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             Alzheimer’s disease (AD) is the most com-
mon cause of dementia, with current esti-
mates reporting more than 30 million people 
a�  icted with this malady worldwide. � is 
number is expected to quadruple within the 
next 40 years. In the United States alone, 
there are more than 5 million AD patients, 
with 10 million caregivers, and it is the na-
tion’s third most expensive disease, already 
costing the U.S. government close to $200 
billion a year. Currently, there is no e� ective 
treatment that delays the onset or slows the 
progression of AD. Without such disease-
modifying treatments, the disease threatens 
not only to cause great personal su� ering 
but also to bankrupt the health budgets of 
national economies worldwide. Indeed, fol-
lowing the launch of similar plans in Europe 
(http://www.alzheimer-europe.org/Policy-
in-Practice2/National-Dementia-Plans/
France), the Obama Administration in the 
United States is developing the � rst Na-
tional Alzheimer’s Strategic Plan that will 
combine research e� orts to understand and 
combat the disease with aid for caregivers of 
AD patients (http://www.alz.org/documents/
national/report_ASG_alzplan.pdf).

Major scienti� c advances in genetics, 
biochemistry, cell biology, and neurosci-

ence over the last 30 years have changed the 
way we think about AD and have provided a 
better understanding of the pathogenesis of 
the disease, yet translation of these research 
advances into new disease-modifying treat-
ments has been disappointingly slow. We 
know that AD is a disease of protein aggre-
gation involving accumulation in the brain 
of aggregates of β-amyloid (Aβ) peptide in 
the form of amyloid plaques and of tau � -
brils in the form of neuro� brillary tangles, 
but other molecules and pathways also have 
been implicated [for review, see Holtzman et 

al. (1)]. To elucidate and tackle the hurdles 
that are preventing e�  cient translation of 
research advances into new treatments for 
AD, a group of leading researchers working 
on AD and other neurodegenerative diseas-
es met in April of this year in Washington, 
D.C. for a 2-day symposium and workshop 
to discuss our current understanding of AD 
and to develop a road map to address some 
of the biggest challenges preventing trans-
lation of research advances into clinical 
bene� ts (http://www.aaas.org/programs/
centers/pe/abelson/). � e 1-day sympo-
sium, which covered the genetics, cell biol-
ogy, and clinical aspects of AD and other 
neurodegenerative diseases such as Parkin-
son’s disease, Huntington’s disease, and 
amyotrophic lateral sclerosis, was followed 
by a 1-day workshop where speakers and 
invited participants broke up into working 
groups to discuss four di� erent aspects of 
AD: genetics, clinical trials, protein aggrega-
tion, and the cell biology of neurodegenera-
tive diseases and neurodegeneration (Fig. 
1). � is White Paper is a summary of the 
discussions of the working groups that we 
hope will provide a path to boost our under-
standing of AD pathogenesis, improve our 
ability to diagnose the disease in its earliest 

stages, and aid in the development of e� ec-
tive disease-modifying treatments that can 
be given early enough to prevent emergence 
of the devastating clinical symptoms of AD. 

USING GENETICS TO UNDERSTAND, 
PREDICT, AND DIAGNOSE AD
Rigorous genetic studies will help to eluci-
date the biological pathways that predispose 
to AD, identify diagnostic combinations of 
risk factors, and de� ne how genetic factors 
interact with environmental factors, some 
of which may act by in� uencing the epi-
genome. So far, genetic studies have identi-
� ed 10 genes that in� uence risk for AD in 
people of European origin. Rare hereditary 
forms of AD are caused by autosomal-
dominant mutations in the APP and PSEN 
genes encoding amyloid precursor protein 
and the presenilin proteins, respectively (2). 
Most of these mutations increase total Aβ or 
Aβ42 production, leading to increased amy-
loid plaque formation in the brain, a patho-
logical hallmark of AD (1). Unlike these rare 
familial forms of AD, the causes of so-called 
sporadic or late-onset AD, which accounts 
for >99% of all AD cases, are not known. 
� e strongest genetic risk factor for most 
AD cases is an allelic variant of the APOE 
gene encoding the protein apolipoprotein 
E (apoE), which a� ects Aβ clearance and 
Aβ � bril formation. ApoE may have other 
functions in the brain, such as in lipoprotein 
tra�  cking, synaptic remodeling, and in-
� ammation, which may provide additional 
pathways by which apoE could in� uence 
AD pathogenesis (3).

Recently, several large genome-wide as-
sociation studies (GWAS) have identi� ed 
variants associated with nine additional 
genes that modestly in� uence risk for AD 
in people of European origin (http://www.
alzgene.org/). � ese genes implicate sev-
eral biological pathways—including lipid 
metabolism, innate immunity and endo-
cytic tra�  cking—that could provide new 
therapeutic targets for AD (4–6). � e mar-
riage of high-resolution genetic and ge-
nomic studies enabled by next-generation 
sequencing technologies, combined with 
new stem cell advances and imaging meth-
ods, could accelerate progress in under-
standing mