighgocampus, entorhinal cortex, and related strestin the mesial
temporal lobe; precisely the brain regions affected earliest ift AD*®? In contrasto memory of recent event®rms

of explicit memory not dependent on the hippocanandother mesial temporal lobe structusesch asmmediate

memory(encoded in the sensory association areas and prefrontal carticesiemoriesvhich have been consolidated
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for many yearsnd are thusetrievablevia nonhippocampus mediated mechanisamsspared early om theAD 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 describachateeogradéong-term
amnesiaOf note thetechnicalqu al i f it @r mdl e mg t hi s des cr itggnmmemaniesingdudemi s | €
those memories which can fail over the course of a few minuggead of denoting an absolute time interta t

distinction betweelong-term and shorterm memory systems are best stratified by two fundamental characteristics,
temporal decay anchunk capacity limitswith only shoriterm memories exhibiting both these phenomé#8n.
Precisely due to the confusion these technical def i ni
when characterizing the early memory impairment of Alhoug h hi ghly variable among p
i mpairmento typically manifests itself as the first 1
chief complaint of newly presenting AD patients. As AD progresses, the mémaay ment initially constrained to

recent episodic memories as described progresses slowly to encompass deficits in semantic memory. As a consequen
ADb6s tendency to spare the subcortical sysintessdomang por
are typically only noted very late in the disease coéthout exception, the clinical course of memory impairment in

AD is progressive, although the magnitude of an indi\
characterize the standard rate of accruement with respect to memory deficits in AD have largely fobesedioral
measurement tools such as the Miteéntal Status Examination (MMSE) and Clinica¢éfentia Rating Scale. In studies
tracking probabl@&D patientcohortsover 24 years studies have reported on average a decline3ob doints on the

MMSE eachyear®**'2 Additionally, in a rapidly progressing subset of individuals suffering from AD, totaling less than
<10% of all AD paténts, cognitive decline can be very rapid, with a loss®pbints annually on the MMSE?

However, it should be noted that the reliabibifycognitive 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 eatslgihificant decline on their MMSE performance

after a 23 year followup, with significance defined as a loss of >3 pqimtsingle standard deviation in these studfés.

172 Despite the problems in reliability when emplayibehavioral 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,

older age of onset of AD has been associated with a milder climmgigssion as compared to patients diagnosed at a
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younger agé’®Regardless of the age onset, patients presentingeaitit neuropsychiatr symptoms including

psydosis, agitation and aggression coincide highly with those patients whose cognitive decline prognesses

rapidy.®™
221 Language Dysfunction in Al zheimerds Disease
However, despite the constrained nat wpisadc mémoriePand p

the correlation this specific deficit shares witth r ec
is imperative to recognize thtite course oAD is highly heterogeneoub fact, although memory impairment fsetmost
common presenting symptom in the majority of patients presenting witheABuage dysfunctiois quite commonly the

first initial symptom recognized by patie®t& Early deficits in language are most commonly constrainasidat-

finding difficulties, circumlocution, increaggly 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 langtagelated to the progressive

development of deficits in semantic memory. As evidence of this correlation between language dysfunction and seman
memory in AD, studies have demonstrated that patients with AD perform significantly worse on categpanytiigts

(which rely more heavily on semantic memory) as compared to letter fluenc{tés?sNotably, the ability to repeat

phrases is highly conserved in AD patients until very late in the disease ¢6urse.
2.2.2 Impairments in Visuospatial Skills n Al zhei mer 6s Di sease

Yet another prominent deficit in a subset of patients with eddge AD is impairments in visuospatial skills.
Impairments in the visuospatial domain manifest themselves insidiously, with patients commonly describing difficulties
navigating unfamiliaplaces or an increasing frequency to misplace itéf#§? However, as with the impairments in
memory and language, AD progression can commonly lead to patients suffering frooitidifficavigating 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, lseccer®.aln
the very late stages of AD, reports of severe visuospatial deficits such aspaiai neglect have been reported in AD

patient populationg®3 184
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223 Disturbances in Executive Function and Judgement

Beyond deficits in memory, language, and visuospatial skills, subtle changes in executive function and judgeme
can also acampany the early deficits observed in AD. Clinically, impairments in executive function are typically first
detected by family membedsie to thensidious onsedf symptoms and nature of the impairmeXiD patients typically
display poor insight andr@duced ability for abstract reasoning upon examination, however the most commonly
identified impairments include lack of motivation or apathetic demeansrcompared to baseliff&? Indeed, as with the
other deficits described in AD, impairment in extéeor function and errors in judgement inexorably progressestiéth
disease course. As impairmewrsers, poor judgemetand an inability to plan may manifest symptoms, often to the
degree that patients are no longer able to complete everydaytaskstably, 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 anosognasiaduced 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 percefved state
health and what is relayed to them by the physician. Secahelgeverityof impairmens in judgement andxecutive
function arecorrelated witlthe pattern ofssociated Aheuropsychiatric symptoms. For example, patients with
relatively preservedsight are predisposed to being depressed, while conversely, judgement impaired individuals are
more likely to be agitated, disinhibited, and exhibit psychotic feaftifé&

These neuropsychiatric symptoms, more typical in middle to late stage AD, are extremely commypicaltyl
lead to greater functional impairment than doahmestic symptoms of AB? %% This is true not only for AD, but for
dementias as a whole, with appimately 6192% ofdementegatientsaccruingneuropsychiatricsymptoms at some
point in their disease courS&» *+1%9 As with other dementiashé spetrum of neuropsychiatric symptorobservedn
AD includes: agitation, aggression, delusions, hallucinations, wandering, depression, and disturbancé%gﬁﬁggleep.
With respect to symptom onset, personality changes such &y,agmial disengagement, aikinhibition are the most
common early manifestationSleep distuvances are also highly prevalent, even in eakly afflicting 25-35% of
patients and can be worsened by typical AD therapies such as acetylcholinesterase iesibiase " 199

Additionally, 20-45% of AD patientsnay develop Sundown Syndrontlee psychologicapropensityto develop
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increased confusion, agitation, restlessness, and a generally more severe neuropsychiatric profile in thé*%%ning.

More characteristic of middistage AD, unlike many other symptoms of AD, the severity of Sundown Syndrome

typically attenuates as the disease progré&¥eSimilar to the welldefined pattern of recent memory impagmt

observed in AD, theeuropsychiatric symptoms in AD grim some waysalsouseful in differentiating AD from other

forms of dementiaStudies demonstrate that the percentage of patients with mild to severe AD who experience delusion:
is somewhere between the range 6f339 while only 7% of AD patients report hallucinatidtid 22 In a longterm

follow up study including 456 patients with mild to moderate AD, 70% of patients reported at least one delusional episo
over a 4.5 year time period. As only 33% of patients reported visual hallucinations in this cohort, the litenagire see
definitive on the typical pattern of neuropsychiatric deficits observed iffRn short delusionsaremostcommonly
observedn AD, while a patient presging with the symptoms of memory loss and visual hallucinatioaicularly early

in the disease courss, more concerning for Dementia with Lewy BodiBsedictably, the presence of either delusions or
hallucinations in AD is correlated with increased risk for severe cognitive impairment, functional decline, aff®death.

299 Furthermore, delusions, hallucinations, depression or aggression is highly edrvétatpatient placement
institutionalization and nursing home placement and thus greater socioeconomicBaf&feti® 2°0 From the

perspective of family members, delusions of the paranoid subtype in particular generate significant emotiorf&l*rauma.
For example, AD patients may rationalize that their personal objects have been stolen or that someone is trying to harn
them. Paranoid delusions in AD can even progress to the stage that they develop Capgras syndrome, the belief that th
loved ones have beeaplaced by impostertnappropriate sexual behavior, especially towards caregivers, is yet another
neuropsychiatrienanifestation of ADand in dementia as a wholeith a reported prevalence ©525% ofall demented
patients?°”?!9 Tragically, theneuropsychiatrisymptoms and changes in personaitygerved in A are progressivand

often resistant to therapeutic intervention.

224 Mi scell aneous Signs and Symptoms of Al zhei merés D

While the magnitude of moitlity associated with neuropsychiatric symptoms in AD is very high, les
stigmatized symptoms such as piyaxia are also major contributors to dependency in middle tstage AD??
Defined as a impairedability to perform coordinated movements, clinical dyspraxia in AD first manifests as a difficulty

peforming complex multistep activities. As a consequence of its insidious odggiraxia is best evaluated in a newly
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presenting AD patient via ideomotor tasks as opposed to patient Kislohgking the patient to pantomime the use of
an everydaytool, such as a toothbrush or comb for example, has demonstrated to elicit didygpraxia in AD

patients before it manifests clinicaffy? ¥ Interestingly, the tendenayf AD patients to utilize their body parts as
objects may actually stem from an inability to retrieve information about the appropriate holding posture f6Pitems.
Notably, dyspraxia typically manifests only after the emergence of cognitive and language deficits in AD, with damage
the anterior cingulate cortex in particuldreing correlated with the more debilitating ideomotor and dressing dyspraxia
symptoms?** 21 |t is important to distinguish dyspraxia from pyramidal and extrapyramidal motor signs such as
myoclonus,jncontinenceand seizures. While these symptoms do occur in AD, they are restrictedstazgalisease,

with seizures ocauing in 9-16% of AD patient$?***9 In fact, the presence of clinically apparent motor dysfunction in
early to middle stages of cognitive impairment is justification for consideration of an alternative di&ghesisvever as
mentioned, AD is a phenotypically heterogeredisease of variable course and unpredictable symptomatology. Thus,

atypical symptoms or even distinct presentations of AD are well reported.
225 Atypical Presentations of Al zhei merds Disease

For example, in AD patients with an uncommonly prominent involverokthe parietal lobéesilaterally;
dyspraxia, visuospatial disorientati@nd dysgraphia may outweitgnguage impairmer@ndmemory deficitswith
respect to symptom severity earliest in the disease cBtir&8. Interestingly 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
spread of neuropathology from the parietal cortices to encompass H3ylpim language regions of the brafff? A
second atypical presentatiohAD is characterized by early and robpssterior cortical atrophy, specifically with
deficits in the dorsal visual stream contained in the lateral occipithparieteoccipital cortices?* #2227 As opposed to
early deficits in memory, this syndrome manifests primarily with progressive cortical visual impairment that is most
commonly experienced symptomatically aiclilty reading or driving?** #?® Acalculia (an impairment in performing
simple mathematics), alexia (difficulty reading), and anomia (difficulty recalling the names of everyday objects) are alsc
common presenting symptorfi&: 29 Clinically, the visuospatial variant of AD may present similar to Balint syndrome,
containing elements of simultanagnosia (the inability to integrate a visual scene despientaffigty 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 tard&ts)\isual agnosia, apraxia, prosopagnosia, and visual field
neglect comprise the remaining constellation of symptoms associated with this atypical presentati&f*6f e 2>
Compounding the difficulties associated with correctly diagnosing the visuospatial variant of AD, common alternative
pathologies such as Dementia wit Lew Bxgjifrontotemporal lobar degeneration, and prior disease can mimic this
presentatiof?®* 9 |In addition to the visuospatial variant of AD, a frontal variant has also been ubiquitously réported
the literaturewith prominent deficits in executive function overshadowing the mquieayimpairments in memor§*?
%) Although considered an atypical presentation, one study found that in a cohort of 100 mild AD patients, 88 exhibited
more significant impairment in executivaniction as compared to 56 who were classified as predominately memory
impaired®? Thus, variants of AD may not be as rare as previously thoughtanre toublingly, both variants have been
linked with a more rapid clinical progressiGi

Further muddling the clinical presentation of AD, Alzheimer pathology can frequenréyisiowith other
neurodegenerative processes, most commonly vasterdaentialn fact, the coincidence of ABnd vascular dementia is
so highpatients are more likely to possess a combined pathology as compared to either disease process ffi3solation.
Independent repts of autopsy studiggveal that approximately ostkird of all patient brains with vascular dementia
contain ADlike pathology with almost all AD patients demonstrating either cerebral amyloid angiopathy, microvascular
degeneration, or periventriculahite matter lesion€*® Typically, the cognitive deficits of vascular dementia are highly
specificand subdivided into cortical and subcortical syndromes. Expecthdlirain regions harboring the most
abundant patholyy dictate the nature of the impairmeRbr example, vascular dementia in the medial frontal cortex
principally presents with executive dysfunction and apathy, medial temporal localization typically elicits anterograde
amnesia. Similarly, vascular dementinvolving the left parietal cortex presents with aphasia, apraxia, or agnosia while
right parietal involvement produces symptoms such as anosognosia, asomatognosia, confusion, and>agittion.
respect to subcortical pathology, deficits in personality, mood, urologic disease, and motor signs may bé’bfiimon.
As many of these symptoms overlap with those observed inth&;omorbidity of AD withother neurological diseases
such asrascular dementisignificantly blurs the classical symptomology associated with AD.

Similarly, although more frequent in patients with frontotemporal lobar degeneration (Fapppximately one
third of patients with primary progressive aphasia (PPA) also have signs of AD pathology at 4tit&{383? A

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 cétifsiotably, AD with PPA typically presents with the
logopenic variantcharacterized by worfinding pauss in the absence of major grammar or comprehension défitits.
244249 However, less commonly, cases of AD with ffrent or semantic variants of PPA have been rep&itetf? As
with most comorbid conditions in medicine, the clinical course and symptomology ofpathetogy can be modified

unpredictablyby theotherneurodegenerative conditisasulting in significant diagnostic uncertairf?

2.3 CURRENT CLINICAL DIAGNOSTIC STRATEGIES

2.3.1 History of Qinical Guidelines

With sucha broad symptomology, unpredictable onsetglvariableprogressioncompounded byhe possibility
of comorbid or atypical presentationgliably establgshinga clinical diagnosis of ADemains one of the fundamental
problems in geriatric medicine. Of note, a definitive diagnosis of AD requires histopadablagalysis of patient brain
tissue to confir mMPH%As thisapprachisoohly prabticapylinglemertsd.pestortem, experts in
the field of AD have sought to establish core clinical criteria with strong diagnostic sensitivity and spé¢gifaifiitate
the assignment of a diagnosis of probable or possibleTAB first ofthese diagnostic recommendations for AD was
published in July 1984 by the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) in
coll aboration with the National l nstit utulinggNiNCD¥Sgi ng arr
ADRDA criteria remained largely unmodified for 27aye. In a review of 1hdependent studigseasuring the
diagnostic accuraayf the NINCDSADRDA diagnostic criteridor probable AD, a mean sensitivity and specificity of
81% and 70% haveslen reported, respectivéfy? However, these parameters varied greatly between studies, with
sensitivity ranging from 494.00% andspecificity from 47100% #* With respect to the clinical criteria for possible AD,
reported sensitivities range from-86%while specificity rangeom 3261%depending on the stud/? Interpretation
of this summary provides two pieces of insight. Fite, 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 validles context of AD incidence, estimated to have
reached469,000 people over the age of 65 in 2014, revbalshadequacy of the NINCDSDRDA criteria as the lone

diagnostic determinant for A8*® Even ignoring the unreasonably broad ranges for sensitivity/spegificityeality of
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these values means that almost 90,000 AD patients would not receive the correct diagnosis while over 140,000 individt
would be told they have some other condition. Extrapolating these figures out to 2050, when the incidence of AD is
projected to doubleand these seemingly reasona®esitivity/specificity valuebecome much less acceptaBi@.
Secondly, reports which boast a reasonably high sensitivity for the clinical diagnostic accuracy of the MDRDS
criteriaareoftenthose whickreport verylow specificity and visaversa.This trend emphasizes the subjectivitirinsic to
diagnoses made solely olinical criterig and reveals the need of objective biomarkers to aid in the diagnosis of AD. To
the fieldbés credit jonthahwaseachedwhgn thendNiINERSADRDA dlingcal critemadol ADs
were revised by the National Institute for Ageidd z h e i me r 0 §NIAASARID 2011 aHerefworprincipal
changsto theNINCDS-ADRDA recommendations were made, (i) preclinstages of AD were acknowledged and (ii)
imaging and biomarker technologieere incorporatetb assist in the diagnosis of ABriefly, the NIA-AA
recommendations note 3 distinct stages of AD: preclinical AD, MCI due to AD, and dementia due to AD.nhitgporta
clinical diagnostic criteria arenly 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 ed assess
by biomarkerstudies. Very likelythe inclusion of a preclinical stage of AM@s incorporated to reinforce the paradigm
that AD associated brain changes may occur up to 20 years prior to symptoffPtfidetn contrasto preclinical AQ
in which patients have yet to develop signs of cognitive impairment, individuals receiving a diagnosis of MCI due to AD
under the NIAAA guidelines must exhibit measurable cognitive decline. Similar to the preclinical AD stage, teANIA
guidelines stresthe need for further biomarker validation before the definition of MCI due to AD can be utilized
clinically. Once biomarkers haveeen reliably validated howevehe NIA-AA guidelines reommendbiomarker
screening for AD pathophysiology in all MCI patie to facilitate risk stratification for progression to full dementia.
These recommendations stem from studies suggesting tH&04®f patients presenting with MCI will progress to AD
within 1 year of visiting their physicidft* ?*® More concerning, approximately half of patients with MCI will progress to
dementia within 46 years®? Placed in the context of 120% 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 theANAuidelines is the inclusion of
biomarkers in the assessment of AD. While not yet clinically recommended, thAAltkefines two major categories of

AD bi omar ker s: b i gymadrbibnearkers obrfeurofidgeneratidsla oohsequence 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 pathophysiabgiocess, possible AD, possible
AD with AD pathophysiologicaprocess, and dementia unlikely due to Abe diagnoses of probable/possible AD with
AD pathophysiological process were intked only for research purposes, difter from probable/possible B diagnoses
only in that they require bi oRoarraigenentseveré alitthedfa theoekclusiom of A f
biomarkers in the diagnosis of AD in the clinical setting: (1) the core clinical criteria alone were projected to pmyide g
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 hospit
settings However, in the recommendations and indeed in the field as a whole, the eventuality of biomarker incorporatiol
in the clinical diagnosis of AD is widely acceptéY.

Althoughthe2011NIA-AA recommendations do not remedy the innate limitations associated with an
exclusionary clinical diagnosis of AD, they do update the NINEADIRDA recommendations in several meaningful
ways. Perhaps most relevant to improving the diatio 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, vasculart@derehavior variant frontotemporal dementia,
and primary progressive apha$&2°® More generally, the NIAAA recommendations also help to acknowledge the
heterogeneous nature of AD symptomology, by highlighting the relatively high prevalencearhnestic presentations
of AD. Similarly, the NIAAA 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 despitg@atimibadjical correlations
becoming lost in these populatiohsstly, herecommendations update the diagnostic algorithm to include information

on now wellestablished genetic risk factors for AD such as mutations in APP, the presenilin tamdi§POE*?

2.3.2 Diagnostic Giteria

As described, in an effort to improve diagnostic accuracy with respect to detecting new onset AD, revisions hav
been made to both the NINGEDRDA criteria and DSMIV to yield the NIA-AA criteria and DSMV, respectively.
Additionally, the IWG has published its own criteria for the diagnoses of AD. In general, all theéskngs are que

similar, focusing on cognitive decline which must aff
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Eachset ofguidelines also require states of delirium and other medical causes of cognitive dysfunction to be ruled out
clinically before assigning a diagnosis of ABIl have additionallyexpanded the domains of cognitive function from

their predecessors in an effdo account for the heterogeneous symptomology of AD. In fact, one of the largest
differences between the DM, IWG, andNIA-AA criteria lies intheir nomenclaturéstill, of the three sets of

diagnostic criteriathose outlined by the DS are by farthe least specific for AD. For example, severely limiting its
applicability in the research setting, a major stoarning of the DSMV criteria is its failure to incorporate biomarker or
genetic testing into the clinical assessment. More troublinghyp8M-V does not specifically assign a diagnosis of AD

or address preymptomatic manifestations of AD. Still, considerable changes have been made from previous versions ir
an effort to conform to nexge paradigms of AD. Most strikingly, the classificatio® e | i r i u m, Dement i e
Ot her Cogni tinithe BSMM isso rndoew sroef err ed t o aisthdiDEB.in@adibiognn i t i
to seeking harmonization with the NHAA criteria, this new classification scheme was introduced tongjsish diseases

like AD from psychiatric disorders that have cognitive impairment as a symptom rather than a defining feature, such as
schizophrenia or depressidfithin the classification of @eurocognitive disorders exigtree main diagnoses: mild
neuraognitive disorder (NCD), major NCD, and delirium.contrast to the DSMV guidelines which required deficits

in memory and impairment one or more of the following: aphasia (language problems), apraxia (impaired motor ability),
agnosia (failure to recogre known objects), or deterioration in executive function, the BStbes not require memory
impairment for the diagnosis of major NCD. Instead, as outlind@lie2-1, thediagnosis of major NCD is defined as
impairment in two or more cognitive domaitisit is accompanied by a loss of independence. However, according to the

DSM-V, to assign a specific etiology of Al zheimer's to
memory and larningd Furthermore limiting the utility of the ®M-V, especially in the research setting, is its failure to
capture presymptomatic stages of AD. DespitetheDM® s cr it eri a f or identicaltotNoSefor b e i
"mild cognitive impairment (MCI) due to Alzheimedisease" as outlined the NIA-AA diagnostic guidelines
preclinicalasymptomatiD is not addressed. Thus, orilywo set s of research criteria
now available: one published by an International Working Group (IWG) in 2007 and a second published byAlde NIA

in 2011. Unlike the DSMWV/, both the IWG and NIAAA guidelines cover the AD atical spectrum from preymptomatic
pathology through the development of MCI and eventually dementia. While the IWG criteria atfdANIA

recommendationsothaddress asymptomatic and symptomatic stages oedéhdiffers in itsapprachand
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terminology.At the heart of the differences @achrespective guidelinespprachto classificationlies a difference in the
definition of the term AD. In line with more traditionappr@chesto AD diagnosis, the term AD as used by the IWG
refers only to the symptortia stage of the disease. In contrast, the newerA#criteria refer to AD as a pathological
process, whether asymptotic or symptomaaiithin the domain osymptomaticAD, one of the principal differences
between these two sets of guidelines lies endbgnitive criteria requireir diagnosis. More stringent in this respect, the
2007 IWG criteria for AD requirebjectively measureiinpairment on an episodic memory tdatcontrast, the NIAAA
guidelines openly accept babbjective andsubjective reprts of cognitive impairmenas well adeficits in noamemory
domains of cognitionLaterrevisions to the IWG criteria in 2010 would accommodatearonestic presentations of AD
by assigningubjects with nomimemory impairments the diagnosis of atypi&B; but only if presenting with a well

defined syndrome such as: primary progressivefuamt/logopenic aphasia, frontal variant of AD, or posterior cortical
atrophy'®®” Moreover, currently on the IWG criteria regeia positive AD biomarker for the assignment of a diagnosis of
AD. Despite these differences betwekaNIA-AA and IWG guidelinesvith respect to symptomatic AD, the major
advantage of both guidelines as compared to the IYS#tthe recognition of predilical 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 theAll Ases a slightly rare graded
apprach wi th 3 stages of preclinical AD being followed
ADitself Whi |l e the | WGds <criteria for prodr omaAlA6AD darf e nal
MCI dueto AD, both focusing on objective evidence of cognitive impairment with the preservation of independence,
important differences exist when consideringdbenain ofasymptomatic AD***?°? Here, the most important

distinctions between the IWG and NI®A guidelines stem from their differing utilization of ABpecific and nonspecific
biomarkers. Notably, both guideks utilize essentially the same biomarkers, consisting of: CSF measurements of

A RBjtau, amyloid imaging methodologies, measures of hippocampal atrophy as assessed by MRI, and eviderace of hyp
perfusion/hypemetabolism as assessed by PET/SPECT imabiagubstantial differences D specific bomarkers

exist between guidelines, WithS F t a u 4, ar@ &rRyloid imaging methodsrmed pathophysiological markers and
amyloid markers by the IWG and NHAA respectively. Similarly, the remaining n@&D specfic biomarkers are referred

to as topographical markers by the IWG and as heytay markers by the NIAAA. Semantic differences between
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guidelines consideredephaps the most relevant difference is the degree of validatieadbset ofcriteriain the
literature.

As briefly addressed, ren considering only symptomatic AD patients of typical presentation, the \DSWG,
and NIA-AA are in agreement with respect to diagnostic criteria. Given this fact, it is not surprising that the diagnostic
accuacy ofeachset of guidelines appears to be more or less comparable. Altbtudjes of the DSM/ cr i t er i a 0
reliability for major cognitive disorder have not yet been published, previous studies investigating the relfdb8Ny-
| I | RO son slgdstimoderate performangeppa .5173).%°*?%? Similarly, no reports of the D8-Vd s di agn o s
sensitivity/specificity have been reported, however traditionally reports suggestabaparameters have improweith
eachnew gaeration of the DSM. As evidencas part of the 1994 Canadian Study of Health and Aging ld#vee
percentageof subjects with AD dementiaas evaluated using the DSIM, DSM-III -R, and DSMIV in a population of
10,263 individualsThe relative proportion of subjects wifD dementia was 29.1 percent when the DBIMriteria
were used, 17.3 percent withe DSMIII -R criteria, and 13.7 percent with the DSM criteria.®®® With respect to
sensitivity and specificity, reports for the DSIM-R areagainmost abundant. In autopsy confirmed studies, the
sensitivity of these dated guidelines lies someneg in the range of 516%, while reported specificities range anywhere
from 8097% #%% %9 Information regarding the diagnostic accuracy of the IWG criteria is also scarce, especially when the
2010 adaptations are considerkrthe limited studies to dategmssitivity and specificity vary broadly, wittange of
68%-95%and86-93%being repored, respectivel{#’* 2’2 Of particular interest, one of these studies compared the
specificity of the IWG criteria for AD in neademented individuals as well as in a population of mixed dementias included
in the differential of AD. Predictably, a reported specificity of 95% waained when distinguishing AD from non
demented patient®ptimistically, 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 altind nes specificity of
only 86%.However, under the more realistic clinical scenariattdmpting to distinguish AD patientsanmixed
dementia cohort, specificity droppednsiderablyto 49%%"® While the specificity othe IWG criteria when appliem a
mixed dementia cohort is humbling, whemntrasted to the 33% specificitshen 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 metasty alone. All data considered, the IWG

guidelinesappear tgield robust improvements ispecificity when applied to nedemented patient cohoréas compared
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to conventional diagnostic strategies. In the context of mixed dementia cohorts howegsprable 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
sendivity (48% if requiring both pathological and topographical biomarkers to be positiveymmary the DSMV and
IWG criteria both appear to fulfill their aim of providing improving diagnostic accuracy for AD; although considerable
uncertainty will pregle over their true reliability until robust trials are conducted. Here, theAA&riteria demonstrate
an advantage, asbstantial effort has gone intalidating these set of guidelines despite its chronologically delayed
publication in 2011As summaized inTable2-2, the NIA-AA criteria for probable and possible Adistinguish
themselves fronthe NINCDSADRDA, IWG, and DSMYV guidelines via the inclusion of stringent exclusion criteria
designed to improve the diagnostic specificity for &3.For example, a patient who meets the core clinical criteria
probable AD but demonstrates evidence of-Adnetiologies, such as cerebrovascular disease or FTLD, would be
clinically downgraded from probable to possible AD. Similarly, atypical onsptogressions argrounds fordemotion
to adiagnosis of poskle AD despite the core clinical criteria for probable AD being Hi&\With respect to diagnostic
accuracy, i a mixed cohort of 157 patients with pathologically confirrABdor FTLD, the NIAAA criteria had a
marginal sensitivity of 65.6% for probable and 79.5% for possible AD. The reported specificity of tHieANliagnostic
guidelines in the same study were 95.2% and 94% for probable and possible, AD respg&@tiNebgbly, the high
specificity in this study is likely due to the increasingly stringent exclusion criteria adopted by theANddteria. Of
particular importance, raters in this study were provided only witimgmized clinical data with which they evaluated
eachpatient against the NHAA criteria. Raters were not allowed patient interaction nor did they collect the pertinent
clinical information themselves. Instead, this was done by a specialist cogniting@fdNhile 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 reabrld patientpopulations 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-ARAcriteria with specific focus on the proposed incorpiarat
of biomarkers as modifiers to the diagnosis of probablé?RB’® Recently patient data obtained from the Alzheimer
Disease Neuroimaging Initiative (ADNIan ongoinglongitudinal, multicenter study designed to develop clinical,

imaging, genetic, and biochemical biomarkers for the early detection and tracking wBased to evaluate the NIA
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AA criteria. Twohundred and eleven individuals with clinical data, PET8F amyloid biomarkers, and MRI or FBG

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% foetnoathal injury

bi omarkers) of the subjects could be caiAkgieria.Havewr, as i
in this supposedly pure cohort of AD, 10% of patients demonstrated no positive amyloid biomarkers (CSFEX)PIB
andths woul d r ec ei dementn urdikelp du & B '8 Whilef these findings suggest that incorporation
into the NIA-AA criteria does stratify a large proportion of subjects with, AD 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 gopéient basis. For instance, in 37% of patients with confirmed

AD pathology as ssessed by CSF of PIBET, one biomarker for neuronal injury is positive while the other is

negative®’® While reported under the context of evaluating the dlA criteria, such findings undermine the diagnostic
accuracy of biomarkeras 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 wheren@ial symptoms are less pronounced.

Given that 1015% of amnestic MCI patients progress to AD annualhg of the principagjoak of the IWG and
NIA-AA has been to generate guidelines capable of predicting the relative risk for convergence to AD among mixed M(
populations?®®? Defined as a state of circumscribed anteadgrlongterm memory impairmenwith preserved general
cognitive and social functioningachset of guidelines take a distirapprachto the topic of mild cognitive impairment
(MCI). Again differentiating itself from the other two sets of guidelines, the BSiibes not attempt to assign an AD
specific pathological process to the clinical syndr ol
deficit o. M-V triteréia doeg notaid iD sk stratification for progression to AD in cohorts of MCI patients. For
this reason, no studies on the predictive value of the {¥Sive available. Instead, studies have focused on the degree of
diagnostic concordance betwetie DSMIV guidelines as compared to those recommended in the-BSRdr example,
in a cohort of 234 individuals with MCI, 85% received a concordant diagnosis of MCI using theé\D&hd mild NCD
using the DSMV. Raising concern howevet0% of the subjas classified by the DSNV as mildly cognitively
impaired were diagnosed with major NCD with operationalization of the I3iviteria®’? In summary, while the

DSM-V performs similarly to previous versions when assessing for dementia (malpy, MEse guidelines have a
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tendency to overeport dementia in MCI cohorts. Moreoves, the DSMV does noturrentlydirectly address the issue,
only the IWG and NIAAA criteria exist to aid researchers in discriminating between AD andAlboauses of NLI.
While numerous studies have investigated the predictive value of individual biomarkers in patient populations with MCI
fewer have operationalized either the IWG or MA guidelines in attempt to evaluate their diagnostic accutaayne
of the besstudies today with respect to patient sample size, 13@aIents, 145 nedemented subjects, 78 patients with
other dementias and 91 patts with mild cognitive impaient (MCI) wereevaluated using the IWG guidelines. To
accomplish this aim, the studyperationalized the IWG criteria by combing clinical evaluation with objective episodic
memory tests (MMSE & Visual Association Test). Additionatllyh e | WG6s r ecommendati on f
bi omar kerso was oper at i on didhatanmzetl medialaempbRdbe atroplay (Mil'8)sdorg.n me r
Similarly, dichotomized CSF pfites based on betamyloidl 42, tay and phosphorylateu at threonine 181 levels
were used as fpat hol o dgrheaepdrt détailsche aasit@e psobabilityrof atpérson veno hasl y .
the disease testing positive divided by the probability of a person who does not have the disease testinggmasitive)
negative(the probability of a person who has the disease testing negative divided by the pyalfedoiperson who does
not have the disease testing negatilkelihood ratios obtained when applying the IWG criteria for prodromal AD in a
MCI population®”® To thecredit of the IWG, the new criteria predicted progression from MCI to AD better than
objective memory tests alone (+LR44,-LR=.33 +LR=1.75,-LR=.37, respectively)These likelihood ratios correspond
to 69% specificity and 77% sensitivity for the IWGiteria, compared t64% specificity and 80% sensitivity for objective
memory tests alon&Vhile these values again support the conclusion that the IWG criteria represent a major improvemet
in AD diagnostics, it should be noted that most studies dit& guidelines lack robust sample sizes; included the one
discussed (N=62 MCI patients).

Providentially, larger studies investigating the diagnostic utility of the-NRAcriteria in MCI populationsare
available for revieW?”®?®? In congruence with its strategies in both preclinical AD and AD dementia, the NIA guidelines
|l everage biomarkers to stratify the diagnosRoiegampgleea t ai
patient meeting the core clinical criteria for MCI du
bi omar kers would be assigned the qualified diagnosi s
symptoms and positive biomarker in either subdivisimouldb e gi ven t he diagnosis of i

|l i keli hoodo. Logically, a patient with positive amyl c
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iMCl due toceAbaoht lydgilguilaimes®® meumidrylof the work that has been done to
validate the NIAAA 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 ceff&iffty.For example, reports suggest that 4
14% of AMCI due to AD of | ow cert ai nt38@¥0of gatentd fdfitirtgthe wi | |
criteria for AMCI d@%*? to AD of high certaintyo.

With respect to a comparison of the relative sensitivity/specificity between the IWG ar8ANgdiidelines, a
single study ira 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 toth&dMA gui del i nes for the dia
of i nt er mediUaingthe IWG &riteriaifohpoodrdntal. AD, cognitive impairment plus positivity in at least one
biomarker, a robust sensitivity of 100% was obtaif&dExpectedly however, a high degree of false positives were
sufferedas a consequence of this high sensitivity, with the IWG criteria for prodromal ACaohéving 36%
specificity®®® By way of comparison, a specificity of 97% and sensitivity of 50% was obtained when th&ANIA
diagnostic criteria for AMCI due .Predictady, whdén the NHAariteria d i a t
for dM€lt o AD of hemplbyed; requiting positivity i bathedivions of biomarkers, specificity
ranged from 45%9% while sensitivity improved to between-98% depending on the combination arnarkers
employed?®? Reviewing the data, it is clear that while the incorporation of a single biomarker for AD increases
diagnostic sensitivity robustly, without a confirmatory markehigh degree of false positives are to be expected. Using a
duatbiomarker requirement, one tordenstrate neuronal injury and a second to demonstrate specific amyloid pathology,
specificity is improved while sensitivity is reduceékyain, the predominant limitation hindering the incorporation of
biomarkers into the clinical diagnostic setting seemriset 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 atine neuronal injury markers might not yet
exhibit sufficient neurodegeneration to elicit symptoms. Conversely, patients with neuronal injury yet negative AD
pathology biomarkermay harbor a neurodegenerative process distinct fronorAbe heterogeneswnature of AD
pathology may be too broad to be captured by only oneAkstnatively, 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 echoed by the organizations that develop these guidetiadmth the IWG and
NIA-AA limit the scope of biomders to the research setting.

As earlydetection represents a key goal of AD researtttercstudies have evaluated the proposed preclinical
definitionsof AD formulated by the NIAAA. 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 criteri
seek to stratify asymptomatic and cognitively normal indiglgunto groups which are predictive of clinical progression
to AD. As stated inthe NIs/AAG s r epor t , preclinical AD is defined by
validation, is restricted to use in research. Despite this lack of clinicalnmeplation, the preclinical guidelines
formulated by the NIAAA are arguably more important to the future of AD resetlrah the clinically implemented
criteria for probable/possible AD. This is because preclinical AD definitions are widely implemettiedeoaruitmentof
patientsfor early intervention strategies afat longitudinal study of people at risk. Again representing the most well
studied preclinical AD criteria to datdye NIA-AA describe three stages of preclinical ABtage 1 is charactead by
abnor mal l evel s of Ab which can be demonstrated by PI
abnor mal l evel s of Ab in addition to brain neurodegert
abnormalities on'fF] fluorodeoxyglucosgFDG) PET, or elevated levels of CSF tau. Stage 3 includes the features of
stage 2 as well as subtle cognitive changes. The order of th&NIgtages is meant to imply that the risk for cognitive
impairment due to AD increases progressivelpssisuccessive stadés. In the first large study investigating the
predictive value of the NIAAA preclinical AD classifications, of the 296 initially normal subjects studied , 10%
progressed to a diagnosis of mild cognitive impairment or dementia (27 amnestic MClagnestic MCI, and 2 nen
AD dementias) within 1 year. The grartion 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@‘b\nﬂbating these findinggn
independent group baeported that in initially cognitively normal cohorts 1126%and %% of stagd,2, and3 of
preclinical AD patients, respectively, progress to symptomatic AD. Moreover, compared to individuals classed as norm:
at the beginning of the study, participamiith preclinical AD as defined by the NHAA had an increased risk of death
after adjustment for covariates (hazard ratio 6.2, 95%€IT.hus, in two independent studies, preclinical AD as defined
by the NIAAA guidelines may correlate with an increased risk of convetsionCl or dementid?®* %9 Not

surprisingly, the NIAAA is not alone in their attempts to generate clinically predictive stages of preclinichhddé®das
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stated due to the irreversiblnature of neuronal dage most researchers have focused on accurately diagnosing AD
prior to the onset of symptoms as opposed to developing methodsfirm symptomatipathology.While the NIA-AA
definitions for preclinical AD have been the focusydny preliminary studiesyganizationdike the IWGhave
generated similar definitions of preclinical ABat also merit introductioin comparison to the 3 stage model employed
by the NIAAA, the IWG distinguish between two patient groups. The firggdiao s i s , Afasympt omati c
refers to cognitively normal individuals with evidence of AD molecular pathology by laboratory or imaging
biomarkers®® As a consequence of being virtually equivaleriita-AA stage preclinical AD criteria not all subjects
receiving a clinical assignment of Aasymptomatic at r
predictive, these diagnostiategories armsteaddesigned to highlight individuals at increased risk for progreseion t
symptomatic AD. In contrast, tteecond WG pr ecl i ni cal -AD mpt o wmp refereto ch@idivelii Pr e
normal and asymptomatic carriers of a dominantly inherited gene mutation that causes AD. In contrast t8.albNdA
IWG definitionsofpr ecl i ni cal AD, i ksdyi nvpitdounaaltsi cwiADhOI ng rtohuep fiaPrree c
individuals over the course of a normal lifes{¥4.

While the studiesdiscussedocused on the predictive value of the NMQ criteria for preclinical AD, other
groups have focused on the operationalization of the A guidelines.In one such study, a group of 42 clinigall
diagnosed AD subjects were used to generate imaging biomarker thréshalaiyloid burden (PIBPET) and
neurodegeneration (hippocampal volume MRHich facilitated adiagnostic sensitivity d80%. Additionally, a control
group of 450 cognitivelynormal adults was used to characterize the cognitive performancerqidpalationbased
sample Using their established thresholds, the 450 cognitively normal adults were then stratified according te the NIA
AA guidelines for preclinical ADIn the cogitively normal cohort scoring in the bottom™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% $&2g®&rall, only3% of the populatiofased
sample was unable to be classified usingthe-NIA gui del i nes operationalized wi't
performance thresholds. Howevthrese figures include an additional classification grogpmed suspected nadkD
pathophysiology (SNAP), this classification includes patients with normal amyloid PET imaging but abnormal

neurodegeneration marker studigsll, the study concludes that 97%abpopulatiorbased cohort isapable of being
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stratified into NIAAA 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 includetherevised NICDSADRDA guidelines recommended by the NB, the DSMV, 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 complemenit AD diagnostic criteria. Groups like the European Federation of Neurological
Societies, European Neurological Societies, and Canadian Consensus on the Diagnosis and Treatment of Dementia h:
also published their own sets of guidelines, although thegererally similar to those discuss&d.2® For example, &
these updated diagnostic criteria for AD acknowledge the phenotypical heterogeneity of AD by generating specific
guidelinesfor the identification otypical, atypical and mixedormsof AD. Furthermore a subset of these guidelinesg, lik
those published by the IWG and NB, include criteria forpreclinical states of AD and incorporate biomarkers into the
diagnostic algorithm of AD in an effort to increase diagnostic accuvélbite the incorporation of biomarkers is arguably
is one ofthe greatest advancements made by modern diagnostic criteria, it also represents its greatest shortcoming as 1
date, no guidelines have published standardeafcinbiomarker.*"*2?"9This in part may contribute to tivédely ranging
sensitivity/specificity datavailable for theurrent diagnostic guidelines for ABeyond the lack of biomarker
standardization, our lack of knowledge with respect to the pathologic course of AD is also contributory to deficits in
diagnostic accuracyThis is particularly true when attempting to identify AD in the preclinical stage,mwte t her e i
even a consensus on whether there is a single sequence of events in the pathological cascade. At present, the limited
crosssectional and longerm follow up studies do not provide adequate data from which to draw a conclusion. Without
guestion more work is warranted, aarly 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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Table2-1. 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

Learning & memory

Language

Executive Function

Complex attention

Perceptualmotor

Social cognition

2.) Cognitive deficits interfere with independence in everyday activities. At a minimum, assistance should be required with
complex instrumental activities of daily living, such as payindpills 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

-~ Q0T

Table2-2. 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
2.) Are not explained by delirium or major psychiatric disorder
3.) Cognitive impairment established by historytaking form the patient AND a knowledgeable informant in addition to
objective bedside mental status examination
4.) 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
5.) Insidious onset
6.) Clear-cut history of worsening symptoms
7.) Initial and most prominent deficits are in one of the following:
a. Amnestic presentation: recent memory impairment
b. Non-amnestic presentation:
i. language impairment with prominent word-finding deficits
ii. Visuospatial impairment with visual cognitive deficits
iii. Dysexecutive presentation wh prominent impairment of reasoning, judgment, or problem solving
8.) No evidence of substantial:
Concomitant cerebrovasculardisease
Core features of Dementia with Lewy bodies
Features of behavioral variant of frontotemporal dementia
Features of semantic omonfluent/agrammatic variants of primary progressive aphasia
Other concurrent, active, neurological or nonneurological disease process or medication

Pooow
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Table 2-3. NIA-AA Core Clinical Criteriafor Possible AD

NIA -AA Core Clinical Criteria for Possible AD

I.  Atypical coursez The core clinical criteria above are met in terms of the nature of the cognitive deficits, but there is
either a sudden onset of cognitive impairment or insufficienhistorical detail or objective documentation of
progressive decline.

Il Etiologically mixed presentationz All of the core clinical criterial for AD dementia are met but the individual also has
evidence of concomitant cerebrovascular disease, features of dentia with Lewy bodies other than the dementia
itself, or evidence for another neurologic or medical comorbidity or medication that could have a substantial effect o|
cognition.

Table2-4. IWG Definitions & Core Clinical Criteria

IWG Definitions & Core Clinical Criteria

Mild cognitive impairment

Variably defined but includes subjective memory or cognitive symptoms or both, objective memory or cognitive impairment
or both, and generally unaffectedctivities of daily living; affected people do not meet currently accepted dementia or AD
diagnostic criteria

Amnestic mild cognitive impairment

A more specified term describing a subtype of mild cognitive impairment, in which there are subjective memasymptoms
and objective memory impairment; other cognitive domains and activities of daily living are generally unaffected; affected
people do not meet currently accepted dementia or AD diagnostic criteria

Preclinical AD
The long asymptomatic period betwea the first brain lesions and the first appearance of symptoms and which concerns
normal individuals that later fulfil AD diagnostic criteria

Prodromal AD
The symptomatic predementia phase of AD, generally included in the mild cognitive impairment categothis phase is
characterizedby symptoms not severe enough to meet currently accepted diagnostic criteria for AD

AD dementia
The phase of AD where symptoms are sufficiently severe to meet currently accepted dementia and AD diagnostic 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 withinaheridity, these
trends likelyrepresent a doubledged 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 oershadowedn fact, in a metanalysisof 39 studies describing 5620 individuals with demetikia
symptoms, 9% were found to have a sttEmentia etiolog{?®® The sobering message of such findirymade clear
when considering that unlike AD, a large proportion of thesed®mnentia causes of cognitive impairment have robust
medical treatments.

While AD is by far the most likely cause of dementia, representing betwe8@%6Mmf cases, a number of
alternative forms of dementia may closely mimic the presentation df’Burthermore, less than 50% of all cases of
AD dementia reflect an AD pathophysiological process in isolation. Instead, in the majority of cdee®ofia due to
AD, the pathophysiological halklanks of AD coincide with patterns of neurodegeneratissociated with other forms of
dementia. Termed, fimixed dementiaso, AD with vascul ar
DLB constiute the most frequently encoentd duaktiology of dementiain that orderin addition to being the most
common form of comorbid dementidgth respect to ADvasculadementia (VaD) islsothe second most common
independentorm of dementia afteAD, representing 120 percent of cases in North America and Euf6jé®? Like
AD, both incidence and prevalence demonstrate a robust positive correlation with advan&tig \Agethy of rote
however differences in screening methods anldck of standardizediagnostic criteria have led to substantial variability
in thereported prevalence and inciderafé/aD. In fact, no standardized clinical criteria for VaDveédeenwidely-
adoptedard some investigators have suggested that VaD should not be classified as a dementia at all due to the lack o
early presenting memory defictt€*%°9 Still, studies estimate VaD prevalence to be between 4.2 percent of
individuals and report agedjusted incident rates of 6 to 12 cases per 1000 personity@adaridualsover the age of 65
and 70 years, respectivéfy* 2°” Thus, as a consequence of its high incidence/prevalence, differentiating VaD from AD
represents a common clinical dilemndd the foundation of the difficulties associated wahcurately diagnosing, and

estimating the relative health burdenvabD, is the fact that cerebrovascular disease is itself a heterogeneous disorder.
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Thus, like FTD discussed later, VaD representeterogeneouwdinical syndrome rather than a distirettology of
dementia. Instead, VaD encompasses all pathophysiologic processes attributatdbrimvascular diseastichin some
form ultimately manifest as deficits in cognition. However, thisasto say that the pathophysiology of VaD is
completely unknown. To the contrargsearchers have discovered thiaieast three common pathological entities are
thought to underlie the deficits observed in Va1 The first andmost injurious of these pathological entities involves
the infarction of large, principally corticddut occasionally subcortical, arterid$e seconetiologyinvolves infarction
of small arteries to forfacunes. Exclusively subcortical, these smekrdes include branches of the large arteries
emanating off the circlef Willis, and middle cerebral, armhsilar arterie€*® ?°? Thesequela of this smallessel disease
is very commonwith incidence rates iaf micro-infarctsranging from26 - 52 individualsper 100,00(population in
communitybased cohort§°**°? Furthermore, gtimates of the frequency of one or more detectable rnfaccts range
from 16% to 46% in unselected elderly persalying of all causes, withiano-infarctsbeingdetected ir83% of
cognitively normal elderly dying of all caus&%¥ Completing theriad ofknown pathogenic processes underlying VaD,
chronic subcortical ischemia can lead to the development of cognitive digfittits settingpf smallvessel disease not
sufficiently localized to producevert micrainfarction Most commonly, thighronic subcortical ischemiaccuss in the
distribution of small arteries in the periventricular white madteat affecteachconstituent of the CN8epending on their
selective vulnerabilityPut differently, chronic ischemia leads to a pattern of neurodegeneration determined by the
specific vulnerability ofachcell population; with preliminary losses in neuronal tissues being followed by the
deatlidegeneration afligodendrocyts myelinated axos) astrocyte, and endothelial calf*®® Mechanistically, the term
micro-infarcts is somewhat mideading, as embolization in the small penetrating arténegsperfusehe periventricular
white matter or noftortical gray matter has yet to be pathologically confirmed. Instead, small vessealedis most
commonly attributable tbpohyalinosis or microatheroma formation secondary to chronic hypertersi@videnced by
the decreasing prevalence of these lesions in the setting of properly managed hypé&itetf§idinis mechanistic
distinction is of significance wheascribing the underlying etiology of observed migrarctsto either VaD oAD, as

the lattercan mimic the formedue its high coincidence witterebral amyloid angiopathy (CAAtheaccumulation of
amyloid in cerebral vesselNot only can AD with CAAmimic lacunar pathology, beixtensive CAAn AD can also
mimic theischemic white matter damaggpically associated with Vaby dffusely narrowingthe penetrating cortical

vessels wittamyloid deposit§®”**® Given the already diverse pathology of \/als not surprising that the clinical
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manifestations of vascular dementia (VaD) are divargkthus overlap tremendously with ABIso as expected, the
pattern of cognitive deficits is highly dependent on the brain regions burdened by pathology. gatbatfgically
diverse,investigatorsurrently recognizéwo clinical of VaD.

With respect to prevalence in the United Statesséie®@ndnost commorpureneurodegenerative dementia after
AD is likely dementia with Lew bodies (DLB).This statement isrdy conjecture however, as accurately reporting the
epidemiological impactof DLB s | i mi t ed by medi ci n e diagnoseDLB cinicdlly or evemb i | i
differentiateits etiology from other dementia&lthough the symptomology of DLB cdre similar to AD in many ways, a
majority of individuals with DLB are more likely foresent with prominent visual hallucinations, parkinsonism, cognitive
fluctuations, dysautonomia, sleep disorders, and neuroleptic sensltipitige typical AD, thesedatures, as well as early
visuospatial impairment, may even occur in the absence of significant memory impairment. Notably, these symptomatic
di fferences between AD and DLB refl ect t hthedifferentialsies t i r
of neurodegeneration in the braissociated witlkachcondition For example, the tendency for DLB patients to present
with parkinsonian movement features earlier in the disease course as comparedeftedid the predisposition for
alphasynuclein aggregation in the substantia nigrBLB. Interestingly, these aggregates of akslauclein, referred to
as Lewy Bodies, are not unigue to DLB HilapeoplawithDlBlardo f ¢
PD both have Lwy bodies, the onseff the disease is marked by motor impairment in B® @gnitive impairment in
DLB. However, especially in latstage PD, dementia is common, although the incidenderoéntia due tBD is about
onetenth that of AD Troublingly, thedifferentiation of Parkinson disease dementia and DLB @&ritrary;a  fi-geare
ruled which has been shown not to c d"#Geremlyspeakinghthisp at |
fowyear rul ed hol dsaoctuksanthe seting Bf v@ktablidhedparkinsanismwhile 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 aSdriributing to the
diagnestic uncertainty which plagues dementia in general, dementia due to PD may result from a mix of AD and DLB
pat hol ogi cal processes as Lewy bodies, Ab plaques, ar
even the pathological lesismot 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 syndroraesatispecific neurodegenerative disease, the
definition of frontotemporal lobar dementia (FTD) has evolved over time and currently servasnalsrelfa term for
three clinical presentations: behavioral variant FTD (bvFTD) and two forms of primary pregraghasia (PPA),
specifically, the nofiluent and semantic varian®oeticallyalluding to the clinical similarities of AD and FTBlois
Alzheimer characterized the first reported case of PPA and dubbed the dRiokddiseaselue to thelistinctiveround,
silver-staining inclusionse termedPick bodiess pon hi st ol ogi cal exami *® Sibsequeno f
clinic-pathological studies determined that many patients diagnosed clinically with Pick disease did not have Pick
neuropathologytaautopsy, and thus Pick disease now designates a pathological diagnosis, rather than a clinical syndrol
Further eflecting 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 FTDI hree main histological subtypes of FTLD have been characterized: W, BTLDTDP,
and FTLDFUS. FTLDtau is characterized by tau positive inclusions often referred to abh&iiks while FTLBTDP is
characterized by ubiquitin and TBB positive, tau neggive, FUS negative inclusions. Lastly, FTIHMS is
characterized by fused in sarcoma RHNiAding protein (FUS) positive cytoplasmic inclusions, imteclear inclusions,
and neuritic thread&Vhile the relative prevalence efichof these FTLD subtypes it wellstudied, one report suggests
that FTLDTDP 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 didgfAdsembly, these lesions
display acharacteristigpattern of distribution ithe cortex, medulla, hippocampus, and motor cells of the spinal cord and
XllIth cranial nervan eachof the clinical syndromes of FT[Again, as in AD and DLB, the initial presenting symptoms
of the thred=TD variantsreflect thepattern of neurodegeneration with respect to brain regkmsexample,
neuroimaging studies have correlated increasing tissue atrophy in theergratmedial superior frontal gyrusght
subgenual cingulate gyras the ventromedial gfrontal cortex, andght dorsal ACC and left premotor cortexith
worsening apathy, disinhibition amtberranimotor behavior, respectivef$/* %4 Thus, in the case of bvFTD, which
typically presents witldisinhibition, apathy/less of emibgy, hyperorality, and compulsive/ritualistioehaviors, the afore
mentionedbrainregions are most robustly affect&tlith respect to its contribution to the diagnostic uncertainty
surrounding AD, patients with eartynset AD are frequently misdiagnossih 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 pamzkebaving more robust deficits in
episodic memory and visuospatial skills than do patients with bviREBough important in differentiating bvFTD from

AD, thesesubtle differences in clinical presentation become of even greater importance when cantidetifferential

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 notab
clinic difference between PPA and a typically presenting AD patient is thacsememory 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 isasy to see whiyTD 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 ir
the disease course other cognitive faculties aauiently reduced in FTD as the disease progresiesbvFTD and all

other forms of neurodegeneration discussed, the symptoms of PPA correlate best with neurodegersgratita boain
regions, in the case of FTibe language&lominant hemisphere ofatbrain as opposed to with a specific underlying
pathophysiologic procesét a group level, three clinical variants of PPA have been described and have been loosely
affiliated, with limited clinical value, to different underlying neuropathologiése first of these clinical PPA variants,

termed norfluent PPA, is most commonly associated with the FEaD pathophysiolog#*? In contrast, FTLBTDP

pathology most commonly underlies the semantic variant of B®Aastly, the logopenic variant of PPA, most typically
associated with AD pathology, is characterized by impaired siagid retrieval and repetition with errors in speech and
naming but with spared singleord comprehension, object knowledgetor speech, and absence of agrammatiém.
Interestingly, though mimickingD pathologyin most wayshemispheric asymmetry distribution of neurofibrillary

tangles distinguisheelogopenic variant PPA from typical Af¥*® 3" While differences in NFT distribution are not yet
clinically utilized to distinguish between logopenic PAA and AR symptoms oéll FTLD typically manifest earlier in

life as compared t&D, 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 th&h®Aot surprisingly, this 5 year differential

in age of onset nor subtle differences in initial presentation have proven sufficient to reliably distinguish betwaen AD
FTD syndromes and thus, a strong push towards the development of biomarkers for both diseases has been a priority
both fields over the past twaecadesT he significance of this clinical dilemma carries ever more significance when

considering thathe 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 angffonedications, including
cholinesterase inhibitoraye rot reasonablén the context of robust diagnostiocertainty 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 periandd inexorable progression, pridiseases represent
yet another class of dementia causing conditiocisided in the differential of ADRepresenting more than 90% of all
cases of prion diseagereutzfeldtJakob disease manifestself symptomaticallyas impairments in memory and
coordination as well as changes in behawathologicallyhuman prion diseases such as CJD are associated
with commonneuropathologicdieatures including: neuronal loss (especially in cortical layerg)llproliferation of glial
cells, absence of an inflammatory response, and the presence of small vacudEs{@®ns) within the neuropil which
produce a spongiform appearanés.in all human prion diseases, these profound neuropathological changes are the
result ofan accumulation aiberrantlyfolded proteins. Unlike their nopathogenic counterparts, prion proteins exhibit
multiple structurally diverse conformations, of whichesdt one is émsmissible to other prion proteifi’ Like AD
patientsthe brains of CJD patients may display app#aphicand exhibit signs ofentricular enlargementowever as
with other forms of dementia, the pattern of atrophy is in some ways distinct when compared to AD. AtrophyniayCJD
include the deep gray structures: taeidate, putamen, and thalamus, but irtreshto AD typically sparehe
hippocampusConversely, robust cerebellar degeneration is not typical of AD, yet is atrophy of thdufelia loss of
gray matteis common in CJDAIthough variants of CJD have been defined, sporadic CJD represepb&86f cases
and is associated with two cardinal clinical manifestations, nantalpidly progressive mental deterioration with
frequent behavioral abnormalities and myoclofitis™® Notably, while myoclonusnd a rapidly progressive course are
nottypical of AD, the diverse range of presentations of AD and CJD, coupled with the possibility of atypical presentatior
for AD, currently generates significant diagnostic uncertainty when distinguishing between the two eff8fogtesor
example, one study found that 58% of AD patients also meet clinical crite@oICritics 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) presentedliaighostically significant lexs of 143-3 protein, a
biomarker for CJD, in their CSE? Thus, neither clinical criteria nor bimarker studies are currently sufficient to
distinguish between AD and CJD in all cadaesaddition to its similar symptomology, Creutzfellitkob disease afflicts a

similar patient demograph&s AD, with atypical 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 of883?2*® Despite the symptomatic and demographic overlap between AD
and CJD, clinically, this dilemma is rarely played,@sdthe incidence of sporadic Creutzfeliiikob disese is
approximately one case per 1,000,000 population per Yediortunately there is no effective treatment for CJD, with
death usuallpccuring within one year of symptom onset with a median disease duration of six rfiohtfs*>”

As a consequence of its treatable nature, normal pressure hydrocéplirti)én particular represents an
essential consideration in the diagnostic workup of AD. Manifesting itself clinically as the classical tiifidudty
walking, memory loss angrinary incontinence, dementia attributable to normal pressure hydroceptedusésl 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
beforereaching the basal cisterns, tentorium, asubaacmoid space over the cerebral convexities to the area of the
sagittal sinus. Under normal conditions, CSF is absorbed into the systemic circulation primarily aas&sribiel villi
into the venous channeif the sagittal sinus. As stated, impaired absorption of CSF acrasstheoid villi is the
suspected mechanism of most cases of secondary M&$t.commonly, this is due to intrgentricularsubaacmoid
hemorrhage or prior acute or chronic meningifigny etiology However, Paget disease, mucopolysaccaridosis of the
meninges anéchondroplasia all constitute other rarely reported causes of NIRéte conditionsmpair reabsorption of
CSF by incitingnflammation and subsequent fibrosis of #i@cmoid granulationsalthough alternative mechanisms
have been proposed. Nevertheless, in approximately half of all patients, leptomeningeal biopsy reveals evidence of
aracmoid fibrosis #?% 3 Decreased CSF resorption leads to gradual accumulation of CSF within the ventricular system
which manifests as increased local pressWfgile increased pressure is not measured on lumbar puncture, a pressure
effect is nonetheless believed to occur locally on periventricular white matter tracts, producing the alis¢atied of
the lateral ventricles which is pathognomonic for NR¥Hth respect to differentiating NPH from AD, while both
classically present with cognitive deficits, gait abnormalities and urinary incontinence are more typical of NPH. Howeve
when considering the prevalence of gait abnormalities in the elderly demagnaquti at risk for AD, reported by one
study to be as high as 56% of individuals over the age of 70, gait abnornmatifiéquentlycoexist with AD®*?
Similarly, urinary incontinence from other causesh agrostatisnor stress incontinence manequentlycoexist with
AD due to its high prevalence atderly populations.n onestudy investigating the prevalence of urinary incontinence in

the patient demographic older than 70 years of Bgypercent of men and 36 percent of womene reported to exhibit

55



clinically observable symptom&™® Again reflecting the differences in the underlying neuronal insult between AD and
NPH, pominent dementia, especially when it includes cortical features (aphasia, apraxia), strongly suggests AD as a
alternative or comorbid diagnosisa 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 cortica
neurodegenetin typical of AD. However, further compounding the diagnostic uncertainty when distinguishing between
AD and NPH, as with virtually all forms of dementhPH can coexist with other dementiasd in particulaAD 3?8 332

¥4 In studies of patients with strong clinical and laboratory evidence of NPH, biopsies carried out at the time of shuntin
reveal AD pathology in 20 to 61 percé&fit 337 Two series have found that the degree of AD pathology correlated with
the degree of cognitive impairméfit* ¥ 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 deGréiuzly,

distinguishing between NPH, AD, and NPH with AD may camglicatiors 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 DS clinical criteriahighlight the importance of the histoof present illness
when assessing a presenting patientfor Al r oughout t he clinical interview,
attention, speed of responses, and ability to provide relevant information can be crucial in raising diagnoit. suspic
Critical information to garner during tdmerbidfunttienr vi ew i
medical history, and current prescriptions. Additionally, more so than in other ilinesses input from family members is an
indispensale asset to the physiciadsing either guidelinediagnostic suspicion for AD arises principally on
documentation ofignificantimpairment in more than one cognitidemainNot abl y, a HAsigni fi cart
represent a c ha bagetine find berof stffitient geweerityi tceimpaibhss/her independence. In the/DMS
the cognitivedomainsare segregated intearning and memory, language, executive function, complex attention,
perceptuaimotor, and social cognitiofranslated to a eoplete assessment of mental status in the clinic, physicians
should note deficits in: level of consciousness, attention, memory, language, visual spatial perception, executive functic
mood and thought content, praxis, and calculatibegel of consciousess or arousal is typically subjectively evaluated

and patients can be stratified into alert, attentive, sleepy, or unresponsive. Assessment of attention &s eitdeéctit in
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this domain can confound additional testing. Deficits in attention easuzidated either in the course of the clinical
interview or via testing through exams such as the digit spaf*fe€?. Here the examiner recites numerical digits at a

rate of one per send and asks the patient to repeat back the number sequence. Regardless of age or education level,
cognitively normal individuals can recite é@umerical sequené¥? If more subtle deficits in attention are suspected,
increasingly complex attentional tasks such as thertralling test, symbeatopying tasks, and lettezancellation tasks

can be employeld® **+343 Evaluation of memory in a suspected AD patient should, at minimum, distinguish between
impairments in immediate/working memory, recent memory, and retrieval of remote m&nvghile 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} words and then reciteose word%-10 minutes into the interview once thattention has beeshifted. The
proctor may issue categorical cues to aid in the retrieval of words, with cognitively intact individuals being capable of
recalling 38 words®®*® Prompting the patient to recall the names of past presidents or recall important historical events i
suitable for preliminary probing of loAgrm 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 assessey askingthe patiento recite at least5words in a particular category (i.e. animals) withiminute,

while letter fluency can be assessed by asking patients tottezame number of words beginning with a particular

l et t er ( c&thinecantragttofh€ regessity of objective behavioral tasks for the evaluation of deficits in
memory, it is generally agreed upon thdbrmation garered 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 functior
can be probed by asking the patient to describe phelrable course of action during an imagined emerggffcy.
Alternatively, standardized tests for the 5 domains of executive function including: working memory (serial reverse task
verbal fluency (categorical/letter fluentssts), motor programming (Luria fisdge palm test), response inhibition (go/no

go tests), and ability to divide attention (Wisconsin Card Sorting Test) area avéffaBifeClinical evaluation of affect

should focg firstly on any abnormal intrusions, preoccupations, perservations, delusions, or hallucinations as these
neuropsychological symptoms best differentiate AD fromrABncauses of dementt&? **3 Additionally, evaluation for
depression both in the clinical interview and via standardized batteries such as the Beck Depression Inventory, Geriatri
Depression Scale, or Neusyzhiatric Inventory is high yield as up to 40% of AD patierts estimated to harbor an

underlying depressiof? Visuospatial abnormalities can be suggested via patient report of misplacing items with
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increased frequency or difficulty navigating unfamiliemrain. 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 pentd§a In contrast, constructional visuospatial function

is assessed st commonly via building/assembly tasks with patients asking to construct structures front*fflotts.
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, feedirbathing 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 ADastly, deficits in mathematical calculation arechpiy assessed Vi
sevens testo, in which patients are asked to sequenti
must be evaluated in the context of pati diaghoSts educat.i
significance.Two or more éficits 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 eiaaluation
AD.

In clinical practiceroutineindependent testing @achof these cognitive domains is impracticahus, perceived
deficits obtained from the patient history is most often coupledstathdardizedieuropsychological batteriemost
commonlythe Mini-Mental State Examination (MMSHp test for the presence or progression of #pH**?

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
implementatior®**® 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 repavittagespecific norms as well as
studies of MMSE scores as a function of education being regditestill, in a large community population study of

18,056 individualsa reportedsensitivity and specificity othe MMSE for accurately detecting dementia \8@%6, and

82% respectivel{**? Especially when utilized to evaluate the possibility of AdDaddition to a patients overall scotiee
pattern of point deductions in the MMSE can be of significaBspeciallyearly 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 ondmesearmot present with a
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Ainor mal 0 score of 27. Thus, a failure to | ook specifi
negatives, especially in eattyage AD.

Further limiting the diagnostic utility of the MMSE with respect to tracknagression of AD as opposed to
establishinga new diagnosjschanges of 2 or less poiris the MMSEmay represent measurement error, regression to
the mean, or a practice effect and #mesof uncertain diagnostic significan€&? Instead, the Clinical Dementia Rating
(CDR) sciée, designed specifically to measure the severity of AD in a longitudinal manner, is the preferred cognitive test
Conducted as a sessiructured interview with the patient and/or caregiver, impairments in the domains of memory,
orientation, judgement, canunity affairs, home and hobbies, as well as personal care are assessed. The severity of AD

binned as absent, questionable, mild, moderate, or severe. Although designed for implementation in clinical trials and

longitudinal studies of AD, the CDRisinceasi ngly wutilized in clinical deci ¢
to Iive independentl!l y. For example, the CDR can be ar
severe enough to warrant placement in a skilledmuysi f aci | ity or i f hi s/ hRespitedr i v

CDR examinations taking upwards of 3 hours to complete, studies have reported strong validity andatarinter
reliability of 6283% in weltcontrolled setting§>*3%3.

Physical examination in a patient with suspected AD focuses primarily on ruling out an atypical presentation of
medical iliness and a detailed neurological assessment which seeks to identify focal neurological deficits. Specifically,
focal sensoymotorn eur ol ogi c al deficits suggestive of prior st
rigidity, tremors, gait abnormalities, and abnormal eye movements should be assessed to help exclude alternative
diagnosesNoted specifically in both NIAAA and DSM-V criteria, the exclusion aeliriumis a fundamental component
of AD diagnosisDifferentiating between dementia and delirium relies heavily on patient history and repeated assessme
of his/her cognitive facultiefrable 25). From these longitudal assessments, dementia and delirium can often be
distinguished based on symptom onset, course, duration, and presence or absence of changes in percepfith or sleep.
However, especially in the absence of a compteatgitudinalhistory, this exclusiogan be difficult. To alleviate this
diagnostic burdenhe ConfusiorAssesment Methocand Memorial Delirium Assessment scale have been devetoped
are well validated in their ability tdetect delirium®*? In general, both methods require an acute onset of changes or

fluctuations in themental status and attentionthre 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. Dementiaversus Delirium

Dementia versus Deliriuny®>?

Features Delirium Dementia
Onset Acute Insidious
Course Fluctuating Stable Decline

Duration Hours to Weekyg Months to Years

Perception | Hallucinations Normal
Sleep/Wake Disrupted Fragmented
Attention Fluctuates Normal
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Chapter 3 DOHCDLHNKNFX NE @KYGDHL DQ%%R

3.1 CURRENT & PROJECTEDESTIMATES OF DISEASE BURDEN

Representing the most common cause of senile dementia, Alzheimer's disease (AD) is a neurodegenerative diso
of agedependent onset characterized by an inexorable and progressive perturbation of cognitive function which
invar i ably |l eads to a |l oss of independence and ultimate
current and future impact on global health, it is best to systematically amatfzeomponent of this introductory
statement. Firstheldbo or at i ng on t he r ef er enc e asmb2dld AD accouhtD @@ 80 nr i v
of all cases of senile dementf® To place this statistic in perspective, more than 5 million Americans dtdfarthis
diseasavhile more than 8 million individualsareestimated to bafflicted 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
atiributable to AD at 115 million individuals by the year 26%8.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
2014alone.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 decad
later, this statistic hadsen by 10% to an annual incidence of 454,000 new cases if22bHowever 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
2000Similarly, barring the development of medical breakthroughseaaent AD, U.S. AD prevalence is expected to
triple from the current 5 million cases to nearly2Bimillion cases by 2056°°As  al | uded -d ®p dryd ¢ rhted
gualifier 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 duyen dnyly
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, respecti7@Similar trends in AD prevalence are observed with 1 in 9

individuals over the age of &fd 1 in 3 individuals over the age of 85 having AD in the®°Jn the face of such
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jarring epidemiological statistics, thairui t i ve questi on becomes fAwhaAD factor
i nci dence aihilep vaeety af vagiableschave been identified, the predominant answer in the field
references the phenomenon of demographic aging occurring bothtthShand worldwidesenerally 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 populatiog;cighe baby boomers and extended

life expectancy.

Inarguably one of the greathevements of mankind, the average adult lifespan continues to extend within the
context of ever improving medical technologies. Over 5 decades ago, averagpdiftancyas 65in 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 ag
the developed world and 68 years of age in more rural re§i8rsaportantly, review of this data suggests the gap
betweermoremodern nations and the less dmped world is narrowing, which explains why demographic aging is
occurring more quickly in these rural countries. Forecasting life expectancy into thé§éah2 average citizen will
live to be83 and 75yearsof age in the developed and developinarld, respectively*>? While these numbers are
interestiry 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 beitvgea@0of age,
this specific population dflderly 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 sigiai@intly. 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 risgm 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 regid®f 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 lifeexpectanciesepresent global phenomenon, the elderly population spike in the U.S. has a

second contributing factor of significagidhe aging of the baby boomer generatidescribing those individuals born
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between 1946 and 1964, during the pestld war Il era, over 78.3 itfion Americans were born over this time period.
During this pardemographic period of prolific reproduction, the number of annual births in the U.S. exceeded 2 children
per 100 women for the first time in decad@slating this to AD epidemiology, as #9011, the first individuals of this
generation haveeacreda ge 65, ADOs t3P9@s acansequenrce of thel colom of mbybooners

reaching AD's age of onsethe future healtburden ofAD is daunting with its prevalence projectedéach65.7 million

people by 2030However, the impact of the bafmpomers does not end here, as their children, termed the millennium
generation, wil!.l al so pr od Whiletheaimplicatiors of thesa proettions ardi e c h o |
admittedly abstract, cumulatively they convey the message that while AD represents a significant public health concerr

currently, its associated disease burdennsglthepidemic proportions in the comigcades.

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 witlcéyruence with other
subtypes of dementia, mortglis often secondary to termirstiage complications related to advanced patient
debilitation. Thus, dehydration, malnutrition, and infectisa among the mosbmmon causes of mortality in patients
suffering from AD, with pneumonigeported to béhe mat frequentlyidentified cause of deafft®>**? Notably, while the
World Health Organization defines causalog a t the dissasefor injury which initiated the train of events leading
di r ect | ythetendendyendthinltheé medical community to report more amgeelaof AD as the primary cause
of death carries with it the unfortunate consequence of tegeesenting the true mortality of AB? In fact, onereport
indicates that the sensitivity of death certificates for reporting-Adlaied mortality may be as low 28% ©® Despite this
tendency fomortality statisics to substantially underestimates prevalace of dementing ilinesseaccording to the
National Center for Health Statistics of the Centers of Disease Control and Prevention (CDC), 83,494 people died from
AD in 201Q a statistic cementingD firmly as the sixtHeading cause of death in the Uni®thtes*® Again
emphasi zi ndgpenddhtonsetatgises to the fifdfading cause ofahth for those age 65 and older.145 In an
effort to reflect the degree to which undaeporting of AD on death certificates might have, we need to look at the
number of individuals who die with AD as a comorbid conditior2014 this number is estimatedie 600,000
individuals in the U.S. alone, or put another way,-thied of every senior citizen over the age of 8 While the true

number of deaths attributable to AD likely falls somewhere between the range of 83,000 and 600,000, there is no doub
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surrounding ADOGs contribution to prematur e dpl@age70,i n t
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 Avho die before age 80 in this age demografiffidn light of these statistics, it becomes

clear why AD is a world health priority wheeompared to less common causes of death. Howteedfinding that the

mortality rate attributable to AD is rising while that of other top ten diseaselémtionstrates the unique public health

threat posed AlfFigure 31). A testament to the impact frglational 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
Similarly, deaths attributable to prostate and breast cancer decres&¥#ddog 2%, respectivelasssuminga global

health perspective, the number of deaattributable to HIV declindaly 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 taeach586 million dollas 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 t0 2010 decd®®T he pur pose of these statistics is t

phrase; that AD invariably ends with patient death. However this is not the greatest health burdeinl@ssddD.

Foreshadowed by the phrase fAinvariably |l eads to a
AD stems from its progressively debilitatintinical course.The statistic which best captures this concept is termed
disability-adjusted lifeyears (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. Sitoildre 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 burde

AD rose from the 28 most burdensome disease to th& ftam 1990 to 2016
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Percentage Changes in Selected Causes of Death (All Ages) Between 2000 and 2010
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Increases in both the number of years of life lost and the number of years itilvetisability underlie this
unrivaled jump in rankingimportantly, this dataonfirms that AD contributesignificantlyto poor health and disability
in the U.S.and that AD disease burden is increasing at an unrivaledepalsdecadePredictably, 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 patidnssaggering 214 billion dollars imedical cost$or
all individuals with dementia was paid in 204%.7’? 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 |
robs the patient of his/her independenndividuals affected with AD live an overageBdyears once diagnosed, but some
can live as long as 20 yedf® 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, /
paients also frequently develop other behavioral symptoms such as depression and wandering which places them at h
risk for institutionalizationTo appreciate this, simply compare the average Medicaid payment for a Medicare beneficiary
without AD ($561) o that of one with AD ($10,7743° Notably these figures only addethe 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 &bl ancrease
in their number of hospital stays. Taking the specific case of coronary artery disease as an example, total Medicare
payments for a neAD patient with this condition are estimated at $16,768 annually as compared to $27,033 for a simila
patient with AD.“® Incredibly, even if the annual increase in cosilaitable to AD foreachof these conditions could be
added to the $214 billion statistic mentioned earlier

burden.

As with all diseases t betfdufficiemhpghe greatess cogt attsibutable itolAD stgms t o
from the 17.7 billion hours spent by friends and family caring for their debilitated loved¥h€his 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
member$®®® The second contributing factor stems from AD be
functiono. There are two components here that deser ve

impairs cogrtion. 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%equire help dressing themselves. Furthermore, as a consequence of ADnbeiifigian e X o r &
progressivé disease, the average duration of caregiirepbstantially longer for AD than for naD elderly ®*? Not
surprisingly, the emnomic impact of this unpaid care is tremendout) 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
$220.2 billionin 2013 aloné®*? Thus,the value of informal care is at least equal to the direct medical anddangare

costs ofAD & dementiaAgain 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%tré3s.

In summary, AD is a neurodegenerative disorder ofdegendent onset characterizgddm inexorable and
progressive perturbation of cognitive function which invariably leads to a loss of independence and ultimatehs death.
emphasized in the body of this chaptaghcomponent of this description is of significance when tabulating the
economic and humanitarian costs associated with AD. It is under this context that we study ADviendaf the
growing socioeconomic catastrophe and worldwide health problems associated with AD, the impetus to develop new

diagnostic and treatment strateggfor AD has never been greater.

32 POTENTI AL BENEFI T OF ALZHEI MEROGS DI SEASE TREAT

As emphasized ithe entirety of this work, there @irrentlyno availablediseasemodifying therapeutics for AD.
Defined as a therapghat addresssthe underlyingpathogenic etiologgf AD symptoms, the lack of such a treatment
makes AD unigue among thep ten causes of death in the United States. Unlike all of these other conditions, today,
medicine iswithout a way t@revent, cure, or even slowDdprogressionlnstead, as described in subsequent sections in
detail, the five currergeneration medications approved by the U.S. Food and Drug Administration for the treatment of
AD only provide temporary symptomatic relief in a subset of patiéntiplainly, 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 diseasedifying treatment, the socioeconanaind public health
conseqguences of AD will <cripple the nation. (NRAPAwaEni zi

signed into law and tasked with the development of a national plan to address the growing threat of AD. Onlyesa, year la
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the National Plan to Addr es sisdadumentalis foreadddienal 2search addlaead w a s
sets scientific benchmarks with the aim of Apreventir
the purposef this section is to emphasize the potential impact of a diseaddying therapeutic for AD. To do this, we

will contrast realworld estimations of AD burden with that of a hypothetical U.S. nation with access to a-disease

modifying therapy by the NAP&As 2 025FH eadl i ne.

For the purposes of this discussion, we will assume the hypothetical treatment is both éffelelizging the onset
of AD by 5 years and universally accessible within the United Stds#sg conservative projections, the number of
Americans affected by AD in 2030 is projected to be around 8.2 million pédmie. assuming universal access to a
diseaemodifying treatment by 2025, the projected number of AD cases in the U.S. drops to 5.8(Fiijior 32).
Thus, in just 5 years the implementation, a diseasdifying treatment can reduce AD prevalence by approximately a
third. Of course, the ben#giof 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 Bg 2@uld be living normal lives in a U.S. nation
with access to a diseas®difying treatment. Of caus e , and a consdependennonset, thef ADO6s
demographic most benefited are those individuals over the age of 65. Instead of 11% of all individuals over the age of ¢
having AD in 2030, only 8% would be afflicted if AD onset could be delayesi ymars. These same statistics are 16%
without a diseasenodifying treatment and 9% by the year 2050, again emphasizing thdémeadent growth in
therapeutic benefit associated with a preventapachto AD. In fact, one of the only negative sidiects associated
with a treatment which delays AD progression is that for a brief time, the proportion of those living with severe AD woul
increase. This is because a delay in onset would prevent people from moving into the mild stage of the disease, but
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 a endstage. If the current AD trajectory remains unaltered, this percentage would only be 41%. Of course, thi
trend is only temporary and by 2050 the introduction of treatment would actually decrease the proportion of patients wit
endstage AD from 48%0 46%. Additionally, a 5 year delay in onset would also decrease the total number of individuals
in eachstage of AD such that in 2058.6 million individuals would have sevestage AD compared with the 6.5 million

people under the current disease tiajgy. Still, it is important to recognize the point that a diseaselifying 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 diseasedifying treatment development the more individuals progressing to disease stages

which can no longer be alter€¢
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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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Figure3-2. Projected Impact of Diseasmodifying Treatment for AD

A treat ment introduced in 2025 that del ays the onset of Alcedhlyi mer 6 s
the disease immediately. In 2030, the total number of Americaks a6 5 and ol der | iving with Al zhei mer
million to 5.8 million. In 2035, 4 million Americand approximately 40 percent of the 9.9 million Americans who would be expected

t o have Aldzwoeld beelivihgswithout it. In 2050, tatl prevalence would be 7.8 million, meaning 5.7 million Americ&nsor

42 percent of the 13.5 million who would be expectddouldinat hdveave Al z hc¢
Al zhei mer 6s di sease. A treatment henbnedwced i Al2G025mehaéas dgl &i ve vy
proportion of the U.S. population age 65 and older who have the condition. In 2030, 8 percent of older adults would beithving
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Reproducedvi t h Per mi ssions from th@Y Al zhei mer6s Association.
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Time is of the essence too when considetitegeconomic threat posed by AD. As with prevalence, a treatment in
2025 that delays symptom onset by 5 years would reduce thedstaf 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 aisaldecade of implementation. With more
time for the benefits to accrue, by 2050, total costs to all payers would decreasetlnydoinem $1.101 trillion under
the current disease trajectory to $734 billiofi.special significance to the wddking d the U.S. healthcare system, 40%
of this $367 billion savings would be accounted for by Medicare cost reductions. Employing a Medicare specific examp
introduction of a diseasmodifying therapeutievould produce a savings of $67 billiam the 203iscal year alone
Similar benefits are expected for Medicaid, withbillion saved in the first year alone, ansiaaings of $38 billiorby
2035. Tallying the cumulative savings for federal and state governments froR2@B2@eveals 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 diseasenadifying treatment was discovered. Again summing the cumulative savings in the decade following the
implementation of our hypothetical therapeutic in 2025, total savings for all payersnsathé staggering $93Billion.

While these statistics are of mificance 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 maintainec
diseasamodifying treatments for AD are not ddeped soon. One statistic, the estimated $3.2 trillion in government

spending to care for AD and other dementias over the-2036 decade, is sufficient to convey this pé&ift.

In summary, tiis of fundamental importance to the wieling of society that AD researble appropriately fundesb
that a disease modifying treatment can be discovétethe$2 billion a year investmeisuggested by the NAP#r AD
researcheven summing all resedr spending between now and 2025, the federal government would recoup their funding
in the first three years after a diseasedifying treatment became available.8,9 The American legislature has taken
positive steps in this regard, but further supporesded. So too, measures to insure government funding is being spent
on clinically feasiblgherapies is criticalAs 0of 2015 t he Amer i can Congress passed t
requiring the National Institutes of Health to submit a reviewfresearch investments and the progress being made

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

improper evaluation of potential AD therapeutics may lead to the disrisagénts with true clinical efficacy.
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Chapter 4 CURRENT SYMPTOMATIC MANAGEMENT OF
@QKYGDHLDQ¥%R CHRD@RD

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-mdiibase
treatment. Put more ptdy, 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 behaviosailidiances, environmental manipulations to support function, and
counseling with respect to safety issues. Howawanagement of even common medical problems can be more complex
in patients with dementid’® 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 faceditiv acute illnesse$’? 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 follo
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 pharmaceutic
interventions targeting the cholinergigstem. By way of introduction, the synthesis and recyclirfcbfin 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 cholinergicsgstes r ol e i n memory, the perturt
AD will be summarized. From this point, a mechanistic review of the major pharmaceutical interventions for AD, namely
acetylcholinesteragahibitors will be presented. The rational, meckamiof action and usage guidelines for the only-non
AchE targeting drug used in ADJemantine 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 194&etylcholine(Ach) was the first
neurotransmitter recognized by science after Otto Loewacherized its function in theagus nerve. Acetylcholine
(Ach) is a polyatomic cation synthesized via the conjugation of choline and-&wetyby the enzyme choline
acetyltransferase. As is the case for all proteins at the synaptic terminal, the enzyme responsible for the syathesis of
choline acetyltransferag€AT), is produced at the cholinergic cell body and transported down the axon. Importantly, the
enzyme kinetics of CATs not saturated under normal physiological conditions and therefore increased expression of thi
enzyme is unlikely to modulate cholnggc neurotransmission. Instead, the availability of choline and aCetilare the
ratelimiting stepsin Ach synthesis. As described in Figurd dthe majority of choline in the synaptic terminal is
recycled from the synaptic cleft. Additionally, twalependent pathways have been established for the production of
choline. First, phospholipase D cleaves the phosphoester bond towards the choligmedorming free choline and
the membrane bound phosphatidic acid. By the second mechanism, phosghaitityis degraded into its glycerol
backbone and fatty acid constituents by the sequential actions of phospholipases A and B. Phospholipase A1/2 remove
the acyl chain from the C1 position of phosphatidylcholine, forming a free fatty acid and lysojdydphaline.
Phospholipase B then removes the C2 acyl residue to form ghg&etabsphocholine and a fatty acid. Finally, glycerol
3-phophocholine is hydrolyzed to glycetf®phosphate and free choline. By either mechanism, free choline is then
covalentlylinked with an activated acetyl unit from aceGbA to formAch in a reaction catalyzed by choliaeetyl
transferase. Similarly, a variety of metabolic pathways cause mitochondrial release e€Caéetglrise proportionally
with neuronal activity, insring adequate substrate supply for CAT. Interestingly, while the substrate abundance is the ra
limiting step forAch synthesis, studies indicate that consuming an enriched choline diet does not modulate cholinergic
transmission. One explanation of thiieding is that increased choline availability peripherally is not translated to the
CNS. Once synthesized, the large majorithoh is immediately packaged into approximately 100 micron vesicular
compartments by the vesiculach transporter. Only a smidtaction 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 vesicudah hydrogerAch antipotter have been identified. Whiksch

neurotransmission is generally facilitated via the traditional caldlapendent mechanisms, it is important to recognize
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Ach also serves as a potent neuromodulator. Regardless of its release medhemiiuits its fhysiological response

via two broad classes of cholinergic receptors: nicotinic and muscaghiceceptors. Speaking generally, these two
classes ofch receptors differ in their synaptic localization, structure, and mechanism of action. With respect to
localization, nicotinic receptors are predominately restricted to thesgonaptic membrane while their muscarinic
counterparts are found both pead postsynaptically. Shifting our attention to structure, neuronal nicotinic receptors are

selectivelypemeable ion channels while muscarinic
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Figure4-1. SchematicRepresentation of &lypotheticalCholinergic Synapse

MAchR subtypes have diverse synaptic localization patterns and functionaprtpostsynapticallyto modulate neurotransmitter

release and postsynaptic excitability, respectively. For instance, thand M, mAchRs serve as autoreceptors on cholinergic terminals
to suppressAch release and inhibit cholinergic neurotransmission at selenapges in the central nervous system (left neuron). The
mAchRs located on noitholinergic neurons act as heteroceptors controlling the release of other neurotransmitters, such as DA (not
shown). M, M3, Ms, but also M mAchRs that are located postsynaptilbafacilitate slow cholinergic synaptic neurotransmission
relative to rAchR subtypes. Thé} and U;b, nAchR subtypes mediate fast synaptic transmission and alsedependent changes

required for neuronal plasticity. Thesé@ohR subtypes can have both prand postsynaptic localization. The endogenous ligand of
these cholinergic receptor#ch, is synthesized in cholinergic neurons (left neuron) by the enzyme ChAT through the transfer of acetyl
CoA onto choline. Choline uptakesimediated by presynaptic higdffinity choline transporters (ChT). After synthesisch is packaged
into synaptic vesicles by the vesicularch transporter (AchT). After neuronal activatiommediated release into the synaptic cleAch

can bind to preand postsynaptic receptors, or it can be inactivated through hydrolysis bjA¢hE enzymes, a process that can be
inhibited by different substances (eg, organophosphate$E inhibitors) to increase synaptigch levels. OnceAch is hydrolyzed,

choline istransported through the ChTs into the presynaptic terminal, where it is again synthesizeicintBReproducedwith

Permissions from Nature Neuropsychopharmacol&g3.
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receptors are classified as G protein coupled receptors (GPCRS). In more detail, nicotinic raeseptonprésed of 5
polypeptide subunits. Whereas the nicotinic receptor localized to the neuromuscular junction is composed of four differ:
species of subunit (2 U, b, 9, U), the neuron&l) . .niThet
polypeptide subunits assume a conformation such that a fehapéd internal ion channel is formed in the center of the
protein complex. Relating this structure to function, nicotinic receptors facilitatesyasptic membrane depolarization

as a consequence of ligabihding. 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 receptos as this class dch receptor is classified as a GPCR. The muscarinic receptor is composed of a single
polypeptide as compared to the 5 polypeptide subunits described for niéatirtieceptors. Seven regions of the single
polypeptide which comprises muscarinic receptors are made up2o620 a mi no aci ds arranged i
consequence of this secondary structemehof these regions of the protein is markedly hydrophobictlaumsl spans the

cell membrane. Critically, the fifth internal loop and the carbéggiinal 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 formhedipger

portions of the seven membrasganning regions. As with all GPCRs, the biochemical responses to stimulation of
muscarinic receptors involve the receptor occupancy causing an altered conformation of an associbtedirgTP
protein. G proteinisnade up of the three subunits U, b and o. I n
receptor, the alpha subunit of the G protein releases bound guanosine diphosphate (GDP) and simultaneously binds
guanosine triphosphate (GTP). The bindifi@d P "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 systare employed by muscarifich 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 rasaltsonformational change in the alpha
subunit which causes it to again associate with the I
of GTP hydrolysis dictates the length of time the muscarinic receptor remains actinatind period of time in which

Ach is bound to the receptor.
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Regardless of receptor class however, following dissociation from the redkgitas, rapidly hydrolyzed by the
enzyme acetylcholinesteras&cfE). AchE is a serine esterase with a catalriid consisting of Ser200, His440, and
Glu237, a domain similar to that found in serine proteases trypsin and chymotrypsin. The enzyme is located on the sur
of the postsynaptic membrane and linked by a GPI anchor. Importaftht: has one of the hiigest catalysis rates
known in biology, 2.5x1bmolecules per second, and breaks 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
acetylctoline containing vesicles for subsequent chemical transmission. As with the synthetic enzéofe ébioline
acetyltransferasé\chE is synthesized in the neuronal cell body and distributed throughout the neuron by axoplasmic
transport. Unlike all otherrpteins described in this process, irreversible and reversible clas&eistoinhibitors have
been developed. Furthermore, drugs that inibit breakdown are effective in altering cholinergic neurotransmission in
the CNS. Mechanistically, this is becaua the absence @éfchE activity, Ach molecules accumulate in the synaptic
space where they can stimulate either clagscbfreceptor continuously. In fact, the irreversible inhibitiorAohE by
isopropylfluoroesters modulate cholinergic neurotransimisso much, they can be incompatible with life. Two notable
examples of this class 8chE inhibitors are organophosphates such as dichlorodiphenyltrichloroethane (DDT) used
widely as an insecticide and Sarin nerve gas used in biological warfare. Thenimecbhaction of these irreversible
inhibitors of AchE is that they carbamylate thehE, rendering both the acetyl and choline binding domains inactive. As
evidenced by their use in biochemical warfare, irreversible inhibitoAglaE are too difficult ® calibrate in the clinical
setting. Instead, reversibfechE inhibitors are employed to transiently increAsé levels in diseases and conditions
where an increaseikch level is desired.As described in detail later, one such condition is AD, wittiepts routinely
demonstrating a variety of perturbations in cholinergic functionr Eholinesterase inhibitorsa&rine,Donepezil,
Rivastigmine, andalantamine are currently approved for use in AD by the US Food and Drug Administration (FDA).
Tacrine, tke 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 CNSAch has been implicated in a variety of physiological functions including: cerebral
cortical development, cortical activity, regulation of cerebral blood flow, skedfe cycles, and most relevantly to AD,
modulation of cognitive performance on learning aremary 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 memaory. Today, substantialreédgrnered from both human and animal
models strongly implicates that the central cholinergic pathways are vital components to the neuronal circuitry underlyir
learning, memory and cognition. In fact, by 1982 this assertion was sestefilished in #literature, that Raymond
Bartus and colleagues proposed fdthe ¢ h®NAccordingtpihis hypot
hypothesis, the deterioration of cognitive function associated with AD dementia in the elderly isabitibna 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 warran
brief review.Historically, pharmacological manipulations and lesion studies represent the two traditiprathesused
to study the role of cholinergic systems in learning and memory. To interpret these studies, it is first necessary to reviev
the neiroanatomy 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 redagnize t

Ach is releasedrom 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 cholinerc
system and the brainstem cholinergic syst&hi®. Of highest significance to learning and memory, the basal forebrain
system is comprised of efferent and afféngmjections 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 c
Broca. The cholinergic neurons comprising these structems 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 otl
structures including the basolateral amygdala and the olfactory*BuMore 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 corte
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and olfactoy bulb, respectively. Of significance to AD researchAodb s r ol e i n | earning and
cortex, one of the first regions affected by AD pathology, receives some of the densest cholinergic innervation of all
cortical structure§®? 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 primardytiie 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 afféoérbased 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 Briez fwohe entorhinal

cortex and hippocampus proper.

While the precise mechanism by whigbh influences the neuronal circuitry facilitating learning and memory is
not universally agreed upon for all memory systefitd) is known to modulate the resporigivof individual neurons via
a variety of mechanisms. These effects include depolariZ&fioreductions in spike frequency accommodatfén
enhancement of lorgerm potentiatiofi®?, presynaptic inhibition of glutamatergic aB&BAergic synaptic
transmissior?®® %7 As explained above, two classesAath-responsive receptors mediate these effects. Of the five
subtypes of muscarinic regtors in the central nervous system, the M1 receptor is located predominantlysshppsic
sites and is functionally related to the M3 and M5 receptors. The M1 receptor mediates-Hymaatst effects induced
via activation of muscarinic receptargluding depolarization and suppression of sgileguency accommodatidit?
M2 receptors on the other hand are located at bottaprepostsynaptic sites and are functionally related to the M4
receptor subtyp€®? Interestingly, the cholinergic modulation of glutamatergic synaptic inssson via activation of
muscarinic receptors on glutamatergic terminals appears to involve the M4 subtype of f&&élftarhe secondlass of
Ach-responsive receptors, nicotinic receptors, demonstaatesen more diverse range of receptor properties, as well as a
temporally and spatially restricted expression pattern. Focusing specifically on the role of niitiréceptors in the
hippocampus, this class of receptor is expressed primarily byéntems, where evidence suggests they play a role in
gating neuronal firing®® With respect to spatial ergssion of particular subtypes of nicotinic receptors, alpha4beta2

(type 1) receptors are sensitive to low concentrationsctf>®? (0.1i11 ¢ M) and have been descri
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dendrites of CA1 interneurons of mi¢& 3% Alpha4beta2type Il) receptors are less sensitive than their type |
counterparté®, and have been identified on the axonal segments of CA1 interneurons where their activation by low
concentrations ofch can induce release of GABA without triggering an action potefittalvhile Alpha3beta3beta2
receptors are found on the axons of pydahassociated interneurons, little is known about their role in
neurotransmissiofi®” In contrast Alpha?7 isotinic Ach receptors are well characterized even in the context of AD and
display faster dynamics, a high calcium permeability, and are activated Aghipeecursor cholin€™ Alpha7 nicotinic
Ach receptors are found on the sonf&faand dendritd™ of hippocampal neurons where they can regulate calcium
responses, as well as on the axon terminal where they enhance transmitte*@laaghis description oAch receptor
expression illustrates, the cholinergic pathways of the brain aresuwtdd to modulate neonal 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 magnocbkstrforebrain cholinergic system when attempting
to investigate the role dfch in memory. And indeed, studies support the rol&di-signaling in learning and memory.

At the most basic level, pharmacological studies have demonstratéibthaioses ontimuscarinic agents such as
atropine and scopolamine can disrupt both the acquisition and recall of learned béha¥idrs contrast, the
enhancement of central cholinergic tone via administratigkchE inhibitors can, under specific circumstances, enhance
performance in learning and memaagks®*? Importantlythese findings have been recapitulated in animal models
providing an experimental avenue through which to investigeé s r o | e .?hForeampiej robuso n
experimental evidence confirms that depletion of cholinergic input to either the PFC or parahippocampus disrupts
working memorylnterestingly howewue deficits in working memory associated widachof these cholinergic lesions are
distinct from one anothelfo summarize the relevant animal studies, loss of cholinergic input to the parahippocampal
region results in working memory deficits exclusividy nonfamiliar stimuli while similar lesions in the PFC impair
memory for trialunique stimuli*®®“°? Translationof this work into humans reveals even gredisight, as muscarinic
blockade does not impair performance on skemn memory tasks such as the digit sp&hThese results have been
interpreted to suggest that the familiar stimuli used in this paradigm (numbers) are already sufficiently established

synaptic connections and therefore havedaced need for cholinergic neduneodulation.Distilling these findings into a
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commentaryoichds r ol e i n wwlindrgichmgdulatiennobworking memory seems more influential for
novelstimuli than for familiarones“®® While these studies help elucidate the roléof in working memory, studies of
people who smoke have led to the understanding that cholinergic input modulates aft8rfmmexample, smokers
deprived of nicotine are impaired on attention demanding tasks and their performance can be rescued to baseline level
via theadministration of nicotine. Additionally, nicotine has been shown to boost visual attention performance in non
smokers“*® Cholinergic depletion studies further underscore the importanetoih attentional processing.or

instance, selective chokngic dafferentation of the cortex via pharmacological ablation of the mBMtshas been
demonstrated to produselective deficitsn an attention demanding ta$%® Given the robust evidence supportihghd s
role in attentional processinigvestigators have partially elucidated the relevant physiological processes. In short,
evidence suggests thath potentiates afferent projections while suppressing intrinsic projectimareby allowing for
greater processing of extrinsic stimfif? Akin to the brain region specific relationship between cholinergic innervation
and working memory performance for familiar/afamiliar objects, in attentioeachAch receptor class plays a unique
role. To sunmarize, nicotinic receptors are critical for the amplification of afferent signals while the suppression of

intrinsic synapses likely depends on the muscarinic claastofeceptors?®

Finally, and perhaps of greatasievancedo AD because the brain regions involved, a wealth of evidence
supports a functional link betwe&th-mediated neuronodulation and spatial/episodic memourrently,Ach is
hypothesized to support the formation of new memories in two ways. The first, as just described, is to increase the exte
that afferent signals influence cortical activity while simultaneously decreasing the extent to which intrinsic signals
influenceactivity. Described more generallichb s modul ati on of attention facild.
fidelity of a memory is fundamentally limited by how effectively the relevant information was processed at encoding. Th
second waydch may modulatespatial/episodic memory formation is by enhancing the physiological phenomena that
support the encoding of new memories; specifically the induction of LTEhatad oscillation amplitud@®4%9 |n
slightly moredetail, independent pharmacological manipulation of the alphadbeta2 and alpha7 receptors have revealed
that both are capable of inducing LTP but that the alpha? receptors, in particular, induce a more stable fofffi%of LTP
As mentioned, the second physiological phenomena modulatediig termed the Theta rhythm, a prominent

oscillatory rhythm observed in local field potentials of hippocampal neurons when stimuli are prdsengedhemory
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tests to humaré:® *¥ 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 ofciatnéally recorded theta oscillations during
encoding in a free recall task wagrsficantly greater for subsequently recalled words than for forgotten Wds.
Mechanisticallythis may be a consequence of LTP induction demonstratitependence on theta phasehle 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 potefffiilHowever n 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 aeaitorhinal grid cellsAs discussed, the hippocampus and medial EC play crotésl in
navigation; as lesions of either region lead to deficits on spatial memory“fdsksday, we nowknowa little abouthow

the position of an animal is neutrally encoded in these temporal lobe structures. Cells inrthegbgell layers of
hippocampal regions CA1 and CA3, for example, preferentially fidksitinct subregons of testing enclosures, aasd
such have been Loeatedie tihe eiitprhinal caeteyadecell$rec@ived their name after the discovery
that they fire action potentials in a pattern which manksvertices of a grid in the shape of an equilateral tridfigle.
Although the precise mechanism by whisth contributes to the tuning of place cells and grid cells is not clearly
understood, a promising hypothesis is that gagial tuning of such cells is affected by cholinergic modulation through an
intermediary: theta rhythmslappily, models detailing how theta rhythm might relate to spatial memory formation are
more refinedReferred to in the literature as the oscillatiotgrference model, this model holds that grid cells fire when
the sum of at least two oscillators cross an arbitrary thre§idlanportantly, the frequency @achoscillator is

determined by the speed of the animal when heading in a preferred direajiom@rth. Additionally, the frequency of
eachoscillator increases proportionally with the speed of the aninaskly, if the animal travels in a dirédon orthogonal

to thepreferred heading (e.g. west), the oscillator returns back to a baseline fregtesayed to lie in the theta
frequency rangéWhentwo suchvelocity controlledoscillatorsthat differ in their preferred direction by an integer

multiple of 60 aresummedandthresholdedtheinterferencepattern closelyesembleshte spatialtuning patternof
entorhinalgrid cells“®® Relating this theoretical model back to behavior, it is predicted that grid cell tuning should then
require an intact theta rhythrAnd indeed, studies suggest that M8&ctivation both significantly reduces the amplitude

of theta oscillations and sigrifintly decreased the spatial tuning of grid ¢&ifsProvided the additional insight that

Theta rhythm is principally modulated by cholinergic and GABAergic inputs from the MS via the ioabels of
83



network theta rhythm oscillations suggeswtbeta may serve as an intermediary between cholinergic regulation and

episodic and spatial memory functif?

In summaryAch plays an important role in cognitive function, as shown by pharmacological manipulations that
impact working memory, attention, episodic memory, and spatial memory funétmmever, it is important to note that
our ability to draw conclusions from thaudies discussed are mmimpletelydevoid of confoundsSpecifically relevant
in the case of lesion studies is the fact that cholinergic neurons are always intermingled with populations of non
cholinergic cellsIn addition to their cholinergic projectisnthe brain regions constituting the basal forebrain cholinergic
system also contain many noholinergic neurons, such as GABAergic interneurons that make connections with
cholinergic neuron$™” Importantly, the synapticonnections of these narolinergic neurons are not restricted to inter
cholinergic neuronal circuits. Instead, GABAergic innervation from basal forebrain structures also project to the
hippocampu§®® Inlightof st udi es which indicate that the degree
the severity of cognitive dysfunctipit is possible thaperturbations of nogholinergic may contribute to memory
deficits observed when cholinergic signaglis disturbed. As aexampleof one such studystereotactic obliteration of the
nBM results in robust memory impairment which can be ameliorated via the administra&oysostigminé®? While
this study generates what appears to be clear association betwatinergic function and memory performance, a
discusseda cholinergic neuromspecific lesiorin thenBM is virtually impossible Proponents afchd sentralrole in
memoryformationwill arguethat in the context of physostigmisieduced amelioratioof lesionrinduced memory
deficits this fact is academitlowever subsequent studies have demonstratddhaortantdissociation between a
|l esionbés ability to produce memory deficits aredalythe e
under certain experimental procedures, a lesidhe nBMwhich reduces cholinergic tone by 44% does not produce as
robust deficits in conditional learning as does a lesion which only decreases cholinergic tone ZRgeconclusion
reachedby these studies is that damage to-nbalinergic cells in the vicinity of the nBM must contribute to thearved
perturbations in memory. Thus, while it is unanimously agreed thatflpssdominantly cholinergic basal forebrain
structures impair learning and memory in humans and animal models, the mechanism by which this occurs and the
relative importance ohch in these processes is still yet to be eluciddtile, the evidence revied falls short as a

consequence of the pharmacologpprachthey employAs highlighted in the introduction to this section, it is
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important to note that nearly the entire reaxis is innervated by cholinergic neurdt.1t is also the case that

muscarinic receptors are found in virtually every ragibthe CNS*?“? |n the context of such ubiquitodsh receptor
expression in the brain, systemically administered cholinergic agents undoubtedly influence behavior by their effects at
variety of targets in the CNS. Furthermattes sensitivity of these cholinergic based processes underlying cognitive
performance would be predicted to vary as a function of the behavioral task pkebvetl.be discussed in the

subsequent section, the very same regions of cholinergic input ixdniehbeen studied in titentext of learning and
memoryexhibit significant cell death in ADHowever it remains to be fully established if the cholinergic
neurodegeneration represents the pivotal functional determinant of the cognitive symptoms abgdédvddherefore,

the subsequerstection will emphasize the ways in which AD pathology extends beyond cholinergic signaling dysfunction

in an effort to highlight the need for diseasedifying therapies.

43 CHOLI NERGI C CHANGES I N ALZHEI MEROGS DI SEASE

Without question,dng-standing evidence suggetiisitcholinergic signaling contribute significantly learning
and memoryfeven as early as the 19706s, the systematic sci
disease revealed deftie in key pathways associated wibh neurotransmission. Among the earliest and most influential
of these discoveries is thdie morphology of cholinergic cells in the basal forebrain are especially susceptible to the
pathogenic changes of AD and arestamong the groups of neurons that degeneshtestly*?**?9 However, the
specific functional consequences of th@ironloss remaisuncharacterizedisthere is no direct evidence that damage to
these neurons is responsible for cognitive dedhin&D. Still, decreases in the activity of choline acetyltransferase
(ChAT) in the cortex and hippocampus are amongst the most consistent and severe neurochemical abnormalities foun
AD. For examplea 3090% decline in ChAT activitys typical in AD brainswhile in-situ hybridization studies
demonstrate a 50% decrease in ChAT mRNA levelsdétemporal, frontal and parietal [ob@&* 45427428 Howeveras
discussedChAT is not ratdimiting for Ach synthesisand thughe purportediecrease in ChAT activity is
mechanisticallyunlikely to be a ausal factoof AD cognitive symptomsinstead, the majority of gerts favor the
hypothesis that changes in ChAT activity and expression simply réfledegeneration of basforebrain cholinergic

neurons Supporting this hypothesis, the decline in ChAT activity in the nBM is correlated with the decline in cholinergi
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neuron numbef?? 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 antemt as in AD patient$>? This finding in particular raises the question of whether impaired
cholinergic function, ggecially in the cortex, contributes to cognitive decline in &ll However, in discordance with
thehypothesighat cholinergic dysfunction does not underlie cognitive deficits in@IDAT activity in the hippocampus

of AD patients is significant reded while individuals with olivopontocerebellar atrophy demonstrate no hippocampal
cholinergic deficit**? In contrasto the firstfinding, this latterdiscoveryraises the possibility that some aspects of

cognitive impairment in AD arimdeedassociated with dysfunction of the cholinergeuropathways, in this specific case
theseptehippocampal projectien Still, thefinding that ChAT levels are decreased only in-staje AD while patients

with MCI or even mild AD display no significant deviation in this marker of cholinergic tone with respect to baseline
severely under mi nes t he“ % Gomplicarectnegnater, for pymeroub reasonstheo f A [
pharmacological studies which support the afl&ch 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 antagonistd woube expected to recapitulate fak spectrum

of AD pathology.Additionally, the muscarinic antagonists used in these studies produce an acute blockade of cholinergi
receptors that are primarily pesgnaptic. In contrast to all these charactaristif cholinergiantagonismodels 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 neuroteasystemsA prime

example of this ultimate point is the reduction of excitatory neurotransmitters secondary to the selective loss of cortical
pyramidal neurons believed to support noro@nition Similar tothe manner in whicheuron loss in the basfarebrain
underlies deficits in cholinergic signalingarlydegeneration 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 th
brain of AD patient$****3® While these changes may occur as a consequence of perturbation sin cholinergic signaling,
other neurotransmitter sysns without direct cholinergic innervations are similarly perturbed in AD. Depending of the
stage of disease, neurotransmission facilitated via the serotonergic raphe nuclei, the noradrenergic locué*@paruleus
well asg-amincbutyric acid (GABAS****? and somatostatiti® “*? producing interneurons are also disturbed in the

neurodegenerative process of ABvidence 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 ialregjiebral in ADpatients
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 réleffan learning and
memory, there is a lack of evidence which directly links perturbatioAsfirsignaling with the cognitive deficits
observed in AD. This is not &ay cholinergic dysfunction does not contribute, as it almost certainly does. However, while
cholinergic deafferentation does induce deficits in cognition, it fails to produtgpibal longitudinal declinebserved
in AD. “PThis hints at the fact that dysregulationfath neurotransmission is only part@fmore complex etiology
underlying the memory deficits observed in AD. The hypothesis that cholinergic dysregulation underlies the etiology of
AD is even weakems loss ofAch-producing neurons fails to induce other pathognomonic lesions of AD suchlas NF
and Ab plaques. Additionally, mar kers of cholinergic
data cumulatively suggest that cholinergic dysfunction is a downstream consequence of some inciting neuropathology.
Therefore, anodernized theory of the role Ath-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 tlewidence is convincings all cardinal features of AD pathology demonstrate
significant correlations with deficits iich-mediated neurotransmissiand occur either in sync or before thefor
example, many studies indicate that the density of semitpipk correlates negatively WiElAT activity in the brains of
AD patients#** 443 Albeit to less robust degree, similzarrelations have been found for NFTs and cholinergic neuron
degeneration in most cortical areas of the bfair{****¥ 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 tc
present day AD therapy is the finding that decreases in ChAT actidttharextent of cholinergic neuron loss in the
nBM both correlate with the severity of dementia in &%) Importantly, these early discoveries of a marked
cholinergic deficitin 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 druds &amAD.
effort to highlight the validity bthese concerns, modern guidelines for the treatment of AD using pharmaceuticals which
target the basal forebrain cholinergic pathways will be reviewed. Additionally, data reflecting tlife idadical efficacy

of these drugs will be summarized by llighting data collected during randomized control studies.
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44 CURRENT ALZHEI MEROGS DI SEASE THERAPEUTI C GUI DEL

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 ingigateentation oAch-mediated
neurotransmission at other points in its synthesis/degradation pathway<isically impactful. Despite reductions in
ChAT being the most consistent cholinergbnormality in the brains of AD patients, investigators rationally ignored this
potential drug target recognizing that this enzyme is notliraigng in the synthesis of\ch. As discussed previously, the
availability of precursors for this enzyme, ndyneholine andAcetyl-CoA, dictate the rate at whigkch is synthesized in
cholinergic neurons. Unfortunately, desgitging appropriately grounded in cholinergic physiology, supplementation of
choline containing compounds fails to produce improvemersyiohological 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 ofaldoline 3
while a similar treatment with choline chloride produced a doubling st precursor in the blood*® *4? Clearly,
cholinergic precursor loading strategieast 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/bikeirstrategies aimed at
increasing cholinergic signaling at the presyrapguron have largely failed to modulate behavior, treatments aimed at
eliciting a response at the peastnaptic neuron by employing cholinergic receptor agonists have demonstrated limited
efficacy. For example, in one study employing a selective muscaeioeptor 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, doselependentaductions invocal outbursts, suspiciousness, delusions, agitation, and
hallucinations were noted. Bpdo i nt anal ysi s al so demonstrated i mprove
behavior, mood, selfare, and overall function in daily livingasassesd by t he Nur sesd® Obser\
Patients. Thus, unlike cholinergic precursor loading strategies, pharmacological manipulation of muscarinic signaling
pathways may harbor therapeutic efficacy. Howevee, characteristic dhis appr@chseverely limits its clinical
applicability; its heinous sideffect profile In the highdose arm of the study described for example, 52% of patients
discontinued treatment because of adverse events. Thesdapasalent adverse events were predominant
gastrointestinal in nature, with 76% of patients experiencing severe nausea and 52% having at least one episode of en

in the high dose arm of the study. More severe adverse events such as syncope were also reported in 12.6% of patient
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the high @se 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, museamists demonstrate
reasonable therapeutic efficacy, but are clinically impractical as a consequence of their association with adverse event
As it so happens, cholinesterase inhibitors, which increase cholinergic transmission by inhibiting cresdimastidie

synaptic cleft, have a more favorable side effect profile and are of modest benefit in patients with AD. For this reason, c
the four drugs currently utilized for the symptomatic treatrAéhtthree:Donepezil Rivastigmine, andsalatamine are
inhibitors of AchE activity.

Principally due to the inconsistencies associated with their efficacy, universal guidelines for the clinical utilizatiol
of AchE inhibitors in AD patients are not availablestead, prescription of these drugs is based on the individual
physiciands preference and clinical eval udadhkichibitorsiSe ner
guided by the results of extensive randomieeuxtrolclinical trials. Important variables that have been addressed include:
the degree of benefit associated withE therapy, the optimal duration of therappdthe costeffectiveness of
treatment. Beginning witkfficacy studies, the average benefit attributabkdioE inhibitor-based intervention in
patients with dementia is characterizedshyall improvemerstin cognition and activities of daily livin§****? To
illustrate this pointpne group performedmetaanalysis of 14 studies measuring changes in cognitive rmgtco
associated witlhchE therapyby means of the 70 pointDAassessment cognitive subscale. Irrespective afpibeific
AchE inhibitor employed in any given study, the treated AD patients displayed39lpsint improvement. At the
surface these results favor the utilizatiomohE inhibitors in AD patients. However, a methodological assessment of
these studieseveals considerable flaws, like multiple testing without correction for multiplicity or exclusion of patients
after randomization. As a consequence, the major concltesiohedby the referenced metnalysis is not thadchE
inhibitors are a valid thepy for AD, but that the scientific basis for thatilization is questionablé& Importantly
similar studies are in congruence with this conclusion. For example, in a secorahalgsis of 29 randomized, placebo
controlled trials, patients of\chE 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 patiétit.A separate metanalysis presents thinical utility of AchE
inhibitors in a slightly differeninamer, concluding that 12D patients wouldequire treatmerfor one toexhibit

minimalimprovement whileoneof the 12patiens would develop a treatmentlated adverse evefit? Compounding the
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complexity associated with interpreting such studies is the fadi#atst majority of the studies included in these meta
analygswere industry sponsoreth an effort to summrize findings devoid of this conflict of interest,one of the only
studies assessir&chE inhibitors not sponsored by the pharmaceuti@dstryto date no significant benefit of
Donepezil compared to placebo for the two primary endpoints, entringtttutional care and progression of disability,
were found?®? Thus, with respect to the degree of benefit associated with therapeutic managemenisofg2hE
inhibitors, at best thispprachyields very modest improvement in cognitive function while at worst its unwarranted
utilization in AD generates unnecessary adverse events. Unfortunately, treatment respahgeisounpredictable and
evidence suggests that the respong&ctiE inhibitors may be quite variable, with as many a$8% of patients
showing no observable benéfit* ** The counterargument to this point stems from research indicating that up to 20% of
patients show a greater than average respon&ehto inhibitor therapy, exhibiting a clinically relevant >7imto
improvement on the AD assessment cognitive sub§6af8” Yet another subpopulation of AD patients may actually get
worse when started AchE inhibitor therapy?*® ¥ Taken together, these findings reinforce the importance of making
clinical decisions on a per patient bagig manner which takésto accouneachi ndi vi dual 6s <cl i-ni c
effect profile.

That saida treatment trial with a cholinesterase inhibisotypically employedor patiens with mild to moderate
cognitive impairmenfMMSE 10 to 26) In a typical 8week treatment trialAchE inhibitors are prescribed at the
maximum tolerated dose and a benefittashk al ysi s i s made by the patientso6 c
continued if improvemestarenoteduponbedside testingndstopped if no improvement is notices suggested at the
beginning of this paragraph, randomized controlled trials investigating the efficAchBfinhibitors in mild to moderate
AD show more consistent findings in favor of their use at this particular stage of the diseaseAcViilighibitors can
be prescribed indefinitely, a significant degree of discord in the literature exists as to whether they are effective in
advancegstage AD. Notably, this issue is particularly relevant with respect to treatment duration, as physicians must
decidewhen to taper patients off the\chE inhibitor regimentAs an example of the uncertainty which still surrounds
AchE inhibitor use in endtage AD in a study of 208 nursing home residents, 70 percent of whom had a MMSE score
<20 d baseline, therapeuticse of Dnepezil was associated with improved clinical dementia rating (CDR) and MMSE
scores at six months compared with plactleated patients. However, there was no difference between groups when

assessed using the Neuropsychiatric inverif?yin a similar study of 243 communigwelling patients with severe AD
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(MMSE score 1 to 12), the cognitive function of patients presciib®uepeziimproved when assessed via the Severe
Impairment Battery (SIB), Clinician's Intervielbased Impession of Change, and MMSE, but not others (activities of
daily living, neuropsychiatric inventory, caregiver burden, resource utilizdffdrQther studies offer moreonvincing
support for the use @chE inhibitors in severe AD, with one study of 216 nursing home patretitissevere AD (MMSE
1-10) reporting improvements in cognitive ability as assessed by th€%Bo summarize the therapeutic window of
AchE inhibitors in AD, these drugs likely provide symptomatic relief in mild to moderate ADsyitiptomatic benefits
lost with disease progression over time despite continued tredffiéi Seekig to extend the therapeutic window of
AchE inhibitors, some investigators have looked into the efficacy of thigie regiments dichE inhibitors in moderate

to severe ADSuchgroups hypothege that the loss of initial therapeutic benefit over time may be mitigated by higher
doses of a cholinesterase inhibitAnd indeed there are studies which suggest that current dosing regiments have not
maximized the therapeutic potentialAthE inhibition. In more detail,e currently apmved doses of 5 and 10 mg/d of
Donepedihave been associated with 286630% inhibiion of corticalAchE activity, respectively*®>“® Recognizing

the opportunity for improvement, a Japanese team pBtadD patientswho had beemeceiving astable dose of
Donepezil 5 mg/d on an increased dosiegimenof 10 mg/d for 24veeks Over this time period, treatment with high
doseAchE inhibitor wasmore effectivan preventingdeterioration in severe ABsmeasured using the Revised
Hasegawa Dementia Scale and Mifiental State Examinatn (MMSE)“®? Inspiringly, these findings have been
recapitulated to some degree in a much larger cohort and scientifically robust manner. In thibldalddestudy
conducted across 219 sites across the globe, 1371 patients were randomly assigned to eithertheinaiaodardiose

of Donepezil(10 mg) or increase to a 23 mg/day reginf&fitCo-primary effectiveness measures were changes in
cognition and global functioning, asassess usi ng | east squares mean change
Severe Impairment Battery (S| BBasedlogressidn bf €mhge Blus Cardgikiee
Input scale (CIBIC+global function rating) overattharge scoe (mean [SD]). After 24 weeks of treatment, the LSM
(SE) o in SI B scor e \anepesl23d qgdtHan witionepezjllO mg/dge216 ©.68] us i+rGt4h
[0.66], respectively; difference, 2.2; P< 0.001). Consistent with other studiesnoaitsistency, the betwedreatment
difference in CIBIC+ score was naignificant (4.23 [1.07] vs 4.29 [1.07ff? Still, the authors conclude that in
moderate to severe AD, higher dose®ohepezilare associated with greater benefits in cognition compared with

standareboses. In post hoc analysis, the authors go on to note that patients with more advanced AD appéar to bene
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from high-dose regiments ddonepezilmore 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 consequee of the uncertainty surrounding the clinical efficacAdiiE inhibitors, as evidenced by
the studies just described, data on the-effsctiveness of current AD treatmens especially challengirtg interpret.
Neverthelessavailable treatments f@kD need to be evaluated in order to determine whether the clinical benefits justify
their additional cost<Critically, data on this issue has demonstrated a profound ability to impact clinical practice, as data
suggestingAchE inhibitors lose efficacy ifatestage AD patients has led to recommendations in the UK suggesting the
restriction of treatment, on cesffectiveness grounds, for patients with moderate to severe cognitive dechmeeffort
to steer policy makers into the appropriate choice,amous investigators have generataatels of coseffectivenessgor
AchE inhibitor treatment in virtually all stages of ABowever, he major limitation of these types of studies is that the
magnitude otost offset and of the effect éich Inhibitor therapy on healthelated quality of life dependeeavilyon the
model's assumptions about the duration of the drug effect, where we just learned internally consistent and controlled dz
are lackind®? In an effort to limit the impact of this confound, the best constructed studies estimate the duration of drug
effect from randmized controlled clinical triald=or example, mploying efficacy data fror@ phase Il clinical trials of
Rivastigmine in this manneone group has generatadhazard model of disease progression to estimatetdony
differences in cognitive functiémg between patients receivingvBstigmine and patients receiving no treatm&ftAt
the conclusion of their studchE inhibitor herapy 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 wittomiloderate and moderate
disease, the delay in AD progression attributabkdiaE inhibitor therapy was estimated to be 106 and 44 days,
respectively. Combining these estimates with data on heasthobtained from other cresection studies, the authors
report an estimated average daily cost savings ranging from a low of $0.71 (Candldiah 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, treatmeAtchHlinhibitors yields savirgjin the direct cost of
caring for AD patients that exceed the cost of the drug after 2 years of treffhiture recent studies have leveraged
the advantage of improved literature on the topic of therapeutic efficaégfiir inhibitors and generally agree with the
assessment of early studies, suggesting that after 2 years of treatment in patients with middefd2ntal cost

effectiveness for direct medical costs is around 20,353 euro/QﬂP_Therefore, althoughot definitive,simulations of
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costeffectivenessuggest that health benefits and cost sa\umg#y the use oAchE inhibitorswhen used to treat mild

to moderately seve®D. However, largelyn congruence with data of treatment efficacy in-tege AD, these same
studiesalso indicate that both benefits and savings may be greatest when treatment is started while patients are still in 1
mild stages oAD. And of course, other studies empiloy only slightly different methods haveachedthe opposite
conclusion that benefits are below minimally relevant thresholds even in patients with mild AD.

And sq once again, the AD literature is split with respect to the effica@dchE inhibitors be it in mild or
advanced stage AAs a consequence, the appropriate duratiolchE inhibitor therapy in the clinic is alsmguided by
studies of robust scientific merBased only on the relative abundanceaiclusions, it is generally agreed uporihie
field thatAchE inhibitors offer the most therapeutic benefit when initiated e#rhyjile a definitive conclusion on the
therapeutic value o&chE inhibitors in AD undoubtedly requires more attention, a comparison of these efficacy studies
with othes performed in patient populations with differing subtypes of dementia revealsaad@imnalpoints of
interest First, to datethe vast majority ofrials have not provided support for the us@&ohE inhibitors in preventing
progression of mil&ognitive impairment to dementfd**”® At first glance, these findings seem to be contradictory to
the conclusion that early interventiortli® most appropriatieeatment intervaflor cholinergic therapeutics. However
instead, this finding may simply reflect differences in the pathogenesis underlying cognitive deficits in MCI as comparec
to AD. Alternatively,the failure of cholinergic modulators to influence pregression of MCI highlights another open
guestion in the fieldNamely,whetherAchE inhibitors can induceegative feedbacén cholinergic tone, thereby
themselvesompoundingcholinergic decliné*’® 47 In congruence witlthe firsthypothesis, all subtypes of dementia
demonstrate a unique therapeutic respongeii inhibitor therapyln summary of the relevant findingsislar beneits
are seen witichE inhibitors in pati@ts with vascular dementia as compared to' 5’9 In contrast however,
cholinesterase inhibitors appear to show greater efficacy in patients with diffuse Lewy body danekntizefficacy in
Huntington diseas#®® *®? Importantly, these results hint at the existence of distinct etiologies underlying cognitive
deficits observed ieachdiseaseeachwith their own varying susceptibility to the modulatorjeets of cholinergic input
and as a consequence therdpglating this theory to diseaback to ADpathology, in generatraditional
pharmacological replacement strategies are unlikely to succeed in AD because so many neuroctiistmcakystems
degenerate, and because structures such as the hippocampus and cortex, vanndmgrde presumed postsynaptic

targets for cholinergic drugs, are themselves damaged icathdition.As stated, for these reasamgst experts agree
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that nore fertile ground$or cholinergic based therapies exist in more mildly impaineat,e neurologically intact
populations?®? An extension of this expert opinion is thasearch programs aimed at identifying étielogy of the

degenerative processasd preventing their progression by various means may be more fruitfetdongtrategies.

45 USE OF MEMENTI NE I N ALZHEI MERGS DI SEASE

As a comprehensive understanding of the molecular pathogéenssiklacking, opinions vary widely with
respect to viale drug targets that will influence the etiology of the degenerative processes RuiAditferently, there is
very little consensus as to which pathological abnormalities lies upstream in the pathogenesis of AD and as a
consequence, it is difficult tar@dict which degenerative processes should be of highest therapeutic interest. As stated,
numerous lines of evidence suggest thedicits in cholinergic signaling can induce cognitive dysfunction, a finding
which has been used to justify the us@\ohE inhibitors in AD. However, the mild degree and inconsistent nature of
improvements in cognition attributke to cholinergic therapy seeminglgnfirm the presence of contributory
degenerative processéaurther there is nevidenceto suggesthat AchE inhibitor therapies perturb the degeneration of
cholinergic neurons in the basal forebrain system. Instead this treapme@chsimply supplements cholinergic tone to
compensate for accruing deficitscholinergic signalingecondary téossof nBM projections. Thus, not only déchE
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 ABndnuence with the hypeesis that
preventing the progression of degenerative processes may prove more fruitful with respect totdrenltregitment of
AD, investigators have leveraged theméthylD-aspartate (NMDA) receptor antagonist Memantine (Namenda/Axura in
Europe).

Mechanistically unigue among the currently quartet of FDA approved drugs for the treatment\d&mBntine
(Namenda/Axura in Europe), @1N-methytD-aspartate (NMDA) receptor antagordstvoid of any direct effect on
cholinergic signalinglnsteadit is purported to prevent cognitive decline via a neuratective mechanismis discussed,
NMDA receptors are highly integrated into the neural circuitry of the hippocampus and cortex, which under physiologic:

conditions;serve as the principal neuronal smates 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. Thereforecanctly, the rationale bérd use of an NMDA receptor antagonist in AD
stems from the fact that excessive NMDA stimulation can lead to glutamaggaifictoxicity. Synthesizing this
background information into a mechanistic hypothesis, the purported utility of Memantine irtihrétardation of
neuron loss in the hippocampus and cortex secondary to glutamatergietexicity. In addition,by shifting
glutamatergic signaling closer to baselithes physiologic function of remaining neurons could be restored, resulting in
symptomatic improvemeft?? While the literature behind this rationale is by far the most widely recognized, it is
important tonote that other properties ofdvhantine may also be relevant to its efficacy in ADr. instancewo of the
properties most likely to be atributory to improvements in cognition incluile ability to enhance LTB?*? and decrease
tau hyperphosphorylatior’®® Regardless of the significance of these additional mechanisms, efficacy data suggests tha
Memantines of modesbenefit in patients with moderate to severe AD; a finding which distinguishes it further from
AchE inhibitor-based therapies which demonstrate highest efficacy ingade disease. Exemplifying this evidence, in
a 28week study of 252 moderately to sesg impaired AD patients (MMSE scores 6fl3); Memantine therapy
significantly reduced cognitive deterioration on multiple scales of clinical efficacy as compared to ff2c8hmilarly,
the addition of Memantine tAchE inhibitor regiments in a cohort of 295 patients with moderate to sevepaded
more effective at maintaining MMSE scores as compared to treatment wisichisinhibitors aloné*®® Of cours,
publications which dispute these findings are avail&dsleeview,some of whictsuggesting that the continuation of
AchE inhibitor therapymay be of higher therapeutic value than the additidiehantine*®? In this discordant study
however only patients who had already receil@ohepezilfor more than 3 months were recruited. Signifihg this
recruiting method represents an experimental confound by generating a survivorship bias in which those patients whol
Donepezilhad an unfavorable sigsfect profile or failed to improve cognition could never be recrdff8drhus, in
congruence with the majority mpon, Memantine was approved by the FDA in October 2003 for use in patients with
moderate to severe Abnaking it the only currently approved drug with demonstrated efficacy hstatge AD

Fortunately with respect to its clinical use, this drug is also unique in that it carries a negligitefezitie
profile. In fact, in some studies, the incidence of adverse events for patievienmntinewas even lower than for
placebd?®>*® |mportantly this minimal sideffect profile has been used to argue in favor of its use earlier in the AD

course. However, ith respect to Memantine efficacy early in disease progressiere is little, if anyevidenceo
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support its use ipatients wih milder AD.In asysematic reviewof datapooledfrom three unpublished studies of
Memantinetreatmentin mild to moderate ADintention to treat analysis indicated a very small but statistically significant
beneficial effect foMemantineat six months on cognition (<1 point on thep@nt ADAS-Cog) but no effect on

behavior or activities of daily living/Vhile this result admittedly presents a mixed conclusi@ubsequent review of

three additional trials including31 patiets with mid AD (MMSE 20 to 23) failed to recapitulate even a small degree of
impact on cognitive function, findingo substantial benefit withlemantiné“®® Additional studies are clearly needéat

the current consensus in the field is that the prescription of Memantine should be restricted to advanced disease. Notal
this restricton to latestage ADmeans that Memantine is typically employed as a combination therapy rather than a
monotherapy, as patients are typically already on a regimekuhif inhibitors by the time thegeachthe advanced

stages of AD. Predictably, the literature on the addition of Memantine to an established regivobit imhibitor is

mixed. In 322 patients with moderate to severe AD (MMSE 5 to 14), treatment with MemantiDopepeziresulted

in signficantly better outcomes than placebo danepezilon measures of cognition, activities of daily living (ADLS),
global outcome, and behavié? However in an equally powered study, no significant benefits of the combination of
MemantineandDonepezilover Donepezilalone were note®® Given these inconsistencies even in advasstage AD,

it is not surprisinglythatin a cohort of 433nild to moderate Alpatients, addition of Memantine to a regirnehAchE
inhibitor produced no significant improveméfi® And so again, the only consistent finding with respect to the efficacy
of combination therapy witMemantineas compared to monotherapy WRhhE inhibitors alone ishat 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 manageméfit? Pharmacologic therapysingAchE inhibitorsshould be initiated upon diagnosiEAD, as these
drugs exhibit their maximum clinical impact early in the disease eofissa consequencel] af the currently available
cholinesterase inhibitorpnepezil, Glantamineand Rvastigmine) are indicated for mia-moderate ADand are of
egual therapeutic potendyatient or caregivasreferenceease of use, tolerability, and cost should dictate which of these
drugs are used. Treatment shouldrigividualized;with patients being switched from oAehE inhibitor to another if
the initial agent is poorly tolerated or ineffectiviEspecially in arly-stage disease, the literature supports the conclusion
that these drugsnprove cognitive function, global clinical status and patients' ability to perform activities of daily living.

Additionally, there is also evidence for reduction in emergencelbébioral symptoms witAchE inhibitor therapy.As
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patients progress to morevere stages of AD, Memantine may be introduced on top of the patients eXidtiag

inhibitor regiment without worry of side effects. Most criticallyincians mustregularlymonitor symptoms and

behaviors, manage comorbidities, assess fundimheducate caregiverm how to obtairaccesgo relevaninformation

and supportAs emphasized by this summary, the main targets of cholinergic therapy continue to be the usevdgttdrug
anticholinesterase activity despite their inability to overcome the cognitive deficits associated with the chbiypergic
functionseen in AD. Today, it has become evident that dysfunction of the cholinergic projection system is mainly a latet
stege 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 pathoge
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 evemrittahsive loss of CBF neurons in AD. Of course, the ultimate goal must

be the discovery and clinical evaluation of disea®elifying treatments.
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Chapter 5 LNKDBTK@Q DSHNKNFX NE @KYGDHL

For well over two decaded)d amyloid cascade hypothesfsAD has dominated with respect to its influence on
research conducted in academia and the pharmaceutical indistitled to its simplest formhis hypothesis synthesizes
histopattological and genetic datand posits that the deposition of theamyloid Ab) pepti de i n the
initiates a sequence of events that ultimately lead to AD dem@mtiaxtension of this hypothesis is that the NFTs, cell
loss, vascular damage, and dementia associated with AD pathology are a downstream consefyugrataaibgy"®
Two seminal events in AD research are predominaetponsible for thgeneratiorof this canerstone hypothesig)
the characterization of AfHfnthefirst descabed casg of AP and @) tha tiscdvesyi me
that AD could be inherited in an autosomal dominant fasi#8® ma zi ngly, the influence o
characterization of AD is still readily observed today, as the neuropattaldgillmark of AD remains the amyloid
plaque and identification of these lesions is required for pathological confirmation of AD in all generations of published
guidelines’Si nce the discoverypehatdabwasanhheypcl mavgdcAdhs
plaques have been posited as central to AD pathogéfidsisdmittedly this discoveryin no way constitutes scientific
evidence of a central r ol e fNeverthdldss, i tadyqligcevery inanguatbly pdaced a t |
Ab plaques at the center of attention with respect 1t
however that this initial discovedoes not hi ng t o e x c plagubsnaysimpdyrepresenai bi | i t vy
downstream consequence of some inciting etiology. In discordance with $kibifity however, a seeminglgrefutable
amount of genetic evidence support s atleastesonte foadD. Thel e f «
data,as well as work donenihumans, animal models, andvitro is the focus of this chaptddowever n addition to
providing the mechani s t-demtric madelseof Apthis sedtion gl also praliderthe nacassary A f
background to addresise most commonly levied criticisms of this model. Though expanded onilatarrants
mentioning here that h e f a i -tangeated thavdpiesAntclinical trials has caused some in the field to question the role
ofamyloidb and amyl oiAD.d ewhasiet itchne ipnr i mary focus of this

central role in ADpathogenesjssubsequent sections will address these criticisms directly.
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5.1 AMYLOID PROCESSING

Bef ore the evi de-peatc hfpathesesonhAD patlgppgenesis caappkdpriately presented
generalizedreviewdf he physi ol ogi cal processes behind the Asrodt
early as thech@88d6s ntreeas on purifying amyloid plaque:
peptides 4012 amino acids in length that aggregated as oligoffi@rkater, gene cloning and cDNA analysis of the
monomer AD proteins would | ead to the discovery that
larger precursor which was subsequently named the amyloid precursor proteif’{AFR@APPgene contains 18
exons and gives rise to at least eight APP protein isoforms by alternative splicing of exons 7, 8!°4/@f tte, the
APP isoforms mainly expressed iaurons always contain exon 15 and are more amyloidogenic than tineuramal
forms.The longest APP isoform is a single transmembisgraning polypeptide of 770 amino acid residues with a long
extracellular Nterminal segment and a short€@minal 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 lengt
whereas alternative splicing of exon 8 results in a polypeptide of 751 amino aaitissmiso expressed in the brain, but
more commonly in nomeuronal tissueS8® Structurally, APP is a membrane boundcelé c e pt or whi ch cc
peptide sequence in the extracellular donf§thUnfortunately, the function of APP is still poorly characterizeevitro
studies suggest that secreted APP can function as an autocrine factor by stimulating cell proliferation and®3dfigsion.
Similarly, APP secretion has been shown to support nerve growth-fadtared neurite outgrowth in PC12 cell
culture® Still other studies have implied a role for APP in sigramsductiorf®® or in the regulation of transcription
via interactions with other proteins such as Fai histone acetyltransferase Tig88 Fortuitously, more is known
about the proteolytic cleavage pathways of APP and their gtneam engbroducts.Simplified for the sake of clarity,
proteolytic processing of APP can occur vieaanyloidgenic (pathogenic) or n@myloidgenigbenign) pathways.
|l mportantly, determination of APPO6s cl eavage fate o0c:«
chaperoned by the intracellular adaptor protein sorting nexin 17 (SNRLOnce embedded in the plasma membrane,
theiniialpr ot eol yt i ¢ c |-@ =& sdargtaseomrhits thePpRocebsyto albenign or amyloidgenic product,
respectively. 19 1 n mo seeretase mambranedoundcanstivventgpkthe disintighiiPad b y U

met al |l oprotease (ADAM) family of pr antoehe exsacellutaespad® s es ¢
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Additionally, this generates a-@rminal fragment@3,8 3 ami no acids in | ength whict
secretase at a cleavage site embedded in the intramembranédpgaeat significance when discussing the genetic
evidence supportingamyleitie nt r i ¢ mo d eséceetase EnzyA® thoughmet fully characterized, consists at
minimum of four individual proteins: presenilin, nicastrin, anterior phaigebectivel (APHO01), angresenilin enhancer

2 (PEN2).5%59 A5 ar e s u tsécretask mediatéstramembranous cleavage, two subsequent fragraemigenerated

from C-83; the APP intraglular domain (AICD) which is released in the cytosol and p3 whieheleased into the
extracellular spac®f note, amyloidgenic processing of APP also results in the cytosolic release of AICD. However, as
alluded to by its name, the end resulaoimy | oi dgeni ¢ processing of sindiBuRfthiep3 t h e
fragment. To explain how this differenoeendproducts arisg it is critical to note that the first proteolytic cleavage of

APP in the amyloidgenic pathway is mediatebis/ e ¢ r e t-sites APP converting enzyme (BACE). Like its

c o u nt esegetaset thislénzyme also cleaves AP#portion of the peptide containiedhe extracellular space.

Ho we v e rsite(betleen résidues 671 and 672 of ARBP)8 amino acidsloser to théN-terminal of the protein as

c omp ar e dsitet resultingie thelelease of a much shorter soluble®\PR( s A P P b )andflongar gderminat
fragment®™™®*™ Fur t her di -beftretasefrom its meanylidgenfic counterpart, cleavage of APP by BACE
occursin the endosomalysosomal compartment as opposed to the cell memiS¥dnenalogous to the @3 fragment
produced in normamyloidgenic APP processing, thet€minal fragment of 99 amino acid residues9@) generated

foll oosweogebase cleavage r emai nsseachssbaamgeof D uinedretasen t i |

occurs in the vicinity of residue 712 arglstded, results in the releaseofyt os ol i ¢ Al CD pepti de

Of importance, commitment of APPtothermmrmy | oi dgeni ¢ p a tsheretase clsaeagemullifies r y
the possibility of amyl-siteafAPPis ict pa toecte shsd anngesebmetaseslaste  d fl
Put slightly diff ersecretaseyesultsin a®aninal fgagment fvhich IfsRoo bhprt tdJgenerate
Ab peptides upon saudceregtuasnde. cWhkialva gtetaimsgdsechetapgpckedvage of v e n
APP makes sense intuitively, a consensus as to whether a pgicbimbalance of these pathways contributes to the
pathology of AD has not begsacted Ar gui ng agai nst s ucdecraaseldgep motirtreasd s ,
BACE1 activityin vitro.®® However this does not exclude the possibility tikégruption of noramyloidgenic

processing contribusgo AD pathophysiology, to the contrary, a strong body of evidence now suggests that non
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amyloidgenic cleavage of APP is imperativetorthe i nt enance of neur onal gr owt h a
has been shown to have neurotrophic and Rptotective properties, promoting neurite expansion, synapse production
and cell adhesion among various other functions. Additionally, evidengestsghat AICD has a role in modulating p53
expression, activating caspase 3, and maintaining cellular actin dyraiicsStill, the underlying difference between

the two cleavage pathways of APRish e r el ease of Ab and p3 -prodacigom®Rt s. T
cleavage has no known function. As loss of p3 function is seentiegign the significance of its generation instead lies

in its inability to form stable oligomeric intermetiee s | i k e ©'? Like seweralmther grdieins associated with
neurodegenerati on, Ab jasqriaté, dnd can form arcaradylifferentadséniblies rgngingo s ¢
from dimers all the way to aggregates of fibfit§.52% Importantly,eachA b tide gpecies has its own relative
propensitytosela ggr egat e. | n t hi s gisefgnmima concer n gomrast,ag ai cansequerfce oA b
its two extra hydrophobi c4demmstrdtes @ emarkable propensity tcaglirdgate, s o | ¢
even at low concentrationRat i onal | vy, it was assumed that Ab toxici
amyl oid plaques. I n part due t oibutiohand mewaegenerativerclmhgast i o n
however, this assumption has been challenged with more recent data suggestingfthetlaigmvatersoluble
oligomeric assemblies of Ab G#&Y0fb en otthee, ptrhiematreyr m oAxbi cp
in the literature to represent a rarajgeptide products of APP cleavage ranging frord2&mino acid resids.

Although all are produsto f-secoretase cleavage, it is critical to note ga@hmay harbor a unique pathogenicity, a
hypothesis which will be gtored in full detailbelow. Before this however, we return to the topic of seminal findings

which sparked the creation of amylaidntric hypothesis of AD.

5.2 GENETIC EVIDENCE SUPPORTING AMYLOID-CENTRIC HYPOTHESES OF AD

As noted in this chaptés introductionthe emergence aefmyloid centric hypothesedg AD can be credited in large
part to genetic discoverid¢isking perturbations in APP processing to the development of AD. These findings, to be
outlined in this section, are of special significance because they were amaonigitied sources of evidenoited by the
authors of thevery first iteration of themyloid cascade hypothes®? In homage to its significance in this regard, work

highlighting the similarities in AD and Downds syndr c
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outline of APP processing provided above, mutations in APP which promote tpaegkdtype in humans and animal
model s will be reviewed. Cont i nain esgcoetasetwhich promote the h e me ,
amyloidgenic cleavage of APP will be summarized. Lastly, the relatively recent discovery in APOE and its1éffect o

development of AD pathology will be highlighted.
521 Downdés Syndrome & AD

Cited by J. Hardy and G. Higgins in their original description of the amyloid cascade hypothesis in 1992, paralle
between the pathology of AD and DS were among the strohiges of evidence supporting a role for APP processing in
the pathogenesis of Af¥? Briefly, DSis a conditim in which a persomherits an extra fullength or partial copy of the
21* human chromosome resulting in a broad range of disabilities. Of particular relevance to AD hsiueies suggest
that approximately 75% of DS patients over the age of 65ABVE®* 529 This represets a 6fold increase in AD
prevalence in DS patients as compared to the normal population. Alarmimglpsa studiesevealthat by age 31A Q,
deposits are universal the brains ofndividuals withDownd syndrome®?® Furthermore, tiis rapid accruement of
amyloid in the brain has been shown to be detectalidSipatients as young as 12 years of &feJust as in sporadic
AD, thebrainsoDSpati ents exhibit Ab deposition inindetemlpd vess
especiallywi t h respect to Ab plaque distri but ilofact onlydfew neur
differences between DS and AD with respect to amyloid neuropathology have been noted. The first comes-from PET
imaging studies which leverage amyl@decific tracers. This work suggests there may be regional differences in the
pathobgical progression of DS and AD, with early accumulation of amyloid in the frontal cortex in DS rather than in the
temporal corteX??? Additionally, less robust progression of neuronal loss in DS compared witha&been reported.
Perhaps contributing to these differences however, these studies nthe thatiis of DS patientstart out with fewer
neurons suggesting a tooompensatedar acéruing Fathaoggpecially ia the frontal and temporal
cortices®® Lastly, as note@arlier, amyloid pahology occurs decades earlier in DS as compared to sporadic AD patients,
suggesting that if a shared neuropathological etiology exists, it is acceleratef3h°t¥3n an attempt to describe how
these findings led to thaitial proposition of the amyloid cascade hypothesissider the following historical context.
Operating under the assumption that the high prevalence of AD in DS is secondary to a shared pathogenic mechanism

initial linkage studies mainly targeted chromosome 21. The general hypothesis of these stuitiesiw&s, AD is
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caused by overepresentation of a gene on chromosome 21 as a result of the trisomy 21, while in AD a mutation in that
same gene leads to the production of an abnormal protein or to the overproduction of a normal protein. In corigruence
this hypothesis, later studies conducted in eanget AD families would reveal linkage to genetic markers in the region
21011.221g21%% Serendipitously, at approximately the same time ARB characterized and localized to the same
chromosomal regiofi?”

In support of the concept of a conserved neuropathological etiology between AD in DS and AD, the key
neuropathologicdieatures in the former closely mirror those described in the sporadic variant 8efbnd similarities
intherej onal di st r i b,patients with®$ alsd dccuplatdedNETe slightly later, with the hippocampus,
entorhinal cortex, and neocortex being among the most highly affected rggatrike in AD.**® One point that
confirms amyl oid pathology is exacerbated bysdaehe DS |
increased in DS as compared to &8.Other similarities between AD and DS neuropathology include increaseetipuild
of plaqueassociated proteins, microglial activatiastrogliosisjnflammation, and oxidative streS§*5* This large
degree obverlap intheneuropathology of DS and AQrengly supportghat some common pathogenic mechanisms may
exist. This point is of critical significance because unlike AD, the molecular etiology of D&lliestablished to be
secondary to partial or complete trisomy 21. Because chromosome 21 includes the gene for APP, the molecular etiolog
of DS directly promotes amyloidentric hypothesis of AD pathogenesis. The argument goes as follows. Since patients
with DS are at elevated risk for developing AD of a very early onset, the molecular etiology of DS must accelerate a ke
pathological mechanism of AD. As the molecular etiology of DS is characterized by an increaseimtbe of genetic
copies of APP, perturbations in APP processing to ger
However this is not the only finding in DS patients which promotes an angdailic model of AD pathogenesis.

Assuming a sired neuropathological etiology of AD in DS patients and the general pheliinding that NFTs
accumul ate | at er iplaqued Sronglyg suppartmanyladntdc hypotheseb of AD over models

which favor tauFurthermore, the findingtha NFTs and Ab plaques are both inci
be a |link between Ab deposition and NFT formati on. | f
increase as a consequence of increased availability of the ABfPate, but no effect on NFT density would be predicted.
Of course APPis not the only gematriplicated in DS and therefore it is very likely that one or more of the roughly 635

genes on chromosome(2tcording to European Bioinformatics Institubedy dso play a role in producing the AD
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phenotype. Highlighting the importance of APP though, in a DS patient with only partial trisomy 21 (rABBiagd
several other genes), there was no dementia or AD pathology at atit®@iy.the basis of this case study and the
findings summarized abovia the opinion of many investigatorserturbations in APP processing must play some role in
the development of AD pathology in DS.

While much of the data summarized to this point is significant in that it partially inspired the generation of the
amyloid cascade hypothesis, it is importanhote that these early findings do not fully represent the insight garnered
from the parallel study of AD and DS. Motivated by the similarities between AD and DS pathology already described,
many groups have leveraged mouse models of DS in order to iehemathe pathophysiological processes underlying
AD. The most widely used mouse model for studying DS to date, the Ts65Dn mousgisnividelmic for 88/16bf the
ortholog protein coding genes on human chromosonf&2tLending credibility to thisipprach the phenotype of
Ts65Dn mice is remarkably similém changes observed in AD, characterized by a progressive deterioration of working
memory, cholinergic deficit in the basal forebrain, and neuroinflamm&ffbrlowever, one limitation that severely
limits the utility of DS mouse models for researching AD and potentially undermines the classical amyloid cascade
hypothesis is its failure to replicat &9TFhteepotantiat hol ogi ¢
interpretations of this deficiency have been propdseuh an amyloidcentric perspective*? First, the current
generations of DS mouse models diffieneticallyfrom human DS paténtsin two ways First, mouse models like
Ts65Dn lack trisomy for a number of gerlesated on human chromosomegtiich demonstrate functional features that
are of compelling relevance to ADake for example astrocytter i ved gr owt h dreda tompone® df0 0 b
the neureinflammatory response, in addition to the promotion of neurite degeneration, this protein has been implicated |
the formation of neuritic plaqué¥® Secondly, the Ts65Dn mouse model is at@mmic for a small centromeric segment
of mouse chromosome 17 that is not orthologous to human chromosome 21. Of the 50 genes contained in this segmer
several code for dynein light chains whose increased dosage could influence endosomal transpsradaed APP
processin?Last |y, the abil ity inordasedih humangads cothparet to DSantjcg aseg at e
consequenceofahr ee ami no acid di PPeheascet hen Itehek ADf skmuelnao
and as a consequence NFifgy beinterpreted not as a failure of the amyloid cascade hypothesis but as a consequence
the deficienciesh mousemodels with respect to their similarity to human @8 significance, the lack of pathological

AD hall mark | esions in AD has not | imited the utilit)\
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independent mechanisms of neurodegenera®bhighest relevance to the cognitive deficits observed in AD, DS mouse
models have provided a powerful tool for studying the neurodegenerative mechanisms underlying the loss of cholinergi
neuron populations in the basal forebrain. Briefly, in mouseatsaaf DS APPoverexpression results in endosomal
enlargement and dysfunctidgxemplifyinganA Bindependent mechanism which still supports the amyloid cascade
hypothesis, endosome enl ar gement h a sledver arboxystdrmoingin t o b e
f r a g mETF) of APB®*? Not surprisingly given the role of endosomes in cellular transport, DS mouse models also
exhibit deficits in the retrograde transportradrve growth factor (NGRInd brairderived neurtsophic factor (BDNF)
signaling.The hypothesis derived from these iimgs is that failure in growth factor support secondary to impaired
endosomal transport is central to the ndegeneration of basal foretin cholinergic neuroris*? Lendingcredibility to

this work, reductions in the higgiffinity NGF receptor, trkA, are observed in basal forebrain cholinegicons of

Ts65Dn mice, DS patients, and individuals with &.1n summary, although animal models of DS produce

plagues and tangles, this does not exclude the possibility that the pathogenic mechanisms underlying DS deficits may
contribute to cell loss downstream from these pathological changes. Indeed, the exploration of similarities and differenc
between DS and AD animal models may point to important aspects of underlying biochemical and structural changes tr

drive the development of AD.

5.2.2 APP Mutations as Support for Amyloidentric Hypotheses of AD

As reviewed in a previous chapter, a subset diyeanset forms of AD araherited in an autosomal dominant
fashion and as a consequeaceclassified as Familialariants ofAD (FAD). Still among the strongest lines of evidence
supporting amyloid centric hypotheses of AD pathogenesis to date, matafithe APP gene are robustly linked to
early-onset variants of AI¥* **9 |n addition to the DS literature just presented, yet another discovery made in a distinct
neuropathology spurred the discovery of APP mutations in AD. Published in 1990, a Glu693GIn mutation in APP was
found in families suffering from hereditary cerebnamorrhagevith amyloidosis of the Dutch type (HCHWR®).®*? A
rareautosomal dominant disordiund in a few families in the Netherlands, HCHWVIDAis characterized by recurrent

cerebr al hemorrhages secondary to excessi v®% Thbegptlees i t i «
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degree to which the pathogenic processes underlying HCiBVE£e represented in AD is still under investigatitis
discovery did demonstrate that mutation&PPc an i nc i t e. Efcburagedythisdinding, later studies would
performmutation analysis oAPP in earlyonset ADfamiliesto yield the evidence to be summarized in the following
paragraphs

Notable for being among the first mutations in APP ever discovered, sequence analysis of exahs71&vhich
encode the Ab peptide sequence, r ev e a l-anset AB“NUaderfining | | e
the @usative nature of this mutation, the APP Val717lle mutation is the most prevalent mutation in APP and has been
found in several families of unique ethnic backgrourgisce this discovery, the number of published pathogenic APP
mutations has skyrocketed just 7 as of 1998, to somewhere arog0doday®*>*9 As a general rule, the vast
maj ority of pathogenic APP mutations occur i-,n-, feRao0dso]
secretasednterestingly, while the vast majority of these mutations are autosomal dominant, two recessive APP
mutations, A673V, and E693D, have also been reported in cohorts ebeagy AD families®®**» These recessive
mutations aside, APP mutations exhibit close to a 100% penefrgh8egnificantly, three main groups of APP
mutations have been idenifl: (i) mutationsnear he bet a APP <c¢cl eavi ngnuatosyeatee 1 (|
gamma APP cleaving enzyme site, and fiitations inthe midd o mai n o f *hEriticalp, the pregenae of.
these point mutations in APP suggests, at least for the familial variant ahébBasedmyloidproduction and as a
consequencdeposition is the assative factor underlying the disease pathogemé#. Disappointingly the precise
mechanism by whickeachAPP mut ati on influences Ab TheSwddiske mutaton APPs n
670/671 produces, in transfected fibroblast cellimesmpar ed t o the wild type cells
peptide, which, in normal conditions, is rapidly cleaP&t>® In contrast, mutations iAPP 717 produca morethan
two-foldi n c r e as4¢thelangerfabd moresoluble for,mo f  t h e A b rapidy@adgiegteto farnhaayloid
deposits®® Still other mechanisms of uncertain validity have been proposed including: mutations that inhibit the
breakdown of the COO# er mi n a | fragment of APP t hat contains Ab,
membrane, or mutations which & b i |-domtaéningdamyloidgenic fragments within lysosort{&s>#¢ 557558 ag
gualified in the introduction to this section, the apparent causality described between mutations in APP and the
development of eartpnset forms of AD does not necessarily carry relevance to sporadic fdnaisaid, a pathogenic

missense mutation abdon 665 of APP has been reported in-taiset AD®* Most convincingly, the finding that
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mutations in APP which reduce the production of amyloidgenic proteins by 40% are protgaing the development of
spor adi c A Bdependgngneeshansmsfobneurodegeneration must be of significance in this variant in addition
to inherited forms of the diseaS& Others argue that genetic variations in the APP promotor may be closer associated
with the development of sporadic AD than are polymorphisms in the gene itself. For example, variant screening in the
APP promotor revealed a microsatellite sequence inigiriiron of APPwhich showed weak association with AR

More likely, epigenetic modifications of APP in concert with alternative splicing may contribute to the development of
sporadic AD®®? Importantly, epigenetic modulation of APP processing provides a mechanism by which environmental
exposures can represent an etiologic factor in the pathogenesis oihdbubtedly, more work is warranted in this area.

In the interim, the data summarizasoves ol i di fi es ADb overproduction as the
supports amyloid centric hypothesis of AD. Notably however, APP mutations account for0%y 6f earlyonset

forms of AD®*25%2 By far the more prevalent etiology, mutations in the @nés (PSEN) family of proteins are believed

to cause up to 80% of familial eaynset AD caseS*?

5.2.3 PSEN Mutations asSupport for Amyloidcentric Hypotheses of AD

As described, the vast majority of eadgset AD families do not have mutations in &P gene. Hypothesizing
that additional AD loci might exist to explain the remaining cases, in 1992, a locus on thenoofgcAiromosome 14
was detected by linkage analySf. Approximately 3 years later, a gene narR&EN1was identified and isolated by a
positional cloning stratedy® Remarkably, aecond gene, PSEN2, was found secondary to its homol@&§Edl 1and
mapped td.q31 g42 later that samgear®® Eachgene consists of a total of 13 exons, of which ex@d® omprise the
coding sequencehile the othes encode the untranslated regidti8 Significantly, these genes code for two highly
homologous (67% identity) mulipanning transmembrane proteins termesenilinl and ZPS1 and PS2j*? With
respect to structure, PS1 is comprised of 467 amino acid residues while PS2 is 448 amino acids in length. Both are hig
conserved across species and primarily localized to the endoplasmic reticulum, Golgi apparatus, and nuclear®@nvelope
Furthermoregachpresenilin peptide includes eight transmembrane domains and a hydrophilic intracellular loop region.

Physiologic endoproteolytic cleavage generates stabln Gterminal fragments ofachpresenilinand though the
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function of this ckéavage is still unclear, this frmgnted form is the predomingmtesenilin derivative in the mammalian
brain®®® With respect to hypotheses mfesenilinphysiologicaffunction, PS1may play a role in developmental
morphogenesi®? while the Gterminal fragment of PS2 has been shaavimhibit apoptosi§’® Thesignificanceof

these proteing1 FAD however iscredited to heir involvement in theroteolytic processing of APRs briefly described,
o-secretase is in fact a complex of at least four distinct proteins:JARiktastrin and PEIR, and PS1 or 2. Of

significance, these constituent proteins are heavily modified by proteolysis duringpdssem and mat-ur at i o
secretase complex. In fact, autocatalytic cleavage of presenilin intedisd\Gterminal fragments is required to endow

the complex catalytic activity. In more detail, APHs required for proteolytic activity and is believt® initiatethe

assembly of premature protein componétitsNicastrin on the other hand is credited for maintaining the stabflitiye

a s s e misdcretase aomplex and for regulating its intracellular trafficRidgn a similar vein, PEN facilitates the
stabi | i z aconplexafteo dgreenilimpeoteolysis has generated the activatedrid Gterminal fragment&’?

Perhaps providing a mechanism by whidPP metabolism can be alteretthout alterations irits purported catalytic

activity, PEN2a s s o c i at esscretaseontplextvia kinding of the transmembrane domain of P§%/2astly,

and of highest relevance to the genetics of RB1 and PS2 stderve proteolytic processing of specific proteins such as
APP and NOTCH by either ser visegetasecompléxdaspartyltpeotbagd) or at leasb my
serving as a cofact&”>”As evi dence of t hei {secretase aciivigitchds beeorecentli n  me d
d e mo n st r -adcretase inhibitots bindlsetively and specifically to presenilireterodimer$™ Still, when

considering an amyloid dependenbéigy for sporadic AD, it is important to note that PS1/2 are not unique in their
ability to modulate APP met abol i sm. -sdcretasedtiact asahkedyr ar y ,
regulator for presenilime d i adeaethsexleavage ofd® by forming a functional complex with PS1 and PS2.
Emphasi zing the i mportance of these regulatory protei
to the caboxy-terminal of derivatives of APB’ Further, missense mutations in a conserved hydrophilic domain of

ni castr i nainmdgypeptids secrefidvhile deletion in this domain inhisiAb  pr o &7% Thusj while .

PSEN mutations are unquestionably the etiological cause of the majority of familiadozesdy AD cases, there is a
danger of overediameldi fpywithgvaAhfs when ada p icenmahypgteesesini ¢ m

sporadic AD. Almost surelypandysregulation across a variety of cell systems contributes to the development of AD in
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the general population. Therefore, when considering the following evidence, bear in moehtitéadt etiologies are posed

as causative only in FAD and are onlydiset o support a central role of ADb ir

Incredibly, the more than 120 mutatiattiscoveredn PSEN1 and 8 in PSEN#e thought to underligp to 80%
of familial earlyonset AD case$'? Of the pathogenic mutations noted in PSEMbst are missense mutations while two
are nucleotidénsertions®®® and one is a trinucleotide deletiGf In contrast to APPnutations, PSENmutations are
scattered over the entire coding region of the gene, with some clustering in exwh8 Sorresponding to the second
transmembrane domain and thee¥minal portion of the sixth hydrophilic loop, respectivél).Of interest, these
mutations are predominantly located in the highly conserved transmembrane ddogtinsri APP, the molecular
mechanisms by which mutaRS1exerts its pathogenic effect are not fully elucidated. A favored hypothesis in the field is
t hat mut ant -de@etlaseractidty by sirtue of its altered catalytic properties, resulting imatieqtion of
more pathogenic forms of AD peptide. I n RSApnoteingirgluemcce , [
t heecretasene di at ed pr oc es s i-termginudifia manReP which incedstae ARLL 0 Cyhakio 8
%9 Additionallymut ant PS1 i ncr eisheandopldsmic retieulum ansl Gadgf confpartmé&fits
Interpreting this data, wiltl y p e pr e s e n iyl consideree to leerleastneusotoxic feven though it is present in
amyloid plaque$®® The mutant presenilins discussed on the other, ltirett APP processing towards the production of
the more amyl oi dgepeptide®®®HIdmmeerutr aort tolxyi ,c sAtbu diicenminimgébmils ns t r
exhibit bindigmvidndgaf imeicthya nfisrm Aby whi c hgcoutdeffectivelynrecauih t r at

less amyloidgenic species into plaque deposit@is.

Reiterating t hi s data is of significance because it | ai
hypothesisand still serves as one of the fundamental linesvifence supporting a causal role for amyloid accumulation
in the pathogenesis of ADust as in studies of DS and APP however, modern discoveries have augmented the proposet
mechani sms by which Ab peptides i ndeeuotRSENILR,tamavepleesies i s .
mutation in intron 8 oPSEN1was associatedith apeculiar form of AD which may partially account for the low
correlation between AD itpofcagnitive impagnpeot.dn morie detail, theubpathdiogicak e v ¢
featuresof this variant of AD exhibit fifuse senile plaquesf a uniqguemorpholog. In contrast to the neuropathology of

traditional AD, the predominant plaque type in this vari@eemblegotton wool balls without amyloid fibrdlepaition
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in the coreor associated dystrophic neurites and inflammatory reacfithas these patients stiflevelopprogressie

memory loss, sch features suggest thab deposition is not the kegvent in the pathogenesis of AD. Instéae

rationale goesthath e neur ot oxmust atdehst partialygccarfbefobehits extracellular aggregatioa a

variety of probable mechanisms including but not limited to: disruption of calcium homeostasis, increased production of
free radicals, and/or perturbation of intracellular signaling path#\8/hi | e t hes e miaduded ni s ms
neurodegeneration are explored in full deétasubsequent sections, the point here is that thexmesses are completely
distinct from senile laqueformationandmaythereforeexplain the absence afstrongcorrelationbetween AD
neuropathology and amyloid plagdistribution.Similarly, it sfould be noted that alternative mechanisms by which
presenilin mutations induce AD neuropathology have been proposed. For example, the discovery of a direct interaction
between PS1 and proteins in the catenin family has led to the hypothesis that PSENhsmtsy increase neuronal
apoptosis by al tcateninapotein hotablefor tib fiole in ¢elyto aelf adhesion mechanisms and as a
signaling protein in transcri ptsécetase indegendante\ahtain@eatemp a tbh \
l evel s are significantly reduced i-catenk Bignaliagthasdeaeen showwtot h
potentiate apdpo si s i nduc e dvitrb.§*AWi tph orn esqeretasé imiependent mechanisms of AD
pathogenesis involving PS2, evidence suggests that phosphorylation effettmigal fragment of PS2 inhibits its

cleavage by caspa$e inducing an antapoptotic effect®’? Thus, alterations in the PS2 phosphorylation might promote

the pathogenesis of AD by affecting the susceptibility of neurons to apoptotic srhatiurse, many more PSEN

medi ated pathogenic mechani s ms hav esedretaserindgpendept mschadisms H ¢
is that it alludes to the complexity underlying pathophysiologic disturbances in APP processing. As discussed, APP anc
PSEN mutations are noteworthy in that they bdhindfADst r a't
Still, mutations in these three genes account for only a third to a half of all autosomal dominant cases of AD, which in tt
represent less than 1% of total AD caS&5As repeatedly suggested, these statistics confirm that the molecular etiology
underlying the development of latmset forns of AD are distinct from those geneticathediated variants. However,

this is not to suggest that genetic mutations have not improved our understanding of the molecular pathogenesis of
sporadic AD. As described in subsequent sections, genetic variatioa APOE gene provide some of the most robust

evidence supporting modern interpretations of the amylagtade hypothesis.
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5.2.4 APOE4 Support of Amyloietentric Hypothesis of Sporadic AD Pathogenesis

First described by G. Utermann and colleague®iP1polymorphisms in apolipoprotein E (ApoE) constitute the
most heavily influential genetic risk factor for the development of sporadic AD discovered ftatace their initial
characterizationthree major isoforms of ApoE have been identified which differ in amino acid sequence at two sites,
residues 112 and 1582 In more detail, the primary peptide structure of both ApoE2 and ApoE3 are characterized by a
cystine residue at position 112 while an arginine residue resides at this position in the ApoE4 isoform. In contrast, the
amino acid sequence of ApoE3 and ApoE4 are similar in that they both contain arginine at the 158 position, while ApoE
is unique in havig a cysteine substituted at this site. Of note, all three isofarensoded at a single genetic locus on the
long arm of chromosome 19 byeirt hr ee corr es pondi MY Wishirdspedt te prevélddc jnthe) 3 , &
United Statesite 0 3  tHe asnostcomn®on, with abo@60% citizens inheriting two copies dfis allele®®?

Consequentlyft e athd U 4 re inach less common. An estimated3® percent of individuals in tHénited
Stateshve one or t wo c oponlg2havé wtoh & op4Thesdmbiring &PA% avelore or

t wo c o p %lsendingfsigndicance to these population statistssstatedmany studies have demonstrated an
association bet weansetfanmiia andgporadic forei$ of ADa @né of thesttinduenial of these
studies reported a 20% increased risk in developing /
90% increase in risk attributablefbhomozygosityBeyond i ncr easing an i ogngAD dual
this same study also demonstrated that Ageotypemodulates the mean age of onset. Individuals with a single ApoE4
allele develop AD around age 84 while the mean age of onset for homozygotes is only 68 years of age. Summarizing tl
work, theU 4 ainfllierceseboth the risk of developing AD and its age of onsefiillaads eep e n fdshiont o

Hauntingly, it wasalsoamong the first studies to demonstrate that homozygosity foEAovirtually sufficient to cause

AD by age 80 Further advancingamyloident ri ¢ hypot heses of AD, apoU4 al
increased neuritic plaque density in AD patiéfts Critically, this finding has been recapitulated in cognitively normal
subjectswithf i br i | | ar ABb b ur delpnoimalindivideals mereasing m0 ©ependert mannéf?i v e
Further alludingtoan nt er acti on bet weteme Al ediacshgendt ensieteaalyodset AD |

families linked to mutations in the ARfene®* %, Of unknown significanceyo effect of ApoE status has been detgcte
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in similar casesf AD secondary to mutations in PSER®. In light oft hese findi ngs, the U4 a
factor and not minvariant cause of AD. Considering a molecular mechanism by which ApoE4 exerts its pathogenic
effect, this indicates that other environment al or g
phenotypeExemplifying this point, in ceria ethnic groups, the ApoE4 allele seems to have a weakened-existent

effect on processing underlying the development of REF™ Thus, an important unanswered question in the field

remains wht variables influence ApoE function and how do these perturbations contribute to the development of sporac

forms of AD.

Secondary to its association with AD, over the last decadearch into the physiologic function of ApoE has
expanded its role inatl biology tremendoushStructurally, it is a plasma glycoprotein comprised of 299 amino acid
residues with a combined mass of 34, P&0tons®® Further characterizing its structure, theédminal domain (residues
1i 191) is a stable globular structure containing a receptor binding site, while the etabuinal domain (residues 2116
299) is helical and faci | tions®? Resiphekaity@ B &§/rthedizedpmaiply by thediven b i
but also bymacrophages and monocyf&8 Within the CNSwhile some reports iricate expression in neurons, more
than 95% of ApoE synthesis and secretion has been localized to astrocytes and i afyider the current paradigm,
ApoE functions as a ligand in receptoediated endocytosis of lipoprotein particles both in the CNS and peripheral
nervous systemifter receptormediated endocytosis éfpoE-containing lipoprotein particles by ledensity lipoprotein
(LDL) receptor famiy membersApoE may be either degraded or recycled back to the cell suffddanlike plasma
HDL that contains apoA as its major apolipoprotein, the predominant apolipoprotein of HDL in the central nervous
system (CNS) i&\poE.®*? In plasmaApoE proteins are present on lipoproteins in association with other apolipoproteins,
whereas in the braiApoE is predominantly present on distinct high denéike lipoprotein mrticles®?® However, the
role of ApoE containing high densitike lipoprotein particles in lipid and cholesterol homeostasis is not clearly defined
in the CNS. What is known is that cholesterol released &poE-containinglipoprotein particles is used to support
synaptogenesis and the maintenance of synaptic conné€tibAs a consequence of these findings, the general function
of ApoE ishypothesized tinvolve the mobilization and redistribution of lipidiring neuronal growth and after neuronal
insult® WhetherApoE-containing lipoproteins play a major role in supporting synaptogenesis and maintenance of

synaptic connections vivoin the uninjured brain has not yet been proven, agaksteidies have shown that the brain of

112



ApOoE knock-out mice for the most part appear normal in the absence of.{ftity addition to these primary functigns
reports sugge#ApoE mayalsofacilitate a host obthercellular processes including nerve regeneratmmune

regulation, and the activation of several lipolytic enzyfé§™

Although perturbations in any of the physiological functions of ApoE may underlie its issfoeaific effect on
the risk of developing AD, convincing evidence suggests that the physical interachipostvi t h  Ab pl ays
role in AD pathogenesiWhile this hypothesis will the main topic of review, it is important to note that other potential
mechanisms have not been ruled out. These include the ability of ApoE to modulate tau phosphorylation and
neurotoxicity as well as its role in synapticgilaity and neuroinflammation. Nevertheless, phevailing hypothesis
generally supportive of the traditional amyloid cascade hypotta@tisughit highlights the pointtheA b pept i de
aggregationand er t u r b a tleamnmcelayia mucklérgerole inthe development of sporadikd as compared to
mechani sms of Ab overproduction. Delving deepeir28dfnt o
the Ab peptide appear ApdoB botsterastheshipothesidate pHysical iteracton lseiweea f o r
ApoE and Ab plays an i mp®® simiarly,tthe findingehatithe effisi@cymfconmplexg e n e s i
formation between lipidatelpoEa nd Ab f ol | ows t h el apoE) provides & ratioqale Br2he> a p «
differential in AD rates observed between different ApoE genot§ieShe realization that the binding affinity 8poE
i soforms to Ab correlates inversely with thdatApoEisoferks o f
might variably modulaté bproduction or aggregatioRisappointingly, attempts to egdmentally confirm this
hypothesis irvitro have produced conflicting results. For example, some studies suggest allgbEeisoforms promote
A R 4 fibrillation, with the apoE4 isoform carrying the greatest potency and ApoE2 the least. In congoletdadice
however, similar work also suggeststAabEi s of or ms decrease Ab fibrill ogene:
nucleatior®**%?? As both mechanisms are consistent with the increased amyloid plaque load in subjectsAptEtet
allele further work will be needed to elucidateither of thesenechanism contr i but e t of ABpoE46.
deposition Cognizant of the fact that thewivo environment in whiclhpopEmo dul at es Ab i n t he b
different from the artificial settings described, investigators have generated mouse modalkeoEKpoE in pursuit
of a more physiologically relevant system. In congruence with the hypothesis that ApoE status modulates risk for AD by

i nfl uenci n-depemdent etinlogy, ldk of mbridggoEr esul t s in a signifiohAnt d
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consequent lack of amyloid plaques with neuritic dystrdffiy*? Furthermore, elimination of murine APOE results in a
redistribution and alteration i APPtfh7el 7cFh)a rtarcatnesrg eonfi cA bm
deposition in these mice is dramatically reduced in the cortex andelenty r us whi | e Ab deposit
plaques in the CA1 and CA3 subfields of the hippocampus are markedly indfé&¥8dviotivated by the intriguing

findings made irApoE knockout mice, several lines of transgenic mice have been generated to study the role of human
ApoE isoforms in AD pathogenesis. For reasonstydiedeciphered, the expression of humdgroE isoform transgenes

in PDAPP mice results in a marked delayime deposi tion of AD and formati on
mice expressing muringpoE or no ApoE.?2%%3 These mice also exhibitisoformp eci fi ¢ di ffer ence
with human E4 accelerating plaque formation in a manner similar to its murine &Aai8YNotably, the studies just
described strongly i mpl i cainAD pathogenesis.Stilfeedate, amirvivo avidenpea t h o ¢
exists to provethat ApoEmdou | at es Ab production in a manner which w
APP and PSEN mutations. iRis reason, alternative mechanisms involvingtherolspoEi n t he ¢l ear anc
been hypothesized. Summarizing gnedominanparadigms in the field, the first hypothesis suggests that Apegtly

and indirectly modul ates Ab metabolism causing a toxi
The second major theory suggests that ApoE directly interferes with cytoskeletal architecture of neurons via its
modulation of tawprotein metabolism.ast |l y, some i nvestigators suggest th
player in lipid homeostasis in the CNS, isofespecific perturbations in ApoE levels contribute to the development of

AD pathology through a variety of neA bmediated pathways.

I n support of the hypothesis that ApoE modul ates
fibrillogenesis already presentetiere is evidence thafphE4 alters both the transpaand clearance f  Ab i n a n
which can facilitate amyloidgenic processéaconsistently, studies have demonstrated that-ppiok and lipidfree
apoE4 enhances Ab pr eahdApoERZNE dbh yutiend enidmg yde®deatss % f AP
While there isstill no convincing datthat Ap o E i sof or ms have diff er eintvivoathe e f f ¢
literature is more consistent in its assertion fqabE plays an important role in theetabolismand | ear ance of
Most convincingly, several studiésive demonstrated thaiet endolytic degradation off¥peptides within microglia by

neprilysin and related enzymes is dramatically enhanced by £56&? Similarly, Ab degradatiorin theextracellular
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environmenby insulindegrading enzyme is facilitated by Ap&&. Supporting the validity of these pathways with

respect to the developmentsgforadic AD thecapacity of ApoE to promotefAdegradation is dependent upon the ApoE
isoform and its lipidation statuSummarizing the effect of lipidation on ApoE function in this context, enhancement of
lipidated ApoEexpression vidhe activation of liver X receptsrstimulates A degradatiorvia the pathways

described®® Tr ansitioning to suppor tsevdrabstudies haveEd@monstraied that humanA b
ApOE facilitates he bi ndi ng and i nt®%?Agaih howevér iaconsersis orsisnfedapbrident A b .
differences in this process has yet tadeched With respect to general mechanisms through whicbE might

modul at es ,wfortstsuggedgimor-aomtdning lipoprotein particles regulate toellular uptakeo f b b
receptormediatedendocytosis anthcrease its removal from the brain to the systemic circulation by facilitating transport
across the bloebrainbarrier.In support of these both of these mechanisms, a recent study has shownltehttee

blood clearance of lipidated apoE4 in the mouse brain is significantly lower than that mediated by the apoE3 and apoE:

isoforms®Unl i ke the evidence support i hayevéphe ddersce thabdpaE4d i n  t |

reduces blood to brain clearance is conflicted, with
brain in mice expressing transgenes for either human apoE3 or §b€4 mp | i c at i n g-contdiring ApbEAt u r
complexesare sequestered from tperipheryint o br ain capillaries to a greater

suggestinghat apoE4mediated blood to braintranp o r t o dontribite taritae yevelopment of AD patholddy.

The second major mechanism by whighoE might contribute to the development of AD is throwljted and
indirectinterferancewith the cytoskeletal architecture of neurons via its modulation of tau protein metabAksm
reiterated multiple times, the hypghosphorylation of tau and subsequent formation of NFTs is considered a hallmark
lesionof AD.At hough a complete review of tauds contribution
its relationship with ApoE is discussed here. Fortuitously, work done in both in cell culture and animal models are in
accordance with respect to Apofediated modulation of tau function. These studies demonstrate that ApoE3 binds
tightly to tau through the interaction of titstrminal domain and the microtubtibénding repeat regions of tau. Perhaps
accounting for the isoforrapecific variations in B prevalence, this same work demonstrates that ApoE4 does not
interact significantly with ta(?*® Since hypephasphorylation has been demonstrated to perturb the physiologic function

of tau, the finding that ApoE3 binds preferentially to pdrosphorylated tau and can even prevent its glorgtation

115



lends further credibility to tagentric mechanisms @&poE-mediated pathogenesfdne major limitation to this theory
worth noting is that no studies localiziAgoE to the neuronal cytosol, where the majority of tau exists, have been
published®®” Data suggestinthat a fragment of poE4 (I 272 amio acids), but not fullength AboE4isoform, can
escapehe secretory pathway, trdosateto the cytosolic compartment, and interavith cytoskeletal componenssich as
tau and neurofilamengotentially alleviates this limitation, but future work is needed to confirm the physiological
relevance of this interactidff? Seeking a less convoluted mechanism, others have hypothésizeffiects ofApoE on
tau phosphorylation could be explained by an irglatar signaling pathway induced BypoE in lieu of a direct
interaction betweeApoE and tau®** %9 And indeed, when the signaling pathways stimulateAfyE are examineéh
primary neurorcultures, ApoE and ApcBerived peptides induce activationtbé ERK1/2 pathwayia a mechanism
dependent onalcum influx through the NMDA receptor. Similarly, in a process mediateel-sgcretase and-@roteins,
ApoE inhibits the cJunN-terminal kinase 1/2 pathwa3® In summary, ApoE may exert a direstindirect effect on tau
phosphorylation and these processes may or may not contribute to AD pathogenesis. Despite the accumudtion of in
evidence just described, Wivo studies confirming the physiological relevance of obseApaE-isoformdependent

effects on tau will be critical.

In an effort to present a holistic representation of the field, the last hypothesis reviewed suggestertimat
specific perturbations in ApoE levels contribute to the development of AD pathibiamgygh a vaety of norA b
mediated pathway®isappointingly, the demonstration ApoE protein levels in the brain parenchyma or CSF vary as a
function of ApoE genotype have not been reliably produced in human c8fibt5*? As human studies fail to support
the hypothesis that ApoE genotype influences protein expression, proponents of this hypothesis have moved into
transgenic mice lines, weakly arguing these models are less confounded by external variablgtaBtitudies
characterizing such miagain failed to demonstrate fluctuationsNiIpoE levelsas a consequence of hum@apoE?2,
ApOE3, orApoE4 isoform expressidif? However, several subsequent studi@se reported genotypelepemient
difference in AoE levelswith the ApoE2 genotype corresponding to elevated levels of ApoE as compared to ApoE4
expressior(E2>E3>E4)%% ®4) Notably however, tese findings are equally well explained by in vitro studies which
demonstrat¢hat ApoE4is degraded more quickly tharp6E2 orApoE3 in primary mouse astrocyte cultufé8.

Assuming for the sake of argument that ApoE levels are modulated by genotype, the question of significance remains
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Awhat relevance does this have Odene, thehypothgsestare befteh fpreulatet o g i
andgrounded irdata. Recognizing that ApoE is expressed in response to neuronal injury, it has been hypothesized that
ApoE is required for the repair of CNS tissues secondary to its role in redistributingdigidsholesterols for membrane
repair and synaptic plasticit*? In congrience with this concept, mostyitro studies have shown that apoE3 augments
neurite outgrowth to a greater extent tgppE4®* Similarly, compared witi\poE3 transgenic micédpoE4 carries

exhibit impaired compensatory sprouting, reduced synaptogenesis, and more severe memory impairment following ins|
to the entorhinal corte®®* %2 Of note, sinced i nk bet ween t h tepositiva kabrorbeesnfullya nd Af
described, it neither supports nor undermines amydeittric models. In contrast, the finding that ApoE4 exacerbates the
neurotx i ci ty of Ab pept§IDesgnificaace, kb potential meckanismdy vehicts ApoE mediates this
feat may be through its influence on neimflammatory processes. This suggestion stems from the finding that ApoE is
capable of modulating innate inflammatory response and may have a generalizefthamatory effect®®® Consistent

with the antiinflammatory role ofApoE, lack of its expression in mice is associated with the increadadtion of
cytokinesandprd nf | ammat ory r es pon $%% Thustheinemaglion ansl subsequent’cd i n s u
deposi ti o ApoBniightsdrve toicampromise the aimtilammatory function ofApoE by reducing the

functionally available pool size @poE, eventually leading to chronic netirdflammation. In support of this condep b

has been shown toduces the production éfpoE. The resulting surge iApoE can apparently theln i mi-driver\ b
neurcinflammation suggesting the presenceadteedbackstylemechanisn'®®®%? In an effort to investigate if the anti
inflammatory function oApoE contributes robustly to the development of AD, investigators lwoked for isoform
dependent differences. Again in congruence with the propahdgenic model, exogenously applipoE4 has more

robust preinflammatory activity tham\poE3 in astrocytes and microglial c€ff§.®*? Supporting the physiological

relevance of this finding to ivivo conditions, following administration of LPS, ApoE4 kndaokmice exhibited a greater
inflammatory response as compared with ApoE3 expressing ffit®? Taken as a whole, the data reviewed suggests

two possible mechanisms through which ApoE migbdulate AD risk via modulation of neunaflammatory pathways.

From the perspective thapoE4 invokes a prnflammatory response, ApoE4 may exacerbate detrimental heuro
inflammation in the development of AD. Assuming an-amitammatory role for ApoE, as a consequence of less

effective antiinflammatory function the ApoE4 genotype might inefficiently prevent pathological fieflammation in
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AD. Given the prominent activation of innate inflammatory responses observed in the brains of AD paftiehisively

testing these two opposing hypotheses should represent a central aim of future AD research.

As can be garnered by the high degree of uncertainty which surreactusf the purported mechanisms by
which ApoE status contributes to the pathogenesis of AD, deficits in our knowledge of AD molecular pathophysiology
greatly hinders our ability to form conclusions about genetic risk factors. While this chapter is contpksté in
addressesachof the causativenutations of AD, a complete review of all susceptibility genes is lacking. This is in part
due to the uncertainty which surrounds their contribution to AD pathology. Of these genes, ApoE is inarguably the
strongespredictor of genetic susceptibility for sporadic AD. Therefore, a mechanistic understanding of this genetic risk
factor may uncover truths about the underlying molecular etiology of&[liscussed, humans possess thoeemon
ApoOE alleles: ApoE2, ApoE&nd ApoE4 Eachgenetic allele exhibits isoforspecific effects on the development of
AD, with possession of an ApoE4 allele decreasing the age of onset, ApoE3 being considered neutral, atibdgiutE2
to be protectiveConsidering all the data on cative and susceptibility genes in AD to date, it seems safe to assume that
the amyloidcascade hypothesis should be considered the conclusive model afresalyFAD etiologyWith respect to
the development of sporadic AD however, the controversieswsutithe pathophysiological role ApoE highlight the
conclusion that this variant iscamplex disordecaused by ananifold of factors Still, given the vast degree of evidence
suggesting that t he -ddpdndentfashior, or AgesotE iorcfcluoresn cdens aAbAbpr od
seems likely that familial and sporadic forms of AD might result from essentially the same pathological €¥seatle.
another way, while a simplistic infaretation of the amyloid cascade hypothesis holds true for geneticatliated forms
of AD, a more inclusive amyloidentric model of AD pathogenesis is required to fit all variants of sporadi¢nAD.
congruence with this opinion, the genes that causautosomal dominant form of AD have not been detected as risk
factors in the genwide association studies conducted to date. One likely explanation for this finding is that the common
genetic variations in these three genes are not sufficient to altegxtpeession in a manner that increases the risk of AD
to a detectable threshold. Instead, as suggested by the vast literature on the topic, the development of sporadlg AD is |
dependent on the convergence of multiple pathophysiological cascades whi@y or may not i nter

pathogenic cascade.
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5.3 TRANSGENIC MOUSE MODEILS AS SUPPORT FOR AMYLOIBCENTRIC HYPOTHESES OF
ALZHEI MERGS DI SEASE

The majority of chronic neurodegenerative diseases, including AD, are associated with the accumulation of
misfolded proteins into aggregates that contain fibrillar structdsesiemonstrated by a review of AD genetics, an
increase in Ab emrsedunt itdhre, ran iionof Ab42 to AbB40, or
amyloidogenic propensity are the maathogenianechanismsinderlyingthe rare earhonset forms of autosomal
dominant familial ADHowever , det er mi depositgn drivesthetpahogenehis of spohaflic AD, is a
neutral bystander, or just represents an unsuccessful repair attempt has proven one of the dieagest charanslation
research to date.nalysis of susceptibility genes like ApoE demonstragéd v e r p r o d u c aniikelyto repfesedt b i
the major pathogenic mechanisms underlying sporadic forms 6FA#? Insteadcountlessiata suggests that defects in
the clearance Ab from t he br ai n -brgnbarger rhight uaderlieumpny eakes of o r
sporadic AD®®*%% |n addition,a vast literature exits suggestingthah c r eas ed Ab a g gyr eAgha thii onnd
molecules may also play an important r&@econdary to intrinsic limitations of human genetic studies, animal models of
AD have been developed to help analyze pathogenic pathways in more detail. Not surprisingly, the development of a
mouse model of AD which recapitulates the pathological and ehhfeatures of this complex, chronic and progressive
disease has proven to be a major challenge. Confident in the validity of aitgtaitt models of AD, the first
generation of AD mouse model s f oc us euwtosenie plagtkea giructures. a t i
Naturally, the generapprachemployed was to overexpress human APP transgenes bearing mutations associated with
early-onset familial forms of AD. Demonstrating the utility of thisprach the PDAPP mouse was the firgutant
human APP transgenic mouse r €% ahentheattermoffebddpasition inthidb p | e
early mouse lines was analyzed/ly plague pathology was evidentlire hippocampus and cortical brain regions
between 6 and 12 months of age. Emagindy, not only did APPoverexpressing transgenic mice display both diffuse
and dense core plaques, they also exhibited other cardinal features astth@gosis, microgliosis, and dystrophic
neurites Most significantly, APP transgenic mice also exhibitage-dependent cognitive deficits. Critically, this seminal
finding demonstrate b accumul at i on a n danindecp lebavidrahpairmeantsandtinlda@ng bor a i n
supports amyloidtentric models of AD pathogene&i® 7 Shortly after the initial characterization of memory deficits in

these mice seemingly confirmed the etiol ogi ddidits si gni f
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occurringprior torobustAb  dep osi t i o n published®h*® This rewelation, in additon to ivitro studies,

led to the hypothesis hat sol ubl e oligomeric Ab s pecThus,swhilethafitstd al s
generation of AD mouse models provided manyanswers h r egar d t o t he rhepahogenesise ¢
of AD, theyproduced many more novel questions. Chiefargo t hese conundrums was the
incite other pathological features of AD such\EST deposition orobust neuron losg=rom a more practical standpoint,
the rate of ADb accumul ation i n AbmthogenimpathwalyssIn recagnition af o ¢
this shortcoming, additional amyloidgenic mutations were introduced in an effordtb st er t h ecagealé. h o g e
Compared to single APP transgenie, APRpresenilin transgenic migapidy accumulate deposisf Ab, wi t h
plagues being observed at a much earlieramgkin greater densitiedt the pinnacle of these efforthie 5XFAD

transgenic mouse model containtotal of five different familial AD mutation®sulting in the formationohAb pl aqu e
as early as 2 months of a§® Notably,in addition to reducing costs associated with raising animals to the age where
they present with AD featurediese models better recapitulate the pattiobl phenotype of sporadic AD. Unlike the
majority of single APP transgenic mice, some double transgenic mice, like the 5XFAD mouse line, demonstrate
significant neuron loss upon histological examinatiéhstill, these secahgeneration mouse models represent an
incomplete model, as they fad demonstrate robust NFT formation. To definitively address this issuentnatamice
haverecentlybeen crossed with APP/PSEN transgenic mouse lines to genetedadgenic APP/PSEN/tau mutant mice
(3xTgAD) depicting bot h Ab ©“PReaffifmirg tha contlushofrthattaugg-h ol ogi es .
phosphoryl ation is a down smediated meurgdagenerativeqpmpeessediGRI micee s p e ¢
exhibit Ab depositsat the same age as in the single mutant APP transgeni¢@maenths of ageHowever, the quantity

and distribution 6the NFT pathology (1215 months) is greatly enhanced in this modehpared to the single mutant tau
transgenic mice, suggesting overexpressi of?Tods, indabge or
part due to the characterization of AD mouse model s,
upstream of NFT formation in the pathogenesis of AD. This contribution to AD research cannot be overstated, as tau
centric modks of AD pathogenesis have represerdesieltsupportedh | t e r n a-tentsicanodels sinéeftheir

inception. Today, as a result of the genetic and evidence from AD mouse models described, instead of completely

r ef utd solgin ADfpathogenesis,thea st maj ority of | iterature focuses

production/clearance initially occur and why these disturbances cause neurodegenerative changes.
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5.4 MECHANISMS OF Ab NEUROTOXICITY AT THE SYNAPSE

As discussed, more than 3 decades of researéhton has pr oduced a we allatbninof ev
brain regions facilitatingnemory and cognition contributes strongly to the development of AD. As briefly addressed
during its introduction, early versions of the amyloid cascade hypothesB pbgited that amyloid plagues exert their
neurodegenerative influence by interacting with surrounding dendrites, axons aiithigliaypothesis stems in part from
hi stol ogi cal analysis of Ab pl whghrevesasttmtpobtotyplradlyi straightu r r o u 1
cortical dendrites assume a distorted ©®3%ubsequentrexamidationo r g
of this phenomenon using ayrtomography in APP transgenic mice would reveal a striking penumbra of excitatory
synapse loss and neuritic dystrophy that is greatest immediately adjacent to a plaque and which lessens in a radial fasl|
Emphasizing the high degree correlation betwiedne s e neur odegener ati ve changes ¢
become virtually normal approximatelyi@0 e m away f r om .48 Deppitesthpse eoninoinge e dg
findings, the discovery that AD mouse models exhibit signs of negremeration prior to robust plague depositioade
it clearthatA Bcentric models of AD pathogenesis needed to be rethaughtier to retain mechanistic plausibili#fter
an extensive search for potential molecular mediators of neurodegeneratiowiribite with the development of
cognitive deficits, hediscovery ofbuffer-soluble bioactive oligomemgave rise to the concept that the insoluble amyloid
fibrils comprising the plagues might themselves be relatively inactive but instead mediate peityarfesmaller,
potentially neurotoxic assemblies by serving as reservoirs. From a biophysical perspective, this model appears more
viable, as small oligomers collectively provide a much greater surface area for interaction with neurons and glia than dc
the large, nowdiffusible plaguesAn additional strength of this reformulated model is that it maintains the validity of
decades of research implying Ab plaque deposiAbi adn nmes
trimers, tetamers, dodecamers, and higleeder oligomers have been found in cell culture m&Qian APPtransgenic
mouse brairf&? and in AD brain tissd&?Ex emp | i fyi ng the smooth transition
oligomermediated hypotheses of toxicity, later studies would demonstratda¢hpgénumbra of synaptic lodescribed in
the |l ocal envir oinanemd a mteiav e Atho pd rmtqiutke 4% Severa findings sfrangly f o
underminehe possibility that this finding is coincident&lorones y nt het i ¢ Ab ol i goom&s s anc

isolated from cell culture media or AD brain extracts acutely impair synaptic functions when added to hippocampal slice
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or slice culture$*® %™ Furthermorewhen biochemically isolated soluble oligomers andlifsie amyloid plaque cores

are transplanted into witype mouse brain slices, only soluble oligomers potently blocked LTP. Even more
convincingly, when th&e seemingly inertrayloid coresarefirst dissolved in harsh solvers release their constituent
oligomersbefore application to wildype brain slices, they too potently impair L. Such morphological angses

suggest that plaques indusnaptic ad neuriticdeficits at least ipart by acting as local reservoirs of diffusible

oligomers Further promoting the validity of this model, reports have even suggested mechanisms by which the
equilibrium between plaques and oligomers can be pathologicatlylated.In this context, it has been found that lipids
can convert inert Ab amy Fi®thatcarsubsequéntlysmpalearnimg inmedf® Takeo x i c
together, these and other experimeafgrachessuggest that plaques may confer local neurotoxicity because they are in
equilibrium with surrounding oligomers and protofibriBeyond shifting attention away fromb p Is, seseareh

conductedn APP transgenic models aldemonstrates thaynapic transmission is commonferturbedoys ol ubl e A
oligomersvi a a variety of mechanisms. This point is criti
contributory to the pathogenesis of Aihen interpreting the findinthat APP transggc mice do notiniversally exhibit

neuron lossWhile it is true cell bodies are not significantly decreased in all matthelsubstantial neuritic dystrophy and
synapse lospresent in these modedse clear signs of a neuronal degenerative psodesfor synaptic perturbations

being of relevance to Aot only is synaptic loss considered one of the pathological hallmarks of AD, it is best correlate
of cognitive decliné*** ¥ Furthermore, in APP transgenic mouse models, manipulations that prevent or reverse synapti
deficits also prevent or reverse cognitive impain¥® °? Thus, the assertion made by some that APP transgenic mice

do not exhibit pathophysiologicetlevant signs of neurodegeneration is a complete falsehood.

With respect to mechanisms by whi cht MAdbt eAb caltisg ;mmme
modulatesynaptic function is among tmeostwell-supported in the literature to daRephrasing the original amyleid
cascade hypot hesi s tcentrid motdelstontertsh anbo det ogres sienel Wbgr owi
the brain result in synaptaysfunctionand consequent dismantling of the neuronal circuits and netwiikh subserve
learning and memoryultimately resulting in the cognitive disturbances characteristic of8A® evi dence of
modulating synaptic transmissionyitroandinvi vo st udi es have psomaethecdlapsedf Ab o

glutamaterge dendritic spineén part by reducing the number of surface AMPA and NMDA receptf® On the other
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hand, the production of Ab and its secretion into the
activity.®® Interestingly, these experimental findings raise the possibility of a feethback p vi a whi ch Ab
concentration can modulate neuronal excitabfyl n t hi s paradi gm, Ab production
dependent synaptic activity, |l eading t o i niltateesdustiom | e\
of excitatory transmissioWith respect to AD pathdyysiology,e | evat ed | evel s of ADb woul
negative feedba&cregulator into overdrive resulting suppressd excitatory synaptic activity at the postsynaptic lelel
addition to this data s ug g exsutonahagtivithfossymaptically, atlser weork suggesést i\
that Ab could also act as a posi t i vRguresd,gugénarabtudies bave t h e
demonstrated that | ow gpdpconola range) markedympstentinfynaptig tnahsmission, c A D
whereas higher (owmmmemdlar rangd) symaptic depres#BUN | i k e -Aymaptic effeatss t
onsynapt c transmission, the potentiating effect of ADb at
receptor modul ati on. Il nst ead, presynaptic modul7ati on
nicotinic Ach receptor KAchR) adivation, as confirmed by the finding that inhibition of this nicotinic receptor subtype
decreases Ab s e cimdecedifasilitatici®™ G i v le o c-kAGhR pebniit influx of C&', the current

paradigm suggests thath  nba part of a positive feedback loop that increases presynaptit @av el s and Ab
via directi on-nAchRt®® impoctantly,anra similart nfannék t its effects at the {sysiaptic neuron,
ABinducel presynaptic effects depend on an optimal Ab <co
impairing synaptic transmissidt® Overall, these and other data suggest an apparergaglél relationship between
extracellular Ab and synaptic transmission in which i

reduce presynaptic efficacy, and high levels depress postsynaptic transmission.

Whilepr esynaptic and postsynapt i cpeptidegisidn mtriguingqphenoimenore u r
these mechanisms are worth reviewing in that gessiblyr el at e Ab | evel s to the neur
development of cognitive deficitharacteristic of ADAs reviewed, excitatory synaptic transmission is tightly regulated
by the number of active NMDA and AMPA at the synapse. This high degree of regulation is necessary as NMDA recep
activation can induce either loitgrm potentiatioffLTP) or longterm depression (LTD) depending on the extent of the

resultant [C&] rise in the dendritic spine more detail, a large transient rise in synapti€i@eels secondary tmbust
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NMDA receptor activation induces LTP. In contrastregions such as the hippocampus, persistent weak synaptic
stimulation resulting in mild increases in synapti¢'@ancentration is sufficient to indutdD. Once induced, LTD

results in thenternalization of synaptic NMDA receptors and #utivationof perisynaptic NMDA receptors. Generally
speakingL. TP induction promotethe recruitment of AMPA receptors to the peghaptic membrane resulting in

enhanced excitatory pesynaptic potentialandgrowth of dendritic spines. On the other h&fid induces spine

shrinkage and synaptic 108" The effects of LTD on synaptic density are most relevant to our discussion, as

pat hol ogically el evated | edephdent smghalingdascadasytowards pathivaydNividvad r

in the induction of LTD.
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Figure5-1. Presynaptic andPostsynapticRegulaton of Synaptic Transmission bybAprotein

(A) Hypot heti cal relationship between ADb | evel and synaptic activit)
presynaptically, whereaa bnor mal Iy high or l ow | evels of Ab impair synaptic act
presynaptic efficacy, respectivelyBfWi t hi n a physi ol ogical range, smal | i ncreases in

resultingin synaptic potentiation.) At abnormally high Ftem depressiolA(bhTD¢ehated meckasisnispo n g

resulting in postsynaptic depression and loss of dendritic spiReproducedwith Permissions fronCold Spring Harbr Perspecives in
Medicine.(°?
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The mechanism by which this is accomplished has not been completely elucidated, buhmdag | ve ac-ti vat.
nAchR®®?, perisynaptic activation of NMDA receptdf& ®*9 and downstream effects on calcineuBi ER cofilin, p38
MAPK and GSK3 b si gnal i®% % anplowa ywidudedLTDlikefprocessemmay al so -under

induced LTP deficits, as blockingLFDe | at ed si gnal i ndepeodersiohibition sf LT event s ¢

I n summary of these findings, various soluble ol
dysfunction and network disorganization that underlie the intermittent butadisaguogressive cognitive manifestations
of AD. These oligomeric Ab species may be in dynamic
wit hi n ADb denorstgate ¢he abititytal interact witbmponents of neuronal and roeuional plasma
membranes Evi dence suggests that there are multiple asse
through unique mechanisms of action. For this reason, it is unlikely that there are only one or two cognate receptors fol
neurotx i ¢ f or ms of Adxpdmditrea@adyarihet y vaefrproteio hearotaxitity mas leddod i a
the notion that the binding of hydrophobic Ab assembl
pathways. In theubsequent section, we explore a selectin of these molecular mediators in an attempt to provide a holist

understanding of AD pathogenesis.

5.5 TAU AS A MOLEQULAR MEDIATOR OF Ab NEUROTOXICITY

Despite the many criticisms against the amyloid cascade hypothesis, accumulating evidence obtained in in vitrc
and in vivo models and in patients provides s oihducdd e X |
Taupathology. Moreimor t antly these data position Ab as acceler
process, designating their interaction as crucial triggering event i&entioned earliein additional to neuron loss
and ADb pl agNFFscahiifing Bypetphospharylated tau are a hallmark of AD patholddgwever NFTs
cannot be considergzhthognomonidor AD, as they are present in a number of other disorders including: Pick's disease,
progressive supranuclear palsy, corticobasal degeneratidnmotor neuron diseases. Sthllette is a strong correlation

betweerthe severity otognitive dysfunction anMFT load and localization ithe brains ofAD patients®® Of note,
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there are six major isoforms of human tau derived by alternaaRMdA splicing from a single gene on human

chromosome. Alternative splicing of exon 10 gives rise-tep@at (3R) and-depeat (4R) forms, but all forms are

expressed in the adult bralound mainly in the axonal compartment, to date, the best estalflistotidns of tau

involve the stabilization of microtubules and the regulation of mdtisen axonal transpoft’” Importantly, physiologic
phosphorylation of tau is critical regulator of these functions as it modulates its association with signaling proteins. As
tauds physiologic functions are posited asiadmstinalf | tuc
secondary to hypashosphorylation is assumed to contribute greatly to the pathogenesis‘®f &% While the precise
mechanims by which tau hypgohosphorylation occurs in disease is not completely understood, it likely involves
disruptions in the balance of protein phosphatase and kinase aétVitiesstructural alterations that result in changes in
the availability of specificesidues in these enzym@sgure 52).7°? Tau has as many as Bdtative phosphorylation

sites, of which 45 are serines, 35 threonines, and 4 tyro&iresplifying the degree twhich physiological tau
phosphorylation is deregulated in AD,filamenbus tau extracted from AD patier@bnost 50 of tese residues are
phosphorylateih comparison with only nine sites identified in normal human hissue!™ 72 With respect to its role

in AD pathogenesis, tau phospiiattion is believed to contribute to neuronal cell death by decreasing the assembly of
tubulin™3), disrupting axonal transp8f¥, causing reentry of neurons into the cell c{/&le and possibly leading to

further abnormal tau processins stated in the introduction however, current models of AD pathogenesis place tau
mediated neurodegeneration downstreamhofs r upt i ons i n Ab production/ cl ear a
from the genetic findings already outlined. Unlike mutations in APP and PSEN genes, no AD causing mutations had be
identified in the tau gene. Further, in some lines of APP@ran® i ¢ mi ce, ADb Hyperphoapghdrytation ¢ a u
whereas tau transgenic mi ¢’®AdditonattypcrosssidnAP W traAshenip mice guithéau p a t
transgenic mice results in a greatly enhanced quanti:t
pathology’®? However, dysregulation in tau must play significant role in mediating neurodegeneration in AD, as
mutations in the tau gene are linked to familial forms of frontotemporal dementia with parkinS8histegrating these
findings, the | eading hypothesis with r esqgerdyndgADtstohatt a u ¢
tau serves as a moducedcnaurodegeneratiah.rapor@amtly, @ rbbushlferature supports this

hypothesis.
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Figure5-2. Schematic Representation ofoNmal Dynamic Equilibrium of Tau

A schematic representation of the normal dynamic equilibrium of tau, on and off the MTs, which is primarily determined by the
phosphorylation state of tau. Although the presence of tau on the MTs presents a physical obstacle for vesicles andgotsthaar
are moving along the axon, Mbound tau is essential to MT integrity. Thus, relatively frequent cycles ofMAubinding (promoted by
dephosphorylation of tau) andletachmentof tau from the MT (promoted by phosphorylation of tau) are needed in cmderaintain
effective axonal transportReproduce with Permissions from Nature Reviews Neuroscie@@.
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Focusing first on the relevantini t r o f i ndi ngs, application of synthetic
phosphorylation and alters its conformation in a G8l&pendent manné&r®’*? importantly, beyond GSK3, seral
ot her signaling mechani s ms h-alteratonb ia grimary neyohsi Foraekample, i n A
CAMKK2-AMPK kinase and GJun Nterminal kinasenediated tau phosphorylation haalsobeen reported in cell
lines expos et rReganlless phe primargneeshanism, theseviitro findings provide compelling
evidence that Ab induces pathologically relevamt alte
animalmodel s strongl y s u pimacedttatpathomgy.hAlthpugh alddressedspeaificallyhim another
section, it is worth noting here that preliminary characterization of mutant APP or mutant ARRBg&nic mice
revealed a lack of NFT depbsi o n, | eadi ng t odegogitien coutd mat ihduce taw dysregutation. A b
However, subsequent analysis of APP/PSEN transgenic 1
presence of hypeshosphorylated tau contained withi t he dystrophic neufi% &8 Theur r o
failure of these models to exhibit NFT formation is now ascribed to thelomepsity of endogenous mouse tau to form
NFTs, as APP/PSEN transgenic rats readily demonstrate NFT forrffatiBfl.In order to overcome this limitatior
triple-transgenic model expressing human mutated forms of the APP, taprresmaohilin was developed. In congruence
with the research described, characterization of this model further reinforlceel r el at i onshi p bet we
NFT pathology a s A pathpldgypreneded NFT deposition in these iicé’? Additionally, antiA b
immunization in combined amyloid and tau transgenic mice reduces attenuates early tanbgpkorylation. Lastly, in
tau transgenic mice, injectionof ppeg gr egat ed ADb raginegsults inlthesnduction od NFThremotb from
the injection site, in neurons functionally connected with the site of injeétibim summary of these findings, the
i nvari abl e d e-induoedtatalteraticnsomanimod moddis, regardless of #pprachemployed to
upregul ate Ab, strongly supports t hpathoogynCorvarssly, then t hat
consistent failure of tau mouse models to affect or aggravate amyloid pathologgpggexcludes the possibility that
Ab d domsimsply tepreserta downstream consequence of tau dysregulation, as proposed by*8ome.

|l mportantly, dynamic biomarker analysis has conf
hyperphosphorylation, and measures of neegeheration occur in AD patients. In these studies, measurements of
cerebrospinal fluid (CSF) Ab |l evels were used in comt

presentation and progression of amylspgkcific pathology. Similarly, CSF measments of total tau and phosphorylated
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tau were taken as indicators of NFT burden. Lastly, hiyptabolism as assessed via fluorodeoxyglucose (FDG) PET and
atrophy as measured by structural MRI served as markers of neurodegeneration in these stodgsieince with the
trends observed in ani mal model s, t he glewlsfbllowved dosely bya n g ¢
the detection of significdfH®UAb quled yye Abu rpd dbibnatkeray yP B
identified which exhibited changes prior to the onset of sympthatsr,once symptoms had developetierations in

CSF tauvere noted and subsequently followed by measurable brain attdply. Thus, the data summarized strongly
supportsamyloi ent ri ¢ mechani sms of AD pat hog enmaedilrations inthe mo
phosphorylation or neuron degeneration. Those familiar with the field may question the validity of these biomarker
studi es, pointing out the fact that histopat hooratogi c al
and in asymptomatic aduft8? Although the referenced data indeed demonstrates thaathalogy caprecedemyloid
deposition, subsequent studies have since demonstrated that4édhalogyis associated with normal aging and that

the taupathology of AD is markedlyinerased and progresses more rapidly. T
is to qualitatively transform and accelerate the antecedent subcortical tauopathy associated with normal aging, leading
the neocortical spread NFTs characteristically obseivé\D patients® 22729 Convinced of this mechanism, the field

has since focused its attention on elucidating the mechanisms by which amyloid induces alterations in tau

phosphorylation.

5.5.1 Plausible Mechanisms ofA Binduced Tau Dysregulation:

Generally speaking, three mechanisms h-mdusedthuee en pr
pathology in AD. To be reviewed in more detail below, the first of these mechanisms links the development of tau
pathologt 0o t he downstream effects of Ab on synaptic func
s u g g e s t-metlidtiea heurghftammation results in the perturbation of kinase/phosphatases critical to the
physiological phosphorylation of tau.a st | vy, recent e wiosssedingoftaumgyireleceéss t hat
transition fromfimildo autstrains to more aggressitaustrains, thereby triggering@ion-like spreading ofauopathy

along neuronal circuitriesVhile a unifying mechanism afmyloid-induced tatpathology is yet to be identified, the
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significance of these model s t-mducedacceldratisncolitspeghdlagpashi es i
critical mediator of AD pathology.

Since the discovery that extracellulapapi cat i on of ADb -pathpldgy iteusransganic micey d u
researchers have assumed that AD must interact with 1
i ndeed, binding of Ab t o dtofmenebrareshas biegn peposted.oHighlightng some ob r ¢
the mostwele st abl i shed interactions, AD has been shown to
r ecept AdhR), NMDKandhAMPA receptors, the Ephrigpe B2 receptor (EphB2), snlin receptors, the receptor
for advanced glycation end products (RAGE), the prion protein receptord&eptor), the mouse paired
immunoglobulinlike receptor (PirBand its human counterpart the leukocyte immunogloHikereceptor (LilrB2)®"
5739 Similarly, reports of Ab induced neurotoxicity v
been publishet® Lending pathological relevancetite existencef thesenteractiors, associ at isobset of
of these receptors has been shown to potentiate disturbancephosgnorylation. Taking for example the putative
interaction bAdRve emi Mdi ragpqdofU7AM t o trtreases taphosphorylationat r e c
Ser202, Thr181, and Th231% The observant reader might note that this same interaction was posited to contribute tc
A Binduced LTD.On t hat topic, Ab assembl i es a rreceptoesthioghteed t o
EphB2 receptof?As di scussed, the general effect of Ab on sy
synaptic depression (LTD) via modulation of NMDA receptor function. Interegtimghddition to synaptic
d e g e n e r dantuiced reductigntof NMDAlependent LTP has been linked to increaseghbasphorylation via a
GSK3mediated pathwain both hippocampal slices and mouse mal&t®* 732 Thus, NMDA receptors may play a
rol e-iinnduAkfbed changesSyinnt htesu zvingg GhK3 b.evi e weinbducedtauer act
dysregul ati on, i ncr eas ecsllular signaiirig cascadesi sedorydar direct apceinditect r b e d |
i nteractions between Ab and a variety of neucelularal rec
cascades in turn raises intrallular C&* levels and disrupts the physiological function of phosphatases ateihpro
kinases such as GSK3. This in turn results in the Rghesphorylation of tau, leading to its aggregation and deposition in
NFTsand associated neurotoxicity.

I nterestingly, the abi-ihflammatiorostandd ds a seoond plausible reecharismu s t

t hr ou g h -indbcedatadu hypdphosphorylation may arise. As reviewed at length in subsequent sections, a variety

131



of molecular pathways linkthkeposi ti on of Ab with the devel opment of
going so far as to suggest that neinftammation constitutes a better etiological cause of AD ttaA bassemblies
Highlighting the significance of inflammatoryscades to the development of tauopathy only, several reports have
demonstrated that tapathology is dramatically aggravated by acute and chronic inflammatory if8Ultserestingly,
some data suggests that the correlation between-idlammation and the development of fpathology may be
mediated by astrocytes and glial cells. For example, antibwtliated intbition of the interleukin 1, a potent pro
inflammatory cytokine produced by microglia, attenuates hppesphorylation of tau while potentiation of interleukin
1b signal i n gpathcogyt ¥ Additormally, irtvigastudiescorroborate the conclusion that astrocytes and
microgliap | ay a -induted tatphosplérflation, as this pathological process is exacerbated-auktores with
glial cells as compared to in cultures of primary neurons af6h&? Importantly, this hypothesis is physiologically
plausible asmyloidgenic mouse models of AD invariably exhibit astnod micregliosis, a finding which seemingly
confirms that Ab pathology results i n t Herdened tegionsoftheo n
brain{*9

A third hypothesis in the field i s t ha tpathblbgy dasas e mb
crossseeding mechanisnthe consequence of this being thiggering of an accelerated pridike spreading of tau
pathology along neuronal circuiB.r ea ki ng t hi s model into its constituer
peptides can enable initiation and propagation of amyloid plague formation to regiotes ref the brain via a prielike
seeding mechanisfi"™1 n t hi s mechanism, a specific subtype of 1
that structurally induce misfoldinof other proteins, causing them to aggregate into pathogenic assemblies ranging from
small oligomers to large fibrillar amyloidRecently, these prislike spreading properties have been demonstrated for
tau, with misfolded tau extracted from braingrafisgenic mice being shown to propagatepathology in a seed
dependent manner when administered to the brains of tau transgeni€tfi8&si ven t he evi dwecance t
form soluble complexesivitro,i t i s possi bl e that Ab s plkespreadingimtag ht i n
pathology as well, although such a mechanism has yet to be directly demon&ftanstead, proponents of this theory
point to animal studies demonstrating t hagdregdtionjna anly ato n
the site of injection, but also in remote regions of the brain functionally connected tiethioimsite”*? Similarly, in

some AD mouse models, NFT deposition is noted in regions of the brain like the hippocampus in the absence of robus
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Ab deposition. However, the hi ppoc aonmeates tothesubcuiyrauregibn a n ¢
of the brain riddl e‘d Whiesupporiftr this hypothesis requiaes digaificangbylstering, one
strength of this model is that it might explain #patic and temporal characterisspreadingf tauacross brain regions

as described originally Braak andBraak**? Furthermore, confirmation of this hypothesis might serve to reconcile the
discrepancies observed between histopathological data suggesting{pethtslagy proceedab deposi t i on e
biomarker data collected iD patientswhich supports the converse relationshipder this model, a prexisting
tauopathy associated with nor mal -mediatedgrodsesdingmesidtinggruaa | i t
conformational change in tau which increases its propensity to aggregate and propagate across functionally connected
brain circuits. Thus hie preexistenceof taupathology maye a requiremeribr the development of ADexplainingwhy

Ab pat hol olgaffects meerans \iith meaidting au-pathology (Braak stagell), and not nearby neurofs?

5.5.2 Mechanisms of Tatinduced Neurodegeneration

Although the relative contributions eichof the outlined mechanisms by which {pathology is induced in AD
are still being investigated, a consensus has more or lesseaekrdin the literature with respect to tau misfolding and
fibril formation occurs under pathological conditidff§/*® Based on a variety of evidence, abnormal disengagement of
tau from microtubules secondary to hyypdrosphorylation and eoncomitant increase in the cytosolic concentration of
tau are believed to be the key events that lead tontdiated neurodegeneration. Under the current paradigm, tau
misfolding is thought to be a stochastic phenomenon that is more likely to ocaginext ¢ytosolic tau concentrations.
Additionally, it is believed that the transition from unbound tau to NFTs is a-gtaftiphenomenon complete with
intermediate tau assemblies. In congruence with this ideaathest deposits of tau acea | | e dg | éepsrée naannd

stained byCongored orthioflavinAT."** @ This finding is of significance, asitndi cat es t hat pret a
MAsheet s, and that a structur al rearr ang efsheeat mustiocctro | vi n

during the transition from pretangles to PHRgportantly, norphometric analysis suggests that in AD, at least 95% of

total tau is contained in NFTs located in neuronal processes known as neuropil threads or dystrophi&*Reurites.
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Furthermore, while the vast majority of tau is axonally located under physiological conditions, rie-l&€xlization of

tauto the somatodendritic domaivas been observed and may contribute to its neurodegenerative effects.

One obvious mechanism by which faediated neurodegeneration might occur is via the loss of its normal
microtubule stabilizing function. Such a disturbance would be expected to coispraxonal transport and in this way
contribute to the synaptic dysfunction underling the observed neuron death characteristic of AD. In support of this mod
administration of the microtubule stabilizing drug paclitaxel has been shown to amelioraderthéegenerative
phenotype in tau transgenic mouse mot&l<>®* Not abl 'y however , i f Ictioswasthefonlyt a u 6 :
contributory process to the neurodegenerative changes observed in AD, the density and localization of NFTs would not
expeded to robustly correlate with the degree of cognitive impairment. The existence of such a correlation wakeamong
first lines of circumstantial evidence to suggest that toxic gafiisnction by NFTs might play an important part in the
progression of AD®? Though not yet verified, some suggest that the toxic effects of NFTs may be mediated by their
large siz. In this model, the fibrillary material contained with NFTs serves as a physical barrier which disrupts cellular
functions such as axonal transport. In a similar-g&ifunction, tangles may sequester larger quantities of other

functionally significantproteins.

Although loss of tau function and the togiain-of-functionacquired by NFTas they enlarge may ewibute to
neurodegeneration, to date, the interaction of tau with the tyrosine protein kinase Fyn represents the most well support
hypothess of taumediated synaptic losknportantly, studies demonstrate that in addition to its axonal functions, tau also
targetsFyn kinase to the dendrite via its amiteominal projection domaiff®® Once athe postsynaptic membrane, Fyn
phosphorylates the NR subunit 2 of NMDA receptors to facilitate their interaction with the postsynaptic density protein ¢
(PSD95)"3*79 Critically, the ability of NMDA receptors to bind to PSE5 is essential in the generation of
glutamatergiexcitaoxicity, an essential component of AD pathophysiology. Evidence emphasizing the signifitance
this interaction comes from studies which demonstrate disruption of NMDA recepte®® &@nplexes prevents
excitotoxic damage in cultured neurons andiim models”®? Given this background information, it is clear how
elevated levels of tamight contribute to neurodegeneration. Put simply, dissociation of tau from microtubules secondary
to hyperphosphorylation results in a larger available pool of unbound tau in the somatodendritic compartment capable

increasing Fyn levels at the pastaptic membrane. As a consequence, the interaction between NMDA receptors and
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PSD95 is increasingly facilitated resulting in enhanced NMDAdiated excitotoxicity. As stated, a number of
experiments support this modebr example, when truncated verssoof tau which are incapable of targeting Fyn to the
dendritic compartment are expressed in transgenic mouse models, dendritic levels of Fyn are reduced, NMDA receptol
become uncoupled from PSEB, and as a consequence the animals are spared of angfdeyasmduced

neurodegeneratidff? As a final note, beyond outlining a clear molecular mechanism éftluced neurodegeneration,

this model also links tau dysgulation to amyloid centric models of AD in that reduction of Fyn in APP transgenic mice

pr e v e 4intdused éofnitive deficits while its overexpression increases neurodegen€rafith.

56 NEUROI NFLAMMATI ON & ALZHEI MEROGS DI SEASE

As discussedn vivo evidence suggests that a dynamic equilibrium exists between amyloid plaque deposits,
fibrils, oligomers, and monomer peptides. Critically,@r egat i on of Ab peptides chang

characteristics but also dramatically alters their biological activity. This is well evidenced by the finding that oligomeric

assembl i es eadurotéxiin callcudturesas comparedtd b mo n §"hFeithermore, the phase transition
from monomer i cargeroligpmenctfibrilagy, andraggoegate spetias beenshownfoaci | it at e

interaction with a host of receptors that mediate its endocyldsisis particularly true of constituent receptors of the

innate immune system, as tbke receptors(TLR) 2, 4, and 6 and their co receptors can all be triggered by assemblies of
A B8 Similarly, class A scavengeeceptorsCD36and CD4& 1 | pr omot e t h é® phese findingy t o s i
raise a interestinggu e st i on, Awhy is it that so many p a@ahterestingly, r ec
some authors now leverage the binding o mi s ¢ u i twpcate for tha bypothesis that neimfiammatory
cascades triggered by Ab coul d asahos respanseltovricbial challesi@ds. | s
The background rationale for this hypothesis is fascinating and thus warrants fidwéeavigin of this hypothesis can be
credited to the observation that the receptors that sense patsxmiated molecular patist such as bacterial

|l i popolysaccharide and viral surface proteins, are al
the tertiary structure of misfolded Ab assemblmmanemay
system has evolved immunological signaling receptors. In support of this thought process, both bacteria and fungi expr

surface amyloid§?27%Y Unbeknownst to many in the fielthe spectrophotometric dg@ongo redpne of two gold
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standar d hi st o c depositswasdriginally also nsed a astain #ibbacterial amyloid fibrhisis, it is

not farfetched to hypothesize that the detection of amyloid by patéewgnition receptors of the immune system could
have evoled as a host response to microbial challenges. However, in contrast to an immune response to microbes, wh
is terminated once the stimulating pathogen has been
inflammation. Thereforayh i | e riraducgd inBalbnmatory mediators might initially support the clearance of

pat hogenic Ab and pr omeitref lcemmatsiuanwidevel cphirmgiicn ntelua

direcly compromise neuronal function and survi&?

Undeniably,evidence suppasthe existence ad contributory role foneurginflammationin the pathogenesis of
AD. In fact, just as with tau, some groups have gone so far as to suggest-mfi@omoatory etiology of AD which
| argely denies a pathological significance to the amy
accumulation can begin decadegdre the onset of clinical symptoms however, a majority in the field have again
returnedtoamyloit ent ri ¢ model s. Generally speaking, these mo
immunologically relevant cell typaga amultitudeof interactions with their immunological receptoidost relevantly to
t he hypot hndudad seurbnflaanmatidnfrepresents a vestigial response to exogenous pathogens, many of the
signattransduction pathways that are elicited by AD are also activateahdatiost response to microbes. For example, a
key component of the innate i mmune systembébs response
cascade that regulates the production ofipflammatory cytokines like those in the-IL Bamily."®® Importantly, these
cytokines exist in biologically inert precursor forms until activated by proteolytic cleavage mediated by eitheraspase
or caspas&."®? Activation of these caspasés in turn regulated by a large muttblecular signaling complex known as
an Ai nf | dRigorass3) Thesensor molecules of this structure include members of thdikéagceptor (NLR)
or pyrin and HIN domaitontaining (PYHIN) familiesand havdeen shown to be sensitive to a range of aggregated
mol ecul es .{*nSculpupdoirntg nAgb a pat hophysiological rel evance
inflammasome, brains from patients with AD have a greater abundandévef@spasé than do those of agmaatched
control subject§®® Similarly, APP/PSEN transgenic mice with mutations in NLR, caspaseany other constituent of

the inflammasome complex are largely protected for the neurodegenerativeceffectsA bexpressiot’® This effect

may be attributed to observed intbésaseegani AWé chkehuar
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plasticity. While the interacti on chHaradterizedensuriofiammmataryd i n f |
mechanisms underlying AD to date, it is important to note othemfleonmatory factors may also influence the
pathogenesis of ADAs evidence,lte CSF of AD patientis enriched in p40, a subunit of-R3, indicating thathe IL-12

and IL-23 signaling pathways are additionally activated in ‘&D.
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Figure5-3. Inflammasome Activation Cascade.

The activation of microglia with TLR agonist or cytokines leads to the transcriptional induction of genes encoding commpdrtaets

NLRP3 inflammasome and pr-1 b ( mg step). Additional signals, including deubiquitination of NLRP3, are further required for
the activation of NLRP3 (licensing step). Ab can induce | ysosomal (
(activation step) and the activation ofsgy@asel. Active caspasd leads to the processingofiLb and r el ease of the b
IL-1 BReproducedwith Permissions from Nature Immunolod{’?

138



Furthermoe, studies done in transgenic animal models demonstrate that attenuation of thegélasumatory
pat hways Ioagl dnd abeliskefiifs in spatial memory. Interestingly, as astrocytes are the principal immune
cell type expressing 23 receptors it may be that microgli al derived p4
Similarly, as discussed, astrocytes may reciprocally
ApoE, a critical mediator of microglial phagocgtd s @% Adding to the complexity, the release of srmblecular
mediators such as nitric oxide (NO), can also influence the pathigehé®. Indeed, studies demonstrate that during
AD the inducible isoform of NO synthase (iNOS) is expressed by neurons and glial cells in respon$efienpraatory
cytokine releas€® Aside fromN O 6 s a Mlirettly facifitaEt neurodegeneratidoy inhibiting mitochondrial
respirationfacilitating axonal and synaptic damage, and inducing neural apoptosis, iINOS can directly nitrate the Tyr 10
residue of Ab r emopdnditytosglh ggr egat enhbocednly is this ni
of seeding cores of ADb plaques, but studies af%mbis de mc
last finding highlights two key points that need to be addressed in further detail. The first is tiadomrmedineuro
inflammation have a robust ability to modulate synaptic plasticity and thus are uniquely poised tdtusrupt
physiol ogical mechani sms which maintain the integrit.)
and aggred#on may be influenced by neumoflammatory signals in a manner which magnifies the innate neurotoxicity

of ADb.

Elaborating on the first point, a well published function of microglia is the maintenance of synaptic integrity. In
fact, undemphysiological conditions the processes of microglia constantly scan dendritic spines and influence the
continuous remodeling of neural contaét8.As a result of activation by a pinflammatory stimulus however,
microglial processes retract. Thitds hypothesized that loss of neuronal synapsemanit ng by mi cr oegl i
induced inflammatory response could lead to neuronal changes and disrupt circuits relevant to learning and memory
(Figure 54). This idea is supported by the finding thatesal cytokines including K1 672, IL-18""3, and TNFU'™,
have been shown to suppress lbeign potentiation in the hippocampti® Moreover,inhibition of inflammasome
medi ated responses t -woeguafion of isNbRicgnstituenepregents thevsappressiom of LTP in
APP/PSEN transgenic mi€€? However, the induction of neurodegeneration by soluble inflammatoryaioeslis

almost certainly not the exclusive mechanisms by which microglia contribute to the killing of neurons.
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Physiological functions of microglia, including tissue surveillance and synamtitodeling are compromised when microglia sense
amyl
homoeostasis. Triggers and aggravators promote sustained exposure and immune activation, which ultimately leads to chronic
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For example, it has been found that act-dependestd mi cr og
phagocytosi§’” 7@ In this pro@ s s ;induds increased expression of phosphatidylserine on processesapfopootic

or necrotic neurons, resulting in their destruction by microglia.

Transitioning to our second point, a third mechanism by which activation of the innate immunersggtem
contribute to the pathophysiology of AD is via their
effectonpree nf | ammat ory medi ators on Ab production, studie
migration inhbitory factorrelated protein 14 upregulate BACEL, the 1latéting enzyme of amyloidgenic APP
processing. As already discussed, nitratigateandtbforkb by
seeding cores of -iaAflamnmatory signadstearly modulate amyloid pradwuction and the
pathogenicity of certain amyloid species. And yet, these mechanisms neglect one of the principal functions of microglia
the brain, the clearance of cellular debris and aggregated préteid&cussed, microglia contribute to the clearance of
Ab by phagocytosis and the release of enzymes |i ke ir
extracellular space. Unlikelyy coincidencep i ndi ng of f i br Bskdoathe séface tfonicrGglia3 6 e X
induces the formation of a TLRALR6 heterodimer that results in activation of downstream transcriptiich reduce
IDE levelssuch as NFkB."® 89 At the systems levethe phagocytic clearance function of microglia is greatly impaired
in response to degeneration of the locasruleusthe chief source of norepinephrine in the brain and an early target of
AD pathology'"®® "®? Overall, these pathways suggest thatactivation of pronflammatory pathways in the brain can
maintain a dangerous feéorward loop secattary to their ability taeciprocallyi nf | uenc e Alfernatiwelgars i t
in addition,it is logical to assuméatsustained activation of microglia might strain the existing cell population ultimately
leading to cellular exhaustion and demise. Thiesequence of this being tmaicroglia whichsubsequently proliferate
will do so in a microenvironment of immunological activation. Under such conditions, microglia devatme are
inflammatorygeneexpression pattercompared tahat of microglia tharesided in the affected brain area before such
activation. Thus, newly generated microglia might carry a phenotypmtnaasinglycontributes to the maintenance of
the chronic inflammatory response that characterizeslARddition, there is some eence that cells of the myeloid
lineage are attracted fromthepeephy t o t he site of plaque formation an

inflammatory phenotype. In support of this hypothesis, loss of the chemokine receptor CCR2 regdtsein@sie
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dependent aggravation of amyloid pathology in Tg2576 .n@éeen that CCR2 is a critical mediator of peripheral
immune cell recruitment to the CNS, these resutggest thathese norfCNS associated celinay somehow modulate

Ab buPden.
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Chapter 6 AHNL@QJDQR ENQ @KYGDHL DQ%R

Arguably runnerup only to the laclkof diseasanodifying treatments, one of the most significant impediments to the
management of AD is the inability to definitively diagnose the disease untifrmastm examination. As reviewed in
detail, the initial diagnosis of possible/probable AD issomptive until death. Today, the only tools at the disposal of
diagnosticians are clinical evaluation, neuropsychological testing, and the core clinical criteria as laid out in the
International Classification of Disease (I€dD), the Diagnostic and Ststiical Manual of Mental Disorders (DSM) and
the National Institute for Ageind | z hei mer 6 s AMSAs Orcavesayej applicat{omMaf these criteria yields a
diagnostic accuracy of 890% when compared to the histopathological gold stanttmngteveras reviewed in great
detail, one of the defining characteristics of AD is the heterogeneity of its clinical presentation. Compounding this issue
the vast majority of AD patients carry-ocaorbid neurodegenerative process which can alter not only the cayauixt
manifestations of the disease but also the pathophysiology of the diseas€htsglione of the fundamental goals of AD
research has been the validation of reliable biomarkers. According to the National Institutes of Health (NIH) Biomarkers
Defini t i ons Wor king Group, a biomarker is defined as 0a
indicator of normal biological processes, pathogenic processes, or pharmacologic segpartherapeutic
intervention® In 1998, the Ronald and Nancy Reagan Research Institute of the Alzheimer's Association and the
National Institute of Aging Workig Group set up criteria for an ideal AD diagnostic biomarker. These recommendations
staked that the biomarker should bedb)le to detect a fundamental feature of Alzheimer's neuropathdidgrglidated in
neuropathologically confirmed AD case@ij) characterized by good sensitivity/specificiliy) reliable (v) norrinvasive,
(vi) technicallysimple to perform(vii) and inexpensiv€®? Once identified, AD biomarkers may be utilized in three
distinct apfications: (i) as a diagnostic marker to aid in the early diagnosis of AD in clinically representative populations,
(ii) as a classificatory marker capable of distinguishing AD from dementia subtypes that have similar clinical
presentations, and (iii) aggrognostic marker capable of predicting disease progression with or without therapeutic
intervention® As was highlighted in the review of current AD diagnostic criteria, AD biomarkers are just now coming
of age, having a central position in the newly revised criteria for prodisiages of AD as outlined by the IWG and

NIA-AA.l mpor tantl vy, dynamic biomarker analysis has confi
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hyperphosphorylation, and measures of neurodegeneration occur in AD péfigote 61). In these studies,

measur ements of cerebrospinal fluid (CSF) Ab | evels \
initial presentation and progression of amyispkcific pathologyn humans Similarly, CSF measurements of total tau

and phophorylated tau were taken as indicators of NFT burden. Lastlyimgtabolism as assessed via
fluorodeoxyglucose (FDG) PET and atrophy as measured by structural MRI served as markers of neurodegeneration ir
these studies. In congruence with the trendemfes in animal models, the earliest changes in AD patients were noted in
CSF poAhevels followed closely by the det ec 3 bniquely,AHi gn
pathology was the only biomarker identified which exhibited changes prior to the onset of symptoms. Later, once
symptoms had developed, alterations in CSF tau were noted and subsequently followed by measurable bréitt atrophy.
) Thus many in the field have championed Aargeted diagnostics for the eadgtection of AD. As will be discussed
however, thisapproachas proven insufficient with respect to improving diagnostic accuracy; alluding to the need for
continued research in this space. Importantig,development of an imaging technology capablesafalizing and
guantifying Ab pl a gntledD brain isaniticaly dmportamofdransladionad, prdclinical and

clinical research.
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Figure6-1 Comparison of Clinical, Cognitive, Structural, Metabolic, aBibchemical Changes asRunction of Estimated Years from
ExpectedSymptom Onset

The normalized differences between mutation carriers and noncarriers are shown versus estimated years from expected sgpiptom o
and plotted with a fitted curve. The order of differences suggested easing ®Wbe CSk)(C&BI Abwed by fibr
deposition, then increased tau in the CSF (CSF tau), followed by hippocampal atrophy and hypometabolism, with cognitlirecaid c
changes (as measured by the Clinical Dementia RaBng ofBoxes [CDRSOB]) occurring later. Mild dementia (CDR 1) occurred an
average of 3.3 years before expected symptom onReproduced wittPermissiors from Massachusetts Medical Society}®
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6.1 AMYLOID IMAGING

Of the early diagnostic modalities proposed for AD, REddiated amyloid imaging (Al) has emerged as the most
promisingapprachwith respect to developingrainimally-invasive yet clinically applicable diagnostic methodology.
The first study omyloiddeposition employinETimagingused art'C-labeledderivative of the amyloitinding
histological dye ThioflavifTl called Pittsburgh Compoustl (PiB). In thisgroundbreaking studyincreased ligand
retentionwas revealeth the cortical brain regionsf AD patientsas compared with controls, using cerebellum as a
reference regiaH®? Since this discovery, PiB has become the most widely employed andalidiited Al imaging
ligand in the world. With respect to the correlation between PIB retemisba plague burdeim vivo, a criteria
restricted review of seven primary studies (24 case reports) concluded that sufficient evidence exists to make an
association between Pl B |ameedetailbimlingghdt Ak Pi Bgaepeansi
sheetf ol ded Ab. Therefore, PiB selectively binds to com
contrast, diffuse plaques are less prominently labeled and amorphous plaques comprised of loogedytagge A b ar
virtually unrecognized by Pi%7® Interestingly, PiB does not bind to aggregdmths ofAb i n pati ent s
with the arcticAPPgene (E693G) mutatioff? As these patients still exhibit severe signs of dementia, some have
interpreted this |l ack of f i bchiasdligomeys addfprotofibrils mesabe ofmbrea t ¢
importance to the pathologic processes underlying AD. With the exception of the artic APP mutation hsivever,
patientsconsistentlyexhibit a 5870%increase in PiB retentiotcompared to ageohatched, cogtiively normal adults in
regions such as the prefrontal cortex, precuneus, and posterior cifgafaté® In a review of fifteen studies which
cumulatively incluéd 341 AD and 651 cognitively normal subjects, the difference in PIB retention observed in AD
dementia subjects and cognitively normal controls was highly signifipan0(001). Furthermore, this study estimated
the diagnostic specificity of PIB to bepximately 76%% As a prognostic biomarker, within a follewp period
ranging from eight months to three years;8286 of mild cognitive impairment (MCI) patients who screened positive for
amyloid pathology via PIB imaging converted to AD compared to a mere 7% convergence rate-javiEIB(
cohorts!”%%% Taken as a whol¢hese datalearlylend support to the notion that PiBediated Al can serve as a robust

biomarker for AD. On the other hand, some studies indicate that PIB retention correlates poorly with memory deficits in
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AD patients and healthy contrd§* 289 |n part, this is not surprisingaspgsio r t em measur ement s
fail to correlate robustly with symptom ssity. Additionally, according to some investigators, PIB retention may

correlate poorly with observed cognitive deficits due to differences in cognitive reserve between $tibjects.
819Nevertheless, more recent work directlyopes this assertion, finding that Al correlates most robustly with symptom
severity when compared to other biomarker optf®@fsThe source of discrepancy between these studies is difficult to
pinpoint, but genally speaking the consensus in the field is that Al demonstrates a reliable correlation with cognitive
impairment in pure AD cohorts. Stithis firstgeneration Al radidigand isnot without severely limiting characteristics.

For example, human subjects with CAA may have positive PiB amyloid PET scans, even in the absence of amyloid
plaques®® While investigators had hoped these two pathologies could be distinguished based on the differential in thei
distribution in the brain, this has not proven to be the €&sevlost practically, the approximately 20 minutalf-life of

IC hinders the use ofC-PiB outside expert research centers, unless there is access tsimayalotron and

radiochemistry expertise. Thus, efforts were initiated to mi#kéabeled tracers, and currently four such amyloid ligands
have been developed, which have d-hibé of approximately 11in. Critically, the development of these second
generation Al PET ligandsnables centralized production and regional distribution to centers havingfadii€s. To

date, four radidabeled ligands have been improved ardude **F-florbetapir (Amyvid), also called A58, 18
flutemetambd ( Vi z aRiBor GE067E ' NjEr-florbetaben (Neuraseq), also called BAY®#72 or AV17%9, and
¥F_NAV4694, formerly known as AZD469%29 Summarizing the relevant differezs between these compounds and

PiB, using these amyloid tracers, aiZ0% increase in cortical ligand retention is foumdD patients as compared to
controls. Howeversomeof these secondeneration PETigandshave higher nonspecific white matter bimglithan''C-

PiB, while others show lower cortical binding in patients with. & Still, cumulatively, the evidence clearly supports

the efficacy of PETme di at ed i magi ng of oPAAD amfoatijsureason, these obPiBrandmtinex r k e |
forms of PEFTmediated Al in humans is highly prevalent in the research setting. Unique in having overcome this major
hurdle, today the major bottleneck in the advancement offRETd i at ed i magi ng i s tbmdngi de |
compounds with higher affinity and specificity. As described,iPi® b et t er c hpeatedsheeespeciice d a s
| i gand tspeaific prabe. AAdvidence of this assertion, human subjects with CAA may have positive PiB amyloi
PET scans even the absence of amyloid plaqu&®. Furthermore, theistribution of PiB binding does not significantly

differ between patients with clinically diagnosed AD and C&A Thus, the development of thigeneration PET
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compatible Al ligands is necessary in order to accur
AD individuals. To do this, novel background structurl

BBB will be critical.

Inspired in part by positive PEBased imaging studies, significant progress has been made imbtRated
detection of Ab appt@ahgsioeMRI-mediavan deteetionehave been reported: i) Higld MRI and
i i )-spekific contrasagents. Critically, these twapprachesare fundamentally different in that they make completely
contradictory assumptions about the intrinsic contra:t
Ab pl aques c¢ an ndieal tidgseel secondanyttogheir fbcal momcontent and/or the highly compact nature of
fibrilOnrtyheAbot her hand, gr oups -spécificconvastiagentoare implicidy d e v e
implying a lack of sufficient intrinsic contrast facilitate detection. One of the first lines of evidence supporting the
assumption that MRI can -vileMRemagingAfbAD pissua¥i’ Netably, thaimvieo f r om e
application of MRimediated Al has sufferexbcondaryo the technological challenge of-cegistering planar histology
tissue samples with MR images. Importantly, the development of histologicaffregiicency coils partially alleviated
this limitation in the field, allowing MR images and histology datarftthe same tissue sample to be directly overlaid and
compared without the confound of-pegistration between the two imaging modaliffé8 Employing this method, one
group has tested the hypothesis that iron found in and around the amyloid plagues is the dominant cause-of the hypo
intensities seeninT2vei ght ed i mages. Il nterestingly, examinati on
plague and iron depib®n both in human AD and the APP/PS1 model revealed that iron load alone does not account for
a | |-gerebated contrast in mouse models of AD. Instead, the data suggests a duality in the relaxation mechanism, wt
both high focal iron concentrationahd ghl y compact fibrillar Ab cause rap
Where as in human tissues iron deposition was found to be the dominant source of R2* relaxation, for APP/PSEN anin
the compact and gl obul ar majoadause ofincredsedArénsvpréemtanaalaxatiofitate.i k ¢
Regardless of the contrast megisan howeverinvestigators employing optimized spin echo acquisition methods have

successfully detected hi st a050micrandidmetyr a9t Tésid®*Hed AbD pl

With respect to the secoragpprachto MRI-me di at ed AD i ma gi n-gpecificctracera mber o

compatible with MRI have been report&$22? Towards this aim, two generappracheshave been utilized. The first
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general method attepts to construct MR ont r ast agents which mimic Ab speci
into Ab assemblies and t hus r apr@adchdan b& beerbirueovel gacer degdigngd toi me
r e s e mhpeptides,fa core constite nt ptafuesAvthichas been | abel ed with gadol
conjunction with micreM R | ( OMRI ) . | mpressively, the numeri cal den
tracer correlates well with immusfgstochemical analysi&”? In an extension of this wonkotivated by the relatively
recent paradigm shift fr om-cAdn tprl aasqtu epsr d loe ss otl luabtl es pAehc is
have been developehh this work, oligomesspecific antibodies are cargated onto magnetic nanostructures. Again
showing great promi se, e xdigemessdpeciéc cantnaatagerd demonstratestthatoha o f
complex isstable andacilitates delineation of AD versus witgipe mouse modeksx-vivo.®? Using similar MRtbased
strategies, some groups hasmiqu ant i t ati vely assessed ADb plaque bur de
compatible probe$*? The second generapprachto MR-probe development is quite recognizable to the trends
described in PEFmediated Al. In both fieldgdhe most commoapprachto the development of MRiomgtible Al

probes employs derivatiamf  k n ebwding mbleculesQu i t e ¢ o mmbinding moletule ef chibe for this
endeavor has been curcumin. In one of the first successflifications & curcumin described, Dr. Tooyama and

colleagues developed a novéFcontaining curcumin derivative named FMeC1. Like naturally curcumin, this compound
can exist in equilibrium between keto and enol tautomers, with the enol form being unique intityabiti o bi nd A
aggregates. Importantly, histological analysis of FM@@dcted mouse brain showed penetration of the compound across
thebloodbr ai n barrier and binding to Ab plaques in peripl
of Ab deposits in these mice was i n Yrsignal wasanaged Lastly,t h t
lending significant clinical translatability to the compound, FMeC1 also exhibited an affinity for senile plaques in human
brain sectios®?? Utilizing a slightly differentapprach another group hasonjugated magnetitanoparticles made of
superparamagnetic iron oxide (SPIO) to curcumin. After injection of this magnetilzddgied curcumin derivative,

amyloid plaques could be visualized invéxo mouse tissue sections via Faeighted MRI®*? Taken as a whole, the

data presented here suggests thattRliated Al may represent a powerful diagnostic toolénftture. From a

practicality stand point MR is safer and more easily implemented clinically, as it does not require the use of radioisotop
Despite these advantages however,-M&diatedinv i vo measur ement of Ab burden i

convincingly accomplished.
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Arguably, opticallybased imaging methodologies offer the most robust platform foriilv o det ect i on
plaques if not for a few severely limiting characteristics. Chief among them, the signal of ofiésaty probes in the
visible spectrum is highly scattered by native tissues. As a consequence, the vast majority of fluebesmhtrvaging
met hods which have been employed to track Ab burden
of the skull. Still, se e r a | groups have reported f |l-hindingeegnpams der i ve
(principally thioflavin and Congo red) to facilitate the optical imaging of AD animal m&d&td) As a result of the
light-scattering phenomenon described however, more recently, optically badelamagingappracheshave
become increasingly focused on nedrared (NIR) probes in an effort to enhance the resolution of deeper brain
structures® %71 n t he first published study in whichinWifet ec|
fluorescent ibnitnednisnigt yd yoef ACed 8A7/b accur ately detected t
AD.®% |n a similarin vivostudy, the fluorescent signal of the amytbidding NIR probe THK265 demonstrated a
progressive increase in pr op®V baspitethesetconsideralBesectesses hdveverd e 1
NIR fluorescence imaging of Ab Il aAgmeciicprobesants chasactdriiedriyt e
poor AbBto-hadkgraynd e€ontrast. Yet, many investigators believe that these obstacles can be circumvented via th
devel opment of fAsmarto fluorophor es whcedeghantunweffigemcy,lao u n «
shifted spectrum and/or an altered lifetiff8.In a similar effort to advance the optical imaging of AD pathology, many
groups have capitalized on the inic advantages of fluorescenretime imaging microscopy (FLIM) to improve the
optical imaging of AD biomarkers. Using the FLIApprach investigators can detect weak fluorescent probes in an auto
fluorescent background; a scenario in which tradifiomeasures of fluorescence intensity are not efficacfétf§?
Given that PETmediated amyloid imaging lacks the sensitivity to detect individual plagues, and despite its limited ability
to report Ab plaque | oads more than several centi-met e

based iraging methodologies will provide a powerful and complimengagracht o Ab (#*H8 gi ng .

In summary, PET, MR-, and opticallybasedapprachesto Al have all been validated as efficaci@ampraches
to monitor Ab bur de machteshniue leas teenavalidated to viargirgy degraes, twithiised Al
unequivocally leading the field with respect to clinic implementation. As will be describe in subsequent sections, a

popular alternative to the Alis ELISme di at ed q u a n tthe CSFardiplasma Impdrtant®y pwhiie data
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suggests that both reliably report Ab plaque | oad, Al
of Ab. This advantage will I i kel y ating studieswill uraldubtedlg note h e
that the regional profile of AD deposition i nthet uences
diagnosic utility of Al does not rest i the validation of amyloidentric hypothesis of ACRegad | ess of AbO6s
pathogensis of AD it remains the pathognomotésionof AD. Thus a definitive diagnosisill always require
verification of Ab deposition up until the pointuest he
have retained their centralized place in such criteria over the past 3 decades, it is highly unlikely this is to occur.
Furthermoreseveralglobally implemented andinically useful biomarkerslo not detect a fundamamhteature of disease
pathology.For example, prostatgpecific antigen (PSA) iarguablyan excellent mwmarker for prostate cancer despite

evidence of its involvement in thmathophysiologyof this particular cancer

6.2 TAU IMAGING

Predictably, the success of Alediated vidPiB and fuorinated alternatives has spurred efforts worldwide to
develop selective tau PET tracdrsthe context of an amyloidentric model, Tau PET tracers are likely to be used as
surrogate markers of cognition to predict cognitive decline and disease progression. Clinically, the integration of tau
imaging into existing diagnostic algorithms whiclelude Al will improve the specificity of AD diagnosis and perhaps
improve early detectiofi’® %434 However in many ways, the development ofspecific ligands is more difficult than
for AbBb secondary to the unigue char actiatrateutaiamdsherefdre t a
any potential tau tracer has to not only ertige bloodbrain barrier but also the cell membrane befeaehing its target.
Furthermorel i ke assemblies of Ab, tau aggregates have seve
multiple ultrastructural form€*? In more detail, soluble hypgthosphorylated tau rapidly aggregates into spherical units
ofnucl eation that then assembl e | i-sheeacorf Thaabsence@r m r i b |
periodicity of twists within the ribbons ogehprotofibril enables classification of hypphosphorylated tau into straight
filaments, paired helical filaments (PHFs) with regular twists (about 80 nm), or irregularly twisted fil&R1&rtdn

AD, the 3R and 4R isoforms of tau are hypaiosphorylated and subsequently produce paired helical filaments as the
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predominant tau specie and straifilaiments as the minor aggregate foffarther complicating the matteau

aggregates are subject to several{@sislational modifications including: phosphorylation, acetylation, glycosylation,
nitration, glycation, ubiquitination, and truncation, all of which modulate the ultrastructural conformation of tau
aggregate$°? In addition to this structural heterogeneitye reported concentrations of Pttt ®® about 4 20-times

l ower t ha d®*PhTous,experts atthat a 20650-times higher irvivo selectivity for PHFtau as compared

to Ab might be required in order for a tau Iligand to

patients®>

Although limited by its inability to distinguish signal retention secondaryli@laques or NFT<2-(1-(6-[(2-[18
F] fluoroethyl) (methy) amind-2-naphthy) ethylideng malononitrile {°F-FDDNP)represents the most thoroughly
studied PETbased reporter of tau accumulation in human and mouse models G¥A®%5? Today, elevatedfr-
FDDNP retention has been reportegatients with AIF*®, Down's syndronfé??, chronic traumatic encephalopaffy,
progressive supranuclear paf&y, and in prion diseases such as Creutzfia#tob Diseas&® Despite reports of
nanomolar binding affinity for tau, independent experiments demonstrate a very limited dynamic rafftgER®NP
mediated PET secondary in part to low blood brain barrier penetf&at#. Following the discovery of FDDNP®F-
FSB35 and®F-FP-curcumin radiotracers have been reported. However, all of thesdigaticGsbindtoAb aggr ega f
addition to NFTs, substantiallynitingt hei r val ue with respect to investig:e
pathogenesi§>® 8589 Degpite this limitation'*-FDDNP signal increases with cognitive decline and mirrors the classic
trajectory of tau depositiofi°” In pursuit of a tatselective PET tracer, since 2002 researchers at Tohoku University,
Japan, have been s cr ee n-disheasFrenmthid workinhad beeo didcoveyalat dsexies ofb i n d
quinolone derivatives bind specifically to tau NE¥8.Convincingly, one of theracersdeveloped from this worl2-(4-
aminophayl)-6-(2-[18 F] fluoroethoxy) quinoling*®F-THK523), exhibitshigh binding affinity for tau fibrils at
nanomolar concentrations andafld | d s el ect i v&9tFyrthef, assessmantin poeclinical mause models
demonstrated high wivo retention in tau transgenic mice atalv binding in the brains of transgenic mice
overexpressing ADb but which | ack REWhen trarslated into Huenans,n s t r ¢
significantly higher'® F-THK523 retention in temporal, parietal, and orbitofrontal lobes, and in the hippocampi of patients

with Alzheimer's disease was noted in comparison withnagiehed healthy controls. Disappointingly, high tracer
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retention in white matter precluded thresassment of the distribution of tau pathology by visual inspection of the
images®® Seeking to overcome this limitation two impeal 2arylquinoline derivatives were developee|(8-
¥F]fluoro-2-hydroxy)propoxyj2-(4-dimethylaminophenyl)quinolone'{F-THK5105) and €(3-[ *® F]fluoro-2-
hydroxy)propoxy]2-(4-methylaminophenyl)quinolone'{ F-THK5117) 2 In preclinical validation}*F-THK5105 and'®
F-THK5117 both showed higher binding affinity thErF-THK523 to taurich brain horogenate&€’® Validating these
findings, PET studies df F-THK5105 and'® F-THK5117 showed a robust quantitative separation of patients with
Alzheimer's disease from heafthontrok in brain regions harboring higau depositionFurthermore, the topographic

profile of tau deposition as assessed by both of these probesiwast i nct f r om Aighlightimptlgeitan g wi
specificity of the probe&? In the third iteration of this work, the PEEbmpatible probé-[(3- 8 F-2-hydroxy)propoxy}
2-(4,-methylaminopyridyl)quinoline {® F-THK5351) has been described, boastingtéskinetics, lower white matter
retention, and higher signgd-noise ratio thaits predecessoré™ In a separateet similar line of work, two novel
benzimidazoleyrimidine derivatives, E )-4-(2-(6-(2-(2-(2-[ *® F]fluoroethoxy)ethoxy)ethoxy)pyridis-yl)vinyl)- N -

methyl benzenaminé®e-T807%") and 2(4-(2-[ *® Flfluoroethyl)piperidinl-yl)benzo(4,5)imidazo(1;2)pyrimidine (‘8 F-
T808%) have demonstrated nanomolar binding affinity and-fobselectivity for PHRt a u o &P Refehtion of
these newly developed NR&u radieligands has been shown tolozalize significantly with tau pathology in

experiments employing tau overexpressing mouse m&&&i8? Initial human'® F-T807 PET studies showed cortical
retention comparable with the known distribution of PdE in the Alzheimer's disease brain, low retention in white
matter, and a strong association with disease se¥&fityowever, despite the tremendous progress described, all current
generatiorselective tau PET tracers haweexplained quandari€€? For example, some investigators suggest that both
guinolone and benzimidazole derivatives have substantial retentiongtrittial region, a finding inconsistent with
neuropathological report&? Still, in comparison to MRI and optical imaging basgpractes PET-mediatedau

imaging represents the closest investigators have come to a clinically applicable method to measuring regional NFT
distribution in the brain. In contrast, MR imaging of tau is in its infancy, still relying upon correlations between tau
deposition and hippocampal atrophy. Because both tau deposition and brain atrophy both correlate with the severity of
cognitive decline in AD patients, many study groups have hypothesized that patterns of gray matter loss as assessed b
structural MRI can see as an approximate vivo surrogate indicator of tau patholo§{? Unfortunately, considerably

less progress has been made towards the development and characterizatispexfiteuMRI probes. Currently, FSB
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and [13C]BSB are among the best characterized precursors capable of agmatgntial contrast agents for magnetic
resonance imaging of tan vivo.®®% More recently, some evidence has emerged that the MRI prolRSBRGd-

DTPA) may possess the ability to detect NE¥¥$ These compounds represent derivatives of the AB plaque and NFT
staining dye Congo red. Therefore, of the compounds published to date, none are specitiortptaed NFTs. Thus,
an evaluation of MR imaging of tau as a biomarker of AD awaits thewdisg of tauspecific precursors for MRI probes.
Similarly, opticallybased imaging of tau has largely been limited due to the lack-sptuific precursor molecules.
Interestingly, both FSB and BSB compounds posited for MRI also emit a fluoresgeitvgigen complexed with NFTs
making them potential candidates forvivoimaging of tau in AD model€® Indeed, molecules structurally analogous to
these probes have been used to image tau deposition in human tissues in an ex viv&hitarerrecently,
investigators have shown that fluorescent trimethinine cyanine probes can bind to NFTs with high @odtsalectivity
over Ab,thpughengne ef these methods have been utilized in-inmasive mannef® Clearly, more work is

needed in this area.

Given the dominance @fmyloid-centrichypothesestiis unsurprising that few precursor lacules for PET,
MRI- and opticallybasedauimaging have been thoroughly described. In addition, numerous obstacles, such as the
het erogeneous nature of mature NFTs and their high de
difficulty of characterizing tasspecificprobes®? As probe development progressiesyitro studies to determine the
binding characteristics of the probe, including its equilibrium with paired helical filaments, will be needed. Notably,
however dissociation constants {Kand binding capacity (B max) determiriadsitro are difficult to translate tm vivo
conditions. For this reaspim vivo applicationof potential tau ligands need to be evaluateahimal models of tauopathy
prior to dinical implementatiort’® 4 In this regard, PETnediated tau is by far the most magw#l significant

advances are needed.
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6.3 MEASUREMENTS OF AMYLOID IN CEREBROSPINAL FLUID

In most vascularized tissues, the lymphatic system serves as a fundamental pathway for interstitial solute and flu
clearance and is thus critical to both hydrostatic and homeostatic maintenance. Yet, despite its high metabolic rate and
sensitivity ofits constituent cells to changestime extracellular environmerthe brain does not have histologically
identifiable lymphatic vessef& This has led many to hypothesize that the cerebrospinal fluid (CSF) of the central
nervous system (CNS) may support solute clearance from the brain. Briefly, CSF is formed in the choroid plexi of the
later ventricles before flowing through the remaintegebral ventricles and tisebaacmoid space to its ultimate sites of
reabsorption into the bloodstream. These sites of CSF reabsorption inclatzctneid villi of the dural sinuses, the
cranial nerve sheaths, and/or through the nasal lympK&ti&8. While these mechanisms of CSF production and
clearance are well studied, less is known about inbsvstitial solutesn the brain areleared to the CSH o date, the
leading hypothesis is that convective bulk flow of interstitial fluid courgingughbrain tissudacilitates this process, as
no anatomically distinct structures have be identifi&f®? 8% On the basis of in vivo twphoton imaging of small
fluorescent tracers, some groups have demonstrated that CSF enters the parenchypea\aleaglaispaces that
surround penetrating arteries and that the br & nos ir
Suggesting these findings have relevance to AD, other gtaygsreported that intparenchymal nj ect ed ADb i

alongperivasculapathways®?

Since its potential has been r ec o dgmporant chndidatedomreatker e m
for AD. Disappointinglyhowever i ni t i al r ep or tckear changeGrSABatiénts aschnapareddo n o
controls®289 A consistent theme in AD research, the error of tivsial reportswasthattheydid not discriminate
betweelA b i s olfnosrtnesa.d, t he ELI| SAPpeasciefmpd oyretdi heskidesnoaand t hu
levels. Just as inthe brain, CSFcontas many di ff er ent gxi#the most wrddaminams speziés, withh i ¢
l evel s around ,:® hatet, asnhe field bebamneo rodd cAdbnvi nced of the penha
immunoassays with specificity to this isoform began to emdtge first papeto leveragesuch arELISA was published
in 1995 and demonst r aglevds irathe@8F ok patintsrwithdAiE Genemlty speakingAib
AD dementi a, t hisde€@eaded tb apraximatalyf50%robthe levels inmatehed cognitively normal

individuals®® Later studies would confirm h a t | evel s of t hgisofonadnotrolange in AR u n d e
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suggesting that the failure of initial studies to dert
amyloid specie masking changes that to occur in less predomifanti s of or ms. Addi ti opal |y,
levels remain constant in AD led to the hypothesistthate r a 4/ i Aghmight imp#ofve diagnostic accuracy by

nor malizing individual wvariati ons i stwdidsbavedemoAsiratedthad d u c t
there is a reduction in the CSF AbB42: Ab40 r a®™ in Al
|l mportantly, though these observations provided evi de
of why 4,@&S$ebHucedin AD was not understood. The favored hypothesis has been that aggregation and depositic
of Ab results in decreased Ab cl earance secondary to
However, other possible explanationslilcd e decr eased AD pr od wigdctiveoerport frommthe e a
brain to the bloodand/orincreased proteolytic degradatidrhe firstindicatb n t hat t he |,pissdaatd ng o
aggregation of the peptide in the brain came in 20@8studys h owi ng t hat 4 in pogtmdrtenvveritrisularo f
CSF showed an inverse correlation with plaque load in cortical re§i8nsater, this mechanism would become better
established after studidemonstrate@n inverse correlation between global cortical amyloid PET ligand retention and
CSF Ab 4.9 Sineevhislinisial study elucidated the relationshipioete n CS F  Anfiedisied AlmdreRtim

1000 patients and controls hauaderwent both amyloiBETard CSF Ab 4 2  @R°H'thiiostaubjects 1(88%)

had concordant amyloid biomarker results, wéither negative or positive amyloid PET scan&d8 F 4, le\els.A few

had discordant amyloid biomarkers results, withtteh er p o s i t i lbuenor(ndl amylid PET$6:6%)\ dr

norma | C % fevels but positive amyloid PET scans (5.498) Cumulatively these data indicate that the reductions in
CSF popAfm patients with AD is due to ADb depositi Howevarnd |
conflictingresultsha® b een reported on the association of the CSE¢

uncertainty as to how this biomarker should be utilized clini¢&fy*+9*

6.4 MEASUREMENTS OF AMYLOID IN THE PLASMA

As reviewed, CSF and PET Ab bi oma rholegy. slowavercthey at el y

represent massively invasive or prohibitively expensive diagnostic tools, respectivebfoiidian an effort to generate a
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costeffective and notinvasive diagnostic strategy, investigators have rigorously explored the possibéldgpting
bloodbased biomarked i k e p | ladsed)ghisppb@chseems rationale, roughb0% of radiolabeled albumin

injected into the CSF drains to the cervical lymphatics via the cribriform plate, whereas the remainder is cleared to the
bloodsteam viaarachoid granulations of the dural sinusé$°*? Generally speaking, the blodutain barrier and the
bloodCSFlar ri er regul ate the passage of solutes I|ike Ab |
credibility to the hypothesis thaguilibriummay exi st bet ween Ab and the CSF/ i
number of receptorsthatarap | i cat ed i n the i nfl ux -bmandarrierf ForexarmplepiffluxA b
of Ab into the brain may be facilitated by the recept
to be dependent on ledensity lipoproteirreceptors, lowdensity lipoprotein receptaelated proteins 1/2 -P

glycoprotein, and verow density lipoprotein receptof&’*°® Disappointingly however, many studies that have
compared plasma Ab | evdPBowi ttthet héeindi @§F &¢ B’ RakéTeurdina r @
or low correlationsimportantly, there are seveygysiological factors that migleixplain the low correlation between

pl asma and CSF Ab/ PET amyloid plagque measurements o0bs:s
CNS interstitial fluid originate exclusively in the CNS. In contrédsb theplasma is also produceg BPP metabolism

in skeletal muscle, pancreas, kidney, liver, vascular walls, lung, intestine, skin and severai3gjfahdsiditionally,

mo s t fouAdfin the plasma is bounddeveral proteins such as apolipoproteih A-l V , E amaatogldbulin, U 2
complement factors, immunoglobulins, transthyretin, apoferritin and serum amyloid P comféii&hkoreover,
platelets have been shown to r &?Fonseaord\fethanisttangbeai n r ¢
sizable fraction of the ADbD pool in the brainbs Ileant er ¢
as to what degree these pool s o fCompbunding aloftheske vatiableldgma p | «
levels show a circadian fluctuation that decreases with aging and a strong genetic iffiti&Nith.respect to this
genetic modul ation of baseline ADb | evel sp@E0A3%)ase pl ast
c ompar ed?2354%) with no eféct being demonstrated for ApoE stafé&? The last, and probably most
confounding of all these potentialva abl es are the technical aspects of A
measurement. Highlighting the significance of this last variable, when plasma samples are kept at room temperature fo
hours a considerabl e 2 0rd¥ &S Thuspntheake home message bfalkof thhegee N r ¢

studies is that standardization of sampling is critioc
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Likely in parta result of methodological variatiobstween studies wide range of megrlasmaA {.40(214 to
985 pg/mlf3*3 a n d 1,436 to 140 pg/mlf>*2? evels in AD patienthavebeen reportedn a more consistent
fashion, studi es iaenpdorAufih anmoveralidecting a s, brakfwithAalivancing agé™® 2%
Overall, it is very difficult t oneadusements.dnphe publisheahapieionsoll s

the mary experts, iappearshatp | a s ma A bnotluseful@ad asdiagnostic classifier in its current form. However, it

is essential to note that in tleggest, prospective, communipased study tdate;lo wer pl asma Ab | eve
associated with an increased risk of incident ®8Thus, gi ven the potential i mpac:-
mi ght have on the field, the majority of experts in t

biomarker for risk of developing clinical AD.

6.5 MEASUREMENTS OF TAU IN CEREBROSPINAL FLUID

As discusseth multiple chapters of this worlNFT density correlates strongly with the severitgagnitive
i mpairment in AD while discrepancies exi st iogresdioh.d6 | i t
48. Therefore, logically, measurements of tau in the @pFesent the most frequently uskagnostic tool used kbsome
clinicians in the research setting to assess for the presence of AD pathology. Generally speaking, the literatige on the
of CSF tau as a biomarker for AD haactedthe consensus opinion that this diagnostic method has robust clinical utility.
In most studies,rmapproximate 300% increase in the total concentration of tau in the CSF of AD patients is noted in
comparison to normal contrdf§? Given this large differential in CSF tau levels in AD, it is not sieipg that the vast
majority of studies indicate a significant difference exigtveen th&€SF Ttau levelsof AD and healthy controls
Translating these results into the clinical realm,rdported sensitivity oESF total tau levels 8 2 % ( 9 5 6687%) =
withas peci ficity of93%) &Yl resuts Bave been Byforted for phosphoryleadwith CSF
levels also increased in AD when compared to healthy controls. Although tyidipaothesized to be more specific to
AD pathology, mean sensitivity and specificity values are not dramatically different from those of total tau CSF
measur ement s, repotig £%9) aan B 038 Yi 8EYDeSpHctivielC Given theésalues, CSF

measurements of phosphorylated are predicted to facilitate the correct diagnosis of AD in 81.8% of cases. Importantly,
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in a metaanalysis of the diagnostic accuracy of CSF measurements using different tau epitopes no significant differenc
were found? 937 Thus, despite the ambiguity with respect to how tau phosphorylation mechanistically contributes to the
development of AD pathology, it is virtually unanimously agreed that tau contributes to AD neurodegefi&&tion.

Despite thisconsensushe utility of tau as a biomarker for AD has been questioned due to i) the poor corroboration
bet ween Ab plaques and tau deposition, i i) r epaoyits s of
presence in other diseasB$:T deposition follows a stepwise topographic distribution pattern that begins in the trans
entorhinal region (Braak stage ) before affecting the entorhinal cortex (Braak stage 1), hippocampus;deqipitab
gyrus(Braak stage lIll), temporal cortex (Braak stage V), parietal cortex (Braak stage V) and occipital cortex (Braak sta
v)), 101618 By comparison, the topographical pattern of Ab
appearing first in the necortex and expanding in an anterograde fashion into allocortex (phase Il), diencephalic nuclei,
striatumand cholinergic nuclei (phase I11), brainstem nuclei (phase 1V) and the cerebellum (ptia8e&Si)en the
amyloid-centric focus of current AD research, this anatomical sepamation NFT fr om Ab pl aques
before NFT deposition can be rationalized as a biomar
ability to serve as a biomarker of AD, neurodegenerative changes and cognitive deficitscimaoledeeved in the

absence of NFT€"2*9| n a strategy similar t o, sambiavestigators favehypathesized A
that pretangle tau species (monomers/oligomers) underligrtadiated dysfunction and toxicity and thus account for
studies which report dissociations in NFT density and cognitive sympton&.****Re gar d | e mesrotaxit t a u
mechanism of action, studies which demonstrate that only 85% of neuronal loss can be explained by NFT formation
clearly imply the existence of nédFT mechanisms which contribute to the neurodegenerative changes observed in
AD."9 | astly, tau expression in multiple neurodegenerative diseases including: AD,-feonfairal dementia,

progressive suprauclear palsy, Picks disease and corticobasal degeneration may potentially limit its efficacy as an AD
biomarker. However, because N&nd tau morphologies differ between disease models and the elevations of tau in AD
are significantly greater than those observed in alternative dementias, the evidence supports the notion that tau retains
sufficient specificity to represent a viable biarker for AD*** **2 Additionally, considerable evidence has emerged

whi ch | i nk sicityAith taulhypefph@sphorgation providing additional support for its use as an AD
biomarker® %3 %4 For example, crossing mutants that overexpresdagnprecursor protein with tauopathy mouse

models results in significant increases in NFT formation and associated tatphgsphorylatiot®? Conversely,
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reducingtate x p r e s s -prodacing mousk nodels protects mice from the cognitive deficits loosely associated with

high Ab burd®n in the brain.

6.6 MRI-MEDIATED IMAGING OF NEURODEGENERATION

The two imaging modalitieicilitating quantification of brain atrophig routine clinical uséodayare computed
tomography (CT) and MRI. Of the two, MRI is preferred with respect to structural imaging studies due to its far superior
soft tissue resolutiofi®® Today however e clinical role oftructuralneuroimaging in AD is the exclusion of pathology
that may be causige of cognitive declind** °*® Thesealternative causes of demeritiglude cerebrovascular disease
tumors, subdural hmatoma and other forms of demeniigcluding dementia with Lewy bodies and frontotemporal
dementid®®” *® However, asighlighted by its inclusioin the new diagnostic guidelinghe use of MRI tquantify
atrophy in medial temporal lobe structures of the bisaghowly gained acceptanes arobust biomarker for ADWhile
brain atrophy is not specific to AD, studies have revealed atrophy of the MTL is well correlatetiavithes in cognition
and disease progressiSr°®® More specifically, studies demonstrate that atrophy of the hippocampus and entorhinal
cortex is of particular value as a biomarker due to their involvement imthese stage of disease and strong correlation
with NFT pathology®®*°®? Crosssectional wlumetric analysis of medial temporal lobe (MTL) structures can be done
gualitatively by visual assessmentimra quantitative fashion employing eithmanual tracingnethods oautomated
technique$™? In addition, voxebased analysis has also beepligpl for comparisons between an AD cohorts and
cognitively normal control group®*°®? |n studies which employ these methodpplcampal volume is reduced in
MCI patients by 1015% while in mild and moderate A®15i 30% and 3040%reduction isobservedrespectively®®®
%9 The rate of atrophy is also predictive of progression, beiBgper year in MCI/AD patients compared i®% in
agematched controlS®? Taken as a whole, such studies support the ustRdfmediated imaging of neurodegenerative

changes in the brain as a complimentary biomarker of AD.

Beyond measurements of medial temporal lobe atrophy, an emerging body of literature has highlighted the
potential of leveraging other MR imaging technotsgio image pathological alterations in gray and white matter

structures altered in AD. For example, diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) have been
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employed to quantify white matter changes in areas such as the temporhidpbeampus and corpus callosum in AD
patients®®" %3 |nterestingly, studies employing DTI suggest this modality is capable of assessing microstructural and
connective changes in the hippocampus arising secondary to neuronal loss and axonal deg&né&fatisiternatively,
magnetization transfer imaging (MT]I) is able to detect structural damage as a reduction in the magnetization transfer rg
This appr@achleverages the fachat magnetization transfer rate is influenced by tissue homogeneity, with increasing
inhomogeneity secondary to pathological changes such as neuronal loss and gliosis in gray matter, and demyelination
axonal loss in white mattéf? %3 Supporting the utility of thispprachas a future biomarker for AD, decreased
magnetization transfer rate is typical of both white and gray matter brain regions in AD p&fldAtavever, as neuronal

loss occurs relatively late in the disease progebgr groups are attempting to leverfgrectionalimaging

methodologieso detecheuronal dysfunctiorilhe assumption nag by these groups is that neuronal dysfunction should

be reflected as regional changes in cellular metabolic rate. Two gappraiclesare employed to study this variable;
cerebral blood flow/volume measurements or changes in the blood oxygen lexsdieisipp(BOLD) effect. In cerebral

blood flow and cerebral blood volume experiments, an intravenous paramagnetic contrast such as gadolinium or
superparamagnetic iron oxide nanoparticles are injected into the patient and {{fag&th contrastthe BOLD effect

utilizes the paramagnetic properties of déoxyoglobin The assumption made by BOLD imaging is that increased
neuronal activation induces an increase cerebral blood flow as a consequence of increased metabolic need. This leads
an incease in oxlgemoglobinand a relative decrease in debgynoglobinwhich results in a relative increase in signal on
T2* weighted imaging'®” °®@ Using either of thesappractes functional imaging in AD patient cohsrteveals

decreased hippocampal and parahippocampus activity as well as decreased activity in the frontal and prefrontal
regions™? Thus, while volume analysis of the hippocampus and entorhinal cortex volume stands as the cusrent gold
standard MR imagingnethod for the detection of AD, future techrgiks might facilitate early detection before

irreversible neuron loss has occurred.

6.7 CURRENT PERSPECTIVE ON AD IMAGING

As summarized, to date most of the progress made towards applying imaging technologies to the study of AD has

been amyloiecentric. As the limitations of amyloid imaging become increasingly recognized, interest in alternative
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biomarkers has grown substatly. While MR-mediated imaging of structural changes in the brain of AD patients is well
studied, much work is needed in the field of-taaging to make this potential biomarker clinically impactful. However,
considering current epidemiological projecisdfor AD, the refinement of future imaging technologies for the detection of
alternative biomarkers, including tau, cannot evolve over decades in a manner similar to amyloid imaging. In the years
come, highthroughput screeningppr@achessimilartotto s e cr eat ed f or Ab plaque prol
order to expedite the validation of complimentary biomarkers for delivery into clinical¥ffals.a continuation of the

current trend, the imaging of AD biomarkers such bgpkaques and tau will need to be integrated into a more holistic

diagnostic panel in order to &tecapture the mulfiactorial nature of AD.
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Chapter 7 The untested amyloid - cascade hypothesis

The rationale for believing that Ab is critical to
this hypothesi s, ver yntheibrgits oflpaients with A dnd all feneticcfarms mfutAD aré e
mechanistically linked with increased amyloid deposition. In addition, AD develops in nearly all individiraBown
syndrome, who have a triplication of the APP gene and as a conseqezrased substrate for amyloidgenic processing.
The ApoE4 polymorphism, which markedly increases the risk for late onset AD, is associated with an increase in amyic
deposits, whereas the ApoE2 polymorphism that diminishes risk for AD is associatel@éevéghsed amyloid levels.

Lastly, a rare polymorphism in the APP gene whigtiucesamyloidgenic processingf APP has been shown to be
protective for AD. All evidence considered, .&orthis i mar \
rea®n, Ab has r emai n dhdgrapeudtieintgoventioman ADyith nuanergus phase It trials designed to
reduce Ab | evel s cur r@nfottuhayely bdate, ehe reaulis of these ardompzedectinieal trials

are either negate or inconclusive, leading many to call into question the underlying validity of the arsgoidc
hypothesesHowever, @spitetheenormous investmet | r eady made, t-tageted thérdpiesrfoe ADo f m
can be associated to inadequaciesiah design as opposed to the invalidity of the underlying therapeutic hypotimesis
truth, this expert opinion s hoentlicthempies is peat mterpreted assadailuteh e
to appropriately test the underlying anmigltiypothesisThis is an extremely important point, because it suggests that
amyloid-centric hypotheses hawet been refuted, which would motivate a search for new targets, but rather that trials
need to be redesign@udorder to confirm their validity’’? Although a multitude of potential confounds are present in the

antiramyloid therapeutic trials conducted to dahe key points stand above the rest.

71 CONFOUNDS UNDERLYI NG THE FAI LURE OFCLMNCAHEI MEROG
TRIALS

The first major shortcoming of ardimyloid clinicaltrials has been the lack of appropriate analysis in response to
therapy. For example, the vast majority of studkdisto investigate whether amyloid was effectively neutralized, winethe

an adequate dose was administereactieve therapeutic response,wainether side effect profilagenerated
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enrollment/survival biases. Put more generally these clinical trials havettadei@quately characteritee

pharmacokinetic profile afachdrug in humansTwo doubleblind, randomized, placebwontrolled phase 3 trials

i nvestigating the t-hiednggntidedyBapinewidnfab epitoroize this hssetfifiee6 A b
treatments over the course of 78 weeks, no significant differiengrimary outcome measures were observed between
drugtreated and placektoeated cohortS’ Theprimary outcome measures were scores on thigefri cognitive
subscale of the Al zhei mer écsgll)and theDssabilitpAssesssientice DemenBana | e
effort to monitor treatment response, Al imaging using PiB was employedninication with CSF measurements of tau.
While the failure of this trial can be interpretedst@gest a failure of artimyloid targeted therapies, tlaek of clinical

efficacy in thee studeswas later determined to be secondargdor blood brain baier penetration and thus an inability

to reachtherapeutic doses in the braisnacceptably, this failure is not isolated to clinical trials of Bapineuzumab.

Instead, experts agree that a large majority ofamtyloid clinical trials have failed to appmigitely address the issue of
delivering therapeutics across the blood brain barrier (BB&)example, in one of the largest randomized clinical trials
to date, an eval uat i o recmthse inHibiaor Tatlenflurkil giddded negatfesultsa cy of t |
Disappointingly, those in charge of this trial were well aware of the compounds poor bioavailability in the brain, noting

t hat HfAearl i er sdepedderg genetratiah franglasend to @SF adfoslyedbo . Neverthel es
case in far too many studigbe authors notethdit| ow BBB penetration did 3t det e
While the investigators may have rationalized proceeding with the trial was warranted ongled pesinising phase 2
results, because diggrandscope of this particular triaits failure ledmany expertso begn arguing for a revaluation

of amyloidcentric hypotheses of AD pathogeneS€igarly however this trial never even tested the viabily of Ab
compound likely nevereachedconcentrations in the brain near the therapeutic threshold of thelmvagtigators at a

major pharmaceutical company cotodargely the same conclusidrthat failed antamyloid trials in AD did not
achevesufficient target engagement to truly test the hypothesis that reducing amyloid in the brain would ultimately
improve symptoms, or at least stabilize disease progréé&idro be fair to these failed araimyloid clinical trials, drug
delivery across the BBBepresents one of the most dauntingeavors in medicinal chemistry. The derivitization of
precursor molecules with potent aatnyloid effects is as much an art as it is a science, requiring immense time, money,
and expertise. Therefore, future drug digery paradigms should incorporate tests for this characteristic in the screening

protocols.
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72 LESSONS GARNERED FROM ALZHEI MERGO6S DI SEASE CLI N

Despite the negative press generated by the failure ehamytioid therapies in clinical trials, we¥e nonetheless
learned some important lessons. Chief among these lessons is the second major limitation of all clinical trials complete
date, the failure to employ a prophyladigprachto AD therapy. The rationale here is even simpler than fdiirgte
point. Given the irreversible nature of neuronal death, since AD is indisputably a neurodegenerative process in which
symptoms accrue with increased neuronal loss, why then would therapies initiated after substantial neurodegeneration
alreadyocar red be expected to significantly ameliorate sy
series of pathological cascades resulting in neuronal
theapeuticapprach The results of failed clinical trials support this claim, none better thaifl {faded AN1792 active
immunization trial Not surprisingly, this anéhmyloid immunization therapgid not redice or reverse cognitive deficits
and had only a small effect onutedegenerative phenotypes such as neural loss, gliosis, and accumulatididf tau.
However, although the number of patients followed was small secondary to the emergeswlyssft af patients with
meningoencephalitis making it necessary to halt the trial, AN1792 administration did reverse amyloid déBdsition.
Again, while critics cite this finding as evi thadalofe a
AD in which amyloid acts as an early step in a more complex neurodegenesatiagle that becomes independent of
amyloid as disease progresses is more liRENin this scenario, even if a drug successfully engages and reduces amyloid
levels, clinical improvement will be difficult tactieve once disease becomes sufficiently advantieid. point is critical,
because it emphasizes that in oribetest amyloiecertric hypotheses of AD correctlyve need to give drugs to the right
patients at the right time and then follow them closely. Specifidails must recruipatients in whom amyloid
dependent neurodegeneratiosti active. Dauntingly, this criticalgriod of therapeutic interventionay be a decade
before frank cognitive symptoms emergephasizing the need for improved eatitection methodologie¥his feat is
not impossible, as current Al methods are already able to niei@aA b | e v eldrasns ahsymptomaticAD
patients® As t hese same st udevessffasAb symptans begin tenanifesirabustlyAt fis likely
that the corrediime to test antamyloid drugs is in agnptomatic patients identified withl or cerebrospinal fluid

analysis
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Chapter 8 Introduction to specific aims

As explicitly communicated by the title, the impetus behind the work presented in this document stems from our
inherent passion to expedite the clinitahslation of a diseagwaodifying therapeutic for AD. Towards this goal, we have
described a novel HTS technology which facilitates the repurposing of existing compounds with previously undiscovere
A Bbinding affinity for the purpose of treating AD. 8ifjcantly, this contribution also offers the potential of dramatically
improving AD diagnosticshy expanding the chemical genetics of ADb I
structural motifs off which to base the next generation of Al prdibesddition, we describe the application of an
unorthodox drug administration method which alleviate
theranostic agents to the brain. Building on this discovery, we employ agred@ted drug dvery to recapitulate the
therapeutic benefit of intravenous curcumin administration in a preclinical mouse model of AD, but in a clinically
applicable mannetLastly, we demonstrate the therapeutic application of a completely novel disediging
therapeutic for AD, Promethazin@aken togethenyve feelthese contribtions go a long way towards thiimate goal of

contributing to the development of a diseasadifying treatment for AD.
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Chapter 9 Thesis Aim 1

91 AMM1:HIGH-THROUGHPUT S CREE N-BINGBNG-MIDRECAJBES

As described in abundant detail in theaoluctory chapters, identificatianf ADb pl aquean i n t h.
essentiatomponent to the neuropathological confirmatiodbi The rationale for this diagnostic policy comes largely
from the robusgeneticand biono | ecul ar evi dence supporting the hypott
central role in the pathogenesis of AD. Given these t
diagnostic and therapeuticsigni cance. Thi s is in no way a new revel at
interest since the initial clinical characterization of AD over 100 years ago. As reviewed at length however, to date, only
A Btargeted probes for Al imaging have heprovedy the U.S. Food and Druddministrationfor clinical use.
Fur t her mdargeted therapied éonsidered the leadimgr@achwith respect to the development of a disease
modifying treatment for AD, have been clinically implemented. Thisbeg he questi on, iWwhat f

clinical i mp Haegetedrdingmdsticoamd tleefapedhbs?

9.1.1 Barriers to the Development of AD Diagnostics:

Beginning first with barriers in the field of AD diagnostics, at the most fundamental tieggdaucity of Al
compatible probes can be attributed to the inherent complexity associated with designing imaging diagnostic -
neurodegenerative diseases like AD. Unique to the identification of clinically implementable pharmaceuticals
brain, drug discovergppractesmu st si mul t aneously evaluate a comp
specifically to the target of intereste@erally speaking, twappracltesto the developmerd f -binflingmolecules
which meet these tariacan be employed. Beginning with the dominant method in the field over the last two to
decades, every clinically implemented Al probe to date can dteditvelopmento (i) rational drug design. In more
detail,theappr@chescontainedunder the umbrella dirationaldrugdesigm can be subdivided into direct and indire
methods Significantly, these two methods differ in their requirement for structural information of the biological

and are thus differentially suited for the dlpment of Alimaging probes a®r decades, little has been known ab:
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the moleclar structure of amyloid assembli€ritically, when employing a direct drug design paradigm, knowled
of the threedimensional structure of the biological target is &ldsty required. For this reason, direct drug design
more commonly referred to as structiiased drug design. In trapprach candidate drugs that are predicted to b
with high affinity and selectivity to the target may be designed using corapotizling and the intuition of an expe
medi cinal chemist. However, no reference structu
This is due in partto the factthatini vo Ab pepti des exi stmakimgthe vari et
isolation/characterization of a particular higider specie challengingo circumvent this limitation, several groups
have attempted study on mdremogenous samples of synthetic amyloid fibagisly to find thatconventional
structureelucidcating technigues cannot be appliedhese samples eithdfor example, methods such as single cry
Xray crystallography and solution nuclear magnet
insoluble®”? As a consequence, until relatively recently, the only aspect of amyloid fibril structure that was firn
established by experimental data is that they contain ribborksbeetb. Since recognizing the inherent limitations
st udy istrugureAtvouly conventional means,-iy fibre diffraction, electron microscopy (EM), solid state
NMR, Fourier transform infrared spectroscopy (FTIR) and circular dichroism (CD) have been used to examing
structure. These techniques have yielded considerablariafion about the morphology of amyloid fibrils and theil
internal structural conformation, as well as how their constituent components aggregate. Briefly, at the structL
of -fAibb r-ghéets run the length of the fibrils and appeartobeara d i nb @ matriofs strand
segments are oriented approximately perpendicular to the long axis of the fibril and are connected by backbo
hydrogen bonds that are oriented approximately parallel to the long axis of th€fiBfl With respect tahe A b
fibril assembly process, this mechanism appears to be a nucldapendent pathway characterized by a
conformati onal -seviitx ham gr d-shdetamuamrs’ {FHurthermoreatnd this pathway
small oligomeric intermediates and short fibrillar structures (protofibrils) haveibestified a result which only
confrmst he mechani sti ¢c c¢ o miHemkeihamg pooitfherdidthabsgigncegadp@dbtairoam .
unambiguous structure of the amyloid fikwilhigher order amyloid assemblies. Therefitres difficult to apply

structurebased rational drug design paradigmshe problem of developing agents with bind toassemblies

Fortunately, as alluded to earlier, an alternative strategy which does not require a direct structural
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characterization of the biological target is availablais apprachis termed mdirectrationaldrug designThough
more informatively referred to digandbased desigrindirect rational drug desigmelies on knowledge of other
molecules that bind tdvé biological target of interest. Sumarizing the application of thspprachto A bbinding

dr ug des i ghindingimolecuwes ardused to generate a pharmacore model that defines the minimum
necessary structural characteristics a molecule mustpaessei n or der t o gdméricalya inauel & th
biological target is built based on the knowledge of what binds to it, and this model is then in turn employed tc
new molecular entities that interact with the target. Importantly,elieility of the pharmacore molde dependent ¢
the number and diversity of the known targetding compoundd. n t h e -tasgstexl moldcules, bhese refere
moleculeshave traditionally been limited the histochemical stains thioflavin andi@o RedAs a consequence of
this low number of reference compounds available to generate sufficiently robust pharmacore models, a majo
A Bbinding studies have instead analyzed quantitative struatiingty relationships (QSAR) in the pursuitdvel

A Bspecific precursors. In th&ibdivision ofligand-based drug design, a correlation between the calculated prop
of molecules and their experimentally determined biological activity is derived and used to predict the activity
analogsimportantly, amajor limitation of thisapprachis that in the absence of a diverse molecular library of tar
binding ligandssuchash e case with Ab, the chemical structur
parent compounds. Thisi mi t ati on i s parti cul ar | yindihgpracursors fortAlaas tl
reference compounds thioflavin and Congo Red do not possess the structural attributes compatible with BBB
permeability. Thusas a consequence of the limitédisuct ur al d i v-bimdimg moleculesfthek n o w
devel op mtaameated bghndsXdy Al can be historically summarized as the struggle to riuslifgn-BBB

p e r me a-bindiag mdlieculeshioflavin and Congo Redyithout sacrificing their targetpecificity.

To the credit of the field, rational drug design has successfuliylbeeraged to generate the current
generation of Al probem its entirety However,as discussed, he paucity of known | i
with our inabilityto accurately describe their structure have negatively impacted the ability of either drug desig
apprachwi t h respect t o -tdrgeting precgrsomofjPE@abe deviklepménEukttiermore, while
modeling techniques for prediction of bindiaffinity are reasonably successful, there are many other properties

asbioavailability, metabolic halfife, and side effectthat first must be optimized before a ligand bartranslated int
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a viable Al agent. As summarizedTable9-1, a numbe of groups have developed criteria for candidate PET
radiotracers for Af®®? Disappointingly, evidence suggests that the current generation of Al probes have yet to
optimized with respect tsome ofthese criteriaFor example, Wwh respecto bioavailabilityin the brain as suggested
by its name, the BBB prevents the uptake of most pharmaceuticals into tharmtdias posed the greatest barrier
the development of Al probeg/hile many nvestigators make the false assumptlwat sufficiently small molecules
are freely transported across the BBBiruthclose to 98% of all small moleculésl to reachthe brain parenchyma
when injected into the peripheral circulati8 Importantlyhowever the BBB is not impenetrablestead, ertain
small molecule drugs may cross the BBB via lipiédiated free diffusion providing that the drug has a molecular
weight of less thad 0 0 d antl formsn® more than 8 hydrogen bofitfsUnfortunately hese chemical propertie
are lacking in the @jority of small molecule drugandcompletely absent in large molecsilStructurally, he BBB is
comprised btwo membraneseparated by 200 nm of endothelial cytoplagre;luminal and abluminal membranes
the brain capillary endotheliufff? Owing to the presence of epithellile, high resistance tight junctions within the
brain capillary endothelium, thatercellular pores that characterize the endothelial barrigrerigherdorgans are
absent in the endothelial bns of the brain. Further compounding the exclusive nature of transport of molecule
the brainthere is minimal fluigphase pinocytosis ithebrain capillary endotheliufi®® Therefore, tha@bsence of
paracellular ortranscellular channels within the BBB means that molecules in the circulaigynonly gain access 1
brainvia two mechanisms: jllipid-mediated free diffusion through the BBB or (2) carr@rreceptommediated
transporthrough the BBBThe current gneration of PETdigands for Al includingPiB and its derivativesjtilize the
first of these two mechanisna$ BBB penetratiorio successfullyeachPET-compatibleconcentrations in the brain.
This is no way however implies thidteseAl imaging probesobustly penetrate the BBB, as one of the principal
advantages of PEmediated imaging is its incredible sensitivity. In realihe BBB penetratioof these probes is
guite low in comparison to other PEMaging agentandlikely incompatible with otheéimaging modalities which
lack the sensitivity of PETTL0 give a sense of where-Agents fall on the spectrum with respect to BBB penetratic
one can compare the brain concentratemtieved by Alprobes with those of other commonly used REEers A
convenient measure of brain tissue radiotracer concentration imtttasdized uptake value (SUWyhich simply

reflects the normalization of radioactivity concentratiothe brainto the injected radioactv e dos e and
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weight. With a peakoncentration of 9.3 SUV, the D2/D3 targeted REdbe Fallypride nicely exemplifies a highly
BBB penetrating PETompatible ligand®? At the other end of the spectrum, with SUVs in the range el Z3PET
probes for translocator protein (TSPO) typify compounds with low BBB penetf&fiéi? Even in the most optimist
of studies, the BBB penetration of PE&cers for Al fall nearer thlow end of the spectrum, with a SW¥4 being
published for PiB’®? Importantly, the determinants of PEent penetration across the BBB are the same as for
small molecules(i) a molecular weight less th&@®0 daltons and (ii) the formation of no more than 8 hydrogen bc
when in aqueous solution. With a molecular weight of 256.32 g/mol, PiB and its similarly sized derivatives me
size restriction. Importantly, the second criteria involving hydrogerHiormation represents a slightly oversimplifi
criteria in that it assumes the hydrophobicity of any give compound can be determined by just this variable alc
which is of course untrue. In reality, lipophiliciy themajor factor influencing pass brain entryandseveral
molecular features of a radiotracer may govhbis characteristidexperimentally, the most commonly used index ¢
compound lipophilicity id.ogP,whereP is then-octanol/water partition coefficient of the unionized specié=
corresponding distribution coefficient for all derived spei@sized and notionized)of a particular compound at
physiologicalpH is termedD- 4 In the literatureplood-brain barrier penetration is optimal whamolecule is
characterized by bBogP values in the range of 1257, with the mean value afiost CNS penetrating drugs being
2.1°8 Similarly, analysesf small druglike molecules suggested that for better brain permeatiercompound
needs to be characterized b a valuegreater than 0 and less thafi®3°*9 with aLogP of 3.33 and hogD; 4 of
3.31, PiBis againslightly outside the optimum range for ideal BBB penetrdffiin®? Taken as a whole, this data
highlights the fact that the curremtnerations of Al probes hayet to beoptimized with respect to BBB petrance.
Critically, this isbecaus¢hesecompoundsave beenout of necessityjerivatizedrom poorly BBB penetrating

precursors such as thioflavin and Congo.Red

Table9-1. Ideal Characteristics of a Candidate Precursor Molecule for Al Radiotracer Development

Ideal Characteristics of a Candidate Precursor Molecule for Al Radiotracer Development

High Affinity for a Specific Amyloid Assembly/Assemblies
(Monomers, Oligomers, Protofibrils, Fibrils, Diffuse Plagues, Corédeuritic Plagues)

Selectivity for a Specific Amyloid Assembly/Assemblies (Low Nesgpecific Binding)

Ability to Penetrate the Blood-brain Barrier

Not a Substrate for Efflux Transporters

Lack of Radiemetabolites

Suitable Brain Pharmacokinetics in Relation to Radiolabel Hdlife

Amenability to Labeling with 18F at High Specific Radioactivity

Safe for Administration @PET-tracer Doses

171



While the limitations imposed by ligarithsed rational based drug design on BBB permeability &atebly not
influenced the clinical application of curreg¢neratiomM|! pr obes, t he speci f iatsoréamginso f
less than idealFor example, at tracer concentrati@sieved during in vivo imaging scans, PiB labels not only senile
pl aques, but also diffuse pl aalwlegyrefenred toche qeresovascalar amyloid b
angiopathy (CA) . Fur t her more, though to a | esserbndingtptatee t ha
comprised NFT§®? Lastly, PiB ischaracterized by a relatively high degree of-spacific binding to white matter as
demonstrated by in vitro studies employing white matter brain homogenates from AD and cognitively normal
individuals®®® Undisputedly, the offarget binding of PiB just described constitutes a minor constituent of its overall
signal inthe biains of AD patients, and thus does not limit its use as a biomarker. Still, #speaaificity d current Al
probes like PiB mighprovide a molecular explanation for the limited diagnostic specificity and dynamic range
demonstrated by these compoundstirdies evaluating their ability to monitor AD progressi6hMost importantly for
the purposes of this work, these findings emphasize the limitations imposed on Al probe development when attempting
employ rational based drugdesgrt r at egi es with only a handf u-bindind avail

affinity.

Fortuitously for the field, the second magppracht o t he d e v ebindiny meecules, ¢ifigh-A b
through screening (HTS) methodologies, represents a complimamargachto rationale desigihased strategies as it
does not require a priori knowl edge of Ab&s structur e
contrary, the prirary strength of HTS methods is their ability to identify large numbers of structurally diverse compounds
which bind to a particular biological target of interest. However, the implementation apite@chrequires a robust,
costeffective, and validatedssay; a need thatdaot been sufficiently met until the publication of the work described
herein®®This is not to say that HTS technol ogibsdinghave no
compounds. To the contrary, a vast literature describing multiple, supposedly HTS compatible, methoddtgjias exi
the field. None of these methods are more popular or more routinely implemented than the thitofitation assay?>**
992 Although the specifics of various protocols vary widely, generally speaking, iaghisachthioflavin, a candidate
ABbi nding compound, and synthetic Ab momhoemreernst aprreo paednd

peptidedo aggregate, withinanhgur he Ab mono mer-agr g aaniszod uitntom Isied dohas or ¢
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amyloid fibrils. Critically, thioflavin fluorescence increases several orders of magnitude when complexed with structurall

mature RBTHudriims.the absence of a compound whhamwl i nh
increase exponentially over the 1 hour ©PBycaonparisondthe t i T
compound added to the initial reaction conditions doeasiot bi nd t o Ab, it is assumed

amyloid aggregation to a degree that can be detected as a significant attenuation in thioflavin €&nissidhis brief
introduction to the method, several shortcomiafthis apprachbecome cleaMost condemningly, all iterations of this
apprache mp | oy s ypeptides whictcfail foecapitulate the tertiary structureofinv o der i ved AD
Without question, all naturally produced amyloid species, incluttiegmyldd fibrils to which thioflavin bindsare
polymorphicwith respect to their structuse the molecular levéi® °9 This finding alone confirms that the amino acid
sequence of Abcomppetely dictehe tertianyestsuctureoof higherder assembli€€®® However, this is

not the only Iline of evidence sug g significam gonfduldavhen scleenings s ¢
for-bAbding structures. As further evidence, consider
even within this supposedly homogenous sample, peptide conformation and aggregation behagidy alepkndent on

initial solvent condition§®? Most alarmingly, gntheticA b, assemblieslemonstrate differences fundamental

biochemical properties such as SBigbility when compared to their iivo derived counterpart&®® Importantly these
structural variations arof functional significance, as differences are noted imeladive toxicityof synthetic and cell
derived Ab under the same experimental conditions. F
a hundred to thousand times lower tieah f ect i ve doses o % Farhermonephen admimsteredtd i g «
the brain, the pathological effects of syntdheatiivee dA BA b
species?*%% cumulatively, theedescribed differences in structure, rate of aggregation, and toxicity call into question
thevalidity of HTS-mediatecapprachesdependentos y nt h et i c¢.*%® 1 is wosth noting t#efhen leveraging

HTSt o i dent i f yortrabslatomiacPET mobas for At may be thabnly the structural discrepancies

bet ween synthetic and natwurally producedappréacteaforthe of si
discovery of therapeutic agents, suclsama | | mo | e c u | -aggregation, dbsetvedrdifferendkall Admains

of structure and function become of supreme relevdrmethis reason, we hold that the previous lack of a HTS method
which utilizes cellderived A assemblies represents a fundamental barrier to the development of & lieddgmg

thergeutic for AD.
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9.1.2 Barriers to the Development of AD Therapeutics:

Compounding the signi ficanpoundeviaddTS metthads smalf nyleaulgs thatdinde |
t o -adsemblies may also serve as therapeutic agents for AD by pertérbagpregatior°® Not surprisingly,
cognhizantoftonfo unds associ at ealariety ditdthnaogiesttorciecunvent thisfimitation have been
devised. Most obviously, a strong number of-celfure based HTS techniquieave been proposed. For exampiea
novel application ofeaktime cell monitoringechniques, one group has demonstrétatithe therapeutic efficacyf a
particular drugcanbesimply and objedvely investigated y a s s eindsidechagoptdsis in PC12 cadltsthe
presence or absence of that particular pommd®®®? This drug design paradigm is irrefutably the predomim@mprach
in the field, as similar methods have been described employing different biological models inchettgais and
various microbe&%°%1%%% Representing the pinnacle of this HBBprachwith respect to irvivo translatability,one
group has developed a thréienensional human neural cell culture model of &% Impressively, the neurons used in
t his assay dr amat i c afbldand 1@fvoel rde xi pnrcegssesa shgbeigrimda&bled camp8red to
the control cel, respectively. Further, other key features of AD pathogenesis are recapitulated by this model, including
increase in aggregated tau fracti®fi¥) However, vhile these systems do circumvent confounds introduced by the use of
s y nt h eahdiagpeaAtb harbor considerable construct validitt hey ar e al | l'i mited by
binding specificity of a particular compourut anot her way, the readout of th
aggregation was perturbed secondary to the ambpioiding properties of the screened compound or some off target
effect. As reviewed at length, the pathophysiologic pathways lgadihn o Ab aggr egation are il
poorly integrated. Thus, hits identified throwrplcitt hi
its effect via a norA bdependent interaction. Notably, it can be argued that thisaagthof theapprachasit might
potentially broaden the biologiargets available to AD researchers. On the other hand, the time investment needed to
define the central mechanism of action of any drug identified makeasphisachunsuitable forthe peci f i ¢c- t as
targeting smatmolecule discoveryMore generally, these drug discoveypracteshave not been optimized on truly
HTS-compatible platforms. As evidence, all of the assays described have been validated onletipRée based

platforms not realistically compatible with the screening of very large molecular libraries. Further limiting the clinical
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translatability of drugs discovered via these methods, none of these assays chatheRBB permeabilityof hit
compoundsimportantly, the failure of amyloidentric therapies to date highlights the significance of this oversight, as
millions of doll ar s -Jamgetal therapesnthasnpveanhtdtherapeuticallg relevang A b

concentrations in the braiff®®

Our collectivefailure to recognize the importancecth ar act er i z i n g peameabititynpnd then d 6 s
consequences of this oversight, are no better illustrated than in the field of AD immunotherapy. Notably, while active
immunization strategies have proven successful in preventing and treating diseases that manifest secondgry to forei
antigens such as bacteria, viruses and toxins; passive immunization paradigms are favored when targeting diseases th
p r e s e nselfamtigenghIn dontrast to active immunization strategies, in which the immune system is primed to
generate and sw@sh an immune response against a novel antigen, the premise of passive immunization is to identify an
epitope in the laboratory, generate antiboéesivoand then directly inject these antibodies into the patient. Although
this apprachis robust in thait facilitates precise manipulation of tbpitope to whichthe antibodies will be targeted, its
disadvantages include the need for continuous dosing across th€*BBBI, treatment of APP transgenic mouse
models of AD with monoclonal antibodies againstthe r mi nus of Ab showed signifioc
burden and reversed memory deficits in multiple behavioral paradigms prorfuptimgr evaluation othis therapeutic
apprach®® The first of these passive immunotherapies to be evaluated in clinical trials was Bapineuzumab, a
humanized monoclonaintibodya g a i n % tapahl® dbindng to both amyloid fibrilsandplaquesDisappointingly,
patients treated withdbineuzumab in randomized control trials showed little cognitive improvement and no appreciable
modul ati on o f%¢SIencexrfed thaeoif @iget effects on APP might explain the lack of clinical efficacy
of -tédrdeted antibodies like Bapineuzumab tiaiceded t , a humani zed | gG anty body
Ponezumahbwas generated. Agahlmowever, little to namprovement in cognitive impairment was observed and trials
were discontinue®?*°*3 Having excluded the possibility of efargeton APP confounding the results of proceeding
clinical trials, investigators rationally considerbe possibility that thiack oftherapeutiefficacyin the trialsmight be
attributable to its inabilitytobth mor e t oxi ¢ ol i. Gomddeessithis hypothesishiureasized dntib@df
to an i nt er pawasdepelopged gneevadubitedAnfelinical tridilse advantage of this particular

immunotherapy is that it demonstrages ef er ent i al bi ndi incyding the patativeucydtogic f or ms
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oligomeric speciesThis time, although dosdependent increases in plasaml CSF levels oAb wer e not ed i
to aminor delay in symptom progressiomvestigationirmu mans again concluded that p
harborsminimal therapeutic efficacy in moderate AD patie™& Critically, beyond all representing attempts to utilize
passive immunotherapy to combat Abbgommon theme shared across antiboegiated therapies conducted to dae
confounds associated with poor BBB delivery. Nawgmizantof this barrier, recerdapprachesseeking to leverage anti

Ab antibodies have begun devising met hods #pprachasmade a s
to date, a modified human IgG isotype with reduced affinity for Eeptr binding (Crenezumab) has been developed in
hopes of reducing the risk of immune cell stimulaff8H. In addition to attenuating the risk of vasoigeadema noted in
previous studies, thispprachseeks to overcome the BBB by facilitating higher dosing of the antibody than previous

i mmunot herapies has all owed. Further more, Crenezumahb
oligomer andibrillary assemblie$®?Gi ven the results ®d poevheus AbD speéc
its strong safety profile in Phase | studye@ezunab is currently under Phase Il investigatidowever, theapprachto
circumvent brain bioavailability simply by increasing the delivered dose seems naive given thatfapproximately

0.1% of injected antibodies cross the BBBth the rest being metabolized in the liver or excreted through the

kidneys®®d Thus, the newest generationof atb ant i bodi es s enediated uptake pathiayszrthe r e c
brain inorder totroubleshoothelimitations imposed by tHBBB. This apprachmerits investigation, aactive transport

or transcytosis of proteins from the blood to the CNS can increase brain penetratioii 3% tof 2he injected dos&9
Although many groups are attempting to functionalize antibodies in this manner, one examplapgirtaishanA b
targetedgG antibodyfusedat the Fc regionto a Fabfragment withbinding affinity to thetransferrinreceptor®®*?
Encouragingly, reports suggest that thiiunctionalantibodypenetratedhe brainparenchyma significantlgreaterthan
theantiAb monoclonabntibodyalone andhoweda significantlygreatemreductionin accumulated\b at equalmolar

doses!® siill, results in human studies will be necessary in omlerlidate these antiboeelivery paradigms, and

should they too fail, it would mark yet another setback in the field attributable to attempting to delPBBBion

permeable drugs to the braifthus, to avoid repeating our mistakes, technigues whalitdde characterizationf@
therapeut i c perematidn chastbe idtsgrat@dirBo existing and Indneey discovery paradigms. The take
home message of this summary is the¢ades of chronic unddevelopment of BBB drugyfor AD are a major &use of

clinical trial drug failures. Put plainly, instead of
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per meabl e, a more rapid and cost effective avenue of

with innae CNS bioavailability.

It is important to recognize thaltkough many of these immunotherapeatppracheshave failed teelicit
significant improvements in mild to moderate AD patietiie exact cause of failure is not knoaund thus amyloid
centric hypothesis of AD remain untested in humahss is the predominant expert opinion in the field, but it is
important to note that many individuals, especially those not privy to the liter&imve interpreted the limited effigaof
A btargeted therapies as a failure of the amyloid cascade hypothsiis.it is certainly possibléhis conclusion might
prove valid, it is currently preature. Two interrelatechypotheses have been posedo explain the lack of succesgall
amyloid-centric therapies to datél) poor uptake dfhe drugmonoclonal antibody to the CNS across the BBB; and (2)
treatment of patients too late in the progressionof@D.i t i cal | y, t h e-bimlingsconpouads mayof n
address both of thesercent limitations in the field. With respect to poor drug uptake the argument is straightforward, by
| everaging HTS met hod which not only evaluate a compc
translation into humans should notrestricted by issues of bioavailability. Speaking towards the second hairtibptic
of treating late stage patients with current mild to moderate cognitive impairment is important to take into account when
reviewing the results atny therapeutic trialok AD, not just passive immunotheraplyhas long been thought that during
the later stages of AD, the neurodegenerative chamies have occurredre likely permanent and independent of
further Ab deproesdutciionng olrh eerl eilhtioir acthis stagema ot befficienttanovercome
the deficis inneuronal functionT he alternative to studying treatment in these patients would be to study the efficacy of
prophylactic interventions in patients with early MCI or who are cognitivehct. However to do thisobust biomarkers
arenecessaryyi omar kers | i ke those which coul d -bindingdielecides op e d

which are not plagued by the limitations of current generaloorobes.

9.1.3 Research Strateggind Significance of Work

Admittedly, the question AWhat f act-tamgaeddisgnosticslandmi t
t herapeut i cs ?ane. Hmsvevara reviewnlike the ®ree tprevitled above unquestionably reveals that many of

thebarriers to the development AD diagnostics and therapeutics amatuallyshared amongst the two applications.
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Most detrimentally, both have historically suffered from an inconsistent evaluation of BBB peneMatienver, both
applications have labto rely on liganebased rational drug design strategrethe absence of robust HTS method#hile

true in the therapeutic domain as well, this is no more apparent than in the molecular structure of current generation Al
probes. As depicted in ti@gure 9-1, structural comparison of the current Al probes for fE&adiated Al reveals a

striking lack of diversity and dependence on known amybandiing precursors which exhibit abysmal BBB penetration.
Transitioning to the therapeutic domain, given thatpitesralence of AD is projected to rise dramatically in the coming
decades, there is an increasing urgency to develop novel therapeutics to prevent and/or treat this debilitatitf§’disease
The therapeutic translation of amyldihding compounds is straightforward, as most interfere with protein misfolding
and aggregatiordust as in the diagnostic realm, tajgprachesare useful in identifying compounds that bind to and
interfere with aggregation oflAplaques: (i) rational drug design and (ii) hitfinoughput screening. As highlighted
however, since a range of intermed&along the B aggregation pathway have been implicated as potentially toxic
species and at present, no detailed structural information is available on amyloid fibrils (owing to théireshort
intermediates and insoluble nature), the struebased dig desigrapprachis not yet feasible. Thus, for the time being,

high-throughput screening remains the more promisimgrach®°®.
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Figure9-1. Chemical Structures of PET Probes for Amyloid Imaging a&rtbwn Histochemical Stains.

Thioflavin. (B) Pittsburgh Compound B. (C) Congo Red. (D) Florbetapir (AY)
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In light of these shared barriethe significance of the work discussed herein is that it represents th¢Tisst
apprachusing an optical platform (HATCO) combined with-eixo imaging (MALDI-IMS) to identify Ab-binding
compoundsThe pri mary goal of this work is to idendilagueg or p
and repurpose them to serve as preesrim novelA Baggregation inhibitorand diagnostic probebnportantly, this
apprachdirectly addresses the shortcomingswfrent highthroughputappracheswhich employartificial Ab
derivatives and do not evaluate a molecules ability to crosddbd brain barrier (BBB)To reachthis objectivewe
hypothesize thad two phase screenigprachis necessary. In the first phasanodifiedthioflavin-based high
throughput assaig employedo screen for compounds able to specifically bind bgpques with modest affinity.

Termed the Highthroughput Amyloid/Thiofavin Competitive OpticalHATCO) assay this technique provides a robust
means of improving the chance for a biologically meaningful hit in two distinct ways: first by facilitatirapite

screening of large compound libraries, and second by removing the intrinsic limitations associated with a-thioflavin
analogbased probe design. Improving on assays which came before @ésshig servess an excellent startimmpint in

the screemig processs it facilitates the screening of thousands of compounds in a matténutésin order to produce a
manageable library for secondary screening in phase 2. In addition, becaapprauchutilizes an amyloidcontaining
lysatederived from tie 5XFAD mouse model, the compounds identified in this ldpg@@achar e known t o bi
assemblies with realistic tertiary structurer reference, the rationale of the HATCO assay is diagrammatically
summarized in Figur8-2. While this modified HT Sapprcachalone marks a robust improvement from previous
technigues, we hypothesize itostid be combined with a second screening phase utilizing MAMS to ensure hit
compounds can truly bind tobfand be used in vivo. Notably, MALEIMS provides complimetary data unobtainable

via independent implementation of the thioflatdased assay by facilitating the direct analysis of intact tissue and
preserving the spatial distribution of molecules within the brain tisauteanother wayMALDI -IMS-based analysiof
thioflavinndi scovered hits enables researchers to assess th
brain by comparing it with known regions obAlaque distributionOf equal importance, it also facilitates confirmation

of BBB penetration, meaning that compounds identified viaabg@chwill not compound the barriers to diagnostic

and therapeuti c de v ebindinyprecarsors bsecktedate.he known Ab
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Figure9-2. HATCO Assay Rationale.

Under aqueous conditions (A), thioflavin (5 molecules depicted) elicits a minimal fluorescent signal at 485 nm (repreyegrteeinbphotons). Arbitrarily establishing this baseline
fluorescence as e@l to 1 RFU, we can next visualize the effect of adding amyloid species. When assembliésdefriked from the 5XFAD mouse model are added to a solution of
thioflavin (B), fluorescence is increased -f8ld relative to baseline. This is depicted graphigably an increase in the number of photons emitted by the amyboignd molecules of
thioflavin relative to the unbound species. In the presence of an amyloid binding compound (C), complexes of thioflavimybrid are disrupted resulting in an attenuatiof
thioflavinds fluorescent signal at 485 nm. I'n this way, ted mol ecul es ability to bind amy
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Of course, the production of such a robust screesqpg@chrequires extensive optimization. In the first aim of
this work, initial experiments focused on the feasibility of utilizingaanyloid-containing brain lysate in combination
wi th thiofl av-bimlingcompsuads.d@sufficieraly chafabtertae optical properties of the assay, this
required exquisitely sensitive photometric measurements best supplied by a fluorimeter. On the otherdprdatitis
is ot compatible with HTS platforms. Therefore, once the basic principle of the assayradovea, subsequent work
focused on its transiticfirst to a 96well plate format. Once optimized to this stage, the disadvantages of manual plate
loading, most notably the inflation of standard deviation, were recogfiipetbmbat this, subsequemork focuseson
the transition of the HATCO assay a fully automated 384ell platform.Importantly, beyond greatly improving the
reproducibility and sensitivity of the assay, this translation also substantially reduced the overall cost of the aggay maki
itaneconomically f easi bl-kindingenmlacslesaanfa higthcoughputfashog. Infitofinal A b
optimized form, the HATCé&assay was used to screen a diverse chemical library of nearly 3500 compounds made
available via collaboration wittheé Vanderbilt HTS core. The HATCO assay proved a remarkably specific technique,
eliminating 99.8% of screened molecules and highlighting just 7 compounds for future study. To illustrate the advantag
of our twaphaseapprachto HTS, we next selected one of these compounds, PMZ, for further characterization using
MALDI-I MS. |l mpressively, these experiments inarguably d

the 5XFAD mouse model, making it an ideal candigaeeursor for future Al probe development.

9.2 AIM 1 EXPERIMENTAL METHODS

HATCO Reagents:

Thioflavin stock solutions were freshly prepared kgsdiving 1.3 mg in 100 mL of deionizegter. The solution was
vortex, sonicated and passed through a rditter after which the concentration was measured using Beer's law
(extinction coefficient of 26,620 MI 1 cmil at 416 nm)

and kept at 4 °C during the assay. Fresh stock solution was prepagachfassay.

Amyloid-enriched 5XFAD lysate was prepared using a two buffer system; a homogenization buffer and a lysate

buffer. To prepare a 250 mL stock of homogenization buffer, 21.5 grams of sucrose, 5 mL of 1M Tris, and .5 mL of .5M
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EDTA were added to denized water and mixed thoroughly. The lysate buffer consists of a .5% BSA and .03% Tween 2(
in DPBS. Stock homogenization and lysate buffers can be stored at 4 degrees C for up to one year. Immediately prior t
use, protease inhibitor must be added titn lboffer systems in accordance with manufacturer recommendations. In this

work, one Roche cOmplete protease inhibitor tablet was added to every 8 mL of buffer stock.

Production of amyloiecontaining 5XFAD lysate is best preformed no more than 3 daystprianning the assay
and is accomplished via the following protoodll animal experiments performed complied with institutional guidelines
and were conducted according to the protocol approved by the Vanderbilt Institutional Animal Care and Usee€ommitt
First, brain tissue must be isolated from 5XFAD mice of at least 18 months of age. Of note, the entirety of this procedur
is performed on ice to minimize tissue damage. Prior to surgical isolation of the brain, the mouse is anesthetized under
isoflurane and cardiac perfusion is performed in order to exsanguinate all tissuggHfroouse, a midline incision
spanning from the abdomen to the upper thorax is made allowing retraction of the chest wall. Using a 10cc syringe
equipped with a 27 gauge miée, 20 cc of PBS chilled to 4°C is perfused viariber exposedeft ventricle. Prior to
insertion of the needle, it is critical that the right atria of the heart be lacerated with a scalpel to allow complete
exsanguination of all tissuéglith this donesurgical isolation of the brain can commence. To begin, the skull is separated
from the body by cutting along the cervical vertebrae. Next, surgical scissors are threaded through the remaining cervic
vertebrae and fractured along their lateral aspedting is continued along the lateral aspect of the skull in a posterior to
anterior fashion, progressing first through the occipital condylgarabccipitaprocess before ending at the most
anterior aspect of the zygomatic bone. With this procedure dototh sides of the skull, the resulting cap of bone can
be easily removed by grasping its posterior portion with tweezers and pulling lightly. Now completely exposed, the brail
can be separated from the skull by severance of the cranial nerves. @ates jthe brain tissue should be immediately
placed in a prehilled 1.5 mLwideb ot t om Eppendorf tube and placed on ic
should be added to tlsample and thoroughly homogeniaeging a F25 basic UltraTurrax homoegnizer.The resulting
concentrated brain lysate is then transferred to a 15 mL polypropylene conical tube and diluted with 4 mL of lysate buff
For best results, this can be done with 1 mL aliquots so that any lysate sticking to the walls of the Epencin be
washed with the subsequent volume of lysate buffer. Importantly, use of other plastics and/or glassware is prohibited ir

this procedure as prolonged exposure to these maner.i:
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centrifuged at 16,000xG at 4°C for 30 minutes. The resulting supernatant should then be transferred into a new

polypropylene storage vessel and either kept at 4°C for immediate use or fre@@tCafior shortterm storage.

Fluorimeterbased HATCO Assay

Fluorescence was measured using exoitémission parameters at 46348 with 5 nm slits, 0.1 second integration

time and at inm intervals using a Photon Internatioflabrimeter. In a typical measurement, thioflayin5 0 e L, 40
was added to 100 eL of freshly pPricetp the additionoéddhdi besea my | o i ¢
reagentseachstock solution was vortexed and sonicated to insure a homogenous safrtpdimgixtureof 5XFAD lysate

and thioflvin wastheni ncubat ed at room temperature for 10 min. A
mM) wer e added to the mixture. The ciodeomzedwaterAfteron of ¢
equilibration for 10 min at room temgure, the fluorescence signal of the sample was meaaureda n  egpofs s i o

485nm. All measurements were performed in triplicate and data are presented as mean with standard deviation.

96-well Platebased HATCO Assay:

Stock solution preparation and concentrations were accomplished as describefFlabosscence was measured using
excitation/emission pameters at 465/48tmusing the Synergy Neo Multhode plate reader system. On av@él plate
platform thioflavin60 ¢L, 40 €M) was added to 100 €L of freshly
mg/mL). The mixture was incubated 4°C for 30minutes prior to fluorescence readimffter incubation, test
compounds (50 L) i n PB Sture. 9l candédntratioreof testechcdnpeumdhe wellwash e mi
250 ¢M. After equilibration for 10 min at room temper
e mi s sndxab 485 ne. All measurements were performed in triplicate and alat@resented as mean with standard

deviation.

384-well Platebased HATCO Assay:

184



Stock solution preparation and concentrations were accomplished as described above. To decrease standard deviatior
between samples secondary to variations in loading-de#source plates of thioflavin and 5XFAD lysate were

generated using the COMBI liquid handling systémportantly, prior to loading of the source plates using the COMBI
liquid handling system, all reagents must be vortexed for 10 minutes and sonicdigadrfioutes ati4C. For both source

pl ates, a 1OwvassL avdodiedd vionl uandedi t i on t o the required rea
thioflavin or 2 ®asadded toeshichwelXoFtheB84 eyl gladettosbe screened. For example if running
asingle 384ve | | pl at e, 15 €L of thioflavi n aeactrege@ivesdurceof 5 X
plate. Once both thioflavin and lysateurce platebave beemenerated, they shoulsk immediately centrifuged for 10
seconds to eliminate bubbles and subsequently sonicated to insure all protein constituents remain homogenously
distributed in solutionNext, the 125 nanoL (10 miliM) alachcompound in the library must be shot onteca-binding

black flatbottom 384well plateusing the ECHO liquid handling system. This plate is referred to as the library plate. In
the final phase of the operation, thioflavin and 5XFAD lysate are then robotically pipetted to the library plate.oftgs is d
using the Bravo liquid handling system and begins with automated mixing of the 5XFAD source plate via serial aspirati
and dispensing of 50% of the total well volur@mce mixed, 2@ Lis aspirated from the source plate and dispensed into
the libraryplate.Eachwell is again slowly mixed over a 5 minute period to insure a binding equilibriveadsed

bet ween the 20 e¢L of Iysate and 125 nanolL of Ilibrary
of thioflavin is mixed and themddedrom thesource plateo the library plate. Witkgachwell now containing the full
complemenbf r eagent s, i ncludi ng -éntanling SXPRAD tysale,aandil2b nan@ @f likrdcy o
compoundgachwell is again thoroughly mixed 1My the automated liquid handling algorithm. Of nottevant
parameters for al/l o f -digpdnsesad valume gnd auiomatedttipah erocadur? to eliminapeo s t
the possibility of reagent adhesion to the pipette Tipdacilitatestatistiemediated hit identification, columns 1, 2, 23,

and 24 should be | oaded with positive (20 €L 5XFAD 1|\
negatve2 0 €L wild type |lysate (7 mg/ mL) 5 aecheckertboardfashiaiy i n
is critical that positive and negative controls are loaded eath384-well plate, as inteplate analysis is not permitted.

Once loaded, lfiorescenceneasurements are provided via the Synergy Neo hdtie plate reader systema similar

fashion as described above.
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HATCOAssay Cross$screening

Foll owi ng i d ebindirigtdmpoands via primary scréeiming of large molecular libraries with the HATCO
assay, a crosscreening protocol is necessary to exclude false positives. In its finalizegde®d&4érmat, this procedure
involves two phags. In the first phase of the cremgeening procedure, the absorbance profiEohhit compound is
characterizedver the250-900 nmwavelength rangeT o do this, 20 pL oéachhit compound10 milliM) were shot onto
384well clearbottompolystyreneplates (PerkinElmer) in a triplicate fashigk¥bsorbance was then measured across the
specified wavelengths using the Synergy Neo MJlbide Microplate reader (BioTek) with a step size of 10 nm and a O
millisecond delayScatterplots of absorbance as action of wavelength are then used to qualitatively assess whether the
analyzed hit compound significantly absorb atvalg wavelengths. For example, as a reduction in thioflavin emission at
490 nm i s t he prbindimg poyential mthessay, hibcompauhds @bborbing at this wavelength should
be considered false positives. To quantitatively eeassen for false positives secondary to interference of thioflavin
absorbance or emission at 410 nm and 490 nm, respectively, a separate etpledies&gn is employed. In this second
phase of crosscreening, 125 nL agachhit compound (10 milliM) is plated with 25 pL of thioflavin (10 uM) in triplicate
fashion.As a control, 25 uL of 10 uM thioflavin is plated in the presence of 125 nL of DM@@in, the Synergy Neo
Multi-Mode Microplate reader (BioTek) is employed to measutei o f émassidn at@30 nm (excitation 410 nm
Statistical determination of falguositivesis accomplished via a Paireddled Student Fest comparing of the mean
fluorescence for the DMS®eated control wells to that of wells containing thioflavin and the posited hit compound. In

this work, a Pvalue < .05 was used as the threshold statistic for classification as a false positive hit.

Ev al u at -bindimg Adfihity BsingConcentration Response Cusve

After primary screening, confirmatory screening, and esogsr e e ni n g e x pbading affinity tofcompdutde A f
identified via the HATCO assay was quantitatively assesseti@igdaneration of concentration response curvesafdr
molecule. To do this, 750 nL eAchhit compound was robotically plated in the presence of 20 pL of 5XFAD lysate (7

mg/mL) and 5 pL of thioflavin (40 uM)Critically, the concentration of the hit cpound was varied such that its final
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concentrationn the wellrangel from15 nM-300uM. In more detail, this was done by dividing the specified concentration
range up according to a 1:3 dilution, resulting in 10 data points per compoBadhly, eachhit compounds was plated in
duplicate across the entire concentration range on-ad84late Furthermore, plating was done in an automated

fashion similar to that described for HATG3say mediated HTS on the 384ll plate platformAfter 1 week of

incubaton at 4 C to facilitate complete equilibration, fluorescence at 485 nm was measured using the Synergy Neo Mult
Mode Microplate reader (BioTek). To facilitate the generation of concentration response curves, fluoresaehdaiat

point was averaged on a compound by compound basis and plotted as a function of concentration. From these plots, tt
r el a t-hindieg affiffity ofeachcompound can be assessed by comparing IC50 values generated via the GraphPad

Software package.

Tissue Fixation by ardiac Perfusion

5XFAD andwild type mice of different ages were obtained from thdaduse Vanderbilt breeding facility and housed in a
temperatureontrolled12-hour light/dark cycle facility. After injection of the tedteompounds (25 mg/kg), at a

designated time point, including 10 min and 4 h, cardiac perfusion was performed. A sharp incision into the abdomen o
the anesthetized mouse was made. This was followed by a longitudinal cut with a scalpel to open thedhibyacic

which then was stabilized with a retractor. Perfusion began withga@@e syringe containing ice cold PBS (30 ml, pH

7.4) in the left ventricle while the atrium was snipped followed by the injection of paraformaldehyde (PFA) solution (4%)
Oncethe perfusion was completed, the animals were decapitated and the brains were quickly removed and fixed in PF
overnight at 4 °C followed by sucrose precipitation overnight at 4 °C. The brains were then embedded@Tryo
compound (Fisher Scientific) b sectioning. All animal experiments performed complied with institutional guidelines

and were conducted according to the protocol approved by the Vanderbilt Institutional Animal Care and Use Committee

Matrix-assisted Laser Desorption lonizatibnaging Mass Spectroscopy MALIMS:
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Analysesof promethazine were performed on an LTQ XL linear ion trap mass spectrometer equipped with a MALDI
source (ThermoFisher, Waltham, MA) . Fr es h -nfounedomta mo u ¢
gold-coated, stainless steel target plates which were kept at room temperature in a vacuum desiccator until analysis. A
serial section was obtained on a glass slide and stained using hematoxylin and eosin. The tissue sections were manua
coated with matx (DHB, 30 mg/mL in 50:50methanol: watewith 0.1% trifluoroacetic acid) using a glass nebulizer
(thin-layer chromatography reagent sprayer, Kontes Glass Company, Vinland, NJ). The matrix was applied by passing
sprayer across the tissue section sevaras andallowing the tissue to dry.his process was repeated approximately 20
times to ensure a homogeneous coadingnatrix crystals formed on the tissue section while minimizing analyte
delocalization. After coating, the target plate va#iscledto a modified LTQ slide holder and insett@to the
instrument . MS/ MS spectra for promethazine were acquir
isolation window (1.0 amu) centered iz 285was selected to isolate the precursor ion for PMZ. This was subjected to
collisionally activated dissociation (CAD) etllision energy of 27. Main fragment ions were formed at m/z 86 and 198
(likely corresponding to fragmentation at the phenothiakihas well as at m/z 240 (likely corresponding tslofthe
dimethylamine moiety}®*® Images representative of the distribution of PMZ across the tissue section were generated by
plotting the summed intensity of the main fragment ions at m/z 86 and 2d46hgtixel using ImageQuest software

(Thermo Scientific, Waltham, MA). Analyses of amylgdptides were performed on a linear MALDI thoieflight

mass spectrometer (Autoflex, Bruker Daltonics, Billerica, MA). The samples on the plate analyzed using the LTQ were
washed in sequential steps of 70% ethanol, 100% ethanol, Carnoy's solutionl{@ét, &0% chloroform, 10% acetic

acid), and water to remove the matrix and potential ion suppressant's such as lipids and salts. After reapplying the mat
three brain sections were imaged in positiverimde fromm/z 2500 7000 at a spatial resolutianf 75 & m. Spe

images were reconstructed in fleximaging software (Bruker Daltonics, Billerica, MA).

Brian Bioavailability Analysis by HPLC:

Whole brains from perfused 5XFAD waild type mice treated previously with promethazine at different times were
collected, weighed, and homogenized in PBS (g tissue/3 mL PBS) using a homogenizer (Tissuemizer Homogenizer,

Fisher Scientific, Pittsburg, PA). The homogenized solution was added with@@8hi&ile and warmed at 70 °C using a
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heating block for 10 min to maximize promethazine extraction. During this extraction process, the sample was
continuously agitated using a magnetic stir bar. The extract was lyophilized overnight and then rexbwstiitit PL C

grade acetonitriléwVith respect to HPLC parameters, a two mobile phase system was emphogexdrbori8 column

Solution A consisted of .1% TFA in double deionized water. Pure HPLC grade methanol constituted sokudion B.

HPLC analysis opromethazine content, a temporally varying isocratic strategy was used in which a 20% solution A and
80% solution B gradient was held for the first 5 minutes. For the subsequent 30 minutes, the gradient was inverted to 8
solution A and 20% solution RJnder these conditionthe Renantiomer of promethazine was reliably eluted at retention
time of 15 minutes while the-8nantiomer was characterized by a retention time of 17 mirAftes.establishing the

detection limit of the instrument and determinangromethazine concentratiogrsponse calibration curve, the

guantitative amount of promethazine in the brain lysate against the injected dose was analyzed by integrating the area
under the curve using EZChrome Elite softwared€ti). Every retention the peak in the spectrum was collected and

analyzed using LOVIS.

MALDI-IMS Imaging Analysis

Each coronal brain slice was manually segmented to create individual ROIs of the hippocampus and isocortex or of the
whole coronal section. The Allen mouse bralastvas used as a reference for the segmentation of these regions and
analysis was performed by an outside collaborator. The ROIs were then used to isolate the pixels in the MALDI ion
images representing promethazine (m/z 86 + 240) and the pixels wighinthi r ect AbB40 i mages ( m
images were segmented, meagnal values were calculatédext, the pixels within @h ROl were segmented into two
groups using the-kneans clustering algorithm, which represents signal vs. no siEx@drimental data were reported as
mean + SD. We compared the test groups using the iNMdhitney ttest using GraphPad software (La Jolla, CA). P

values are twaailed and differences with-Ralues > 0.05 were considered statistically significant.
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9.3 AIM 1 EXPERIMENTAL RESULTS

9.3.1 Results: Validation oHATCO AssaymediatedScreening forNo v e kbindiy Compounds

As described, thioflavin islassified as a topologically activated dipait simply, this class of compounds possesses
substantial confanational fredom whilein free solution and as a consequence exhibits a relatively low fluorescence
signaL However, upon binding to Ab pl a guareatically teduced. THisaneréase' s
in structural rigidity decreases the \dltionatrotational processes available to the thioflavin molecule, resulting in a
decreased radiation decay rate of thioflavin in both ground and excited states. Cumulatively, these phenomena contribt
to the observed increase in thioflavin's fluorescenceqnanty i el d when bound to Ab pl agq
molecule®® Although increased thioflavin fluorescence alone is highly indicative of the thioflavin molecule existing in

a n -bdind state, secondary validation of this fact is available assequence of a characteristic spectral shift in

thioflavin's fluorescence signal observed only when t
with Ab, thioflavin emits 4404BrmkHodelven direans deomutn ds it @n aAlb -
thioflavin's fluorescence increases dramatically resulting in a strong fluorescent signal with a characteristically shifted
amax of ap psnm%EiH sve emplgyedditiese unique characteristics of thioflavin to develop the HATCO
assay for screening compounds f -throughphtéashiotigaln,intalyeffartao b i n
utiizethemosb i ol ogically representative Ab plaques possi bl
analyzed using the Bradford assay to ensure an equal amount of prsaiised irrachassaytrial. To test our
hypothesis that AmouwSX&APUysase are sufiidieat to meddlaterthidflavin fluorescence, it was
first necessary to optimize the excitation and emisgamameters dhe assay. To identify the optimal excitation criteria

for thioflavin at a 485 nm emission, an excitatgman was performedrigure 93A). Results weréargely consistent with

the literature in suggesting that an excitation at 410 nm was optimal for stimulating thioflavin fluorescence at 485 nm.
Next, an emission scan @& bcontaining 5XFAD lysatenixed withthioflavin was performetb directly test the

hy p ot h e s-costainindt XIFAD Ay€ate could generate an amykypecific increase in thioflavin fluorescence at

485 nm. Again, as demonstratedrdgure 9-3B, this hypothesis as confirmed suggesting that the underlying rationale of

the HATCO assay was sound.
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Figure9-3. 5XFAD Lysate Modulates Thioflavin Fluorescence.

(A) Thioflavin Emission Scan at 485 nmasafRcti on of
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With this preliminary characterization of the HATCO assay completed, it was next time to investigate whethawthe kn
Ab plaque binding molecule Resveratrol woul d sappdrt|eg u at
the ability of 4ihdeng rackeculasy thidgflavin fludrescence &t ¥85 wnfbwas attenuated 4.4%, 25.9%,
and51%al 00e M, 500egM, and 2000¢& M c on c e(Ridure 84). Cunolatively,fthesR e s v e
results suggest that (i) 5XFAD Iysate can be used as
fluorescence at 485 nm can serve agpmrter ofa compound abilityt o b i-ptaguesdder the working model, as
depictedn Figure9-2, additionof 5XFAD lysate to thioflavin results in the formation of thioflaxdmyloid complexes
which increase thioflavinés fluorescent signal at 48!
species, a fraction of the thioflavamyloid compexes are disrupted via a competitivimding mechanism, resulting in a
measur able attenuation of thioflavinds fluorescent si

initial experiments, we next proceeded to screeninga smallmolecr | i br ar y obindirgpateptialu n d s
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Figure9-4. Known-bAmdi ng Mol ecul e Res vspacidid ThioflavilrAEluorescaenzd a¢ 485 Arb in a Dedependent
Manner.

In accordane with the fluorimeterbased HATCO assay protocol, 1QQ of 5XFAD lysate was incubated with 50L of the A -binding

agent Resveratrol. Next, 50L of 40 uM thioflavin was added to solution and fluorescence at 485 nm was measured. In the positive
control ondition, PBS was substituted for Resveratrol, facilitating optimal thioflaammyloid interactions. As a negative control,

5XFAD lysate was emitted from solution. Relative to the positive control conditiof,0 ¢ M, 500¢ M, and 20®m0eM con

Resveratrolsignificantly reduced thioflavin fluorescence b4.4%, 25.9%, and 51%, respective(l < .01). Data presented as mean +/
standard deviation.
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9.3.2 Results: HATCOAssaymediatedScreening of a Primary Libraryfor No v e kbindiny Compounds

Confidentinthe b i | i ty of o ur-bindisgamalgculesfier demomsiratingfthat Résberatrol attenuates
thioflavin fluorescence in a dogskependent manner, we nekiaracterizd the HATCO assay using a smalimberof

nonA Bbinding mdecules. In additiontothesendgnb compounds, several compounds
predicted by a liganased design strategy, were also incluideitie primaryscreenFigure 95). Importantly all

compounds included ithe primarylibrary were hanechosen to have a higitobability of crossing the BBB. In fact, for
virtually all of the compounds screenB&8B permeability was already reportitithe literature. Regardlesamostall
compounds&eened met the highly restrictive inclusion criteria liste@lable 92. Before performinga specific
displacement study, we conducted a series of control experiments intended to (i) assess whether the tested library of
compounds emitted or absorbed avelengths might confound thioflavin's signal by overlapping with its excitation or

emi ssion spectra and (ii) demonstrate the specificit)
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Table9-2. Molecular Attributes Compatible with Blood Brain Barrier Penetration

Compound Feature Criteria
Lipophilicity logP 1.52.7
Hydrophobicity Clogp <5
Molecular Weight < 450 g/mol
Hydrogen-bond Donors <3
Hydrogen-bond Acceptors <7
Rotatable Bonds <8
Molecular Charge Pka 7.510.5
Polar Surface Area <60-70 A2
Aqueous Solubility r om t

S /
OO0
@\

Thioflavin
MW: 269.38 g/mol

H .CH
3C‘NC3

N
)\CH3

N
QSD HO o) CH2CH2CH2-C A\ / F

no
Promethazine
’ Naltrexone
e gmol MW: 341.40 g/mol Haldol

MW: 375.86 g/mol

OCHs
) /ON/\/O/ HiC.\CHs  HsC.\.CH;
©: Y~n OH
N B NH,
F

OH O OH O O
Astemizole Minocycline
MW: 458,57 g/mol MW: 457.48 g/mol

Figure9-5. Initial Screening Library

Chemical structures and molecular weights of thioflavin and candidatgloid-binding compounds. Thioflavin and a series of selected
compounds comprising a smal.l mol ecul ar l'i brary were screeneutalfor
diversity was maximized within this library to include benziraizble, benzylisoquinoline, butyrophenone, tetracycline and
phenothiazine motifs contributed by astemizole, naltrexone, haloperidol, minocycline, and promethazine, respectively.
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As shownin Figure 96A, when thecompoundsvere mixedvi t h t hi of l avin in the ab
significant modulation of thioflavin fluorescence is observed. These findings lend strong support to the claim that the
compounds tested do not bind to thioflavin directly and are incapable of directly tiveglitfluorescence due to
overlapping spectra. I n support of thioflavin's affir
mg/mL) contained within the 5XFAD brain lysate resulted in a nearfpoltBenhancement in thioflavin flusseence
signal compared to a control sampleP.0001) in which the same concentration of thioflavin was dissolved in PBS
without ADb protein. I mportantly, the enhanced fluor ec
lysate exhibitd @.0f®d85n m, a characteristic of thioflavin bound
with PBS controls emitted mgassociaed with angdund thioftavindld@morem,  w
rigorous demonstration of thioflan's specificity for 5XFADd er i v e d Avb treptéddhg samesthioflavin
concentration with brain lyge isolated fromwild typmni ce | acki ng ADb pl aquespecifiespi |
binding, a reliable differential in fluorescence signal exement was observed between amytmdtaining 5XFAD
lysate and amyloidieficientwild typelysate, which confirmed our hypothesis that thioflavin fluorescence could be used
as a reliabl e rbieaging compoundst Again, shectrat anafysishioldvin's fluorescence in the
presence ofvildtypel ysat e fx®FVedld®d a moa as .pof 48D ranTobsdrvet ia thda SXEAD &ials.

This spectral shift confirms the thioflavin fluorescence signal utilized as a reporter in the sub$&4TCO assays
reliably r efl e c-boundthiofavinpThuspaoyrolisérnachmodulatioAih thioflavin fluorescence when
the compounds are added cannot represent the dissociation of thioflavimdingb pr ot ei ns, as t he:¢

contribute to the measured thioflavin signal ab A (Figure 96B)

Next, we tested the ability of the compounds to d
assumption was that i f thiofl avi elyhlindingdgampairalcthie #ubresdencer o r
signal of thioflavin would be reduced. 5XFAD brain lysates of normalized concentration were treated with thioflavin in
guartz cuvettesral allowed to equilibrate for 1in before the addition of the tested librarymmunds. After
equilibration, the proportion of t hi mdasuedusing fluoedcenceu | e <
spectroscopy. Among the tested compounds, we found that only promethazine caused a notable reduction (19%) of

thioflavin'sfluorescence signal (R0.0001) (Figire 96C). Of note, it is improbable that this signal attenuation is
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attributable to fluorescence resonance energy transfer (FRET), as promethazine is not a chromophore and is therefore
unable to interfere with the exation states of ibflavin via the FRET mechanism. Still, the control experiments
summarized ifFigure 9-6A completely exclude thipossibility, as they provide no evidence of a direct interaction

between promethazine and thioflaviraken as a whole,thee sul t s strongly indicate th

result which confirms the util i tbwndingmoleculeke HATCO assay
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Figure9-6. HATCO Assaymediate, Highthroughput Screening oftBucturally DiverseCompoundL i br ar i es f-binding b
Capacity.

(A) Fluorescence signal of thioflavin in the presence of freshly isolated 5XFAD brain lysate, PBS or candidate compounesultb
demonstrate a 1-9old increase in thioflavin fluorescence in the presence of 5XFAD lysate compared to PBS and compound libri
trials (P b 0.0001). Values represent normalized fluorescence with respect to PBS trial + S.D. (n = 3). (B) Enhancemefitavfrth
fluorescence in the preseaof 5XFAD lysate compared to wild tydey s at e . The spectral shi ft in
the presence of 5XFAD lysate arises as a consequence of thiofwiyloid complexes and validates the reliability asgecificity of
the thioflavin reporter. Note that the emission maximum of 440 nm inwhd type trials excludes the possibility of the thioflavin
signal enhancements representing ngpecific binding of thioflavin to endogenous peptides of the brainténoconcentrations in
5XFAD and wild typelysates were normalized throughout the assays. (C) Increased thioflavin fluorescence secondary to the pi
of amyloid-containing 5XFAD lysate is attenuated by the addition of promethazine but not by otherdea@dtompounds.
Promethazine reduces thioflavin fluorescence at 480 nm by 15.6% with respect to PBS trials (P < 0.0001). The results sugges
promethazine may displace thioflavin for amyloid plagques and thus attenuate the fluorescence signal. All meatsuneame
performed in triplicate at candidate compound concentrations
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9.4 Results: Translation of the HATCQ\ssayto a 96well Plate Platform

Having leveraged the HATCO assayidentify an e w -biding moleculePMZ, the HATCO assay neeatlto be

translated to platecader compatiblplatforms in order tdacilitatetruly robust HTSTo help facilitate the transition from
cuvettebased measurementie original assay parameters were maintainele fird set of experiments performed a
96-well plateplatformTo r ei t erate for the sake of clarity, u-nder
containing 5XFAD |ysate was mixed with 50 L of thiof
fluorimeterbased=xcitationscansc or r o b or at eqdiatédl®d nny Sirilar expanidents @erformed on the positive
control condition in the 98vell plate format revealed three distinct absorption peaks: 375 nm, 410 nm, and.430 nm
Seeking to characterize these exaiaparameters in more detail, emission scans were performed on the positive control
condition. This data was compared with the emission profiseamitrol hit condition (HATCO + PMZ), comprised of

200 elcorit &ibni ng 5XFAD liyms,atend 5300 ccLL od Eongrhthde ivti2d®0 0 € M
standards of the field, afactor was generatddr eachassay parametan an attempt to quantify the suitability of the
HATCO assay for use in a fedlcale, higkthroughput screen. Briefly, thefactor is defined in terms of four parameters:

the means (&) and standard deviations (80 apnf.dbot h t he

O QHHo
Breaking down this equation into its constituenimponents emphasizes the key design considerations of a HTS assay. A
the most basic level, there must be a sufficiently robust difference between negative and positive controls. More
importantly however, the standard deviation within the positive anativegcontrol conditions must be minimized as this
factor is accentuated in thepfime calculation by a factor of 3. At its heart, théagZtor is a measure of statistical effect
size. Thus, the utility of Zactor calculations in the field of HTS is sght-forward. Because large screens are expensive
with respect to both time and resources, tHador provides a guantitative means of evaluating the utility of any
particular assay. Importantly, guidelines for the interpretation of #aetdr are weklestablished in the literatuf&?
Summarizing these interpretive guiides, a Zfactor can be translated into three categories corresponding to useless,

marginal, and excellent assays. A hypothetical ideal assay carriesctoZof 1, the maximum-Zactor mathematically
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possible, whereas aféactor less than O indicatdsatt there is too much overlap between positive and negative controls for
the assay to be useful. More commonly seen are assays characterizittoy<Zin the range of 0 to 1. In this range, an
assay characterized by afactor between-05 is consideredharginally useful while a Zactor above .5 qualifies an assay

to be considered excellent. Impressively-fa2ct or of .5 indicates a 12astiaada
w h e p= {This statistic highlights the extreme conservatism wbiracterizes the field of HTS when evaluating the
utility of a newly designed assay. Although these strict criteria eliminate novel assays with extreme prejudice, they are
necessary due to the fact that experimenters often compare millions of singleemeags of unknown samples to

positive and negativeontrols during the course of a HTS. Therefore, prior to starting a large screen, smaller pilot screen
are used to generate gactor for the assay in an effort to help assess the quality of theagbayedict if it will be

useful in a higkthroughput setting.

To generate a-factor for the HATCO assag, checkerboard pattern was manuaglfyetted Significantly, by
distributing the positive and negative controls in this manner, edge artifact®pcotiiounds associated with plating can
be assesseds depicted inFigure 97, comparison of theaw fluorescence elicited aaah of the three excitation
wavel engt hs r ev e a l-speciticthoflavinesignalat7485 nm im maximizesl. DAspite this trend,
excitation at 375 nm or 430 nm failed to increase the differential between positive and hit conditions as cortigared to
original 410 nm excitatiorf-urthermorealthough excitation at 375 nm increases the magnitude of thioflavin fluorescence
at 485 nm as compared to absorbance at 410 nm (28,838 A.U. versus 20231 A.U.), standard deviation also increases
375 nm exitation(473 RFU versus 142 RFIAs previously mentioned, when utilizing afZctor statistic to assess any
assaybs utility, i ncreases in standard deviation have
this parameteriace nt uat ed i n the equation. Thus, alt houghhofexc
absorption, it does maximize the utility of the HATCO assay by minimizing standard deviation. Tlesseamobe
appreciated ifable 9.30fhi ghest significance with respect to -util
binding molecules, under the optimized assay conditiofactr of .64 was calculated, placing this novel assay in the

fexcel |l ent 0 -teraughpugsmeening technighes. g h
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Figure9-7. Thioflavin Optimally Excited by 410 nm Excitation Source in the Presence of 5XFAD Lysate.

Emi ssion scans of 10eM t hiofl avi B lysateundédr ¢éwo ganeitsoasveceeperbofmed i@ ordeg fo mptimizeXtkeAexcitation wavelength of the HATCO
assay.ln the positive control condition (HATCO), PBS was added to thioflavin and 5XFAD lysate containing wells. In the hit conditese same reagts were allowed to interact

in the presence of 2006M Promethazine (HATCO + PMZ)As di scussed, three peak excitation wavelengths wer é@anclddingcov e
(A) 375 nm(B) 410 nm and (C) 430 nm. As depicted subfigures (A) and (C), excitation at 375 nm or 430 failed to producea robust differential in thioflavin fluorescence

between the positive control and hit conditior®n the other hand, excitation at 410 nm revealed a robust 25% differential ineBoenceat 485 nmbetween thee two samples.

Taken as a whole, the data support @ontinued use of 410 nm excitation source when translating the HATCO assay to the®6 plate format.
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In addition to confirming the excitation/emission parameters of the assay and validating its utility as an HTS assay,
translation to the 96vell plate format allowed for longitudinal assessment of thioflavin fluorescence in the presence of
5XFAD lysate.This ability proved critical to the development of the assay, as the length of incubation dramatically
influenced thioflavinds fluorescence and the differer
Table9.4, meansignal intensity inreases with prolonged incubatitime rising on average approximately 268000

A.U. over the course of one week. The trends for standard deviation are not as predictable, with initial measurements c
thioflavin fluorescence being widely variable, becogninoreinternally consistentfter 37 days of incubation, and then

again diverging as a function tifne. Importantly, this set of experiments also incorporated the use -@gmgloid

containing brain lysate generated from wild type mice as a negative control condition. The rationale behind the addition
this sample was that it increased the stringaricour negative control to insure that the differential observed between the
positive (HATCO) and hit conditions (HATCO + PM2Z) truly reflected differences in amdpétific thioflavin signal

and not norspecific interactiondmpressively, regardless whether HATCO + PMZ or wild type lysate were utilized as

the negative condition-Z act or s again classify this novel HTS tech
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Table9-3. Assay Utility as a Function of Excitation Parameters (@61l Plate Format)

Assay Utility as a Function of Excitation Parameters (96 -well Plate Format)
Excitation Emission Mean Fluorescence Standard Deviation Mean Fluorescence Standard Deviation Z-prime
Wavelength Wavelength HATCO(RFU) HATCO(RFU) HATCO + PMZRFU) HATCO + PMZRFU)
(nm) (nm)
375 485 28838.33 797.8981 1141.982 -0.23028
410 485 20231.33 175.499 201.666 0.643436
430 485 13710.5 192.3235 352.0668 0.3334

Table9-4. Fluorescence Readout as a Function of Incubation Time

Fluorescence Readout as a Function of Incubation Time

HATCO Mean

Control Mean

Promethazine Mean

P-Value HATCO

P-Value HATCO

Vs Fluorescence (RFU) Fluorescence (RFU) Fluorescence (RFU) ZIme vs. Control vs. PMZ
T=0 15942 +/- 556.76 13558 +/- 1126.54 13402 +/- 625.68 -1.12E+00 4.67E03 2.73E07
24 hours 15435 +/- 308.41 13300 +/- 301.46 13778 +/- 253.98 1.43E01 2.02E05 5.68E08
72 hours 18430 +/- 162.99 15306 +/- 352.40 16605 +/- 206.10 5.05E01 1.74E07 1.08E07
Day 5 19765 +/- 240.08 16056 +/- 333.09 17753 +/- 186.97 5.36E01 6.10E-08 3.35E07
Day 7 19752 +/- 205.55 16026 +/- 345.22 17593 +/- 146.01 5.57E01 4.67E08 3.23E08
Day 10 17778 +/- 419.18 14380 +/- 601.09 15674 +/-504.13 9.92E-02 4.97E05 1.19E03
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9.4.1 Results: Translation of the HATCO assay to a 3@l Plate Platform

Having firmly established the excitation/emission parameters of the HATCO @ssgyboth fluorimeterand
plate readebased methodologiés addition to validating its utility as a HTS assay using tHador statisticwe next
sought to translate the technology to a-8&4l plate platformCiritically, the translation of the a&g to this platform as
necessary for three reasons. Most practicatgler the original parameters, the total volume of all constituents of the
HATCO assay was 300 eL; doubl ewellplatesQnma eelatedinote the secbmajor v o |
limitation of the original assay parameters is that they becomeuusibitive when attempting to screen large compound
l'ibraries. This is mainly because 200 €L of 5XFAD | ys
a sirgle 96well plate requires the sacrifice of 3 transgenic mice; an unreasonable requirement given the high input cost
associated with raising 5XFAD mice to 18 months of age. Put another way, under the original HATCO parameters usec
for both the fluorimetebased validation and 96ell plate optimization phases of the study, an average of $60 worth of
5XFAD lysate is heeded per compound screened. Placed in the context of compound libraries in excess of 40,000 disti
molecules, it is clear that despite itvbrable statistical evaluation the HATCO assay would not be an economically
feasi bl e me a n sbindinh maledudes The thigdilimitgtionfabsociated with the fluorimeted 96well
platebased assay conditions is teatomated liquid handlmsystems were not available fmutomation okvery step of
the proceduremeaning manual pipetting would be required. In our experience up to this point, we had noted that the
average percent error attributable to manual pipetting was approxime&dbi®higher than that of the most accurate
liquid handling systems available, which carry a coefficient of variation of approximatelgigée the Zprime statistic
is acutely sensitivetbh e magni tude of t he pandaidtdavidoe theautdmatizatigohthei v e ¢
plating procesgroved ducrativemeans of improving the assays accuracy. Thaeagnizing that any of these limitations
woul d ma k e -biHdIng malecutes usifig the HATCO assay impractical at bashof these poits was

methodically addressed in the translation of the assay to the/@8glate platform.

Out of necessity, the volume restrictions imposed by thenB8Hplate were addressed first. Fortuitously, despite
necessitating a r ed eaamgters, thefvolumb restrictidns hQoseal byshevgSdpsate
platform also partially alleviated concerns associated with 5XFAD lysate consumption. Seizing this opportunity to reduc

the cost of the assay, the volumesathconstituent was dramatically reduced beyond what was required to facilitate
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compatibility with the 384well plate platformAfter exhaustive study, the finalized assay parameters for the positive
control condition includeOd €M tehli ooffl abvXi FnAD a nyds alt2e5 nba ne
notable deviations from the original HATCO parameters can be recognized in this descripeaolateserves further
elaboration. Perhaps most obviously, the proportion of amglondaining lysate waisicreased relative to the other assay
constituents. This change r ef-toataining lysate idaehsamplesuchthati ns u r e
thioflavinds f | uor es c e-sgecifis bingimganteragtians. im additiodttaisndeviation, thel by
adute reader might also natiee change from PBS to DMSO as the solvent of choice for library @emas.Several
advantages come with this alteration. To begin, all compounds contained within most HTS libraries are dissolved in
DMSO due to its negligible spectral properties, compatibility with biological assays at low concentrations, and reputatior
as a robust universal solveimportantly the ability of DMSO to solvate a great variety of structurally diverse compounds
athighconcemtat i ons is of supreme i mport anc e eachinhilbditdreantb¢AT CO
achieved via the addition of negligiblelumes.Despite these advantages, the use of DMSO to add inhibitor compounds
to the assay did represent a significalteration to the original protocol and was therefore studied in more détaiil.

major concern surrounding the use of DMSO in the assay is its ability to perturtnalesrular binding as a consequence

of being an amphiphile. To address this conctraproportion of DMSO was incrementally increased in the positive
control condition from 2.5% to 50% of the assays tetddme.For example, in the 2.5% total volume condition, 625
nanoliters of DMSO was added t o i2 SimilarlyforatHe 5BoXdtalvBlunley s at ¢
DMSO condition, 12.5 L of DMS @omamisg lyaatedred dhioftawin. Ash e s a me
graphically illustratedri Figure 98, the addition of DMSO attenuates thioflavin fluorescence at 485 nrddsex

dependent manner. The interpretation of this finding is that the amphiphilic properties of DMSO do indeed perturb
amyloidthioflavin complexes above a threshold concentration. Supporting this conclusion in a more quantitative manne
addition of 625 h of DMSO (2.5% total volume condition) resulted in less than a 2% reduction in thioflavin fluorescence
at 485 nm. By comparison, the corresponding values for the 5%, 10%, 25%, and 50% total volume DMSO conditions

were 6.4%, 15%, 31%, and 38%, respectively
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Figure9-8. A bspecific Thioflavin Fluorescence at 485 nm is attenuated by DMSO DoaedependentManner.

To test the HATCO assayods tolerance to increasing proportionwofof D1
5XFAD | ysate and 5¢L of thioflavin. DMSO concentration i s present ec
per centages correspond to the addition of 625 nlL, 1.25 ¢L, 2.5 €L, ¢
50% total volume data points, respectively. Faarch of these conditions, a fluorescence profile secondary to excitation at 41@asn

collected on the sample across an emission range of#300 n m. Resul ts demonst r-apedaficahioflazig bigngli bl e

at 485 nm up to 5% total volume of DMSO, with a dedependent decrease in signal at increasingly higher conceontrati
Cumulatively, the results suggest the HATCO assay is compatible with the use of DMSO as a solvent up to a threshold t@i&%nce
the assayds total vol ume.
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The relevance of this data the translation of the HATCO assay to 88&well platform is that it highlights the
need to minimize the addition of DMSO to maintain strong signal to noise. Put another way, as the concentration of
DMSO increase, the-#actor of the assay decreases. Under the modified HATCO parameters descrthed384well
platform,this threshold appears to tacredwh en t he vol ume of DMSO added exce
It is worth noting that this severe DMSO volume restriction represented a major hurdle to the development of the assay
theoriginal assayparameters call for candidate inhibimro n ¢ e nt r a t i. Bormaintanfthesz idibitae M
concentratonswhd being respectfully cauti ous aooferarcddelively Af[EESO a s
than 625 nanoL afolvatedcompoundvas required For t ui t ousl vy, DMSO is a potent
molecular library to be stored at 10liiM concentrations. This means that only 125 nllilsfary compounecontaining
DMSO need to be added to thessay tachieve screening concentratiofi®) >M) of eachcandidate inhibitorOf course,
the downside to this design is that the consistentetgliof such miniscule volumes is its own unique challenge; one

requiring the integration of highly refined liquid handling systems to overcome.

Before the HATCO assay warranted automation however, the high cost associated with the use of 5XFAD lysat
neecakd to be addressed. Notably several experimental avenues were available. One option was to simply enrich the
5XFAD | ysate wit hsothat smallerevblumes céull beputlipet. iOfdceurse,app@chwould have
violated our aim i dent i f-agdembies with copestuentiarsstrugthre. trwillibgiton d t o
sacrifice this criticabhdvantage of our assay, the effect of serially dilutivig5XFAD and wild type lysatesas explored.

As depicted graphically in Figur8-9 and numerically imTable 96, predictably dilution of either 5XFAD or wild type

derived lysate reduced thioflavin fluorescence at 485 nm in proportion to the dilution factor. Less predictably however,
the differential in hioflavin fluorescence between 5XFAD and wild type lysates did not vary with dilution factor. Instead,
the ratio of thioflavin fluorescence evoked via 5XFABdwild type lysates remained constant at around the range of

1.91 to 2.1Referring back to our Zactor statistic, this finding indicates that the lower half of the equation, the difference
between the positive and negative controls, is not affected by dilution of the lysate constituent of the assay. As the only
ot her deter minfatorofi st hdhheassay®$s Zhe positive and ne
variable was also comparable betwedations then the utility of the assay should theoretically be unaffected by dilution

of the lysate constituent. And indeed, analy$§i$able 96 revealsthat standard deviation remains comparable across
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dilutions factorsreachting a minimum at the 1:10 dilution factor (7 mg/mL). As a consequence of these findings, in
particular the trend in standard deviation, a 1:10 dilution of theAEXlysate was employed in the finalized assay
parameters. In combination with the iehd reduction in volume, the ability to dilute the 5XFAD lysate results in a 100
fold decrease in cogtrom an ethial perspective, the optimized assay conditions also substantially reduce the number of
5XFAD sacrificed in order to screen a large molecular libriarjact, under the optimized assay parameters, the sacrifice

of a single 5XFAD mouse can facilitate the smieg ofover2,000compounds.
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Table9-5. HATCO Assay Fluorescent Signal as a Function of 5XFAD Lysate Concentration

Sample Mean Standard Deviation Coefficient of Variation
70 mg/mL Wild Type 5276 169.8852554 0.032199631
35 mg/mL Wild Type 4065 101.5036945 0.024970159
17.5 mg/mL Wild Type 2472.666667 18.87679351 0.007634184
7 mg/mL Wild Type 1258.666667 87.55188938 0.069559234
3.5 mg/mL Wild Type 819 35.51056181 0.043358439
70 mg/mL 5XFAD 10158 598.1880975 0.058888373
35 mg/mL 5XFAD 7129.666667 383.6825945 0.053814941
17.5 mg/mL 5XFAD 5197.333333 592.1928177 0.113941666
7 mg/mL 5XFAD 2390 210.2641196 0.087976619
3.5 mg/mL 5XFAD 1567.333333 118.988795 0.075917989
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Figure9-9. Thioflavin Fluorescence is Attenuated in Proportion to the Dilution Factor Applied to the Lysate Constituent of the HAT@Q Ass

Under the 384well plate assay conditions the concentration of ®0Fand wild type lysates were varied across a protein concentration range of03ndg/mL. Results demonstrate
that thioflavin signal at 485 nm decreases proportionally with dilution factor. However, both standard deviation and ghaligfgnential betveen positive and negative controls
improved or remained constant with decreasing lysate concentration. Interpreted as a whole, these data suggests thdttoh: féctior can be applied to the lysate component of
the HATCO assay to reduce the total t@d the assay without negatively impacting its optimization.
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Having alleviatedhebarriers imposed by volume restrictions of the-8&4l plate and high cost of 5XFAD
lysate, the penultimate step in validating the HATCO assay involved the automatization of the plate loading procedure
Geneally speaking, the aim of thiet of experiments was improvethereproducibilityof the assay anithus eliminate
false positives/negatives secondarynappropriate plate loadindfter extensive testing, thréedependent and
specializediquid handling systems werecessary techieve this aim The firstof these technologiethe BRAVO liquid
handling systenis notable for its ability to add multiple reagents in a-stége fashion. Significantly, this system is
unrivaled with respect to the accuracy of its volume dispensiitiy,a coefficient of variation below 2%. Since pipetting
error is a large contributor the magnitude of standard deviation and reductions in standard deviation greatly improve th
utility of the assay, it was decided that all reagent additions woudddmmplished using this systelmconveniently
however theprecisionof the BRAVO systencomes with a costsit requires assay constituents to be distributed in a
384well plate before being rdispensedTherefore, a described imore detail ithe mehodssection of this work
source plates for the thioflavin and lysate constituents of the HATCO assay were generatie ssognd liquid
handling system referenced aboad/ultidrop Combi Reagent Dispensérhis liquid handling system was selectee du
its ability to load a 384wvell plate with a reagent of choice in a matter of seconds. Naturally, the tradeoff associated with
this technology is its relatively poor pipetting accuracy, with a coefficient of variation of approximatel\f @0fgate
this shortcoming of the Multidrop Combi Reagent Dispenser, this equipment was utilized uniquely for the loading of
reagent stock plates from which the BRAVO liguid handling system aspirated reddmtatsly, thisapprachis only
applicablefor the lysate and thioflavin components of the assay, as these reagents are added in manageable volumes
(microliters).In contrast, the library compounds to be screened must be addeshteedl in nanoliter volumesTo
accomplish this feat with supreraecuracythe Echo liquid handling system was employed. Unlike the other two liquid
handling systems described which employ more traditional trams&fédrodsthis technology utilizes acoustic energy to
transfer reagents between 3&84ll plates While this apprachisill-s ui t ed f or the transfer o
highly accurate when dispensing volumes in the nanoliter range and is meeffectste than other methods in that it
does not require the use of pipette tidast importantly, tis liquid handling system is integrated into the Vanderbilt
HTS corebs compound | ibrary st or age cosposndieranes infaananndr oft a t

minutes.
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Obviously, prior to utilizing thiseries of automatesystenstoconductalargs cal e HTS, t he as
reproducibilityagain required assessmdnta manner similar to previous experiments, adhltckerboard pattern was
generated using only the automated liquid handling systems and scanned for fluorescence aD&appomtingly,
statistical analysis revealed asgore well below 0, indicating that some error during plate loading had occurred.
Undeterred i ncr eased scrutiny was applied to the assayods
have been introduced secondary to automatioportantly, having read the literature, we were aware that extreme
outliers in either the positive or negative controls could adversely affectfdutdt, potentially leading to an apparently
unfavorable Zactor even when the assay would perform well in actual scregffh@nd indeed, as demonstrated by
the scatterplot and histogramsntained irFigure9-10, maj or er r or s weranotechuporubseguany 6 s |
evaluation.Curiously, over 8% of the wells plated appeared to have significantly reduced fluorescence (P<.001) as
compared to either positive or negative control conditions. No bias for positive or negative control wells could be noted.
Moreove, the distribution of these outliers with respect to their location on the plate also demonstrated no appreciable
pattern. Fortuitously, during the course of the work, investigators noticed the presence of droplets on some of the pipet
tips utilized bythe BRAVO liquid handling system. Confident volume carryover could explain this random distribution of
outliers, analysis of the source plates was performed. In congruence with our hypothesis, the wells of the source plate
corresponding to the outliers time checkerboard plate demonstrated differences in residual volume attributable to reagel
carryover. To correct this issue, atquch procedure, in which the endeafchpipette is touched to the rim of its
corresponding well, was employed. Further prgions included the modulation of pipetting speed to insure no bubbles
were generated during the mixing or dispensing procedasabese artifactaight interfere with accurate aspiration.

With these changes integrated into the automated-ipating gotocol, the HATCO assay was again characterized using
the Zfactor statistic. In this set of experiments, the benefits associated with the removal of human pipetting were realize
as analysis revealed the highestcbre obtained untihat point, .64 Table 97). Predictably, the majority of this

improvement could be attributed a reduction in the standard deviation for both positive and negative controls. To
summarize this effect, prior to automation, the coefficient of variation for the positive laooidition was consistently

in the range of -10%. Once the liquid handling systems described had been employed, this statistic dropped to a 4% C\
a doubling of platéoading accuracy. Thus, confident that no further improvements could be made, welpddoee

screen three complete molecular libratesg the optimized HATCO assay.
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Figure9-10. Pr el i mi nary Aut omation of the HATCO Assayds PlQutliers,.Loading Protocol Results in the

(A) Scatterplot of thioflavin fluorescence (485 nm) measured from a-®84#l plate loaded with positive and negative control conditions in a checkerboard pattern. (B) Histogram of
the same data emphasizing the magnitude of liquid handling dolbowing automation. Results demonstrate three distinct populations: (1) positive controls with a mean
fluorescence of 2100 A.U., (2) negative controls with a mean fluorescence of 1200 A.U., and (3) a subgroup of outlierslisteblited amongst posite and negative control
conditions with a fluorescence range of 600 A.U. Importantly, this last group represented over 8% of the total wells plated and was responsible for the assagsf@ooamce

after automation as assessed by théaZtor statisic.

Table9-6. Automated HATCO Assay Zrime Variables

Percent Coefficient of Variation

Positive Control (6XFAD Lysate)

Negative Control (Wild Type Lysate)

Average

2098.73

1069.44

0.04

Standard Deviation

85.02

46.68

0.04
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9.4.2 Results: LargeSc al e H Fuhdirg€ompaubds Using the HATCO Assay

Fourlargescale compound libraries were selected with guidance from experts in the Vanderbilt HTS core. The largest c
these libraries, the Spectrum Collection, is comprised of 2,000 structurally diverse molecules with a wide range of
biological activity. Brefly, the Spectrum Collection contains approximaggly drug components, 30% natupabducts,

and 20% other bioactive moleculéss one of therincipal aims of thisworkis 0 expand t he chemic:
binding compounds, tharimary advantagef@creening this particular compoulitgrary is thatits innatechemical

diversityc an hel p i d ebinding Stryctutalnriotistuethermore, because over half of the constituent
molecules of this library are drug components, there is an incriasidtbod of these structural motifs exhibiting unique
binding profiles to biological targets. On the other hand, the constituents of this compound library that are classified as
natural products or bioactive molecules carry the unigue advantage dflypbssboring nomA beentric therapeutic
potential. This possibility is i mpndingtpatential, maypsovesa more | e c L
potent therapeutic agent secondary to-grflammatory or antapoptotic effectsDespite thesedvantages dwever, the
endgoabf our aim to expand -binding maeculess toexpadite lthe develommert of hoyel o f
diagnostic and therapeutic agent s f-mindingAfinity Yaturallg,p ur po s i
compounds with a history of use in human clinical trials are ideal tdogdtss purposeFor this reason, the NIH

Clinical Collections | and Il were also screenmihg the HATCO assajymportantly, while the cumulative compound

library generated by #se three collections is robust with respect to both chemical diversity and clinical applicability, the
molecules contained are in no way screened for BBB permeability. For this redearth customized library containing

only compounds (200) which exXtii the cardinal structural characteristics of a BBB penetrating molecule was added to
the largescale screen. Thus, in total, nearly 3,500 uniqgue compounds were screened using the HAT @achssay;

fulfilling our desired criteria of high translatabilitgtistinct chemical structure, and suitability to cross the BBB to varying

degrees.

Screening of all compound | ibraries was pwelidawr med
HAT CO aBrisflg, 125 nL of DMSO was loaded into cofns 1, 2, 23, and 24 while column£23 were shot with

an equivalent volume of 10mM library compounBfating in this manner|even 384well plates were required to

214



complete the screefioeacho f compound c¢ o-4tdntaining bXrAD Iysaeiakasided irAam automated
fashion in accordance with the described protdsishilarly, in the wells located at the outer two columneaxfhplate, a
checkerboard pattern of 5XFAD lysate or wild type lysate was loddetspecified volume of thioflavin walken
simultaneously added to all wells again using the BRAMOId handling systenCritically, statistical analysis using the
Z-factor revealed a remarkable consistency between pleabde-8); a findingcredible to the automation of the assay
More importantly, the Zactor calculated for all plates was well above the .5 threshold, indicating that hit analysis on
eachplate could be performed without concern for fgissitives secondary to inappropriate pliding.In support of

this conclion, both positive and negative controls across all plates demonstrated a coefficient of variation below 4.5%.
Hit identification was performed ugirautomated statistical analy#imtrequiredthe tested library compound to attenuate
t hi of | awdem Sighal By lmagoitudsin excess of Standard deviationg&ppropriately, this practice is

accordance with standards in the fieldH3fS. In addition to this analysis, a preliminary characterizatiosaoh
compound6és r-afinigytvdasyen dr aatdédh,g This variable was ter med

according to thequation:

0 Qi OOEQI QO Péter p ———

Wh e rpa n d dedote the mean fluorescencemdasured frorpositiveand negative control wells on the plate,
respectivelya n d repiiesents thmean signal measured for the compoendtaining well. Operating under the

hypot he s-hirgingtmolactiles am reduce thioflavin signal at 485 nm by competidietiing wih amyloid

plagues, compounds with a higher percent inhibition are predicted to have a higher-difiding ni ty f or AD

assumption confirmed in subsequent experiments.

In a manner which highlights the specificity of @pprach HATCO-mediatd screening of nearly 3,500
compounds produced only 4#ts. A complete list of alhit compoundsincluding the fluorescence measured from the

wells that contained them, is providedTiable 98.
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Table9-7. Loading HomogeneityAchieved Via Automated HATCO Assay Pipetting Protocol

Loading Homogeneity Achieved Via Automated HATCO Assay Pipetting Protocol

Plate 1

Plate 2

Plate 3

Plate 4

Plate 5

Plate 6

Plate 7

Plate 8

Plate 9

Plate10

Plate 11

Plate 12

0.725

.604

591

.638

.626

.568

.609

592

597

.646

.615

.621
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In addition, relevant statistics such as the calculated percent inhiigancluded for review. Importantly,
percent inhibition wagppropriately calculateon a plate by plate basighis is because the mean values for positive and
negative controls vary slightly between plates. The relevance of this point to the reader is that a comparison of the raw
fluorescence values measureddachindividual compound cannot be used to gauge relative biraffimgty. An
example of how such analysis could lead to false conclusions is provided by comparison of cop@24@1183 and
VU02444024. Based only on the raw fluorescence data, it ago@s though compound VU0244402 bi nds AD
aggregates with greater affinityan its counterpart VU0243418, as t hi of l avi nds signal i
However, because the mean fluorescence measured from positive control samples locatedterctmegitang
VU02434183 was higher (WPH058695), in truth this compound attenuated thioflavin signal to a greater degree than dic
VU02444024.Thi s statistical det ai |-spexificithtbftayinfliolescenceambd8snmbyat t e
compounds such as YU0656139 strongly implies that these compounds are capable of binding to aragk®dblies.

To confirm these results, a confirmation screen was performed.

In this work, the 42 hit compounds identified in the primary screeme w&gain probed for the ability to bind to
A bassemblies using the HATCO assay. However, in contrast to previous expeiimweitsh only a single well was
allocated foreachlibrary molecule eachof the hitcompound were plated in duplicate in thiswgty. Of note, this practice
is again in congruence with established protocols in the field, as it brings the total number of measureeaehts for
compound into the triplicate range. In a manner which highlights the reliability of the HATCO assay aasrg prim
screening technique, 35 of the 42 originally identified hit compounds again met statistical criteria for classification as ar
A Bbinding molecule. Moreover, tiecompounds which failed t@achstatistical significance when measured in
triplicate were those with the lowest percent inhibitimmportantly, while percent inhibition calculated fchhit
compound during the primary screen generally corresponded with that measured in the aopfgeneen, as a whole,
the magnitude of this statistic decreased. This is most likely attributable to the confirmatory screen being run with a
distinct batch of 5XFAD | ysate, wilntbrestedinoghhthelmpptovtae syti nA
binding molecules, rarbitrary threshold of 50% inhibition was established, with the consequence being that only 15 of
the remaining 35 compounds warranted further evaluatost urgently, these 15 compounds required esassening

to confirmt h e i-hindirfy fpotential.
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Table 9-8. Full Library Screen Hit List With Percent Inhibition

Plate Well VU Number Fluorescence 485 nm Percent Inhibition
WPH058692 C16 VU0656139-1 608 97.7863749
WPH058693 B09 VU0243635-2 728 88.8849105
WPH058693 Al8 \VU0243640-9 840 79.7186701
WPH058695 P11 VU0243421-5 892 76.9811507
WPH058695 K22 \VU0243418-3 906 75.8758512
WPH058694 121 VU0244402-4 894 74.834963
WPH058697 B21 VU0656634-1 930 71.8207283
WPH058693 H20 VU0244454-2 948 70.8797954
WPH058693 P18 \VU0244310-2 950 70.7161125
WPH058697 K06 VU0656668-1 954 69.8650369
WPH058693 G18 VU0656769 1 977 68.5063939
WPH058695 120 VU0518361-2 1001 68.3756045
WPH058693 G03 VU0005325-3 1059 61.7953964
WPH058697 E20 VU0656659 1 1096 58.293863
WPH058692 K22 VU0656169-1 1094 57.9411237
WPH058692 J22 \VU0243610-4 1108 56.7933181
WPH058698 co4 \VU0424095-2 1142 54,5889053
WPH058696 C19 VU0656568-1 1149 53.9910859
WPH058697 D11 VU0243664-4 1156 53.4046346
WPH058697 005 \VU0243646-4 1157 53.3231474
WPH058695 G15 VU0656445-1 1193 53.2172111
WPH058693 F21 VU0656808-1 1167 52.9565217
WPH058696 C03 \VU0254088-3 1164 52.7755267
WPH058699 P16 VU0254343-2 1155 52.4809261
WPH058693 E18 \VU0243638-4 1173 52.4654731
WPH058692 G18 VU06561541 1166 52.0381235
WPH058701 JO6 VU0465285-1 1116 51.840117
WPH058699 LO3 VU0254295-4 1188 49,7027098
WPH058700 121 VU0243360-3 1172 48.5124054
WPH058696 P10 VU0239662-6 1220 48.2374392
WPH058696 Al19 VU0254117-5 1228 47.589141
WPHO058695 K06 VU06563741 1281 46.2696141
WPH058693 EO03 \VU0243022-2 1301 41.9897698
WPHO058700 Al19 VU0239546-6 1299 37.8311606
WPH058699 MO05 VU0239603-6 1334 37.4112076
WPH058694 F19 VU0656003-1 1373 36.79456
WPHO058700 011 VU0424047-1 1345 33.9623633
WPHO058700 Al7 VU0424052-1 1358 32.8690076
WPH058700 C13 VU0253939-2 1358 32.8690076
WPHO058691 A20 VU0239562-8 1576 32.4070047
WPH058691 A05 VU0243165-3 1737 20.6134829
WPHO058691 K17 VU0244461-2 1738 20.5402312
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9.4.3 Results:Crossscreening of 15 Hit Compounds

Representing a limitation shared by all colorimetric based technologies including the HATCO assay, compounds with
considerable spectroscopic properties carerge fals@ositive readouts. In the spicicase of théHATCO assay, two
distinct absorbance profiles mtheoreticallyconfound our results. These incluct@omophoresvhich absorb light near

or at(i) 410 nm and (ii) 485 nnGenerally speaking, both of these absorbance profiles generate false positives by

inter fering with thioflavin f1l uor -bisdngafficitgemployedbgtbe HATCO t h ¢
assayConsidering first molecules that absorb at 410 nm, these compounds might significantly attenuate thioflavin
fluorescence not via comjitgte-b i n d i n gssémblies, Bubinstead by quenchimg excitation sourc&imilarly,
chromophoresbsorbing at the measdremission wavelength of 48#n pose a equally elevant problem, as these
compounds may be attenirgy thioflavin fluorescencin a process most analogous to the concefptanfter resonance

energy transfer (FRETn clarification of this mechanismphotons emitted at 485 nm secondary to thioflaunmyloid

complex formation would be immediately quenched by the fadsdtive lilrary compound. Thus, instead of attenuating
thioflavin fluorescence secondary to competitive inhibition, molecules absorbing at/near 485 nm would instead employ
thioflavin as a donor chromophore. To exclude either of these possibilities;pn&se crosscreening protocol was
developed for subsequent evaluation of putative hit compoiihgésprecise methodology of trapprachis described in

detail under the appropriately titled methods section.

As summarizedh Table9-10,overh a | f of t koeding com@oundswhich Anbt omoststringent
confirmatory criteria harbored spectroscopic properties which confounded the interpretation of their &xdeADn

lysate inducedhioflavin fluorescence.
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Table 9-9. Falsepositive Library Identified Via 2Phase Crosscreening of HATCO assaipdentified Hits

False-positive Library Identified Via 2

-Phase Crossscreening of HATCO assayidentified Hits

Sample Positive Control | VU0656668 | VU0656634 | VU0243421 | VU0243418 | VU0656769 | VU0244310 | YU0656445 | VU0518361
Mean (RFU) 149.80 85.67 47.00 109.00 111.67 113.67 110.33 93.00 97.33
Standard Deviation (RFU) 10.52 2.08 1.00 8.89 551 6.51 0.58 4.36 0.58
%CV 7.02 2.43 2.13 8.15 4.93 5.72 0.52 4.69 0.59
P-value NA 1.33E13 5.92E21 4.93E08 1.72E07 5.49E07 7.19E08 6.28E12 5.59E11
% Signal NA 42.81 68.62 27.23 25.45 24.12 26.34 37.92 35.02
Decrease
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Fortuitously, statistical identification éélsepositives is easily accomplished via comparison of the mean fluorescent
signal of thioflavinat 485 nmin the presere, or in the absence @gchp u t a t -bindieg cAnfipoundAs can be
appreciated from the data, chromophores which falsely gerieftate s i g n a tbinding mote¢ule exhibit A fobust
effect on thioflavin fluorescence in the absence of lysate. For this particular set of chromophores, thioflavin fluorescenc
was reducedia norrcompetitive binding mechanisms by as little2d4s126 and by as much #&8.62% Importantly,

because the standard deviation witeichsample is miniscule relative to the mean (%CV ranging fror8.%3%), n

this work, a simple twdailed paired studenttest proved an adequate statistical meag\gated, this quantitative
apprachto the crossscreening of hit compounds is highly sensitive. The best support for this statement is garnered by
review of the relevant-Ralues, all of which are orders of magnitude below the threshold of .05. Therefdestheh

falsehits identified in our screen are characterized by relatively robust spectrosonfiands and are thus easily
identifiable, gven the high statistical power of this cresgeeningapprachit is projected thaless optically active

molecues would also be correctly rejected from further study. Furthermeyenia simply identifying false positivesur
crossscreeningapprachalso provides mechanistic rationale for their exclusiogks detailed in the appropriately labeled

methods sectin this is accomplished via characterization of the unique absorbance prefihplitative hit.
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Figure9-11. Two Distinct Absorbance Profiles Characterize Fafs®sitive Hit Compounds.

In congruence with our twg@hase crosscreening paradigm, absorbance profiles éacho f t he 15 cldnuidg ndobetuées illdntified via HATCOnediated HTS were
collected over the 25®00 nm range. Foeachtrial DMSO was used as a control spectiotably, absorbance over the 28%0 nm range is confounded by the spectroscopic

properties of the 384vell plate. As hypothesized, molecules with one of two distinct absorbance profiles were confirmed as confounding vamisiiderseadout of the HATCO
assay. These include chromophores with absorbance at: (i) 410 nm (left) or (ii) 485 nm (right).
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Table9-10. Confirmed & Crosss ¢ r e e n-kindind\ ®Molecules Identified Via HATC@nediated HTS

Confirmed & Cross-O A O A A 1 -Biniling Molecules Identified Via HATCO -mediated HTS

Sample Positive Control VU0243664 VU0243360 VU0656139
Mean Fluorescence (RFU) 149.80 163.00 148.00 144.50
Standard Deviation (RFU) 10.52 7.55 2.65 6.36
Percent CV 0.07 0.05 0.02 0.04
P-value NA 0.04 0.77 0.49
Percent Signal Decrease NA -8.82 1.20 3.54
= =
OH ?+ i | 3 N//O
e N o
Structure o N Oﬁ i °
N S—NH
PN OH
N/ BN
Confirmed & Cross-O A O A A T -Binling Molecules Identified Via HATCO -mediated HTS (Continued)
Sample VvU0244402 VU0243635 VU0243640 VU0656658
Mean Fluorescence (RFU) 138.50 148.67 151.00 144.00
Standard Deviation (RFU) 2.12 15.82 7.00 0.00
Percent CV 0.02 0.11 0.05 0.00
P-value 0.14 0.86 0.85 0.45
Percent Signal Decrease 7.54 0.75 -0.80 3.87
NH, 0 0
N Cl i P
Structure H N / \ N e N i
N
e N cl Cl CH
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As discussed, twdistinct absorbance profiles may theoretically confound the readout of the HATCO assay and
thus generate falgeositives These include chromophores with absorbance at (i) 410 nm and (ii) 48btarestingly,
review of the relevant spectroscopic datagasts that both types ohromophoresnight becontained in our library of
falsepositives.Taking the absorbance profile of compound VU0656634 for exanagigraphically illustrated iRigure
9-11A, thismo | e cabilityet@datenuatehioflavin fluorescencenight best be explained by its ability to absorb at 410
nm Under the proposed mechanisamgonsiderable portion of the incident light is absorbed by the chromophore, resulting
in fewer photons of appropriate eneiggingavailable to excitéhe obital electrons of thioflavin from theground state
Despite the coincident trends in the data howevés worth noting that this scenario was hypothesized tanlileely
prior to data analysjss the excitation lamps of the plate reaglere thoughto emit enough inciddrphotons to mask
any quenchingTherefore, it is possible that compounds like VU0656634 may attenuate thioflavin fluorescence via
mechanisms not yet elucidatestill, of the 8 compounds classified as fafa®sitives secondary todhr ability to
attenuate thioflavin fluorescence in the absence of 5XAFD ly8atksorbed uniquelyear410 nm.Less surprisingly,
other members of our falgmsitive library were potent absorbers at 485 nm, the emission wavelength employed by the
HATCOassay to i dent i f-thioffavineomgléxassAs expeatédj esem maleculefviith modest
absorption at 485 nm, such as VU0656668, are capable of generatifgoitdee readouts (Figui@11B). Taken as a
whole, the data strongly supports the utility of our cres®eningapproactor the identification of fals@ositivehits.
Moreover, by employing a twphase crosscreening paradigm, not only are prbbinding chromophores eliminated
from future study, but a plausible mechanism underlying their ability to attenuate thioflavin fluorescence is also garnere
Lastly, because both components of this procedure are compatible with HTS methodologies, even if a large fiiaction of
compounds iderfied via HTS with the HATCO assay ultimately end up being falssitives, minimal resources are

required to refine the hit |-biddinggpotgntat o onl y t hose mol e

Building on this point, because falpesitives are readily ideni#ble, the high incidence of these confounding
chromophores in the HATCO assayds hit | ibrary actuall
the data up to this point, p r-bindiagrpgtent@lesingetiee MATICQ assaly reskulted O (
in a hit list of 42 compounds. If these results were to be interpreted without further study, this would mean that just over

1% of the |ibrary c oplpgoes.nMiesthissnformatemisecdrtaibly usefudspeciallyAdy
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ligand-based rational drug desigppraches the time and expense associated with characteraictyof these

mol ecul es is too great to facilitate rapid pr-longingess i
molecules is necessar@onfirmatoryscreening certainly progressed this work towards that aim, reducing the hit library
from 42 compounds to 35, an approximate 17% decr&aflefurther refinement was deemed necessary and for this
reason, only those compids which inhibited thioflavin fluorescence by more than 50% were selected for further study.
While this threshold is indeed arbitr ar ybhindihgtstructwesgr our
warrant further study. Significantlyybnstituting this cufoff, the number of hit compouais remaining in the library was
decreased from 35 to just 15; representing a nearly 60% refinemenjustawer a third of its original size this library of

hit compounds can be further refined viagsscreening for falspositives. As listed iffable9-11, crossscreening of

the remaining 15 candidate hit compounds resulted in a final libraomlpf7 caonfirmed and crosscreenedits.

|l mpressively, this places the HATCO assayso6 exclusior

optimally useful screening technique.

Lending further credibility to our hypothesis that chromophores with considerable absorbancerata4iiD485
nm represent the major source of faghesitives in the assay, none of the cresseen validated hits exhibited robust
absorption at these wavelengths. Instead, the majority ofscosened hits, such as VU0243640 and VU0656658,
exhibited litle to no spectroscopic activitfFigure 912A). In a manner which emphasizes the precise spectroscopic
properties needed to generate a falgsitive result, other hit compounds, for example VU0243360, are characterized by
robust absorbance profiles atwedengths compatible with HATCO assmediated screening (@ire 912B). Notably,
the inclusion of such chromophores in our cres®ened and validated hit library is of supreme significance it
of the HATCO assay, as it confirms that not atllecules with spectroscopic properties are excluded from study.
El aborating on the signif i canc e-pleatedshebtitettiarypstructare, mdleaules h e r
which bind assemblies of Ab itiagraelanarstruaune. As a consegaence df thisi k e |
molecular configuration, such molecules are routinely characterized by the presence of aromatic hydr8eandnses.
this structural motif exhibitshi gh r i ng d e nepableyof abdorbirghomns éalting within the visible
spectrummolecules containinthese structures are routinely fluorescent. Summarizing this point, if the HATCO assay

was incompatible with all spectroscopically active molecules, a large fraction of highly relevatiratrmotifs would
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have to be excluded from HATCfediated HTS studies. However &istis not the case, the data strorglggesthat

the HATCO assay is an ideal HTS tbieding compoaondsy f or t he i
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Figure9-12. Crossscreening Excludes Chromophores with Confounding Spectroscopic Profiles.

Absorbance profiles foeacho f the 15

chindidg ndodetutes illdntified via HATCOnediated HTS were coglcted over the 25®00 nm range. Foeachtrial, DMSO was
wavelengths. Follwing crosss cr eeni

usedas a control spectrumNotably, absorbance over the 28%0 nm range is confounded by the spectroscopic properties of then@8ldplate, which absorbs robustly between these
ng, only 7

cC 0 mp dinding potemiial remadnechin our mitdidrary Predictably, compounds with no spectroscopic activity
were not eliminated by our absorbanrbased operation (left). Significantly however, compoundshwitbust absorbance profiles also comprised our finalized hit library. In
congruence with our hypothesis that falpesitives can attenuate thioflavin fluorescence by absorbing at the 410 nm or 485 nm wavelengths, compounds absorbintd icurtasnde
compatible with HATCO assdyne d i

were not eliminated by our crosscreening operation. Thus, with the unique exception of molecules that absorb at either of these two wavelengths, allhohesnagpear
at ed as s ebindingepotential.f Ab
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944 Resul t s: Ex per i me n tbiading Affmity ef Confirmeal tind Grossadened Hits

Seeking to further characterize our -binding affimtyngmatonol s by
routinely used by the Vanderbilt HTS core facilitating the determinatieaasth i t compounddés | C50
for compatibility with the HATCO assay. While this operation is described in detail in the appropriately labeled methods
section, brieflyeachhit compound was shot onto a 384ll plate in the presence of 5XFAD lysate and thioflavin over a
concentration range of 15 nBOO L. Following an incubation period designed to permit complete equilibration,
fluorescence at 485 nm was measured using an automated plate reader. As expected, plotting of the resultant fluoresc
data as a function of concentration in a logarithmibifas revealed the characteristic sigmoidal curve. From this curve,
IC50 values foeachcompound were calculated usialgorithms available in the GraphPad software package. These
values are summarized Trable9-11 and reveal that of all compounds screened using the HATCO assay to date,
promet hazine exhibits the hi gnpoetantly, tHisidatadprovidgd aastrohg impietisyo f ¢

continue evaluating pr-plagestintre secankepbase chduriHaforagh t o bi nd Af
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Table9-11. IC50 Values of HATC@dentified Hits

IC50 Values of HATCGIdentified Hits

Compound ID | IC50 (uM) Molecular Structure Chemical Name M.W.(g/mol) CLogP
VU0656139 61.23 2-Hydroxy-3,5-dinitro -benzoic acid (5nitro -furan-2- 365.21 2.40
? a [ N 7 ylmethylene)-hydrazide
o&“ H/N S o * }0
OH
0
\VU0244402 74.29 3-Phenylazoepyridine -2,6-diamine 213.24 2.05
NH,
N
H;N / \ N
— N
VU0243664 108.52 2,4a,6a,9,10,12b,14ddeptamethyl-11-oxo- 481.69 6.82

1,2,3,4,4a,5,6,6a,11,12b,13,14,144a,14b

tetradecahydropicene-2-carbaldehyde
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VU0243360

68.07

OH

OH

2-Hydroxy-5-[4-(pyridine -2-ylsulfamoyl)-

phenylazol-benzoic acid

398.39

3.88
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Promethazin 53.63 S Dimethyl-(1-methyl-2-phenothiazin-10-yl-ethyl) - 284.42 4.89
N
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ResultsMALDI IMS ExVivo Imaging of Promethazine's Spatial Distribution in the 5XFAD Mouse Brain

Referencing back to the introductory sections of this aim, our research strategy employs a tappieceo
repurposi ng exi s t-bindigg affirotynfss@emordtsatedvily thdnabuhdance of data presented to this
point, the first phase ofun apprach HATCO-mediated HT Sprovides an excellent methodology for characterizing the

A Bbindingaffinity of moleculesn a preliminary manner. However to fully investigate the diagnostic and therapeutic
potential of hit compounds identified via the HBO assay, we believe a more extensive characterizatigatbf
compound6és BBB p-specifighaibwaltrainted®f naenvehile #hfs protocol is designed to be

generalizable to any hit compound detected via HATCO assmlfated HTS, in this whr phase 2 characterization was
restricted to PMZAs described in the appropriatedil methods section, MALBIMS wasleveraged for this purpose.
Summarizing the general protocobhortsob XFAD and wild type mice -@ndilg i nj ec
compound via tailzein injection at a standardized dose of 25 mg/kg. Four hours later, sufficient time for a molecule with
no affinity for Ab t o echannaléstsaciifiged. Wnpatdntlyopuidr to tis§ue hatvesting, r a i
cardac perfusion with copiougolumes of PBS is performed to avoid confounds associated with drug retention in the
microvasculatureAs visually depicted ifrigure 9-13, following this procedure, the brain tissudlésh frozen sectoned

in the coronaplane mounted onto golglates, coated with a 2dihydroxybenzoic acid (DHB) matrix, and analyzed on

the LTQ via pseudgelected reaction monitorinjaturally, before settling on th@timizedprotocol and analyzing the
distribution of promethazine itlhe brains of treated mice, we optimized the MALDI IMS method for promethazine. To do
this in a controlled fashion, promethazine was analyzed on a linear ion trap equipped with a MALDI source (Thermo LT
XL) using DHB as the matrix. Under these experimkeopaditions, promethazine forms a protonated ion at m/z 285.1
which is subjected to collisionally activated dissociation. Fragmentation occurs at the nitrogen moieties, resulting in thre
main fragment ions including the phenothiazine ring, a substiN#gpyl phenothiazine, and N;N

dimethylisopropylamine at m/z 198, 240 and 86, respectilrely.manner which highlights the specificity of this
analysisthese ions are unique to promethazine and are not observed in the DHB(FRigirie9-14A & 9-14B).

Moreover, MALDFMS of nontreated brain tissues generated virtually no signal at the specified mass to charge ratios,

confirming the specificity of our protocol for PMEigure. 914C).
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With this necessary control confirming our abilitygensitively distinguish PMZ from other ion sources, we next
determined whether PMZ accumulates sufficiently in the brain to permit detdaotibis set of experiments;i@onth-old
5XFAD (n = 5) and agenatched wild type mice (n = 3) were leveragedssess the topographical distribution of PMZ in
the brain after taiVein injection of PMZ. To minimize stress to tthesed cohorts ainimask, 4 injections resulting in a
cumulative dose of 25 mg/kg were administered owes hour periodln addition to mproved survivability of the
animal, thisapprachcarries the notable advantage of negating the need for pharmacokinetic proféaailoit
compound in the brain. All other experimental details were followed in accordance with the appropriately titled methods

section.
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Figure9-13 MALDI -IMS Protocol for Promethazine.

Snap frozen mage brains from dosed 5XFAD transgenic mice (2 and 8 months old) antypéldnice were sectioned into 12 um thick slice
and thawmounted onto a MALDI target plate. Matrix (30 mg/mL 2ifydroxybenzoic acid [DHB] in 50:50 methanol:water with 0.1%
trifluoroacetic acid) was manually applied using a glasgient sprayer. Tissue sections were analyzed (100 um spatial resolution) for
promethazine distribution on a linear ion trap mass spectrometer with a MALDI source (LTQ XL, ThermoFisher). Followingrdsutash
analysis, the tissues were washed in sequential st e poformplf0% 7 O
acetic acid), 100% ethanol, water, and 100% ethanol to remove the matrix and potential ion suppressaritpidsand salts. The same
matrix was reapplied using a glagsagent sprayer, and the tissue sections were analyzed (150 pum spatial resolution) for the distributior
amyloid beta peptides using a MALDI TOF/TOF mass spectrometer (UltrafleXtreme,rBiukeflectron mode.For peptide identification,
matrix was hangpotted onto a 5XFAD brain and analyzed in LIFT mode on a MALDI TOF/TOF MS (UltrafleXtreme).3A total of 35,00(
shots were summed to enhance the sigmabise ratio. Database seamdpiwas performed using BioTools (Bruker) and Mascot.
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The results of this protocol ailkustrated inFigure 914C, which showshe detected promethazine signal (m/z 86) on
representative brain sections from dosed wild type (top)dosed 5XFAD (middle), and dosed 5XFAD (bottom)

animals. Again, the lack of measurable signal in thedused cohort confirms that biologically iaanolecules do not
contribute to what is experimentally assumed to represent-@viZed signal. More importantly, while PMZ is detected

in the brain tissues of both dosed animals (5XFAD and wild typeje is a qualitatively higher signal from the dbse
5XFAD sections. In data not presented secondary to its redundancy, similar images were obtained fortwee other
fragment ions (m/z 198 and m/z 240), confirming the molecular specificity of the anBlgsfste their qualitative

nature, these findingsrovided the first experimental support for our hypothesis that MAMS imaging can expedite

t he c¢har ac t-lBndingznaléciles discavéred Kid HATQ@ediated HTS. As predicted, phase 2 screening
employing MALDI-IMS contributes to the charactera t i o fbinding mofebules in two ways. First, the detection of
PMZ signal in the brain inarguably confirms the ability of this molecule to cross the BBB. Seasdgscribed in the
following section, MALDHMS provides complementary data unobtaieaba independent implementation of the

HATCO assay by facilitating the direct analysis of intact tissue and preserving the spatial distribution of molecules withi
that tissue. Put plainly, MALDI IM$ased analysis of HATCO discovered hits enables relse@ to assess the

bi ol ogical relevance of the molecule's retention pat-t

distribution.
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Figure9-14. Validation of Promethazine Imaging usifdALDI -IMS.

(A) Chemical structure of promethazine and its fragmentation pattern under the described experimental conditions. (B)
Fragmentation pattern of promethazine generates ions with unique m/z values (red circles) that are distinct form thatbki.B
(C) Visualization of promethazine retention in 12 um coronal brain slices of dosed 5XFAD and wild type mice at three ioas.
were given a cumulative dose of 25 mg/kg of promethazine using four tail vein injectionhatr2intervals. Four hourafter the
last injection, cardiac perfusion was performed and the brain tissue harvested. MAWL®lanalysis reveals enhanced retention ¢
promethazine in amyloitburdened brain tissue (5XFAD) compared to wild tygkitically MALDI-IMS of nontreated bain tissue:
(5XFAD NT) generated virtually no signal at the specified mass to charge ratios, confirming the specificity of our protocol f
The high degree of corroboration between all three m/z peaks confirms the specificity of this protocol forthmpime.
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945 Result: Corroboration of PMZ06s RemgintbherBain Udhg MAADIt i o n
IMS

As stated, beyond canfning BBB penetration under wivo conditions, MALDI IMSbased analysis of HATCO

discovered hits enables researchers to assess the biological relevance of the molecule's retention pattern in the brain \
direct comparison with t {peptide assgembijedale mostbadic ledkl, thet MALEIMS t i o T
method combias the multichannel (m/z) measurement capability of mass spectrometry with a surface sampling process
enabling us to probe aneimad ntghenod reecsud recse amfd pAbt gteipu ¢
Critically, our protocol has beatesigned such thaté sameoronal brairsectiors analyzed for PMZ can lamalyzed for
individualA b  p espfteriadezies of washesremove confounding ion sourcéster washing, he sample plate was

put into a timeof-flight MS (Bruker AutoflexTOF) and analyzed in linear positive iotode from m/z 25007000to

s ¢ r e e nspécificrsignalBs predicted, amaumber of signals corresponding to amylpaptidesvere detected, as

shownin Table9-13 (based on humaamyloid precursor protein, Swiss &rentry number PO506 Anterestingly, the

resulting image is similar for all amyloid ions detected (data not shown). Howleeeaighafor m/z 4332, corresponding
toAbgowas t he mo s signadbtectedimthetbraifsfof 5XFAD mij@nd was thus selected for comparison

with PMZ retention in subsequent studi€sr i t i ¢ a ko peptide istwidely aécbpted in the field of AD research as a
maj or constituent of mature Ab plaques,iyd%4 Thus, olras b e
study asspmepodsihatombr easonably reflects the regional
reference, e localization of m/z 4332 is shown in &ig@9-15. A quantitativeanalysis of this dateeveals thathebrains

of 8-monthold 5XFAD mice exhibita five-fold increase iramyloid peptidesignalas compared to both thenZonthold

5XFAD animals and agmatched wild type contralor eover , t he a mo wmbnthold 5XPAD pept
cohortis not significantly different than that dfie 8month-old wild type mice. Importantly, these results are in

congruence with our a priori predictipns as 5 XFAD mi ce do not begi-of-ageccr ui n
Furthermore, critical analysis of these images reveal
specific regions of the brain, including the isocortex and hippocampal ©A3 areasThus, the data strongly suggests

that MALDI-IMSimag ng at 4 3 3 2-bunderzin thie &rpims ifKFAD ride with high fidelity.
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I n an effort to demonstrate promethazine's potent
first quantified the total promethazine generated MAILKE signal ineachof the three cohorts. To do this, we employed
standard image processing technigues which rely on transformationMattiel IMS data into a binary image format to
facilitate quantification of the average signal intensity generated by groaneti n e  aopeptide. Asedepistied in
Figure 9158, MALDI IMS imaging of promethazine in-Bhonthold 5XFAD animals revealed a signal intensity nearly 3
fold greater than that of ageatchedwild type animals. In contrast, promethazidesedwild type mouse brains exhibit
virtual lggnerated signal4r@ a minimal signal representing promethazine. This data is consistent with the
HPLC data presented Figure 916, which indicates that only residual amounts of promethazine remain in the brain of
wild type mice 240 min posinjection. Notably, the signal trends observed in promethazine signal mirror those of direct
Ab peptide imaging; as signal intensities derived frc
8-monthold 5XFADmice compared to agmatchedwildtypec ont r ol s . I n addition, the
assessed by MALBI MS i magi ng of the ADb40 peptide i s whicmglaesabl
to the possibility of intesubjectc o mpar i sons of Ab pl aq Hewetrn it rehained possible g t
that the brain regions responsible for generating the enhanced promethazine signahnmotitiedd 5XFAD cohort
might not be of biological significance with respect © pathophysiology. Therefore, we sought to investigate whether
regions of known pathological significance, including the isocortex and hippocampal fields possessed promethazine sig
differences like those observed in the whole brain analysis. As depidtegre 915C, quantification of the MALDI
IMS signal intensities generated by promethazine withichexperimental group supports the conclusion that
promet hazine is retained as a functi on o fpathdplysioldyOm | a c
average, the promethazine signal measured in the brainsoh@old 5XFAD mice is 2fold greater than that of age
matched controls in both the hippocampus and isocortex (n = 3 per region, P < 0.01). In congruence with our mvhole bre
analysis, no significant differences in promethazitention were observed between wild tygrel 2monthold 5XFAD
animals in either of these regions. Considered together, the similarity in mean signal values generated by promethazine
and A fathexpérimental cohort, in addition to the evidence which illustrates that these trends are observable in
biologically relevant brain regions, lends convincing support to the conclusion that promethazine is preferentially retaine

in the brain in an amyloidgpendent manner.

238



Table9-12. MALDI-I MS Signal s Cor rpepgtideoSpecies g t o AD

MALDIF) - 3 3ECI Al O #1 Qe&phlO©SpecledA ET C
Peptide | [M + H]* Predicted Average| [M + H]* Observed Average
| 1 -3D 4075.5 4076
L 1 -39 4132.6 4134
| 1 -39 4231.7 4232
L 1 -4 4330.9 4332
A B
044
5 XFAD 03 =
2 months 8months WT i

Optical Image

Promethazine
m/z 285 — m/z 86 + 240

ABR40
m/z 4331

Figure9-15. Differential Retention ofPromethazineas & unct i o nlaquéBurddén. P

(A) Representative coronal brain slices obtad from promethazinéreated wild typeand 5XFAD mice (4 h post injection) we
assembled on a gold plate for analysis via MALDI | evidties in the wih
typeand 2-monthol d 5 XFAD cohorts i mplies that A b-magnth-ald &X&EAD naiae.elmpodantlyy
this finding excludes differences in BBB permeability or brain proteomposition between 5XFAD and wild typaodels as
alternative explanabns of the differential retention of PMZ observed in then®nth-old 5XFAD group. The differential signal
intensity of PMZ between 2and 8monthol d 5 XFAD mice confirms promethazine's ¢
burden as well as demonstres i ts speci ficity for mature Ab plaques. ( B)
generated MALDI IMS signal in wild typand 5XFAD mice. Signal intensity was calculated as the percentage of pixels
exhibiting promethazinggenerated MALDI MS signal above background levels. The mean promethapgiereerated MALDI
signal obtained from brains of-Bhonth-old 5XFAD mice wa 3-fold greater than that of wild typeontrols (n = 3, P < 0.01).
Furthermore, no significant differences in promethazgenerated signal were observed betwe2-month-old 5XFAD mice and
wild type controls (P = 0.47). Critically, these trends in promethazine retention between experimental cohorts directly m
those observed via direct Vi s usapporégng the oonclusibn thah promethakite rptenpidniindtle
brain is amyloid dependent. (C) Quantification of promethazgemerated MALDI IMS signal in pathologically relevant regio
of interest. Overlay of MALDI IMS promethazine images with the Alleowse brain reference atlas facilitated quantificatior
the mean promethazingenerated signal intensities within the hippocampus and isocortex. Mean signal values from these
regions werehen normalized to agenatched wild typecontrols. Within these regns of interest, promethazine retention was
significantly greater in 8month-old 5XFAD mice compared to wild typeontrols (n = 3, P = 0.006). The results suggest that
promethazine is retained preferentially in amyléddrdened brains in regions of theabr n known t o be sus:
aggregation.
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946 Result: Confirmati on of -ddpdident REeBtioPietheeBtan blding dPLC and A

To confirm the results of our second phase of screening (MAMS3I) using a golestandarcapprach HPLC analysis of
brain homogenates was | everaged. Again, the purpose
both cross the BBB abe retained in the brain parenchyma in an amydejlendent manner. Therefore, in precisely the
same manner as for the MALIVIS set of experiments, ild-type and 5XFAD mice (n = 3 pgroup) were injected with
promethazine (25 mg/kg) via the tail veaisd subsequently perfusdd an effort to better assess the pharmacokinetic
profile of PMZ retention in the brain, mice were sacrifid®@dmirutesor 4 rourspostinjection. Freshly isolatedrains

were then homogenized to facilitate extraction and giieation of the promethazine contained within the sample via
HPLC using a procedure reported by ouogp previously'®*? As shown inFigure9-16, following a brief systemic
distribution, wenoted pronounced peaks at retention times of 15 and 17 min, ednicsponded to (R) and (S)
enantiomers, respectivefy?® %29 Of note, the moleculareightof the molecule associated with the peaks at 15 and 17
min match thabf promethazine as determined byilMS and identically matches tipeaks obtainedyoHPLC analysis

of a racemic promethazine soluti(gata not shown). Among the wild typgce, the peaks corresponditegboth (R -

and (S)promethazine disappeared 4 h pogtction. However, both enantiomers of promethazine remained in amyloid
burdend 5XFAD brains 4 h posinjection. Interestingly, retention tifie (S}yenantiomer appeared favorable compared to
that of the (R) configuratiorT his may suggest that the (S) configuration of promethagipencipally responsible for

bi ndi npgaquesUsingBtandardizedoncentration curves and integration software available from the HPLC
system, we calculated that 2% anB%.of the original promethazirdose was retained 10 min pdsjection in 5XAD

and wild typemice, respectivelyThus,promethazine exhibits aféld higher retention immyloid-burdened brains at the
10-minute timepoint with respect tavild type controls. At the 24@ninute timepoint, 0.5% of the original dogemained

in 5XFAD brains compared to 0.01% retention in il type animals.These results represent a significant difference in
theretentionopr omet hazi ne a squabufdanimaehe brains at €0 miAube timepant. Further

analysis of this data reveals té amount of prometkae retainedn the brain of wild typemice drop97% during the
10- to 24Gminute time interval, while promethazinetention falls by only 75% in amylcidurdened 5XFAD brains. We
performed a control study to demonstrate the notion that compounds lacking any lkimdirgf targets in the brain will

be virtually 100% cleared an hour after administration. Toward that goal, we injected Cy5.5 succinimide ester dye (2

240



nmol) into the left ventricle of a mouse and tracked the distribution using an optical imaging systexdidtely after
injection, we observed the dye diffused into the brain tissues; however, one hejgubigin, no trace of the material

was detected in therain (Figire9-16). Thus, the findinghat the rate of promethazine clearance in the braievarian
amyloiddependent manner i s best expl ai n eadserhbliesTakeretogethen, thei t vy
data is highly congruent with the analyathieved via phase 2 screening with MALIWS. Namely,that promethane

can penetri@ the BBB and isetained in the brain in an amyleitpendent manner
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Figure9-16. HPLC Determination of BBBPenetration andifferential Retention of (S)promethazine in 5XFADMouseModel.

Ten minutes postnjection, detectable levels of prorteazine were measured in both wild typmean = 2.57g) and 5XFAD (mean =
9.62¢g) mouse models, thus cinming promethazine's ability to cross the BBB in both models. At this tppant, 0.5% of theoriginal
promethazine dose ietained within the brains of wild typmice compared to 2% retention in the 5XFAD model. This is approximately
a 4-fold increase in promethazine retention in amyldidrdened brains. At the 24finute timepoint 0.5% of the oiginal dose retained
in 5XFAD brains versus 0.01% in wild typmice. Given that the difference in promethazine retention betweitth type and 5XFAD
grows over time, it is highly probably the enhanced retention of promethazine in amgloidened brainseflects an affinity of
promethazine for A plaques. Tail vein injection of racemic mixtures of promethazine facilitated the determination of stpeebic
binding. Note that both the (R- and (S}ypromethazine enantiomers are retainedalatively the ame level in wild typebrains;
however, the (Sversion is retained at higher levels 240 min pasjection in the 5XFAD mice. These results support the conclusion
that the (S)promethazine enantiomer may be primarily responsible forpdaque binding. Futher, cardiac perfusion protocol was
performed prior to brain extraction/homogenization to avoid confounds associated with promethazine being retained inahe micr
vasculature. All measurements were performed in triplicate widbhdose equivalent to 25 gikg.
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Figure9-17. Non-targeted Compounds are Rapidly Cleared from the Brain.

Intra-cerebroventricular injection of the Cy5.5 succinimide ester dye (AP was performed using a stereotactic surgical instrument.
Once anesthetized with isoflurane, the skull was exposed and a small burr hole was generated using a dental drill. Tiveagnimal
subsequently injected using a Hamilton syringe with agdtige neele at a rate of 0.5nL/min into the left lateral ventricle using the
coordinates: 1mm caudal to bregma, 1.3 mm lateral to sagittal suture, and 2 mm in depth. After injection, the skin wassihgsed
surgical sutures and the animal was subjected to imggmmediately and 1 hour podghjection. Analysis of the resulting data reveals
that compounds lacking bindingffinity for a substrate in the brain are virtually completely cleared within a one hour timeframe.
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9.5 DISCUSSION & SIGNIFICANCE OF WORK

As reiterated time and time again, despite the swatead applicationf amyloidbinding contrast agents iD research

trials, theidentification of A -binding molecules capable of crossing the BBB remaisignificant bottleneck in the

overall efort to detect and treat ADPrior to our work, the predominadtug design stratggavailable to science involved

the structural manipulation of known amyldithding molecules such as thioflavin and Congo Red. Howéwer

efficacy of thisapproacthas poven largely inadequate and has arguably been exhausted. Supporting thisrdia#n,
clinically implemented diagnostic probes for Al have been generated in nearly three decades of Msesocar, no
diseasemodifying therapeutic has been develop&dAD, despite considerable evidence in preclinical models that
perturbation of amyloiéiggregation via small molecules represents an ideal therapeutic strategy.ivdnutheycostly
development and structural limitations intrinsidig@nd-based probéesign, the impetus for our work is the passion to

find newappracheswhich facilitate the identification of unorthodlamyloidbinding compounddn pursuit of this goal,

we successfully integrated the unique advantages of-emsdayMS mediated HTS tdmologies tadescribe a robust,

reliable, and rational technique for the identification of ideal amyiiding compoundsConsidering first the HATCO

assay component of our research, this particular screening methodology is unique in severaVaspéeigsortantly,

unlike alternative thioflavitbased screening technologies which are traditionally restricted to-tivelBglate format,

rigorous troubleshooting has been performed on the HATCO assay to facilitate its translation tevibé giadfarm.

Most practically, the assayb6s working volume hasL beert
to its final optimized volume of approximately 2& . I n a similar manner, dathe assa
candidate compad has been substantially reduced in order to facilitate compatibility with widely implemented
restrictions imposed by the HTS core. For this parameter, the initial requiremenrtloSlibrary compound was

reduced by a factor @00; optimized down ta volume of just 125 nanoL. Equally critical to the successful translation of
the HATCO assay to the 384ell plate format was the incorporation of automated liquid handling systems for plate
loading.It is noteworthy that prior to this optimization, thepdime statistic for the HATCO assay was abysmally low,

with a mean value of .34. As revealed by the data, this is largely attributable to the viscosity of the 5XFAD lysate, whickl

causes it to exhibit a propensity to adhere to the tip of the pipetteinip stm major deviations in total well volume are
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introduced into the plate, which dramatically alter fluorescent signal, increase standard deviation, and consequently rec
the Zprime statistic. To address this issue, loading techniques practicalgnmapied only with the assistance of liquid
handling systems proved to be necessary. Relevant operations to combat the inherent difficulty of loading the 5XFAD
lysate included the integration of an automateddigh protocol, preand postaspirate volumeas well as reagent
specificrates ofdispensation. With these parameters optimized, the HATCO assayegeiredlescriptive statistics of
reproducibility compatible with efficacious HTS, with a meapriime of .62 and a %CV under 5% under realld

saeening conditions. Placed in context, thimtshe HATCO assay among the most robust HTS technologies described
for the identification of A-binding moleculeso date, with techniquescheving a Zprime above .5 being considered
exceptionally well opthized Despite these exceptional statistics, the-waald utility of our technique could have been
limited by the high cost associated with harvesting sufficient brain mass to produce the 5XFAD lysate. Fortunately, this
concern has been sufficiently addsed via a tfbld dilution of the original lysate parameters. In fact, under the

optimized protocol, the sacrifice of just one 5XFAD mouse is sufficient to screen approximately 2,000 library compounc
Again, this costfficiency would be meaninglesstiie validity or reproducibility of our assay was negatively impacted

by this alteration. However this scenario proved not to be the case. To the contaamamner which highlights the

reliability of the HATCO assay as a primary screening techniquef 8t 42(83.33%)originally identified hit
compounds met stati st i ca kbindingmaleeulén acorfirmatorycsdreemiardoVel, tbeart i o r
compounds which failed tieachstatistical significance wham-screening using the HATCO assay were those with the

lowest A affinity. All attributes consideredhe HATCO assay imarguablywell-suited for the screening whst

molecular librariegor Ai -binding affinity.

Beyondsimply surpassing alternativereening methodologies with respect to speed and efficiency, we argue that
the HATCO assay offers unique advantages over its competitors. Most substdtiatilizing naturally formed
amyloid species dared from thesXFAD mouse model in lieu of ivitro derived alternativethe increasingly recognized
confounds associated with synthetic amyloid assemblies can be avoided drtit@lgother wayits identified via the
HATCO assay are predicted to have higher translational valafitthey are targedleéo amyloid assemblies with
biologically relevant tertiary structure&.second way in which our HFBasedapproactto the identification of A-

binding agent®ptimizes translation validitis via its abiity to repurpose orphaned compoundisshould benoted that
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orphaned compoungthose drugs that have been rejected for the treatment otladed diseasehpld a key advantage

with respect tdranslatability, as this tremendously large and heterogeneous group of molecules typically have a history
use in human trials. Moreovehe possibility of identifying an iAbinding molecule with oftarget therapeutic benefits is
increased byrobinglibraries of orphaned compounds, as the vast majority of these compounds were designed to harbo
biologic activity. With these key advantages in mind, our initial screening experiments focused predominantly on
compound libraries enriched with orphaned compounds, such as the NIH clinical collection HowieNer, beyond the
potential of identifying A affinity in abandoned drugs, reliable HTS technologies like the HATCO assay also permit the
characterization of natural products with innate and often times pleiotropic therapeutic effects. To leverage this advante
we screened the Vawpdeecrtbriunm aQbTllS efcatciioniot,y 6as cfhiompound | i
activedrugs and natural produciss demonstrated in this work, primary screeningheflarge, structurally diverse

molecular librarieslescribedising the HATCO assay can selective i dent i fy compound-s poss
assemblies of correct tertiary structureprincipal this assay operates by monitoring a comp@siathility to dissociate
complexes of thioflavilR b v i a ¢ o mp e tHighlighting the utility bfthi$ rovelassay, HTS of a 3,500

compound molecular library resulted in just 7 confirmed and evassened hits. Put another way, HATCO assay

mediated HTS eliminates 99.88bmolecules tested. Critidaly k n-lmnding cérpoundsuch as resveratrolsa

register as hits when screened with the gssagsult whictsuppors the validity of ourapproachTaken as a whole, the

data strongly supports the utility of the HAT&8say as a primary screening methodology for the identification of novel

A Bbinding molecules.

Notably towever,if we were to limit our drug discoveparadignto just thisassaymediated HT Swe would risk
repeating the mistakes of opiredecessonsy failing to appropriately characterize the BBB penetrance of our initial hits.
As reviewed at length in earlier chapters, the failure to sufficiently characterize the BBB penetrance of putative
therapeutic compounds has historically manifested itself as the single most ubiquitous limitation of all AD clinical trials
conducted to date. Unling to accept this limitationpur apprachradically differs fromall previously published
probddrugdiscovery methodologigs that we employ a second phase of screening which provides information regarding
a candidate probes performance in an in vivo model afIAiportantly, thisapprachobviates the development of

unsuitable compounds and thus minimizes the potentialgssal and wasteful investment associated with traditional
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probe desigstrategies. Tdacilitate this improverant, we utilize the 5XFAD modelombinedwith a robust mass
spectrometry imaging capability to both confirm thie gpecificity of our hit compourgdwhile simultaneously evaluating
their bioavailability across the BBB\s a demonstration of the applicability of tlsiscond phase of compound

characterization, the hit compound of highest clinical applicability, PMZ, was studied in this manner.

In this work 5XFAD mice with moderate iAburdenand agematchedwild type controls were used for ex vivo
MALDI -IMS analysis of promethazine retention in the hrBioth qualitativeand quantitativeassessment of the resulting
MALDI -IMS imagesshowed a cleaandstatistically significansignaldifference between promethazimeated wild type
and 5XFAD mice after intravenous injection of the compound. Impressively, thesartgrle consistency of the
promethazingenerated MALDI IMS signal facilitates 100%accuate discrimination of AD from wild typeouse
models using only a simple threshdidsed kyorithm. When these observed differascin PMZ retention between wild
typeand 5XFAD mice were quantified using HPLWe calculated that 2% and 0.5% of thiggimal promethazine dose
was retained 10 mipostinjection in 5XFAD and wild typenice, respectivelyDescribed in a different manner
promethazine exhibits aféld higher retention in amyloilurdened brains at the -binute timepoint with respect to
non-amyloid burdenedontrols.While this result certainly alludes to an amyloidpendent retention of PMZ in the brains
of 5XFAD mice, PMZ levels at later time points were evaluated in order to definitively attribute this differential in PMZ
retentiontda he mol e c ul e 6@ffinfiyulh antannereongruant With thid moddltlee 246minute time
point, 0.5% of the original dose remained in 5XFAD brains compargdta0.01% retention in the wild typenimals.
Further analysis of this data eals that the amount of prometirge retained in the brain of wild tymeice drops 97%
during thelQ- to 24Gminute time intervalvhile promethazine retention falls by only 75% in amybiddened 5XFAD
brains.Thus, gven the convergent evidence offergdMALDI IMS and corroborating HPLC data, we conclude that
promethazine is retained in an amyloiependent manner in the braimthis modelPMZ is retained in the brains of
5XFAD mice secondary to a reduced rate of clearance attributable to its iorexith assemblies of amyloitiending
feasibility to this hypothesisegional differences in the retention of promethazine correlate well with the spatial
di stribution of ADb plaques in the br ai nethazneif ¢apadleohi g wl

bi ndi ng Abkenmt awhadhese findingsonclusivelysupport the specifigt of pr omet hazi ne
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assembliesindallude to itspotential utilityas a diagnostic probe fassessinthe relative degree @i plague patblogy

in AD patients

Highlighting the potential significance of this finding, successful translation of PMZ into such a probe would
facilitate longitudinal assessment of plague expression levels in response to.tNemagmyer, by revealing subtle
differences in A plaque density and topographic distribution, a Pb&ded diagnostic probe mightovide insight into
the observeghenotypicalariability characteristic of ADMost critically, because aggregations of are detectable
decades before tlmmset of symptoms, the development of a more clinically robust Al agent might expedite the
organization of clinical trials designed to investigate the efficacy of prophylactic treatment regimender to facilitate
these advances howeyarsuitableAl probeshould provecapable of detettgA b  p | a g u e patdexnpvelldsysnd o n
the yes/no strateggmployed bythe current generatioof diagnostic techniquesnsteadthird-generation Aprobes must
progress towardghe ability toquantitatively ealuate A plaque burden in order to facilitate intsabject longitudinal
studi es of Askvidpncea byuhe MALBIMS data, PMZ fulfills this requirement, as PMZ retention in the
brain is highly correlated withiAplague expression in pathologlly relevant regions of ietest such as the
hippocampusFortunately, the chemical structure of promethazine is quite amenable to the development of a [11C] carb
PET imaging probe via fhethylation using [11C]methy! triflate or [L1C]methyl iodid®? Of note,we are keenly
aware of promethazineidf-target effects and routine uas an anthistamine medication for theeatment of nausea
Despitethewell-established sideffect profile of promethazine and other fipgneration antihistamines, a unique aspect
of PET imaging probe development is that this technique uses trace awfawdiolabeled compoundell belowthe
thresholdrequired tanduce adverse pharmacological effectherefore, translation of PMZ into a PEEdmpatible Al

agent is among the groupbs highest priorities.

While the scientific impact of identifying and translating PMZ into a probe for Adaslily apparent, the
discovery of unigue amyloitlinding motifs may prove of equal importance to the field. As stated, one of the preliminary
goals of this work was to expand the chemical genetics of knowiding molecules. To a degree, the identifima of
PMZ accomplishes this tasklthough identified as part of a random screening process, promethazine contains a unique
structural scaffold which bears a striking resemblance to that of prototypical afoyididg compounds. For instance,

while thidflavin exhibits a thiazole backbone, promethazine is supported by a phenothiazine structural motif. While the
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two backbone structures are different, they share common features includirgjlgmallon extension from the ring
system and a dimethyl amine iety. However, critical structural differences between these compalswexist.
Significantly, some of these differendédsely underlie promethazine's ability to cross the BBB. For example, the
electronic neutrality of promethazine probably facilitatepenetrance into the CNS, while thioflavin's quaternary amine
moiety imparts a positive charge which reduces its lipophilicity and thus negatively impactsdigttiiimtion into the

brain %28

In summary, in this aim, a novel, twahase HT @pprachthat facilitates the identification of amylekdnding
compoundsvasdevelopedimportantly, his apprachdiffers from conventional probe discovery methodologiesvo
ways: (i) by utilizing biologicallyd e r i v-assembAds with pathologically relevant tertiary structure to optimize the
translatability of discovered Bitand (ii) byextending beyond in vitro binding affinity assand offering information
regarding a candidate probes performance in an in vivo model of AD. To facilitase¢bisdmprovenent, we utilize
the 5XFAD modekombined with a robust mass speatetry imaging capabilityo assess BBB penetrance and confirm
Al -binding specificity More generally, ¥ successfully marrying the unique advantages of assayIMSmediated HTS
technologies, we describe a robust, reliable, and rational technigine fidiettification of ideal amyloilinding
compoundsSi gni fi cantl y, t-linglingdnolscules cam rolyustlp ddvance oth Al diagnostics and
t herapeuti cs. From a diagnosti c p einding &fmitywilvegpandtartdie di s «
potentially improve upon our current repertoire of amyloid imaging agents. With respect to therapeutic applications,
newly di skgiovegireg HAthr uct ur al moti f s, |l i ke the ones des
aggegation inhibitors to prophyl act i ihéghtlofithe spubseantial numbet h e
of orphaned compounds untested with r espectappt@htoAb pl ¢
probe development Wienhance the likelihood of getting a hit by facilitating rapid evaluation of untapped molecular
libraries. Because of the operational simplicity, high sensitivity, compatibility withthigiughput platforms, it is our
hope that theppr@achoutlined inthis work will serve to catalyz&r-reacting advances in the development and

understanding of AD pathophysiology, diagnostics and therapeutics.
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Chapter 10  Thesis aim 2

10.1 AIM 2: EVALUATING THE THERAPEUTIC EFFICACY OF A b LEARANCE

As described at length in thetroductory chapters of this workecondary to decades of experimental supploetyast
majority of investigators favor amyloicentric models of AD pathogenesis short, hese modeldypothesize that
pertur bat prodacson/dlearancA flead toeuronal dysfunction and loss secondary to direct and indirect
mechani sms. Lending considerable support to this hyrg
processing observed in AD have demonstrated robust benefit in preclinical mmmasgs. For this reason, the
predominant therapeutic avenue studied in human clinical trials to date involves the administration of pharmaceuti
agents designed to attenuat e t hassemphliesRisappdintingly howverrall df ol s
t h e s-eentris therapies have failed to produce robust clinical improvements in patients with established AD. As
result, today AD stands alone as the only-tiap cause of death without a diseasadifying treatment optionAs
reviewed inear | i er chapters at l engt h, sever al hypot heses
centric therapies fail have been propos€dnsistently however, two limitations are ubiquitously acknowledged: (i)
therapeutic intervention in patits with established AD pathology and (ipor delivery of therapeutic agents across the
BBB. Significantlyyb ot h of t hese | imitations ar e p chindingmoleclles ke a d
those identified in Aim 1 of this workcore x a mp | e, because accumul ation of A
decades before the onset of symptoms or substantial neurodegeneration, the development of improved Al probes
serve to alleviate the barrier imposed by our current inability tgtedative treatments prophylactically. Thus, by serving
as unique precursors for the devel op mebdmding agkntsican facilitate e d
prophylactic treatment by allowing the construction of-demented AD cohortsquired for such triala/ith respect to
improving the delivery of therapeutic agents the argumeniéase st r ai ght f or war d. -bindiegw!| vy
molecules with innate BBB permeability can be further screened feAdrdiggregation properties anduthbe leveraged

in a therapeutic manneHo we v er , whil e preventing Ab plaque for ma

during the early disease process, inarguably represents a key therapeutic strategy, it is important to recognize the n
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factorial nature of AD pathogenesis. As described in detail in earlier chapteramybwid-centric mechanisms of AD
pathogenesis have been proposed. In fact, modern interpretaitianmg/loid-centric models suggest that amyloid acts as
an early step ina more complex neurodegenerative cascade that becomes independent of amyloid as dise:
progresseS’® Ascribing to this modelit is easy to recogniz¢hy t her api es targeting, onl

particularly in the cohorts of moderate to fatage AD patients typically employed by clinical trials

Considering all of these pointgje hypothesizeéhat an ideal diseaswaodifying therapeuticdr AD should be
capable of (i) crossgthe BBB (ilper t ur bi ng t he aggregation of Ab speci
in a multifactorial fashionE v a | u a t i-targeted thempies studied to dadeording to these guidelindbese drugs
fail to satisfactorily meet the first and third criteria listedportantly, this is attributable to the fact that the majority of
these drughave been developed via ligahdsed rational drug desigraradigms which prioritize the optimizatiorof
A Bbinding affinity. As described in the context of Al probe development, an alternative to rational drug design is th
utilization of HTS technologyAs demonstrated in Aim 1, hit compounds discovered via HA'hW@diated HTS exhibit
promise with respedb alleviatng thelimitationsp | agui ng t he ¢ u raggeegation inlEbitoesHoavever,0 n
as partially addressed in Aim 3 of this work, further research is necessary to evaluate the asilithrofo v e { Al
compounds to perturb AD pathogenesfng preclinical mouse modelMore generally, the majority of compounds
identified via HTS are unlikely to exhibit the multctorial therapeutic profile deemed optimal when considering the
treatment of such a complex neurodegenerative disease.é&fhasn i f t hese compounds ar e
aggregation, thelinical efficacy ofsuch compoundss likely to be restricted to mphylactic treatmenappraches To
summarize, of the drugs developed via rational desigrHTSbasedappr@aches none satisfactdy fulfill all of the
requirements of an ideal diseawedifying therapeutic for ADFortunately,a third avenue facilitating the discovery of
diseasamodifying treatments for AD has been identified in the application of naturallyirexisompoundsAlthough
generally not held in high esteem by modern medicine, the massive influence natural produktsihaveodern drug
development isindeniable. For example, of the approximately 877 small molecule drugs introduced worldwide betwee
1981 and 2002, most (61%) can be traced back to their origins in natural pr88tic®o a certain degree this not
surprising, as pladbased drugs may be more suitable, at least in biochemical terms, for medicinal use in humans

compared to exotic synthetic drugs produced through combinatorial chermgbigrtantly, the main advantage of this
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apprachis that because thesepositoriesof compoundsre not artificially designed for a particular target, they typically
harbor a manifold of therapeutic mechanisms of actimwilling to limit the potential impact of our work by uniquely
leveraging HTSappoactes to facilitate the development of nov&D drugs; we focused on the naturally occurring

turmeric extract curcumidiferuloylmethaneps a potential theranostic agent for AD.

Interestindy, the hypothesis of a potential therapeutic role of curcumindementia originates from
epidemiological studies demonstrating a lower prevalence of AD in populations who consume a diet rich in curry; a fo
product containing substantial curcumin conf&i?. Subsequently, reports conducted in cohorts of healthy elderly
individuals suggested that those who consume curry more frequently perfaen dretcognitive test batteri€§®?
Highlighting the multif act or i all nature of curcuminds therapeutic
this naturallyoccurring compound with antioxidant, amflammatory, antcancer, antviral and antibacterial
properties Of historically noteJong before modern science defined its therapedficacy; curcuminhadbeen employed
by nonallopathic practitioners of medicine for the treatment ofide array of diseasedn a manner which makes it
uniquely suited for therapeutic applications in AD however, curcumin exhibits a robust abiitgst the BBB and
di srupt assembi® doer edv eAb, pceuwprtci udmetabdissn isefdr @ e Holistio than Akt of
syntheticallyderived drugsFor example,ri additiont o pert ur bi ng Ab fdegendént fashi@P, ma t
curcumin al so dest ab% inhibies amylpidgenic aPPntiealad®™® pr fe iv e mindsicedAtéL
hyperphosphorylatiot®®®, and enhances Ab WP tHavingthus mebtmefirsnandexcequédahg e s
second criteria of andeal therapeuticagent, the features whicimake curcumin uniqusf suited to perturb AD
pathogenesiare its vast arragf fioff-targed effects Accumulating evidence suggestsrauminis a highly pleiotropic
molecule, physicallynteracting with a diverse range of molemutargets including: transcription factors, growth factors
and their receptors, cytokines, and enzymes (TABIE). Significantly, the pleotropic nature etircuminfacilitates its
modulation ofnumerous biochemical and molecular cascaddsh are poséd to beof significance to AD pathogenesis.
Supporting this notion, the therapeutic effect of curcumin has been well established in AD @bilamong the nen
amyloidtargetedbenefts of curcuminare itspotent neuroprotective and antioxidant effegthich reports suggesd be
greater than that of tocophef®® In studies conducted on AD mouse models, low to moderate doses of curcumin

succeeded in reducing oxidative damage aMechanistillyrthisa s i
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therapeutic benefit is attributable to the amidant properties ofurcuminwhich serve talecreasé\ -induced radical

oxygen specie$®®
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Table 10-1. Molecular Targets of Curcumin

Molecular Targets of Curcumin

Transcriptional factors

Growth factors

Activating protein-1

Connective tissue growth facto#

i -Catenin

Epidermal growth factor#

CREBbinding protein

Fibroblast growth factor#

Early growth response genel

Hepatocyte growth factost

Electrophile response element

Nerve growth factor#

Hypoxia inducible factor1

Platelet derived growth factor#

Notch-1

Tissue factost

Nuclear factor-kappa B

Transforming growth factor-b1#

Nuclear factor 2related factor

Vascular endothelial growth facto#

Peroxisome preoliferator-activated
receptor-gamma

Inflammatory cytokines

Signal transducers and activators of Interleukin -1
transcription -1

Signal transducers and activator®f Interleukin -2
transcription -3

Signal transducers and activators of Interleukin -5
transcription -4

Signal transducers and activators of Interleukin -6
transcription -5

7EI T 08 OOI 1T O CAT A p |Interleukin-8
Enzymes Interleukin -12

Arylamine N-acetyltransferases1#

Interleukin -18

ATFaset

Monocyte chemoattractant protein

ATPasét Migration inhibition protein
Cyclooxygenase2# Macrophage inflammatory protein
Desaturaset Tumor necrosis factor alpha
DNA polymerase# Receptors

Farnesyl proteintransferase#

Androgen receptort

Gluthathione-Stransferase"

Aryl hydrocarbon receptor#

Glutamyl cysteine ligase

Chemokine (CX-C motif) receptor
A

Hemeoxygenasel" Death receptor5"
Inducible nitric oxide synthaset EGFreceptor#
Lipoxygenase Endothelial protein Greceptor"

Matrix metalloproteinase#

Estrogen receptoralphad#

NAD(P)H:quinone oxidoreductasé#

Fas receptof’

Ornithine decarboxylaset

Histamine (2)- receptor#

Phospholipase B

Human epidermal growth factor
receptor-2#

Src homology2 domain-containing tyrosine
phosphatase 2

Interleukin 8-receptor#

Telomeraset

Inositol 1,4,5-triphosphate
receptor#

Tissue inhibitor of metalloproteinase 3#

Integrin receptor#

Glutamatecysteine ligasé

Low density lipoprotein-receptor"

Kinases

Adhesion molecules

Autophosphorylation-activated protein
kinase#

Endothelial leukocyte adhesion
molecule-1#

Ca2+dependent protein kinasef

Intracellular adhesion molecule1#

EGF receptorkinaset

Vascular cell adhesion moleculd #

Extracellular receptor kinase#

Anti-apoptotic proteins

Focal adhesion kinasg

B-cell lymphoma protein 2#
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IL-1 receptor-associated kinasé

BclxL#

Janus kinasé#

Inhibitory apoptosis protein-1#

c-jun N-terminal kinase"

Others

Mitogen-activated protein kinase#

Cyclin D#

Phosphorylase kinasé

DNA fragmentation factor 4Gkd
subunit"”

Protamine kinaset

Heat-shock protein 70'

Protein kinase A#

Multi -drug resistance proteir#

Protein kinase Bt

Urokinase-type plasminogen
activator#

Prorein kinase G

P53’

pp60c-src tyrosine kinaset

Protein tyrosine kinase#
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Although a variety of groups have confirmed the therapeutic efficacy of curcumimuitigude of preclinical
AD mouse models, the therapeutic potential of curcumin is perhaps best illustrated by a series of studies performec
Bacskai andolleagueslin this work, twephoton microscopy was employedvisually confirm reports that curcumin can
cross the BBB, bindt Ab deposits, and clear exi st i iy Impatandys i |
thisapprachi s only viabl e secondary dmesiooauS5tnmidndersiasdablynas thesae s i
studies highlight the potential of curcumimediated measunee n t of Ab burden in the
attempted to functionalize this molecule as a diagnostic agent foAA8Dighlighted in the chapter reviewing optically
based diagnostic probé®wever while ¢ u r ¢ u flnoresdest signal facilitates optical measuremeritsoA bBbinding
affinity, it is not compatible witmoninvasivea s s e s s me nt doefthe Ador tifsuerpenetnance of this particular
wavelength Thus, seeking to tr ads-bBs@ambliesdntoracclinicellynréleantadagnostict y
techni que, groups have successful |y (%dSimidryg e teeedly c u
developed a perfluoro curcumin analog (FMeC1)BrNMR imaging Figure 101) to facilitate in vivo visualization of
the mechanism #t enables curcumin to bind 5% Subsequent structural characterizatiorthef FMeC1 compound
in physiologically relevant buffer systemavealed the existence of aguilibrium between keto and enol tautoménsa
manner which highlightshe A bspecificity of our compoundwhile FMeC1 exists in the keto form when dissolved in
physiological buffes, it displays a shift tthe enol structural motb nc e bound t 5 Seéinptgleveragg a t
this novel diagnostic agent invo, colleagues at the Shiga University of Medical Science in Japan sudgedsfatted
FMeC1 in the brain of Tg2576 mice usitilf MRI. While considered a successful study in that the diagnostic utility of
the FMeC1 compound was robustly demonstrated, a less emphasized aspect of this study highlights the princ
limitation encountered by investigators seeking to leverage curcumin and its derivatives for theranostic applications
AD; its poor solubility in biologically relevant solvents. In fagthile essential to its ability to permeate the BBB,
cur cumi noés aenehrequiteghalthe compound be dissolved incambination of buffer solutiong/hich
contain excessively high concentrations of deterg&wicondary to the viscous nature of this formulatibolus
administration by intravenousjection has provenethalin preclinical animal modeland is therefore unsuitable for
human trials$®?® Thus, the delivery of curcumin at therapeutically meaningful doses stands as the major factor limiting th
utility of this promising theranostic age#s employed by our colleagues in Japan, one way to circumvent this limitation

is by using a controlledymp to infuse the substance over an extended period; however, enormous uncertainty persi
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regarding how these methodological adaptations can be implemented in translational studies without major unfores
complicatonsUna bl e t o over frapeoti potential, our group ansl othes bave cumulatively proposed a

myriad of methods to successfully deliver curcumin to the Bt%h.

Following what was perceived as the most clinically applicable avenue, historically, investigators have focused
optimizing oral dosing regiments of curcumin. However, a pharmacokinetic evaluation of this dosing strategy reveals it
be grossly inadequate. To start, as indicated by blood plasma levels in various animal models after P.O. dosing, curct
is poorly alsorbed from the gut. Exemplifying this point, in rats receiving a 1g/kg oral dose of curcumin, 75% of the
ingested dose was excreted unprocessed in the &em a similar studyplasma and tissue levels witium-labeled
curcumin administered at doses of 400, 80, and 10 engmeasured as a function of tim&hile largely in congruence
with the previously cited study, this experimental design revealed that the percentage of curcumin absorbed remai
congant regardless of the dose administét¥d. Put another way, this studydicaes that increasing the dose of
curcumin may not necessarily result in higher absorptidre implication of this finding is of supreme clinical
i mportance, as it highlights the folly in employing
poor P.O pharmacokinetic profil@.o confirm this assertion, one need look no further than -@s®alation trials to
determine curcuminds maxi mum tol erated dose and saf e
uniformly milled curcunm (C3 ComplexTM, Sabinsa Corporation), was administered to 24 healthy volunteers at single
doses ranging fror300 to 12,000 mgPredictably given the pharmacokinetic profile just discussed;urcumin was
detected in thserumof subjectsat anyof the administeredioss.** It is worth noting the poor P.O. bioavailability
reported in these studies is not uniquely attributahb
equally unfavorale aspect of P.O. administration is its immedideévery of any absorbed curcuntimthe liverwhere it
is promptly metabolized. Termed the figsiss effect, this generalizable phenomenon greatly reduces the serumn
concentration of a susceptible drugdrefitreactessystemic circulation. Thus, when interpreted as a whole, the literature
suggests two interrelated phenomenon contribute to the poor bioavailabditycamin when administered orally (i) poor

gastrointestinal uptake and (ii) extensive clearance secondary {pagsimetabolism.

Recognizing the need to deliver curcumin in manner which bypasses the intrinsic limitations of P.C

administratiornyet remains clinically applicableye describe herein a nowvabprachfor delivering curcumin to the brain
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via inhalation.In more detajl a curcumircontainingsuspension was aerosolized using a ceffder atomizer, diluted

with air, anddeliveredintra-naslly. To demonstrate the robust nature of this dosing methodology, we compared-aerosol
mediated delivery of FMeC1 to the gedthndardf I.V. injection Preliminary data demonstrated that drug delivery using
our atomizatiomrapprach alleviated toxicity cacerns and efficiently deposited FMeC1 compouncha lirain slightly
better than 1.Vinjection. Excitingly, this result promotes further research into leveraging aenusdiated delivery to
facilitate the delivery of diagnostic probes for AD acrossBB8. Towards this end, we show that delivery of the FMeC1
compoundreacted concentrations in the brain detectable ) NMR. Moreover, plaqudike punctate fluorescence
attributable to complexes of the inhaled FMeC1 analog weftecadized to immunstan ed Ab pl aques i n
hippocampal regions of the 5XFAD mouse brain under fluorescence microscopy. Importantly, this result strong
S Ugge st gargdateld aompodnls like FMeC1 retain their amykpécificity when administered via aerosoliaat
Cumulatively, these findings led us to hypothesize that aemoediated delivery of curcumin might be applied to
efficaciously leverage the multactorial therapeutic profile of curcumin for the prevention of AD.testthis hypothesis,

we characterized the therapeutic effechefosoimediated deliverpf a 5 mg/kg dose of curcumiteliveredthree times a
week over the course of 20 week period on-inénth old5XFAD mice. Astonishinglythis prophylactic treatment
regimenr e d u ¢ e dqueAbrdem ih the hippocampusubiculum and neocortexoy 9072%, 79.48% and 68.75%
respectively.Further characterization of these treated mice via transmission electron microscopy revealed an equg
stunning absence of dystrophic neurites in the Q&Bregion of the hippocampus. Most importantly from the therapeutic
perspective, these observed therapeutic benefits are correlated with improvements in both working and spatial memor

assessed by the-Maze behavioral assay.
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Figure10-1. Curcumin (A) and its perfluoro analogs, FMeC1 (B)

259



10.2 AIM 2 EXPERIMENTAL METHODS

Animals

The C57BL/6 and 5XFAD mice (82 months old) were maintained at Vanderbilt University under stamdeditions,

in a 12hour light/dark cycle and with free access to food and water. The 5XFAD mice overexpress both mutant hum.
APP and PS1 express high APP | evels correlating with
by Vassar etl®” A colony of 5XFAD transgenic mice obtained from Jackson Laboratories was maintained by crossin
5XFAD mice with a wildtype C57BL/6J strain. The mice were genotyped by a standard polymerase chain reaction usir
DNA isolated from tail tips with the follomig pr i mer s: PTERT GAGTWACGBTCGOGNGGTG
r everQGETATABGJTTTAAACACTTCCCG3 N;. For A P AGGACTGAQCACTCGACGAB3 Nj and
reverCGeGGGHIMAGTTCTGCAT3 N;j. We also genotyped mice for “the

mutati on usi ng -AAGCTAGCAGCAGTAACGCCANJTT-3 N;j and rever s
ACCTGCATGTGAACCCAGTATTCTATG3 Nj. After polymerase chain reeachti o
reaction was analyzed by size fractionation through a 1% agarose gel; withriate®ib = 560 bp, APP transgene = 377

bp and PSENL1 transgene = 608 bp. The 5XFAD mice were maintained as homozygous. Animal experiments w

conducted per the guidelines established by Vanderbil
Inhalation Exposure and Compound Atomization

The atomizer system is comprised of a PVDF fluorinated polymer-ficagsatomizer (Single Pass Atomizer, SPA), an
L-shaped conveyer, three inhalation ports, inlets for pressurized gas and liquid and a cdntooregilate aerosol
generatorair (Figure 10-2). In a typical experimentan agueous solution containing FMeC1 was pumped through a
capillary the SPA. Because of the rapid flow of air across the capillary tip, the airflow shears-EdM¢gitiing solution

into micron sized particles that are diluted with a stream of air delivered by an adjacent source. Together, these proce
generate the FMeCGdontaining aerosol, the concentration of which and in some instances its aerodynamic size beir
controlled by aflow of dilution air through the atomizer at ambient temperatur@423C). Delivery of the generated

aerosol to cohorts of experimental animals is facilitated via a delivery trumpet assemble@axitiimalation chamber.
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Similarly, exhaled aerosol isonveyed to an exhaust outlet via escape channels just below the connector cone. In i
current configuration, the stainless steel inhalation chamber is fitted with multiple ports and protected septum seals f
enable the simultaneous respiratory exposiirgiree animals. The system can be expanded to accommodate up to five

animals.

Before atomization of the test compound airflow was calibrated as a function of pressure to ensure that eve
experiment ran at a consistent airflow rate of 3 L/min and aratipg pressure of 20 psi. The solution to be sprayed
consisted of 15 mg of FMeC1 in 30 mL of 1:6 PBSveen20 mixture that was delivered to the SPA atomization via
syringe pump (Harvard Appar at us7Jhe admization preess €eomménced WhenmL
compressed air was introduced into the aerosol generator inlet via a pressure regulator. The pressurized air interacted
fluid within the SPA. The resulting aerosol particles of respirable size were then emitted into the expusatesapr o
reduce aerosol size by evaporation, the aerosol was diluted with additional clean dry air. The resulting mixture was tl
directed to three nose ports within the reduced volume inhalation chamber via a connector that directs the aerosol floy
eachchamber inlet. During animal trials, namesthetized mice were placed into a restraining tube which was inserted
into the exposure chamber. The animal és snhnout was se
the tube to fous delivery of the aerosol to the breathing zone of the animal. The tapered nose cone inside the restr:
tube enables the animal to inhale the presented aerosol. As noted above, exhaled air is redirected to a second chann

| eads t o thhust. Relyeathirg mféexshales air does not occur.

Prior to commencing the inhalation exposure of animals, an analysstgh or t 6s aer osol fl o
ensure the amount of aerosol delivered@gohinhalation chamber was identical. In this woB0-mL condensing tubes
were inserted inteach outlet port and sealed with parafilm. This configuration ensured that all aerosolized FMeCl1
delivered through the outlet port was deposited on the surface of the condensing tube. To assess atomizatign Effici
mL of the 0889 niM FMeC1 solution was aerosolized by the atomizer system. The condensing tubsshfoort were
then repeatedly rinsed with 1 mL of PBS and assessed for FMeC1 concentration by employing absorbance spectros
i n combi nat i onlodwithisktan@e salufons of FMaCl were prepared acrosseeatratiorrange of
.00%-.025 pM and plottedas a function of meatheir absorbancet & = 4. Zfbm this data, linear regression was

employed to experimentally evaluate the slope of the line of best'fit (89). Importantly, using this approatheslope
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of the lineof bestfit is theproductof the molar absorptivity constant and thevettepath length (1.00cm)Yver the
course of three atomization trials, no significant difference in aerosol delivery efficiency was detected between out
ports (mean variance = 0.006 micrograms @€ Bicrograms aerosolized), confirming tleathinhalation chamber, and
thuseachanimal, would receive identical amounts of the aerosolized product. Additionally, we determined from this dat
that 7.8% of the volume entering the nebulingrs successfyllaerosolized and conveyed to the inhalation chambers.
This quantitative data enables us to calculate and normalize equivalent doses to compare probe distribution betw

respiratory exposed and/.-injected animal group#\ representative calculation is included below.
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Figure10-2. Atomizer Design and Aerosol Delivery System

(A) Atomizer schematic. (B) Magnified view of inhalation chamber and nose@asembly. FMeCicontaining aerosol (red arrows) is
conveyed through the inlet while air exhaled by the animal (blue arrows) is directed toward the system exhaust port vichaotlels.
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Image analysis of ex vivo fluorescence branaging

Monochromatic images of slidmounted coronal brain slices (n=40 per cohort) were manually segmented to creat
individual ROIs that encompassed the hippocampus and isocortex using ImageJ software. The Allen mouse brain &
was used as a refei@nfor the segmentation of the ROIs, and manual tracing was performed by a blinded collaboratc
Mean signal i ntensity aachR®l asrosstlaree camorts ofaninalsl @. {infectdd 8XFADD

mice, (ii) respiratory exposed 5XFADice and (iii) respiratory exposed witgpe mice (n=4 per cohort).

Brain perfusion

Following exposure or treatment, deeply anesthetized animals were laid onto ice after which the thoracic cavity w
accessed via a sharp transverse incision inteabgomen. This was followed by a series of longitudinal cuts with a
scalpel to open the thoracic cavity, which then was stabilized with a retractor. Perfusion was performed \gi#hge 25
syringe containing iceold PBS (30 mL, pH 7.4) inserted through t&# ventricle and injected slowly into the ascending
aorta. Upon initiation of perfusion, the right atrium was snipped to facilitate drainage of the systemic venous retut
Immediately following PBS perfusion, 30 mL of paraformaldehyde (PFA) (pH 7.4) peasised. With perfusion
completed, the animals were decapitated and their brains quickly harvested and fixed in 4% PFA overnight at 4°C, wh
was followed by 10% sucrose precipitation overnight at 4°C. The fixed brains were then embedded@CTryo

conmpound before cryosectioning.

Ex vivo imaging of the brain slides

Excised brain sections were imaged using a fluorescence tomographic imaging system (Visen FMT, PerkinElmer, M
USA). Using a laser diode, the system scanned the surface of the Fddetaiting brain tissues in a usadjustable grid
pattern and generated a tdamensional map of FMeC1 deposition. Laser power and exposure time were kept constar
between imaging sessions and were automatically optimized by the system to provide a maximuio- g ratio

while avoiding pixel saturation. Configuration of the system to image FMeC1 fluorescence was accomplished via man
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insertion of excitation (458190 nm) and emission (56600 nm) optical filters. Using this imaging system coupled with
Maestro 3.1 software (PerkinElmer, MA, USA), monochromatic images of three slides were acquired simultaneously

FMeCl e mixof857 onm at an exposure time of 1 msec.

Immunohistochemistry

Mi dbrain coronal secti ons (dlassxlides,mlacediire4%dFAdar dAOnminates, transfered
to tris buffer for 5 minutes and then allowed to dry before being subjected to a citrate buffer antigen retrieval protoc
Briefly, slide mounted sections were incubated for 40 minutes in a WtCof sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20, pH 6.0) and allowed to cool for 20 minutes before PBS washing and blocking. Treated secti
were then incubated overnight at room temperature with primary antibodies: rabittanti QQD ditution, Thermo,
Pittsburgh, PA, USA). Following PBS washes, the sections were subsequently incubated with secondary biotinylated ¢
antirabbit (1:2000, Thermo, Pittsburgh, PA, USA) for 2 hours at room temperature. The ABC Elite Kit (Vector
Laborabries) was used with DAB as a chromogen to visualize the reaction product. The sections were then counterstai

with hematoxylin, dehydrated in a series of alcohols, cleared in xylene and therslgquyed.

FMeC1FluorescencéMicroscopy

To localize thedistribution of FMeC1 in the brains of treated mice and corroborate its intrinsic fluorescence signal witt
t hat of the fluorescently | abeled Ab antibodies, dual
imaging, a GFHBP filter (excitation filter 450 490 nm; dichroic mirror 495 nm; emission filter 3560 nm) was used to
image FMeCl1 fluorescence. A Texas Red filter (excitation filtei 580 nm; dichroic mirror 595 nm; emission filter
600660 nm) was utilized to visualizetheaAth ant i bodi es. Al | i mages were ac

were analyzed using Nuance 2.6 software.

ColocalizationAnal y s i santibddy aAdoFMeC1 al-channelFluorescencélicroscopy
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To demonst r sspeeificity bf &MeC1 id retaintddhen administered via atomization, coronal sections (n=30)

isolated from respiratory exposed 5XFAD mice (n=5) werstaied with antAb ant i bodi es. Fl uo
the costained sections were acquired in hippocampal and cortical brain regipnrsm Cy 5 channel , t
plague expression as reported via-dnh ant i bodi es. Without changing the p

that captured FMeC1 fluorescence were acquired in the GFP channel. To qualitatively demdrestakectlization
between antAb anti body fluorescence and that of FMeCl1, i
coordinates were generated using Imaged software for both channels and overlaid. To dencoristaligation
guantitatvely between the FMeC1 and antibody signals, the red and green channels for Cy5 and GFP images w
isolated, respectively. The pixels @&ach monochromatic image set were then segmented into two groups using the k
means clustering algorithm to generate binary images with pixel values that represented signal versus no sig
Quantitative assessment of the degreeasbcalizationbetweeneach processed image set (n=20) was then completed

using the JACoP plugin for ImageJ following we#tablished protocal&*9

Detection and Qantification of FMeC1 in th8rain by NMR Sectroscopy

A 5 mg/kg dose of FME1 was administered to 5XFAD mice (n=4) via atomization. One hour after administration, the
brain ofeachanimal was removed and processed for FMeC1 extraction using methods previously dé&&iBgdfly,

eachtissuewas wei ghed before homogenization in 2 mL of P E
tissue lysate. The solution was then vortexed for 5 minutes, heated to 50°C for 10 minutes, and vortexed again be
being centrifuged at 12,000 g forhbur. The supernatant was collected and all PBS/acetonitrile solvent removed via
l yophilizati on. The resulting FMeCl residue was reco

F NMR analysis using a 300 MHz Bruker NMR spectrometer

The concentration of FMeC1 was calculated usifigNMR spectroscopy. To enhance the detection threshold,
200 eL of the extracted HMEN®IR tuseoThd’® NMRrexpeviment for thia sample i |
acquired over a period of 15 hours @3 0 scans) , revealed a single peak

reproduci ble quantitative results, 0.1 M trifluoroac
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sampl e material was not a plewasplades namm MR, tubéahdanadyred wsing t
the same experimental NMR parameters as the FMeC1 sample; however, it required entynat@®&can time. The
calculation of FMeC1 concentration involved first adding the processed NMR spectra fosalbgphes. The NMR
spectrum for the TFA sample was offset to avoid spectral overlap. The spectra were than integrated by fitting the NN
peaks using either Gaussian and/or Lorentzian line shapes. Once the values were calculated using line fitting technic

the integral ratios were scaled to compensate for the differences in the number of scans and sample volume.

Tissue Preservation & Thioflavin Staining

Following cardiaeperfusion as described in the corresponding methods section, the extracted brain tissue was fixed fi
4% PFA, then in a 10% sucrose/PBS solution for 5 and 2 days, respectively. Immediately after &xelibrain tissue

(N=5 per grop) were divided along the sagittal fissure. One hemisphere was then utilized for western blot analysis
described elsewhere while the other hemisphere was utilized for histochemical staining using thioflavin. Sagittal sectic
(12 'm) were mounted onto charged glass slides, placed in 4% PFA for 10 minutes, transferred to TRIS buffer for 5
minutes and then allowed to dry before being subjected to a citrate buffer antigen retrieval protocol. Briefly, slic
mounted sections were incubated for 40 minutesif@C bath of sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) and allowed to cool for 20 minutes before PBS washing and blocking. Treated sections were tl
incubated for 30 minutes ati37 with a freshly prepared 1% thioflavin sotutiwhich was sonicated and passed through

a .2 micron syringe filter prior to use. Following PBS washes, dehydration in a series of alcohols, and clearance in xyle
eachslide was then covaslipped using VECTASHEILD mounting medium (Vector Laboratohies, Burlingame CA,

USA).

Det er mi n aaggregation tnhibitgk Btatus Via the SensoLyte Assay

To investigate the ability afurcumint o pert ur b Ab monomer aggregat itbhased, a

aggregation kit with colorimetric rdaut was employed (AnaSpec). Of the two commercially available versions,-the 96
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wellplateb ased assay e mpsgwaschosen dug to the ihceedasedaeleyahce of this isoform to AD
pathogenesis. Generally speaking, all operations were perfanmedgruence with the protocol provided by the
manufacture. Briefly, 1 mL of the proprietary assay buffer, chiled®.4 was a dd e d;peptde. Fédlowng o f
hydration of the peptide sampl e ( 3 dfdrBHmoinutesalid totommeter e c ¢
di ssolve the peptide and insure that monomerized ADb ¢
10,000 rpm for 5 minutesat@ t o remove any precipitated mafZmMi al . W
thioflavin was added inteachwell. Subsequently, 5 pL afurcuminwas added tacheve a final concentratioin

solution of 2@ pM. Last | y,-cénfini@ylassaybuffex ivas addeddchreaction vessel. Immediately upon
mixing (Time = 0), fluorescence at 485 nm (excitation 440 nm) was measured. Following this baseline measurement, tt
96-well plate was transferredtoai® i ncubator to expedite ADb eforebchwell | at i c
was measured in 10 minute intervals for 90 minutes. In addition to wells containing test compounds, several control
conditions were also included. For example, wells cor
iVeki clontrol so were also included in congruence with

A Bcontaining assay buffer, 10 uL of thioflavin, and 5 pL of a 20% DMSO solution

Serum Bioavailability Analysis of Inhaled Curcumin

To confirm gstemic uptake of curcumin following nebulization and assess the pharmacokinetics of our administratic
method, whole blood samples were collected from mice throughout the nebulization process -viditatroollection

and assessed for curcumin conteptHPLC. Whole blood samples were collected just prior to nebulization (T=0) and at
60, 120, and 300 minutes. Whole blood samples were allowed to clot at room temperature for one hour and centrifuge
described to yield serum samples. To facilitateraetion of curcumin, 10G-L of acdonitrile was added to 108L of
serum, vortexed, and centrifuged at 20 xG for 20 minutes to remove aainirggrcellular debris. 26L of the resulting
sample was then analyzed for curcumin content by HPBK&fly, after establishing the detectiomiit of the instrument

at 10 ™M and determining a concentratioesponse calibration curve, the amount of curcumin in the serum was
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calculated by integrating the area under the curve using EZChrome Elite softwaokiH¥totably, every retention time

peak in the spectrum was collected and analyzed usiinyI5Go verify the compounds identity.

Assessment of AD P HistaclemiégBainihgn by Thi ofl avin

To quantitatively assess the effect of chronic curcumin thevapy Ab pl aque burden in the
isolated from nebulized 5XFAD mice and nweated littermates (N=5 per group) were stained with 1% thioflavin as
described. Fluorescence imaging of the hippocampus, subiculum, and neocortéxewexequired in the GFP channel.
Aut omated quanti fi cat iedanmedforeachflideuding g cusonntageradatsis scriptwsitternp

in MATLAB (Mathworks, Natick, MA). In more detail, first, uneven background illumination is removedgusi
morphological tophat filtering. Second, the image contrast was enhanced to highlight plagues by nonlinear mappin
Third, a plaque mask was created using a-dséined spatially varying threshold based on the background illumination,
which was then elaned up using a morphological opening. Finally, manual ROIs were drawn around the hippocamp
and subiculum and were selected to avoid histologic artifacts. From the ROI plague masks, plague morpholo
parameters can be calculated. Plaque density isteepim mnt and is defined as the number of plaques divided by the

ROI area.

Lung Toxicity Analysis

To providea preliminaryassessmertf pulmonictoxicity potentiallyattributablewith curcumininhalation,the lungtissue
of acutely(N=3) andchronicallynebulized N=3) 6-monthold 5XFAD micewereexaminedy a blindedpathologist.The
fi a c nebubizat o nobortreceivedonestandardd mg/kg doseof curcuminas previouslydescribedandweresacrificed
24 hourspostexposureln contrastthefi c hr mebh «w | i colottreceivedd8 5 mg/kg dosesof inhaledcurcumin
over a 16-weektime-period (3 dosesiheek). Justasin the acutenebulizationcohort, mice in the chronically nebulized
cohortreceivedtheir lastdose24 hoursprior to sacrifice.Immediatelyprior to sacrifice,cardiacperfusionwasperformed

under 2% isofluraneas previouslydescribedThe trachea and lung tissueswerethen surgically dissectecasa complete
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unit, beforebeinginflated with 10% formalin to facilitate observatiorof alveolararchitectureBriefly, following removal
of the rib cageforcepswere utilized to separatehe traclea and esophagusNext a 26-guagesyringe containing10%
formalin wasusedto penetratehetracteaandinflate thelung lobes.Theinflatedtissueswerefixed in 10%formalin for 2
daysbeforeserialsectioning/slidenountingat 8 microns.H&E andMassonTri-chromestainingwas performedon each
tissue section, with >50 microns between each section to ensure adequatesampling of the lung tissue (N=5
sections/mouse/stainBoth H&E andtri-chromestainedsectionsfrom eachanimalwerereviewedby a blinded clinical
pathologistfor any pathologicalevidenceof toxicity. Imagesusedfor quantitativeanalysisof collagendepositionwere
capturedby traditionallight microscopymethods(Visen FMT, PerkinElmer MA, USA) at 10x & 20x magnificationfor
respiratory bronchioles and lung parenchyma, respectively.

Quantitativeanalysisof collagendepositionin therespiratorybronchiolefN=20 peranimal)andlung parenchymgN=30
ROI peranimal)wereperformedn ImageJonMa s s trircliranestainedung tissuesectionsBriefly, RGB stackswere
generatedrom the original imagesanda uniform thresholdappliedto the red channelto facilitate isolation of the signal
attributableto collagen.Next, regionsof interestweremanuallydrawnby a blindedinvestigator Lastly, the areafraction
of lung tissuecomprisedof collagenwas calculatedasthe quotientof red pixels over the total numberof pixelsin the

ROL.

TransmissiorkElectronMicroscopyAnalysisof NeuriteDiameterin Treated& Nontreated5XFAD Mice

Ultrastructural analysis of neurite diameter in the CA3 hippocampal region of 6 month 5XFARasigerformed using
TEM. Two cohorts of 5XFAD were analyzed. Representing the treatment greweelé old 5XFAD mice were
chronically administered & mg/kg dose of aerosolized curcumin three times a week for 18 \{ldeRBs As a control,
norttreated, sexnatched émonth old 5XFAD mice were employ€N=2). Once of appropriate age, mice were perfused
with 20 mL of a0.1 M cacodylate/sucrodauffer to washout extraneougproteins Subsequentlycardiacperfusionwith

2% PFA/2.5%Glutaraldehyddan 0.1M Cacodylate/SucrosBuffer was employedto fix the tissuesfor TEM analysis.
Brainswerenext surgicallyharvestedandplacel in 2%PFA/2.5%Glutaraldehyden 0.1M Cacodylate/sucrodeuffer for

2 hour at room temperaturebeforebeingstoredfor 6 daysovernightat 4i C. Using a scalpel,the hippocampalegion of

the brain was excisedand subsequentlyinsed in 0.1M Cacodylatebuffer. The samplewas then postfix ed with 1%
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osmiumtetraxide in 0.1M cacodylatébuffer for 1 houratroomtemperaturethenovernightin refrigerator After rinsingin
0.1M Cacodylatebuffer, the samplewas dehydratethrougha gradedseriesof ethanolin 15 minuteintervals.Over the
courseof 3 days,thesamplewasembeddedn TEM-compatibleepoxyresinandthencut into thick sections(0.5 um) for
analysisvia light microscopy This facilitatedtheidentificationof the CA3 subregion,facilitating the shavingof ultrathin
sections(70 nm) from the epoxyembeddedample.Ultrathin sectionswere next poststainedwith uranyl acetatefor 15
minutes. Thesesamesampleswere then subsequenthstainedwith Reynoldslead citrate for 10 minutes. Lastly, each

samplewasexaminel by transmissia electronmicroscopy(FEI TecnaiT-12 electronmicroscopepat 100KeV.

WesterrBlot

Treated& Non-treatedmice were anesthetizedefore undergoingbrain perfusionwith ice cold 1X PBS containinga
proteaseinhibitor cocktail (Roche, Indianapolis, IN) in accordancewith previously describedmethods. Following
perfusion,the brain tissuewas removedand homogenizedn 2 mL of tissuelysatebuffer containingproteasenhibitor

(SigmaAldrich, Saint Louis, MO). Brain homogenateswere normalizedfor protein contentusing BCA assay(Pierce,
Rockford,IL) and20 ug of proteinwasrun on4-12% Tris-HCL SDSPAGE gels(Bio-Rad,Hercules CA). After transfer
to polyvinylidene difluoride membrane,blots were incubatedwith 4G8 antiA b monoclonal antibodies (Covance,
Princeton,NJ) at 1:1000 overnightat 20i C. Peroxidaseconjugatedsecondaryantibodies(Pierce,Rockford, IL) were
appliedandimmunoblotsignalswere detectedoy enhanceadhemiluminescencand quantifiedusingthe XenogenlVIS

200bioluminescenandfluorescenimagingsystem.

Blood ChemistryToxicity Analysis

To investigatethe potentialof systemictoxicity associatedvith curcuminadministrationthe blood serumof wild type
mice (N=2/group)was analyzedfollowing curcumindosingvia nebulizationor tail-vein injection. Chemistryprofiles
(CPs)andcompleteblood counts(CBCs)from eachtreatmentgroup werethencomparedo nontreatediittermates.The

I.V. injectedcohortreceiveda 5 mg/kg doseof curcuminin the form of a 150 pL bolusinjection. Duetoc ur ¢ u mi n
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insolubility in biological solvents,a 1x PBS buffer containing20% Tweenrn20 was usedas a solvent for the bolus

injection. Nebulizationwasperformedasoutlinedin thecorrespondingnethodssection.

Prior to samplecollection, mice wereanesthetizedising2.5%isofluraneat 2L/min. Whole blood sanples (~250
ML) werethenacquiredvia cardiocentesisisinga 22-guageneedle.Onceextracted,the needlewas removedand each
blood samplealiquotedinto EDTA-containingor serumclot tubesfor CBC and CP analysis,respectively Whole blood
sampledor CBC analysiswerekeptat 4i C until analysis.In contrast,CP blood samplesvereallowedto clot at 25 C for
1 hour. Following coagulationserumfor CMP analysiswasacquiredvia centrifugationat 3700G for 20 minutesat 4i C.

Serumsampledor CP analysiswerestoredat 20i C until use.

CBC analysiswas performedvia an automatechematologyinstrument.AutomatedCBC parametersncluded
WBC count, RBC count,HCT, hemoglobinconcentrationMCV, MCH, MCHC, andplateletcount. Serumsamplesor

CPanalysisweretransferrednto microfugetubesfor clinical chemistryanalysisby anautomatedgnalyzer.

Y-Maze Behavioral Assay

Y-mazestudy:In an effort to quantitativelyassesghe effect of inhaled curcumin on spatiatldependentand working
memoryin a pre-clinical mousemodelof AD, the Y-mazebehavioralassaywasemployed.Briefly, 6-weekold 5XFAD
mice (N=10) werechronicallyadministereda 5 mg/kg doseof nebulizedcurcuminthreetimesa weekfor 18 weeks.Two
cohortsconsistingof a group of agematchedbXFAD ard a group of wild type mice (N= 10 per group)which remained
in their home cagingand were untreatedthroughoutthe study servedas controls. Following a one week habituation
periodin the behavioraltestingfacility to decreasexperimentakconfoundsattributableto thea n i mstréssviorking
memoryand spatialmemorywere assessedia Y-maze.All behavioralassayswvere run during the night cycle and all

micewereallowedto habituateto the experimentaknvironmentor 3 hoursprior to testing.

Working MemoryY-mazeParadigmin this behavioralassayspontaneoualterationwastestedin a Y-shapednazewith
threeopaqueplasticarmsat a 120° anglefrom each other.In an effort to makeeacharmdistinguishabldo the animal,

laminatedsheetsof uniquely patternedpaperwere fastenedto the outsideof the maze(Figure 10-3). Thesepatterns
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includedai b | a ic mdrroundecompletelywith blackbackgroundvhile afi d o ta tr endnsistecof alternatingblack
and white vertical bars with a 2.5 cm width. Lastly, the third arm or fi d ot & re mi@dontained white
circleswith a 2 cm diameteron a black background. Prior to behavioraltesting, rigorouscontrolswererun on a naive
cohortof animalsto insureno intrinsic preferenceor a particulararm existed.The entire mazewas cleanedand dried
thoroughlywith ethanolboth beforeand after eachtrial to insurestandardizeanazeconditions. After introductionof
the mouseinto a standardizecrm of the maze,the animalwas allowedto freely explorethe threearmsfor 6 minutes
with the sequenceof arm entriesbeing recorded.The numberof arm enties and the numberof correcttriads were
recordedusingANY -mazebehaviortrackingsoftwarein conjunctionwith a CCD video camerasystem.Arm entrieswere
loggedwhenall four limbs of the animal crosseda line arbitrarily placed50% down each of the three mazearms. A
guantitativeevaluationof working memoryperformancevas madeby calculatingthe percentspontaneoualterationfor
each animal. Possibleconfoundsassociatedvith differencesin locomotion betweencohorts were controlled for via

comparisa of thetotal numberof armentries.

SpatiatMemory dependenty -mazeBehavioralAssay:One weekfollowing completionof the working memoryY-maze
behavioralassay,all animal cohortswere thentestedin the spatialmemoryparadigm. To diredly asseshippocampal
functionat thebehavioralevel, a two-phaseY-mazeparadigmwasemployed.As in the working memorytask,eacharm
of the Y-mazewas decoratedvith spatialcuesto increasethe salienceof eacharm. Notably, quantificationof the mean
number of entries and secondsexploring each arm of the mazein a naive cohort of animals confirmed no innate
preferencdor any of the arms Additionally, no differencesin the initiative to explorewere notedbetweenany of the
cohortssuggestinghat any observeddifferencesin behaviortruly refled alterationsin spatialmemory.During the first
phaseof this paradigmthe mousewasallowedto freely explore2 of the threearmsof the Y-mazefor a 6 minuteperiod.
Thearmwhich wasblockedduringthis first phasevasrandomizedetweeranimals,anddesignatecdsthe"'novel" armin
thesecondarphaseof the study.Following thefirst periodof exploration,eachmousewasreturnedo its homecageand
left undisurbedfor a 30 minuteperiod.Following this periodof rest,eachmousewasplacedinto arandomizedarmof the
mazeandallowedto freely exploreall threearmsof the Y-mazefor a 5 minutetime interval. To quantitativelyassess

spatialmemory,the propation of time spentexploringthe previouslyblocked"novel arm" armwasquantifiedandplotted
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asthefractionof overalltime spentexploring.All armsof the mazewerecleanedwith 70% ethanolbothprior to andafter

each trial to insure standardized maze conditions between animals.
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Figure10-3. Actual (A) and Graphical Rendering (B) of-Whaze layout.

A Y -shaped maze with three opaque plastic arms at a 120° angle fAzim @her was employed for behavioral
testing. Laminated sheets of uniquely patterned paper were fastened to the outside of the maze to increa

salience of spatial cues for the mice. These patterr
background while a Adotted armo consisted of al terne
Lastl vy, the third arm or fdotted armo contained whi't

CCD mounted camera mounted to the cegliwas used in conjunction with the AnyMaze software package tc
facilitate behavioral scoring.
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Statistical analysis

Al l values were measured by independent experiments,
deviation. Statistical analysis was performed usingtaai | e d -$est gsotdected &igh StatView for Windows Ver.

4.5 (Abacus Software) with a p < 0.05, which is considered to represent a statistically significant difference.
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10.3 AIM 2 EXPERIMENTAL RESULTS

10.3.1 Result:FMeC1 AerosolCrosses théBlood Brain BarrierandBi nds t o Ab

Two cohorts of awake and alern8nthold mice, one comprised of C57BL/6 witgpe controls and a second of 5XFAD
mice (n=5,each), were exposed by inhalation to a solution containing FMeC1 at a dose equivalent to a 5 mg/kg injectio
One hour after respiratory exposutranscardiacp er f usi on was performed prior to
was then processed for tukgical analysis. FMeC1 accumulation in the brain was assessed vidieladuorescence

mi croscopy of FMeCl6s niehB57 min.nGritically, énk thaur fellovding rexpesureaia the
inhalation&route, no fluorescence sigfabm FMeClor anttA b a n t i dsdetddted is thenbrains of wilype mice
(Figure 104A, E). In contrast, we observed remarkable punctate fluorescence emitted by FMeC1 in the frontotempor
cortex and hippocampus, brai n r pogtionimtise 5X-AD monse maddtifueer b o 1
10-4B, F). Importantly, the signal detected in the 5XFAD mouse brain is distinct from backgroaudcdisiorescence
measured in untreated 5XFAD cohorts is orders of magnitude below the fluorescence obsaereesppiratory exposed
5XFAD brain sections. | mpressively, fine details of
magnification imagesHigure 104C, G). Having demonstrated that respiratory exposed FMeC1l penetrates the BBB
effici entl y and i s r eburdenedenide, werthert wored bo rcamfirnm thedbinding §pecificity of FMeC1
for ADb pl aqgueimmund mi stthao csh eenfifcoarlt ,st ai ni ng oAb Adn tpil baagdiie
employed toco-localizet he punctate fluorescence of F Me C-fluoreséebch A
mi croscopy to image both FMeCl deposition and Ab pl a
FMeC1 deposition and the Cy5 channel to image monatlanttAb ant i bodi es Hnfiabed tye that wi
provided a distinct absorption/emission profile. Of note, a high degree-lacalization was observed between the
clusters of FMeC1 fluorescence and the signal emitted from the distincthedabetiAb ant i bodi es

hi ppocampus (Pearsonds coefficient = 0.9, n=25IFigura nd
104D, H) . I n addition to this gspeificity] areptesentative éineghlthrgugh imageo f
sets acquired in the GFP and Cy5 channel s, for FMeC]
hi gh degree of corroboration bet we e nFighd®4)1Overal phosdata s
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coni rms the ability of at o-targeted tiagmostics tordherapewdids,osgch astFideCH o lthie
brain. Furthermore, this work confirms that FMeC1 delivered to the brain via the respiratory route penetrates midbrz

structures, such as the hippocampus and retains its ddinng speci ficity. fc
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Figure10-4.1 nt er nal i z adependent Retehtioh bf Aerosolized FMeC1 in the Brain.

Cohorts of wildtype and 5XFADmice (n=5, @ach) were respiratory exposed with a 5 mg/kg dose of FMeC1 and allowed to recover
one hour prior to cardiac perfusion and removal of the brain tissue. Note the absence of a GFP signal associated wishodefsi€1
associ at ed ques inltbothAthe hpppozampus (A) and isocortex (E) of respiratory exposedtyplel animals. In contrast, the
hippocampus (B) and isocortex (F) of respiratory exposed 5XFAD mice show a robust deposition of FMeC1. At 20x magnifibatic
clusters of FMeClfluorescence (GFP channel) in the hippocampus (C) of respiratory exposed 5XFAD mioealozes profoundly
(mean Pearsonbds coeffi ciAdntanst im.od,y mx25 )niwmigt { Cyrbt ichannel ) with
impressive celocalization of FMeC1 (G) andanA b anti body ( H) generated fluorescence
Pearsonds coefficient = 0.9, n=25) . (1) Line plot of p i xoeelrlaid omt ¢
subfigures (G) and (H). Peaks in signal intensity in the Cy5 channel (@anbi ant i bodi es) refl ect Ab pl a
in bl ue. For al | Ab plaque deposit s, FMeCl1l fluorescence i acthengesi
intheanttAb anti body channel . Overall, these data confirm that res,|
associates with Ab plaques an-deperentman@ei.ned i n the brain in an
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10.3.2 Result:EnhancedBioavailability of FMeC1 in theBrain by AtomizationVersusl.V. | njection

To compare the biodistribution of FMeC1 in the brain by inhalation ver$usnjection and assess whether
FMeCl deposition significant | yes]higethroaghmiteer vivd lorainrineaging avass
employed. Briefly, respiratory exposed 5XFAD and wilge, andl.V. injected 5XFAD cohorts (n=5 per group) were
similarly dosed with FMeC1 (5 mg/kg) via their respective administration method. One houreatfterent, all mice were
subjected to cardiac perfusion and their major organs promptly removed and processed for sectioning using the proto
we reported in the paSt® *°*2 In this work, we employed the Visen 3D imaging system (PerkinElmer) to perform high
throughput imaging of multiple slidmounted brain slices. Using this experimental configuration, theaglemMeC1
distribution ineachc o hor t was assessed via fluorescence i magir
structures of interest such as the hippocampus. Then, employing NIH ImageJ software, isocortical and hippocan
regions of interest ere manually selected by a blinded collaborator and quantitatively evaluated for mean fluorescenc
intensity. As illustrated irFigure 10-5A, a higher FMeCHerived fluorescence signal is readily appreciable in the
isocortex of 5XFAD mice as compared witgpe mice following the administration of FMeC1 either by. or
atomi zation (p=0.02 & p=<0. Plégte depencdengy efcFMeCL ectentidn.holdS in tiie |
hippocampus, where bottV. and respiratory exposed 5XFAD mice demonstrate greater FMeC1 fluorescence signals &
compared to respiratory exposed wijghe controls (p=0.002, p=0.002, respectivelyigire 105B). Interestingly, the
brains of botH.V. injected and respiratory expase 5 XFAD mi ce exhibit a similar t
plagueladen regions, which alludes strongly to an amyloid dependency with respect to FMeC1 retention in the brain.
contrast, no differences in the FMeC1l signal were detected iramgioid-burdened brain regions such as the
hypothalamus. As perhaps the best illustration of the amyloid dependency of FMeCL1 retention, FMeC1 fluorescer
measured from the hippocampus or cortex of respiratory exposed 5XFAD mice was significantly greaheart thfatte
thalamus (n=60, p<0.001)igurel@5B). Notably, the result of interregional analysis is markedly different within the
wild-type cohort, with no statistically significant differences were noted between any of the analyzed regions. Agai
takecnas a whol e, these results confirm the specificity

of FMeCl to report Ab plaque | oad in the brain with

280



measured in the isocortef I.V.-injected and respiratory exposed animals, it is interesting to note that a modest, ye

statisticallyinsignificant improvement in FMeC1 delivery éshieved by implementing inhalation technology (p<0.05).
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Figurel0-5.1 nt er nal i z adependent &etahtioh bf Aerosolized FMeC1 in the Brain.

Cohorts of wildtype and 5XFAD mice (n=5,ach) were respiratory exposed with a 5 mg/kg dose of FMeC1 and allowed to rec
for one hour prior to cardiaperfusion and removal of the brain tissue. Note the absence of a GFP signal associated with dej
FMeCl associated with AbB plaques in both the hippodypengnimals.(nA)

contrast, the hippocampus JEBnd isocortex (F) of respiratory exposed 5XFAD mice show a robust deposition of FMeC1. At 2
magnification, the clusters of FMeC1 fluorescence (GFP channel) in the hippocampus (C) of respiratory exposed 5XFAD- mi

l ocali zes prof oun cdbdefficiénme®@In n=P% withsapth® sant i body staining (Cy5 <cft
section (D). Similarly impressive ctocalization of FMeC1 (G) andanthAb anti body ( H) gener ated f
the i socortex ( mféecemt=B.0,anr28)0 (i)dine plod ef fpixel intensity as a function of image coordinates along
white line overlaid on subfigures (G) and (H). Peaks in signal intensity in the Cy5 channelAdntiant i bodi es) roe
deposits and are highlidhed i n bl ue. For al | Ab plaque deposits, FMeC1 f I
identically to fluorescence changesintheaAtb anti body <channel . Overalll, t hese dat
delivered to the braimcr oss t he BBB, associates with ADb pl-degandest mamdr. i s |
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10.3.3 Result: Biodistribution of Inhaled FMeC1 Differs from I.V. Injection

To corroborate our ex vivo imaging data, which demonstrated that atomization of an fbt@&ihing aerosol can
deliver diagnostic or therapeutic compounds to the brain with and efficacy similar to bt imfjection but without
associated toxicity, weguantitatively compared the biodistribution of FMeC1 in all major organs following the
administration of a 5 mg/kg dose by either administration method. As in previous atomization administration experimen
the awake and alert mice were kept in the iatiah chamber, which wasttachedto the atomizer via the nosecone. By
comparison,l.V. administration of the FMeC1 solution was accomplished via the caudal vein. One hour\after
injection or the completion of respiratodpsing animals were sacrificeand their major organs surgically isolated and
processed for FMeC1 extraction using methods previously described. Brieflyllgial extraction was employed to
isolate FMeC1 into an acetonitrile organic layer from individual tissues homogenize@ mL1lof PBS. Following
additional processing, the acetonitt®®S solvent was removed from the FMeC1 via lyophilization. This resulted in an
FMeCl residue that coul d be r ecRBS dot cohcentratioh analgsis Bsing & L
spetrophotometer. While this protocol facilitates the isolation of FMeC1 faahntissue, it also allows the total tissue
FMeC1 to be concentrated into a minimal volume, which ensures the sample absorption falls into the linear range of
Beerlambert pleé for FMeC1l. To avoid overestimating the mass of FMeC1l depositeghdh organ secondary to
absorption by proteins intrinsic to the tisseach measurement was normalized to similarly processed control samples
isolated from untreated 5XFAD mice. Using dkdechniques, in a comparison of two-aggtched 5XFAD mice cohorts

(8 months, n=3gach), quantitative analysis of the mass of FMeC1 in the brains of mice injected with a 5 mg/kg bolus
(mean = 630 ng FMeC1/g tissue) did not differ significantly fromahmunt retained in the brains of the respiratory
exposed cohort (mean= 567 ng FMeC1/g tissue) (p=Fiflure 106A). Interestingly, comparison of the FMeC1 mass
retained in the brains of the respiratory exposed 5XFAD cohort with that of a similarlydtoedtert of agenatched
wild-type mice revealed a greater deposition and retention of FMeC1 in the brain of the 5XFAD cohort (2 ng versus 5
ng FMeCl/brain). Again, this result corroborates our ex vivo imaging studies and suggests an-cdepgiodbnt
reenti on of FMeC1l -plaguedxpgressind $X&ADnamimats f(p=0£005). Cumulatively, this analysis
confirms that respiratory exposed FMeCl1l is delivered

dependent manner, and with dhoacy similar to thatichieved vial.V. injection.
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In addition to confiming that inhalatiorefficaciously delivers FMeC1 to the brain, our tisspecific analysis of
FMeC1 deposition provided additional insight into the biodistribution pathways employed during atomization. A
expected, FMeC1 deposition in the lungs of respiratory exposed cabaitisSXFAD (p=0.009) and wiltype (p=0.003),
was significantly greater than thatlg¥.-injected animalsKigure 106A). Cumulatively, the data suggest that two major
pathways are utilized for the delivery of FMeC1 during atomization. First, aerabdfiséeC1l is likely directly
transported to the brain following deposition onto to the nasal mucosa and is subsequently transported in a retrogt
manner along trigeminal and olfactory neurons. Secondly, a fraction of respiratory exposed FMeC1 likdly idejhesi
lungs and nasal mucosa, and is subsequently conveyed to the blood stream, where it avoids the deleterious effects of
pass metabolism associated with enteric administration methods. Combined, these biodistribution pathways result |
cumulaive deposition of FMeC in the brain via atomizatiowhich is at least as efficacious as thatl.df. injection.
Interestingly,approximately 0.25% of the original 5 mg/kg dagactesthe brain, a figure similar to that reported in
previous studie§®*? However, the major advantage of drug administration via atomization is the robust reduction ir
toxicity, since the system shock associated with bolus injection is avoided. In fact, durdogrbe of this work, theV.
injection of high doses of curcumin and related analogs produced mortal toxicity in approximately 50% of the mic
Moreover, that systemic toxicity is well reflected in the significantly elevated FMeC1 load measured iartfg=idz01)
and kidneys (p=0.004) &fV.-dosed mice as compared to the respiratory exposed cdBpitemparison, no toxicity was
observed in any mouse dosed using the atomization protocol described in thisagstabgervation is in line with the

previous study reported by Minko et &}

To corroborate our biodistribution studies and de
labeling for the detection of amyloid pfaes, the concentration of FMeC1 in the brain was calculated dBilNMR
spectroscopy. In that effort, 5XFAD mice (n=4) were respiratory exposed with a 5mg/kg dose of FMeC1 and perfused
prior to removal of the brain tissues for homogenization. The FMegZlthen extracted from the homogenized lysate
samples and reconstituted in deuterated chloroform to facilitate detectith MR. The acquisition of a quantitative
NMR experiment typically does not require any special pulse sequences or new parettireger slevertheless, attention
must be paid to standard parameter settings such as the excitation pulse length and recycle f&layMFhe

experiment for this sample was acquired for 1FEguredur s
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6B). Notably, our ability to detect FMeC1 in the brain following inhalation might prove a radj@nce with respect to
AD diagnostis, as this work represents the first time the compound has been delivered at biologically relevant

concentrationsnthe brain without severe lfreatening toxicity.
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Figure10-6. Biodistribution of FMeC1 by IV and Atomization.

(A) Equivalent doses of FMeC1 (5 mg/kg) were administered by iv injectioatomization. One hour after dosing, FMeC1 was isola
from eachhomogenized tissue using liquildquid extraction. Total FMeC1 mass was calculated using standard spectrophotometric
methods. (A) FMeC1 mass retained in the brain. Respiratory exposed addsie#d 5XFAD mice retained significantly greater amount
of FMeC1 compared to untreated 5XFAD controls (p=0.005, p=0.01, respectively). Correspondingly, respiratory exposed 5XEAL
retained greater FMeC1 in the brain compared to similarly treated-tyipde mi ce (p=0.005) . These resu
dependency of FMeC1 retention. (B) FMeC1 mass retained in the liver. The livers of respiratory 5XFAD angympeldohorts exhibite
no difference in FMeC1l mass compared to untreated controls. Thejected mice demonstrated elevated levels of FMeC1 in the liv
compared to untreated animals (p=0.01). (C) FMeC1 mass retained in the kidney. No significant difference in FMeC1 retastion
measured in the kidneys of respiratory exposed and untreated.rfirte livers of iv injected mice showed enhanced FMeC1 retentiol
compared to untreated cohorts (p=0.04). (D). FMeC1 mass retained in the lung. Respiratory exposed 5XFAD atygevddhorts
retained greater masses of FMeC1 compared to untreated asnp=0.009, p=0.03, respectively). (B) Fluorine NMR spectroscopy v
used to detect FMeC1 compound extracted from the brains of respiratory route exposed 5XFAD mice.
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10.3.4 Result:Bioavailability of AerosolizedCurcumin in the Serum Exceeds that &V. Injected Doses

Having demonstrated that aeresatdiated delivery results in an equivalent or perhaps slightly improved delivery of
FMeC1 to the brain as compared to I.V. injection, we sought to apply this dggingichto the therapeutic delivery of
curcumin. To confirm systemic uptake of curcumin following nebulizagioth assess the pharmacokinetic prasfl@ur
administration method, whole blood samples were collected from (iice 3) throughout the nebulization gress via
retro-orbital collection and assesk#or curcumin content by HPLC. Similarly, blood was sampled from mice treated with
an equivalent dose of curcumin via ofll = 3) or intravenous routedN = 3). Whole blood samples were collected just
prior to nebulization (T=0) and at 60, 120, and 300 minwtes.the P.O. and I.V. conditions, blood collectadsobegan
immediately prior to dosing and thereaférvarying intervalgor 9 hours. Once collected, the curcumin freachblood
sample was extréed in acetonitrile and analyzed via HPLC. To do thisgoncentratidgiresponse cdiration curve
(Figurel0-7A) was constructetbr pure curcumin. Using this curvilie amount of curcumin in the serum was calculated

by integrating the area under the cunging EZChrome Elite softwarélitach).

287



300D

A v = 00026 - T4.216 B

BT =0.0949

i
E

H
2

Cancentration (nm)
g

1000
500 _ _
o4 4 . ; . 5 Bl .- . T T | ‘?’ﬁ
] 200000 400000 600000  BOOOOD 1000000 1200000 L] ¥ 1] 1% E % il
AUC 426 nm hinmes
100 1:EIC(+) 3684 M+ 1.0=3694 112976.0
C ] :]15% M=370.0
W‘i 100.0%
603
ﬁ.-m,;
204
_Ei._,_,_._._,-‘::;::'..'_'.'.._:..'.r:;f:.v..,.,__..,.._...,..,..__..,,__...,...,...‘..'.','..::.',.’.:_—.",‘_':.\:.':;..'_,TT:; e R e N -y .
min 0.0 03 06 LE:] 12 15
1: MS(+) Peak 1 (0.327 min) 24675.6
100
D ] 369.3
804
60 214.4
X404
] 157 4 :
20- 339.3370.2 759.2
UE‘_FJ_.A_L—-..TLL.l.l.+...,..1.-#*......
miz O 200 400 600 800 1000

Figure10-7. Validation of Curcumin Plasma Quantification Method.

To facilitate quantification of plasma curcumin levashieved via I.V.injection, oral administration, or inhalation, plasma samples
were prepared for analysis via HPLC. Briefly hale blood sample wereallowed to clot at oom temperature for one houto facilitate
extraction of curcumin, 10QL of acetonitrile was added td00 uL of plasma vortexed, and centrifuged at 20 xG for 20 minutes to
remove any remaining cellular debris. 2@ of the resulting sample was then analyzed for curcumin content by HRALC A
concentratioinresponse calibration curvi®r curcumin. (B) HPIC of plasma curcumin extractions revealed a single peak at a retention
time of 4.86 secondslhis result precisely matches thatheved when pure curcumin is analyzed. Subsequent analyseaofisample

via mass spectrometry of the plasma extracted cuiocusamples confirmed the validity of our analysis (C) and (D).
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Graphicallydepicted in Figurd0-8, comparisorof the pharmacokinetic profiles of aerosohtravenously and
orally-administered curcumireveal a number ditriking differences First describing the general featuressathgraph,
as expected, 1.V. delivery of curcumin results in an immediate spike in plasma concentration which exponential dec:
secondary to curcumin clearance/uptake by the peripheral ofggedicably, 1.V. injection results in the highest peak
plasma concentration of all the administration methods tested, with a mean maximum of 454.96 mcg/mL at 5 minu
postinjection. By comparison, peak plasma levels of curcumin for P.O. and aemed@ted dsing achieve only
17.68% and 65.19% of this concentration, respectividiys, n congruence with the published literature, gastrointestinal
absorption of curcumin in our study is characterized by inefficient yet,ra@idirringin under and houtyansmssion to
the plasma®®? In contrast to both P.O. and 1.V. administration methéiisconcentration of curcumin in the plasma of
aerosoldosed mice increases as a function of timachng peak levels after 6 hours of dosing. Once the nebulization
process is halted, in this example at the 360 minute time point, plasma curcumin is immediately cleared at a rate simile
that observed in I.Vinjected mice Table102). Importantly this phamacokinetic profile matches precisely that predicted
for pulmonary absorption of curcumin and thus supports our model that aerosolized curcumin is predominately absorl
via the rapiratory epithelium.Moreover, these results mechanistically explain howosamediated delivery can
outperforml.V. injectionwith respect to drug delivery to the brain. Although peak serum levels of curcumin after L.V.
administration are approximately 150%at of aerosolmediated delivery, these elevated levels are only sustained for a
matter of minutes. In fact, only five minutes after peak plasma concentratiorenetned, curcumin levels in the blood
drop to just 46.89% of tlirecrowning value. Put another waserum concentrations of curcumin above 400 nM are only
sustained for a-40 minute period when administered intravenously. Applying this same analysis to -needgtied
delivery, it is clear that peak plasma concentrations are sustained for an exteridddof time. Again selecting an
arbitrary threshold of 400 nM, aerosokdiated delivery maintains this elevated concentration in the blood for just under
2 hours.The significance of this analysis is that these differences between I.V. and -aeedsdéd delivery are the
primary factors underlying the observed trends in absolute bioavailability. As noté&dble 10-2, the absolute
bioavailability achieved via inhalation is 2.62 times that of LV. injection, which by definitiepresents 100%
bioavalability. Of note, tlke significantly increased bioavailability of curcumin (P<.001) following inhalation night
attributable to decreased clearancentinued absorptigror a combination of both factor a manner which decreases

the likelihood of tle first option,the elimination rate constati.;m), half-life (T,), and clearance (CL) of curcumin is
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nearly identical between administration methods. Thus, the data strongly suggests that increases in bioavailab
acheved via inhalation are sescdary to the sustained absorption of curcumin from the lung parenchyma into the

bloodstream.

290



1600

1400
% 1200
=
«
£ 1000
g
E 800 & \
S 600 /N
: RN
Lé 400 }/ A\
g 200 % - \
o i—- \I\

T 0 FH 1 o = x = -§ 1

-100 200 300 400 500 600

-200

Time (Minutes)
=P 0.5mg/kg ==-=1V.5mg/kg = =Inhalation 5 mg/kg

Figure 10-8. Bioavailability of Curcumin Following I.V., P.O, and Aerosaohediated Dosing Paradigms.

Three cohorts of mice received aguivalent5 mg/kg dose of curcumin via the administration routes listed. Whole blood samples were collected viarbetad bleeding over a 9
hour time window. Samples were next processed for analysis of curcumin content via HPLC. Analysis of the resulting datatedsaplatfunction of time. Statistical analysis of
the area undeeach curve was utilized to calculate a perceribavailability for eachadministration method. Impressively, aerosukdiated deliveryachieved an absolute
bioavailability of 262%, supporting our conclusion that this administration method has robust therapeutic potential.

Table 10-2. Pharmacokinetic Parameters of P.O., |.V. and Aerem@diated Curcumin Delivery

Pharmacokinetic Parameters of P.O., .V. and Aerosol -mediated Curcumin Delivery
Administration Method Gnax (mcg/mL) | Tmax (Min) | T2 (hours) | Keim (hr-1) | Absolute Bioavailability CL (mL/hr)
V. 454,96 5 0.68 1.026 100% 0.46
Inhalation 296.59 360 0.67 1.031 262.38% 0.39
P.O. 80.45 60 0.66 1.051 12.16% 3.83
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1035 Resul t : Curcumin Perturbs Ab Fibrillation in vitr

To investigate the ability of curcumin to pertd4aséd AD
aggregation kit with colorimetric readout was employed (AnaSpgeatkaged in ®6-well platebasedformat, the
SensolLyaggrAddgati on kit provi des gpaggredatoom usiag Thioflavn T lyebd  t ¢
principal, he assaye mpl oys t hi ofl avinds i ncr eas e dfbrifslawso rae srceepnocret
peptide aggregationmportantly, theA @, peptice is pretreated to ensure itilsa monomeric state, allowing increased
thioflavin fluorescence t As dbrmonsttatethyrFgureld%® it thevdresemce affonlyf i L
buffer, thioflavin fluorescence growsteadilyas afunction of timeas Ab f i bril Il ation proce
point, equilibrium between monomeric and higherr d e r A b reaqgbed cesudtisg initlee observed plateau in
thioflavin fluorescenceThe fluorescence curves produced by thioflavid anA i xt ur es i n the pre
aggregation inhibitors such &orin, phenol red, and resveratrol are markedly different. Most significantly, the plateau in
thioflavin fluorescence is dramatically reduced under these conditions as compé#redtdfer control. A similar yet
attenuated trend is observed in the curcumi n-manomerdi t i
resulting in a 28.46% reduction in thioflavin fluorescence. Interpreted as a whole, the results thaggastumin
perturbs Ab aggregati on, albeit to a |l esser degree t

as a potential therapeutic for AD.
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Figure10-9. Curcumi n | nhi bi ts AQVemomgsti on of Ab
A colorimetric assay facilitating the identification of oAdurcamgngto e g a't
perturb AB monomer aggregation. B b4, meptide weretirtubatéd imathd pmesenoedandrabsemcenefr i z e «
known and pagartegat i Adbn i nhibitors. Thioflavin fluorescence at 485 n
fluorescent signal representing an increased availabilitAd f i br il s i n sol uti on. As il | us-tibrilat ed,

induced increases in thioflavin fluorescence oméached 71.54% of that measured from the positive control condition (buffer only).
Interpreting this finding, the data strongfyu gge st s t hat curcumin perturbs Ab aggregati on.
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10.3.6 Result:l nhal ed Curcumin Pertur bs-plagbe Bardemmnwvidol ati on and

Having comprehensively demonstrated the enhabozd/ailability of aerosoimediated drug delivery, we next evaluated
the ability of this administration method to recapit
AD. To facil i tplague butdéniwas assessel in theAldbains oflistimct cohorts of Gnonthold 5XFAD

mice Constituents of the treated cohort (N=5) received a 5 mg/kg dose of curcumin three times a week by inhalation
18 weeksbeginning at 6 weeks of agehile nontreated littermates (N=5) served as controigportantly, this design
obviates confounds associated with treating too | ate
mice until 23 months of ageTo quantitatively assess the effect of
sagittal sections (n=50) isolated from nebulized 5XFAD mice anetneated littermates (N=5 per group) were stained
with 1% thioflavin as described and quantified using a custom plague segmentation algorithm designed in Matlab. Th
pathologically releant regions of interest were selected for analybissupport of our hypothesis that inhaled curcumin
canreachtherapeutically relevartoncentrations in the brajmarenchymaanalysis of the data reveals thab p | a g u

burden in thecortex of treated 5RKAD mice is just 31.59% that of ndreated agenatched littermate@-igure 1610).

Transitioning to more pathologically relevant regions of interest in the brain, automated plaque countin
performed in théhippocampus of treated micevealed that thisahort contaired less than 10%f themeanAb b ur de
carried by wontreated littermates. Put differently, prophylactic curcumin treatment administered via inhalation
significantly r e d u ¢ enaimbeAlfy 90.72% (P < .001) Not surprisingly these trends led statistically significant
df f er ences in Ab pl aqgque dteentedi cohprts iiPe 4000 @ assess e¢his tparameter n (
guantitatively, the total area of ddchreglon pfinteriest and miglieda s
by 100 to generate a percentagsch we termed the plaque fraction. Analysis of this variable in the hippocampus-of nhon
treated mice produced a value.26%. By comparison, this variable is significantlgduced in treated 5XFAD mice as
theareab Ab pl aque dejpsb.B% of iheototal tssuergrea (P s< eD8MAost likely, this trend reflestthe
ability of curcumi n t ;os donfitmedoby our prehicislyprgsemes/igrafindingsnin favor A b
of this model, he mean area @gachAb pl aque i n treated 5XFAD mice is si
32.96 pn versus 68.60 pfrespectively (P < .001)nterestinglythe areaand i a met er of the | ar

plaguesn treated 5XFAD mice weralsosignificantlyreduced in size as compared to those measured in thecaded
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cohort(P <.001) In more detail, the top 5% of plaques in treated 5XFAD mice were characterized by a mean diameter
10.8 um and mean area #54.76 um. For comparison, these measurements obtained for these parameters in age
matched nosreated littermates were 8.78 um and 530.55, nespectively Taken together, these findings suggest that

the observed reductions in mean plaque diameter>atasévely a consequence of large diameter plaque loss, as no

significant differences in the diameter or area of ¢t

Impressively, Bnilar therapeutic benefits of inhaled curcunaiere observeth the subiculum, the main output of
the hippocampus arttleregionharboring the earliest and most profound neuron loss BXEAD mouse modél®*? In
this region of pathological interest, ADb plaque burd
treated littermates (P 001).1 n a manner consiahielnitt ywittoh pceurytstatistibally A s
significantdifferences(P < .01)in mean plaque diameter and afe@r t he | ar \geeesolservéad(16.44 pang u €
versus 21.84 pm and 249.29 fimersus 384.50 pmfor treated and netreated cohorts, spectively). Again, the loss of
the | argest Ab assemblies appear s t o betwdescohorisewithttdated e r
5XFAD mice exhibiting significantly smaller plaques on average as compared-toeated littermate€9.37 um versus
10.63 um and 84.65 phversus 104.30 pfmrespectively)Predictably, these trendesulted in a statistically appreciable
di fference in plagque fraction between cohor t-teeatedwiet h
but just .14% in treated littermatedf note, no differences in the eccentricity of individual plagues was noted between
treatedandnehr eat ed cohort s, suggesting that <curcumin does:s
reducing tleir size. Taken together, these results strongly suggest that aerestli at ed del i very of

burden in the brains of 5XFAD mice and thus warrants further evaluation as a-tismtiséng therapy for AD.
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Figurel10-10.Ab Pl aque Burden is Reduced Via Chronic Curcumin Inhalati on.

To quantitatively assess the effect o f chronic curcumi n tolatedfeomy on
nebuized 5XFAD mice and no+treated littermates (N=5 per group) were stained with 1% thioflavin. Fluorescence imaging of the

hi ppocampus, subicul um, and neocortex were then acquired. Quant i fic
automatedf a s hi on. As graphically illustrated, 4 months of prophyl actic
number in the cortex, hippocampus, and subiculum by 68.75, 90.72%, and 79.48%, respectively. Furthermore, reductiongam the m

and maxinum plague diameter were noted in treated 5XFAD mice as compared tdreabed littermates in all regions analyzed.

Importantly, these results are congruent with our finding thataeumci n i nhi bi t s Avitroaagnd hrighlgght$ the potemtial

utility of inhaled curcumin for the prevention/treatment of AD.
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10.3.7 Result:Prophylactically InhaledCurcumin Prevents Dystrophic Neurite Formation

As described in previous chapters, Ab a s sebahthé symapse. e x
Furthermore, as reviewed, a large body of literature suggests that the consequent loss of synaptic function seconda
Ab accumul ation correlates more robustly with the d
plague burden. For these reasons, we investigated whether prophylactic curcumin administration via inhalation influen
the development of dystrophic neurites in the hippocampuosinvestigate this key pathological feature of AD,
ultrastructural analysisf neurite diameter in the CA3 hippocampal region was performed using TEM. As in related
experiments, two cohorts of 5XFAD were analyzed (i) a treatment group compriseavexk6old 5XFAD mice
chronically administered a 5 mg/kg dose of aerosolized auircthree times a week for 18 weeks (N=3) and (ii) a-non

treated control groupf sexmatched émonth old 5XFAD mice (N=2).

Morphologically, dystrophic neurites are identifiable secondary to the accumulation of autophagic/lysosom:
vesicles which increagieir luminal diameter relative to healthy neuritas.illustratedin (Figure10-11A/B), numerous
swoll en neurites iagsembliescaseapprediablein time-tiegteddolwrt. IAtérestingly, qualitative
evaluation of the data revealedvatually completeabsence of dystrophic neurites in the brains of treated fmidbe
nont r eated cohort, dystrophic neur i tladenstrwotureg The first afythese a s
structures is classically recognizable asamau Ab pl aque as a cdems @ e the eroso f
hatched appearance of its surrounding penumbra. The second stobstemeed to ben proximity to dystrophic neurites
were fibrillar Ab deposit s, ctéristiecrasshatched morghologynadcelack d@hE M
electrondense coreln an effort to objectively demonstrate the relative prevalence of dystrophic neurites between treate
and nortreated cohorts of 5XFAD mice, the circuiiameter of neurites within 200 microns radius of CA3 pyramidal
cell bodies were quantified. First considering the data obtained frorresied 5XFAD mice, two Gaussialistributed
populations of neurites with distinct diameters are immediately identifiable. In congruence wilitertttare, healthy
neurites thoselacking vesicles containing dense amorphous or ntaitiellar cellular debris, are characterized by a mean
diameterof .5 microns®®? By comparison, in a manner faithfully reflecting their swollen morpholagysecond
population of dystrophioceurites washaracterized by a significayptincreased mean diameter of 4.5 microns (P < .001).

Transitioning to the data obtained from curcumin treated 5XFAD miee,i t h er A basspcia@dpopilations of r
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dystrophic neurites could be identified in this cohn@taphically his is demonstated by theexistence of onlya single

Gaussiardistributed population of neurites with a mean diametér . 5 mi cr ons. Critically,
the treated cohort not only corroborates are histochemical staining, but also suggests that beyoe d u plagmeg A
l oad in the brain, prophyl act i cassociated neunodegentratieeachangesnirt thea

CA3 region of the hippocampus.
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Figure10-11. Ultrastructural Analysis of Neurite Diameter in the CA3 Hippocampal Region of Treated andti¢aned 6 month 5XFAD
Mice

(A) Representative TEM image of a®onth nont r eat ed 5 XFAD mouse illustrating a 5 micron
neurodegaerative changes. Note that the lumen of each dystrophic neurite (arrow) is swollen relative to healthy neurites due to an
abundance of autophagic/lysosomal vesicles containing dense amorphous o+lamétdiar cellular debris. (B) Representative TEM

imageof dystrophic neuritesinclosassoci ati on with fibrillary Ab deposi tanorntihnon he CA:
treated 5XFAD mouse. (C) Histogram of CA3 pyramidal neurite diameter intmeated 6 month 5XFAD mice (N = 2). As illustrated in
(Al B), numerous swollen neurites in c¢close association witthisiAb pl aqtl

demonstrated by the presence of a second population of neurites with a mean diameter of 4.5 microns. Notably, thispeopula
dystrophic neurites is clearly distinguishable from the lone population of healthy sized neurites distributed around & rbeaincoons
in the treated cohort (N = 2) (D). Significantly, dystrophic neurites were exclusively observed in theeadad animals and always in

association with either fibrillar deposits or |l arge accunopdladions ons ¢
of dystrophic neurites could be identified in the treated cohort; as demonstrated by thei&uadsstribution of neurite diameters around
a mean of .5 microns. Crplague koad in thetbrain,gpbophyactic eurcumin treatment also

prevent s -#@#bociptédanguuodegenerative changes in the CA3 region of the hippocampus.
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10.3.8 Result: Prophylactically Inhaled CurcumirPrevents the Development of Working & Spatial Memory Deficits
in 5XFAD Mice

Seeking to evalwuate whether the observed reductions
with behavioral improvements, the effect of inhaled curcumin on sqindent and working memory was probed
using the ¥maze behavioradssay. Briefly, 6veek old 5XFAD mice (N=10) were chronically administered a 5 mg/kg
dose of nebulized curcumin three times a week for 18 weeks. Two cohorts consisting of a group of age matched 5XF
and a group of wild type mice (N= 10 per group) weréd laftreated throughout the study and thus served as
controls. Following a one week habituation period in the behavioral testing facility to decrease experimental confounc
attributable to stress, working memory and spatial memory were assessed viaiationgaof the ¥maze behavioral
paradigm.In the working memory paradigmpontaneouslterationwasquantifiedover a 6 minutetrial andreportedas
percentspontaneoualternation.Importantly,this variabledenoteghe percentag®f time the animalcorrectly enteredall
threearmsin sequencever the total numberof choicesmade.The interpretationof this parameteraccordingto the
literatureis asfollows. Whenarriving at the junction of all threearmsthe animalis presentedvith the choiceto retun

backto thearmit startedin or explorethetwo novelarmsof the maze Assumingthe mouseis motivatedto explorenovel
routes,the subsequenarmentry shouldberestrictedto eitherof thetwo unexploredarms.Similarly, in thethird entry of
thesequencepnly oneunexploredarmremainsandthus,if the working memoryof the mouseis intact, this routeshould

be selectedIn the Y-mazeparadigmemployedeachfi ¢ o r B-a&rogequencencreasehe overall percentspontaneous
alteration.Thus,the greaterthe percentspontaneoualteration(%SA), the higherfunctioningtheanimalis with respecto

working memory.

As graphicallyillustratedin Figure10-12, statisticalcomparisorof working memoryperformancen nontreated
5XFAD mice revealsa meanreductionin performanceof 22.51%relative (Mean= 53.01%SA) to wild type controls
(Mean= 75.51%SA). This resultconfirms that without therapeutiantervention,the working memoryof 5XFAD mice
becomessignificantly perturbedby 6 monthsof age when comparedto norramyloid bearingmice (P<.001).In stark
contrastto the nontreated 5XFAD cohort, working memory function in 5XFAD mice treated with curcumin via
inhalationappearprotectedrom amyloid-inducedneurodegeneratiommpressively 5XFAD mice treatedwith curcumin

exhibit a %SA of 71.15%in the working Y-mazeparadigmdescribedThis constitutesan 18.15%improvementover the
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agematchednontreatedcohortof 5XFAD mice and confirms a statistically significant therapeutidoerefit on working
memory(P<.01).In fact, asfurther evidenceof curcumin'srobusttherapeutiampact, %SA measuredn the curcumin
nebulized5XFAD cohortdid not significantly differ from wild type controls(Mean= 71.15%and75.51% respectively.
Critically, the meannumberof entriesfor eacharmdid not significantly vary, confirming no innatepreferencdor any of
the armswhich might confoundtheseresults(Figure10-14). Takenasa whole, his datastronglysupportsthe conclusion
that curcumindeliveryvia nebulizationpreventghe acquisitionof working memorydeficits on the 5XFAD mousemodel

andconfirmsthe efficacy of this apprachfor thedeliveryof therapeutianoleculedike curcuminto the brain.
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Figure10-12. Curcumin Nebulization Revents theDevelopment ofWorking Memory Deficits in 5XFAD Mice:

(A) Box-whisker plot of percent spontaneous alternation (%SA) in thm&ze behavioral paradigmln order to investigate the
behavioral sequelae of curcumin's amyleétearing properties, we leveraged thenvaze paradigm t@robewhether the acquisitionfo
neurodegeneration induced deficits in working memory could be prevented in the 5XFAD mouse model. Towards this aim, spsI
alternation in the ¥maze paradigm was evaluated in 6 motald curcumin nebulized and netreated 5XFAD cohorts, as well ag i
non-treated wild type controls (N=10 per cohort). A5 mg/kg dose of curcumin was administered three times a week via nebliz
month of age in the 5XFAD treated cohort and continued for 18 months. Following a two weekeatment period includedt
alleviate stress confounds associated with routine treatment, working memory was probed during a 6 mmazte Yrial. Statistical
comparison of spontaneous alternation performance in theaze paradigm reveals a mean reduction in performance of 221
non-treated 5XFAD mice (Mean = 53.01%) when compared to wild type controls (Mean = 75.51%). This result confirms that wit
therapeutic intervention, the working memory of 5XFAD mice becomes significantly perturbed when comparedamwlmd bearing
mice (P<.001). In stark contrast to the noreated 5XFAD cohort, working memory in 5XFAD mice treated with curcumin via
nebulization appears to be protected from amytoiduced neurodegeneration. Impressively, 5XFAD mice treated with curcumin
exhibita %SA of 71.15% in the Ynaze paradigm. This constitutes a 18.15% improvement over themegehed nontreated cohort of
5XFAD mice and confirms a statistically significant therapeutic benefit on working memory (P<.0d)fact, as further evidence of
curcumin's robust therapeutic impact, %SA measured in the curcumin nebulized 5XFAD cohort (Mean = 71.15%) did not signifi
differ from wild type controls (Mean = 75.51%). Taken as a whole, his data strongly supports the conclusion that curcinveny d&
nebulization prevents the acquisition of working memory deficits on the 5XFAD mouse model and confirms the efficacy of this
appraachfor the delivery of therapeutic molecules like curcumin to the brain.
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Figure10-13. Curcumin NebulizationPrevents theDevelopment of 2ficits in HippocampusmediatedSpatial Memory in 5XFADMice

Box-whisker plot reporting the time spent exploring the novel arm as a percentage of total exploration time. As an extepoairon o
investigation into theherapeuticefficacy of nebulized curcumin, spatial memory was probed using atrwd Y-maze behavioral assay.
Briefly, during the first trial, a randomized arm of the maze was blocked and the mice were allowed to freedyeettyd remaining two
arms of the ¥maze for 6 minutes. Following the first trial, the animals were returned to their home cage for 30 miuesg the
second trial, spatial memory was probed by recording the percentage of time the animal spentnexgdahiarm within a 5 minute
period. Mice exhibiting normal spatial memory are expected to spend a higher percentage of time exploring the "novel'shreviou
blocked arm while animals with impaired spatially memory are expected to spend equal amoume @&xploringeacharm. Within this
Y-maze paradigm, wild type mice exhibited profound recognition em¥ze arms, spending 55.03% in the previously blocked arm. In
contrast, untreated 5XFAD mice appeared incapable of recognizing the spatial cues ofzbeanththus demonstrated no discernible
preference for the "novel arm", spending 25.24% of their time exploring the previously blocked arm. Corroborating the
immunohistochemical findings indicating a reduced plaque load in curcumin nebulized 5XFAD misegaimort exhibits a robust and
significant 22.71% improvement in spatial memory (Mean = 47.95%) when compared toreated 5XFAD littermates (P<.01). Again,
the therapeutic efficacy of the nebulized curcumin was so impressive, that the behavior edtEe&EAD animals was not statistically
different from wild type controls. Notably, these findings confirm that curcumin nebulization improves hippocampal funstion a
assessed by a spatialemory dependent behavioral assay.
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One week following completion of the working memoryméze behavioral assay, all animal cohorts were then
tested in the spatial memory paradigio directly assess hippocampal function at the behavioral level,-phase Y
maze paradigm was employed. ugrthe first phase of this procedure, the mouse was allowed to freely explore 2 of the
three arms of the ‘Ynaze for a 6 minute period. The arm which was blocked during this first phase was randomize
between animals and designated as the "novel" armeirsebondary phase of the study. Following the first period of
exploration,eachmouse was returned to its home cage and left undisturbed for a 30 minute period. Following this peric
of rest,eachmouse was placed into a randomized arm of the maze anekdlko freely explore all three arms for a 5
minute time interval. To quantitatively assess spatial memory, the proportion of time spent exploring the previous
blocked "novel arm" arm was quantified and plotted as the fraction of overall time spemingxgdlbe interpretation of
this paradigm is quite similar to that employed to probe working memory. If spatial m&matipn is intactthe mouse
should remember exploring the original two arms during the first trial and ipthdited to spend a naity of its time
exploring the novel armln contrast, animals with impaired spatially memory function are expected to spend equa
amounts of time exploringacharm. As presenteth Figure10-13, wild type mice exhibit profound recognition of Y
maze armsspending 55.03% of their time exploring the previously blocked arm. In contrast, untreated 5XFAD mict
appeared incapable of recognizing the spatial cues of the maze and thus demonstrated no discernible preference fc
novel arm, spending just 25.24%tbeir time exploring this region of the maze. Corroborating the immunohistochemical
findings indicating a reduced plaque load in curcumin treated 5XFAD mice, this cohort exhibits a robust and significa
22.71% improvement in spatial memory (Mean timergpexploring novel arm = 47.95%) when compared totnested
5XFAD littermates(P<.01). Again, the therapeutic efficacy of the aerosolized curcumin was so impressive that th
behavior of treated 5XFAD animals was not statistically different from wild ggntrols. Notably, quantification of the
mean number of seconds explorigagharm of the maze in a naive cohort of animals confirmed no innate preddian
any of the arms (Figure 14C). Additionally, no differences immount of time spent activelgxploring were noted
between groupsindicating that the initiative to explore was similar between animals and confirming that observec

differences in behavior truly reflect altamats in spatial memory (Figure 4G1A/C).
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Figure10-14. Y-Maze Paradigm Controls:

(A) Mean number of arm entries during-iiaze working memory trial. Throughout the 6 minute trial of exploration,dbquence of arm entries made by the animals was
automaticaly recorded using the AnyMaze software package. Analysis of the number of arm entries per arm reveals no innate prefreasyceffthe arms which might confound

our behavioral analysis. (B) Mean seconds spent exploeaach Y -maze arm. Throughout the fhinute trial of exploration, the time spent exploriegcharm of the maze was
automatically recorded using the AnyMaze software package. Analysis of the mean number of seconds spent eegpdbrangp of the Y-maze confirms no intrinsic bias for a
particuar arm of the maze. Therefore, the spatial cues used in the behavioral assay were equally salient to the mice. (C) Médarsgesbexploring in the spatial memorynyaze
trial. In an effort to exclude differences in genotype or treatment side effeots tonfounding our behavioral data, the mean amount of time spent exploring was quantified using
the AnyMaze software package. Notably, no differences in the initiative to explore were noted between wild type and 5XEABuntiltcermore, no significant derence in

exploration was noted between nebulized 5XFAD mice as compared to thetitreabed littermates. Thus, differences in spatial memory observed between cohorts do not reflect
confounds imposed by differences in the desire to explore novel arms.
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10.3.9 Result: Inhaled Curcumin Associated with Negligible Local & System Toxicity

Having demonstrated the therapeutic efficacy of inhaled curcumin in a preclinical mouse modeltioé ABxt step in
evaluating the clinical applicabilitgf this technique is the exclusion of local and system toxicities. To investigate the
potential of systemic toxicity associated with curcumin administration, the blood serum of wild type mice (N=2/group
was analyzed hourafter curcumin dosing via inhalation or taikin injection. Chemistry profiles (CPs) and complete
blood counts (CBCs) fromeachtreatment group were then compared tmtreated littermates (Tables -B0& 10-4).
Results indicate a negligible systemic toxigtyfile for the aerosemediated delivery method. In more detail, the normal
WBC indicates the lack of a systemic inflammatory response to treatment. Additionally, the ordinary nature of tt
remaining CBC values indicates a hormal hemodynamic state. trasgr.V. injection appears to elicit a mild increase

in WBC as compared to ndreated controls. Given the experimental observation that these mice fell into severe shoc
immediately following injection, thisesultmost likely reflectsa mobilization dthe marginated pool of white blood cells
secondary to physiologic stressupport for this assumption is found in the CP panel, where marked disruptions in the
physiological levels of sodium and potassium ions can be noted exclusively in the |.Vdigj@abet. In a manner which
again supports the absence of systemic toxicity attributable to curcumin dosing via aerosol, no deviation frc

physiological norms were noted in the metabolic parameters measured in the respiratory exposed cohort.
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Table 10-3. Complete Blood Count Analysis Following Curcumin Administration

Complete Blood Count Analysis Following Curcumin Administration

(Mean +/ - Standard Dev.)

Test 5 mg/kg Inhaled Curcumin | 5 mg/kg Intravenous Curcumin Non-treated Controls
WBC 6.57+/- .53 9.43+/- .47 6+/-1.22
HCT 40.025+/ - 4.40 40.15+/-6.15 41.55+/-.93
RBC 9.105+/-1.78 6.81+/-1.43 9.765+/-.32
HB 12.35+/-2.44 9.3+/-2.19 13.05+/-.50
MCV 43.75+/- .25 44.1+/-.14 42.55+/-2.33
MCH 13.65+/-1.27 13.5+/-.29 13.35+/-.92
MCHC 31.25+/-1.26 30.7+/-.70 31.45+/-.50
RDW 13.275+/- .36 13.7+/-0 14.4+/-1.13
RSD 5.825+/-.33 6.05+/-.08 6.1+/-.14
RETIC# 33.1+/-9.25 22.9+/-.84 48.75+/-27.12
RETIC% 0.565+/-.30 0.255+/-.05 0.495+/ - .26
PLT 737.5+/-190.19 994.5+/-9.19 1058.5+/-9.20
MPV 5.425+/- .13 5.45+/-.21 5.65+/-.21
PDW 42.325+ - 1.04 42.15+/-1.2 41.65+/-1.06
PCT 0.4035+/ - .17 0.542+/-.01 0.5985+/-.03

Table 10-4. Metabolic Panel Following Curcumin Administration

Metabolic Panel Following Curcumin Administration (Mean +/ - Standard Dev.)

Test | 5 mg/kg Inhaled Curcumin | 5 mg/kg Intravenous Curcumin Non-treated Controls Normal
Na 146.1+/-4.14 139.7+/-7.19 151 +/-3.61 142-167 mmol/L
K 5.75+/-1.63 3.56+/-2.56 6.7+ -.41 5-9 mmol/L
Cl 116.1+/-7.12 122.3+/-10.66 108 +/- 7.53 104-120 mmol/L
ALP 50 +/-20.78 103 +/-13.38 80 +/-14.67 44-118 U/L
ALT 88 +/-40.25 42.5+/-36.79 61 +/-10.62 26-120 U/L
AST 114 +/-40.25 195.5+/-20.42 173 +/-30.70 69-191 U/L
BUN 35+/-2.31 37+/-1.85 33+/-.67 19-34 mg/dL
CREAT 0.5+/-.02 0.5+/-.013 0.5+/-.05 .5-.8 mg/dL
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Confident in our preliminary exclusion of severe systemic toxicity, we next sought to evaluate the effect c
chronic curcumin inhalation on the respir at-chroyestainegds u ¢
lung tissues collected fromcutely (N=3) and chronically nebulized (N=3)v®nth old 5XFAD mice were compared
with agematched noit r eat ed <contr ol s. I n more detail, mi ce in
mg/ kg dose of inhaled catricamdé ncowhodt itdeeiicdd osheek i mi
time-period (3 doses/weekNotably, in an effort to thoroughly investigate the potential of local toxicity, both a
gualitative and quantitative analysis egfchslide of lung tissue was perfoed. To enhance the credibility of our study,
the qalitative assessmentas performed by a blindeelxpert pathologistSummarizing her assessment of tH&E
stainedsections;both acute and chronically treated mice exhibitedabsence okither lymphoctic or neutrophilic
interstitial infiltration. Additionally, no distinguishable alveolar thickening was observed in any of the treatment group
when compared to control§o investigate the possibility ofcreased eosinophilic matrix around medium to $mal
airways, especially i n ¢ hercorome ctaining yas tempoget ® dighlight c@anectinda -
tissue deposition. Again, a blinded qualitative assessment of the tissues acquired from both acute and chronic

nebulized mice revealalerage collagen deposition indistinguishable fromtneated controls.

Always pursuing the most objective experimental design possfitdgydssibility of atypical collagen deposition
in the respiratory bronchioles and interstitial pulmonary tissuesfuvtger assessed in a sewmuiantitative manner using
ImageJ sofware. As depicted in Figure 4®BD, the area lung fraction comprised of connective tissue is consistent
between acute and chronically treated mice as compared ttveawad controls in bottihe respiratory bronchioles and
pulmonary interstitium. Collectively, these data strongly suggest that even in the context of an aggressive and chrc
treatmentregimen spanning 15% of the anaml 6 s av er a g e curcunfiredogs aat elicitirobuptainhorady

toxicity.
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Figure10-15. No Evidence of Pulmonary Toxicity Associated with Acute or Chronic Inhalation of Curcumin.

Ma s s o n &lronlerstiained lung tissues collected from acutely (N=3) and chronically nebulized (Nm®)néh old 5XFAD mice were
compared with agenatched nontreated controls.Mi ce i n the facute inhalationd cohomhaledecei
curcumin while the fAchronic inhalationo c o-lwveek timepegicde(3 dosed/weeB). Ashilimded a r
qualitative assessment performed by an expert pathologist on H&E stained sections confirmed the absence ofpdiatbyltyenand

neutrophilic interstitial infiltration in either of the curcumin treated cohorts when compared to controls. Additionally, no

distinguishable alveolar thickening was observed in any of the treatment groups. To investigate the possibicne@$ed eosinophilic
matrix around medium to small airways, e s p echrbnael staning was entployed to highligdhy  t r
connective tissue deposition. Again, a blinded qualitative assessment of the tissues acquired fnoamecutetand chronically nebulized

mice revealed average collagen deposition indistinguishable fromtn@ated controls. The possibility of atypical collagen deposition in

the respiratory bronchioles and interstitial pulmonary tissues was also assesaeskmiquantitative manner using ImageJ software. As
depicted in subfigurd, the area lung fraction comprised of connective tissue is consistent between acute and chronically treated mice
as compared to notreated controls in bothhe respiratory broncliles and pulmonary interstitium. Collectively, these data strongly
suggest that even in the context of an aggressive and chronic treategimen spanning 15% of the ani mal 6s
inhalable curcumin does not elicit robust pulmonary toxicity.
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10.4 SIGNIFICANCE & DISCUSSION OF WORK

10.4.1 Significance & Discussiorof Aerosotmediated Delivery

Drug delivery to the brain for imagingr treatment of AD requires a perfect balance of the chemical bioisosteres that
enable the compound to be sufficiently hydrophilic enough to tratesee b r a i n &yet maintaingufficieatt i o
lipophilicity to enable ito cross the BBB. Curcuminisoseuch compound among a -bméme h
agents. However, its strength as an amphiphilic molecule is also its shortcoming. As noted in the literature, polypher
such as curcumin present a unique challenge with respect to their formiédatiorvivo application. With a log p value

of 2.9, curcumin is insoluble in any physiological aqueous condition suitable for in vivo applit&fiorherefore, it

must be dissolved in saline with a high proportioreitfier methanol or Tweef%? 47 |n congruence with significant
mortality asso@ated withl.V. injection of curcumin noted our study, bolus administration of a viscous solution like that
used to administer cunnin can be associated with robust toxicithis incompatibility with I.V. administration methods

has proven thenost profound limitationassociated with the in vivo applicatiasf amphiphilic moleculesuch as
curcumin. In fact, th past and ongoing clinical trialseekingto evaluate the therapeutic efficacy of curcumin in AD
patients have been forced to employ oralimpgegiment$'®? Disappointingly, thisapproachhas likely stained the
reputation of one of the most promising theranosiientsfor AD discovered in the lastvo decads, as the cort
bioavailability via thismethod of administratiois nothing short of abysm&f*? To elaborate on this point, one of the
principal criticisms leveraged against those in favor of the therapeutic application of cuicukBinis the failure of this
therapeutic intervention to improve cognition in human clinical trials. However, a review of the literature reveals that tt
dependence on oral dosirig thesetrials is likely the reason these studies have failed to recagattitee robust
improvements in memory observed in preclinical animaddels of AD"%2 152 |n support of this hypothesis,
investigators have reported that even following oral dofdsgrams, the highest curcumin dose utilized in a completed

AD-specific human study to date, curcumin doesremthdetectable levels in the blod§>

Two factors predominantly contribute to the pegstemidbioavailability of curcumin when delivered via oral
administration Thesdeaturednclude:(i) poor initial uptake via thentestinal mucosand (ii) profound firs{pass

metabolismin the liver. Considering first the barrier posed by intestinal absmmptietailed in vitro studies demonstrate
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that exceedingly low levels of curcumin8o ID) are transported from the mucossmbrane to the serosal side of the
tissue' 4194 |n spite of this apparently low rate of transpesrly studies noted thahywhere fron80-80% of the

added curcumin disappeared frome imucosal sideé’*® As less than 3% of the added curcumin was found in the
intestinaltissue these findings led to the hypothesis that curcumin is actively metabatiteelevel of the intestinal
mucosd’® Many years later, this hypothesis was explored in more detail by comparing subcellular fractionsnof huma
and rat intestinal tissue with metabolism in the corresponding hepatic frdttidm@onsistent with the idea of intestinal
curcumin metabolism, curcumin glucuronideswdentified in intestinal and hepatic microsomes, and curcumin sulfate,
tetrahydrocurcumin, and hexahydrocurcumin were found as curcumin metabolites in intestinal and hepatic cytosol
isolated from both humans and rats. In a manner which may explairstinegdincies in therapeutic efficacy observed
between humans and animal models, the extent of curcumin conjugation was found to be much greater in intestinal
fractions isolated from humans compared to those harvested from rats. In fact, the cuecluicing ability of cytosol

from human intestinal and liver tissue exceeded that observed with the corresponding rat tissue by factors of 18 and 5,
respectively*®? At the molecular level, curcumin was sulfated by human phenol sulfotransferase isoenzymes
SULT1A1/SULT1A3 and equine alcohol dehydrogenase catdlffz=reduction of curcumin to hexahydrocurcurhina

more unique manner, it has been discovered that curetmniverting microorganisms dominate the intestinal fityr4.

For example, colonies of Escherichia coli isolated from human feces were found to contain an enzyme which may
contribute to the low bioavailability of orglidosed curcumin. In more detail, this curcuwoanverting enzyme,
appropriate named Anicoti nami de-depetidem curciemintihydracartumint i d e
reductaseo, has a mol ecul ar ma s s offits. Bhb enzyine hds2a ndrbva a n d
substrate spectrum, and facilitates the microbial metabolism of curcumin viaséepweduction. First, curcumin is
converted NADPHdependently into an intermediate product, dihydrocurcumin, and then the end product,
tetrahydrocurcumin. While the relative contribution@fchof these enzymes to the intestinal breakdown of curcumin
remains debatedumulatively, the literature compellingly demonstrates that curcumin undergoes extensive metabolic
conjugation and reduction ihé gastrointestinal tract and that there is more metabolism in uthan in rat intestinal
tissuelmportantly, historical precedents undeniably confirm the devastating effect the metabolic pathways described ce
have on a putative therapeutics bioaadaility. For examplethe limitations observed in curcumin are higahalogous to

the low bioavailability of other drugsuch as theral contraceptive ethinylestradiol, which is thought to be caused by
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extensive sulfate conjugatiif®? Unfortunately, this undappreciated literature has failedite adequately considered in
thedesignof trials evaluating theherapeutiefficacy ofthis dietary constituergnd so human studiesntinue to publish

negative result§®?

Alarmingly for those committed to the discovery of a diseasdifying therapeutic for AD, poadntestinal
uptake is not the only major shortcoming associated with oral dosing of curbawéver To the contrary, as previously
noted hepatic clearance of curcumin also significantly contributes to the poor delivery of curcumin to the brain. This is
because of a phenomenontermedfrst ss ef f ect , in which the entirety of
immediately filtered by the liver before being allowed to reenter systemic circulation. In hisubsisnces/drugs
absorbed along the gagititestinal tract anywhere between the lower third of the esophagus to the upper portions of the
anal canal are subject to this effect. From an anatomical perspective, this is because the venous drainage of tisese tiss
subserved, at least in part, llye superior/inferior mesenteric splenic veins which feed into thepatic portal veift®
1059 Sybstances contained in tHedx of this vein are then sject to the metabolimachinery of the liver viapercolation
through sinusoids. In the specific case of curcuhailed analysis has demonstrateat the major biliary metabolites
include glucuronides of tetrahydrocurcumin and hexahydrocurcumin. In addition, dihydroferulic acid together with trace:
of ferulic acid have been identified as minor biliary metaboftf& The significance ofhis biotransformation of
curcuminis thatconstitutes a pharmacological deactivation process, in that metabolism generates species that are eithe
devoid of biological activitiesr less potent than their metabolic precurdarevidencein a comparative analysis of the
ability of five curcumin metabolites, curcumin sulfate, curcumin glucuronide, tetrahydrocurcumin, hexahydrocurcumin,
and hexahydrocurcuminol, to interfere with phal esterinduced expression of the enzyme cyclooxygetzas®ne of
these species was found to be as potent as their metabolic prof&fitdoreover, a multitude of studies have
demonstrated that curcumin is a more potent@ritant than its metabolic derivativeé&? Most relevantlyto AD,
studies have confirmed that curcumin, but not its primary metabolic derivative tetrahydrocurcumin, is effective in

reducing amyloid plaque burden and tau hypleosphorylatiort-263 0%

It is worth noting that an exhaustive amount of effort and ressuras been poured into circumventing the poor
bioavailability of curcumin associated with P.O. dosing. Howedespite more than 40 reports that have attempted to

increase the bioavailability of curcumin through a variety of methods such as nanotechrasioggsulation in
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liposomes/cyclodextrin/polylactico-glycolic acid or administration with metabolic inhibitors, traditional methods
employed to overcome curcuminoés p d81 Thusptte developmbnn ofi o
administration techniques that better facilitate the delivery of amphiphilic molecules boain is of critical importance,

as reliance on neaptimized dosing regimens may lead to the premature dismissal of potentially clinically impactful
molecules such as curcumin. As emphasized earlier, the clinical afiliurcumin extends beyond Adnhdthereforeijt is
indeed in our interest to develop innovative, practiaall translatable administration methodologies that can be used to
deliver curcumin to the braiand other target€”’® Toward that end, wéave demonstrated the utility of a novel
atomizationbased drug administtion technology that rivals 1.Mnjection with respect to deliverof the compound to

the brain.Review of the data highlights four keylvantages of curcumin delivery by inhalatidi) effective delivery of

the compound to pathologically relevant regions of the brain such as the hippocampus; (ii) avoidance of t
glucuronidation and biotransformation attributablehefirst-passeffect, (i) circumvention of the low bioavailaliy of

curcumin associated with its poor absorptmetabolismin the gutand (iv) negligible toxicity.

Considering the first of these three points as a whole, we hypothesize that the improved bioavailability profile
inhaled curcumin is supported via’o independent routes of uptakénder this evolving model, derived largely from
existing literaturethe lungs playa predominant rolén establishing the high plasma levels of curcuneiportedin our
work. At an intuitive level, this assumption seems justified in light of the massive surface area available for dru
transport, with the surface area of human lungs estimated at an astonistig@ m™°"* *°’? Functionally, the lungs can
be subdivided into two distinct systentise conductive airwaystfacheabronchi, and bronchioles) and tregions of gas
exchangedlveoli). In more detail, he conducting zone congsisif thefirst 16 generations of airwaymprised of the
tractea (generation 0), which bifurcates into theo main stem bronchijgeneration 1§°’? This structure subsequently
subdivides into progressively smallediameterbronchi and bronchiolesn comparison,he respiratory zone consisisall
structures that participate in gas exchange and beginsthéthespiratory bronchiolé¥™ Predictably, theepithelial
morphology of eachregion reflects its physiological role. For this reason, the distinction between conductive anc
respiratory airways is of significance in the context of pulmonic drug delifrysimply, he pseudostratifiedpithelia
that constitute the barrier to alpgtion into the bloodstreamre markedly different itheairways and alveoli of the lungs.

The conductiveairways are composed of a gradually thinning columnar epitheluitin,the bronchial epithelium ofi3
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5mm and bronchiolaepithelium of 0.51mm in thtkness'°"* 13 While this represents an adequate barrier with respect
to drug delivery in and of itself, it is significantly strengthenethie tracheobronchiakegion the epithelium by mucus

layer. Within this region, ay depositedoarticleis promptlytransportedut of the lung viamucociliary clearancednder

these conditiongjrug absorptiofecomegpractically negligible. On the other hanthe alveoli haveonly a thin, single

cell layercomprised principally of Type | and Il pneumocyteere, he distance frorthe alveolalumento the capillary
bloodflow is less than 400 nm. Coupled with the lasgeface seaalready discussed, this makes the gas exchange tissues
of the lung highly amenable to the delivery of pharmaceuticals into systemic circ{i®fo®ur work supports this
theory,as an inhaledd mg/kgdose of thecurcumin analog FMeCéchieved similar concentrations in the brain as those
reachedvia 1.V. injection. Fortunately, our longitudinal analysis of plasma curcumin coatéigved following I.V.,

P.O., or inhalation deliveryoutes sheds some light on this finding. Here, the data reveals that while I.V. injection of
curcumin produces an unrivaled peak in plasma curcumin concentration, these elevated levels are rapidly fleeting. £
result, the bioavailability of this technig is far from the pharmacokinetic ideal. By comparison, pulmonic uptake of
curcumin results in an attenuatg@dlative to I.V. injectionbut sustainedhcrease in curcumin plasma levels which, over
the extended course of delivery, results in a greatar tlvofold increase in peripheral bioavailability. In truth, this data
might prove sufficient in addressing the underlying mechanism by which nebulized drug dadhveves therapeutically
relevant concentrations of curcumin in the brain. However, iti@infy that curcumin content in the hippocampus is
statistically elevated in nebulized 5XFAD mice as compared to I.V. injected anisogigests an additional route of
administration. In our opinion, this second route of curcumin delivery to the brainsislikely occurring via the direct

nasal pathway.

Col l oqui al I-pbt ar me drvdéstigatiens goaducted in human and animal models strongly
support the notion that transport of exogenous materials directly frorrtabsain is a potential route for byassing the
BBB.*°"? Mechanistically, this route involves the olfactory or trigeminal nerve systems, which initiate in the brain and
terminate in the nasal cavity at the olfactory neuroepithelium or respiratory epithelium, respectively. As the only
externally exposed portiord the CNS, these structures are uniquely positioned to provide the most direct method of nor
invasive entry into the braitn order to understand how increased FMeC1 signal in the hippocampus of nebulized

animals as compared to I.V. injected animalates to this pathway, an anatomical overview is required. Beginning with
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the fundamentals, in marihed olfactoryepithelium is located high in the nasal cavitymore detail,tipartly overlies the
cribriform plate, a bony structure that contains mpones that allow the passage of neuronal bundles from the olfactory
epithelium to pass into the CN8s depicted inFigure10-16, theolfactory epitheliatissuegpredominantly contain three
cell types: the olfactory neural celtthe sustentaculaells and the basal cell8eneath this epithelial cell layer lies the
lamina propriaof the olfactory epithelium, in which the axons of olfactory neurons taper together and become ensheath
by glial cells.These processes are calfiid olfactoria and araunique features in the mammalibndy in that around
twenty axons are partitioned by t8ehwann cell into fascicteThe significance of thistructural organizatioto CNS

drug delivery is that it generatesili® nm sized spaces between axons that can facilitateqanal transport of
molecules to thérain(Figure 1017).°”® This is because the schwasineathed axonal bundles pass through the porous
cribriform plate before synapsing on mitcalls contained within the glomeruli of tbéactory bulb.Moreover, the
presence of pores in the filia olfactoria, termed mesaxons, also allow passage of extracellular fluid into the neuronal
bundle andiice versa®®’9 Admittedly, the size restrictions placed on peguronal transport offarmaceuticals has

proven limiting for the majority of macrmolecules. However, this pathway remains viable for small moledule A
aggregation inhibitors such as curcumin. Moreoveptetically transcellular transport gfarticlesup to 200nmin

diamete is possiblevia retrograde transport of drugs from the nasal mucosa to the olfactory’BUi? With respect to

the endocytic process underlying this transcellular transpatabclathrinrdependenendocytosis is currently the mest
well characteded mechanism. In truth however this constituent of the #todwain transport phenomenon remains
largely uncharacterized amtbatestill exists ovethow exactly exogenous particles initiate thigent'°®? Regardlessf
whether transported via transcellular or geruronal transporfrom theolfactory bulbthird-order neuronal projections
pass to thamygdala, preyriform cortex, the anterior olfactory nuclewntorhinal cortexand most relevantly to our

work the hippocampus'®®? Thus, in congruence with the mostigedate models, wengision that the enhanced

curcumin deposition observed in our studies might be attributable to retrograde transport of compounds from the nasal
mucosa, to the olfactory bulb, and ultimately to the hippocampus. Importietifeasibility of this pathway has already

been demonstrated in studies employing large proteins and nanop&ffitté®
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Figure10-16. Anatomical Diagram of the Olfactory Epithelium, Bulb, afidact.

Note the presence of three principal cell types contained in the olfactory epithelium: (i) basal cell, (ii) sustentadulaustaining
cell), and (iii) olfactory neuronReproduced with Permissions from the International Journal of Pharmacedti@
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Figure10-17. General organization of the olfactory region.

(A) The olfactory mucosa includes the olfactory epithelium and its underlying lamina propria. Axonal processléscodéry sensory
neurons converge into bundles (fal olfactoria), surrounded by ensheathing cells and fibroblasts, before projecting to the olfactory bulb.
Potential pathways for drug delivery across the olfactory epithelium following intranasal adnaticst are shown in red. Some
substances may be transported byiatracellular pathway from the olfactory epithelium to the olfactory bulb within olfactory sensory
neurons following adsorptive, receptomediated or norspecific fluid phase endocytosis. kdr substances may cross the olfactory
epithelial barrier byparacellular or transcellulartransport toreachthe lamina propria, where a number of differeatracellular
pathways for distribution are possible, as indicated: (1) absorption into olfactory blood vessels and entry into the gecidedion;

(2) absorption into olfactory lymphatic vessels draining to the deep cervical lymph nodes of the neck; and (3¢leMeradiffusion or
convection in compartments associated with olfactory nerve bundles and entry into the cranial compaftmaesp.ort within the
perineural space bounded by olfactory nerve fibroblasts is indicated but other possibilities existaaspont within the fila olfactoria
compartment contained by ensheathing cells, transport within the perivascular spaces of blood vessels traversing threncpibtigo
with olfactory nerves (not shown) or transport within lymphatics traversing the dobm plate with olfactory nerves (not shown).
Possible pathways for distribution of substances from the perineural space into the olfaoteagchnoid space cerebrospinal fluid
(CSF) or into the olfactory bulb are shown. (B) Sections through the rodéattory mucosa stained with hematoxylin and eosin (H &
E) or immunostained using an antibody to olfactory marker protein (OMP), a protein present only in mature olfactory sensong n
and not sustentacular or basal cells. The sections show the layehe @lfactory epithelium, positions of the sustentacular (S) cells,
olfactory sensory (receptor, R) neurons and the numerous blood vessels (BV) and Bowman's glands (BG) within the lamima propri
Reproduced with Permissions from Advanced Drug DeliverwiRess (*°89
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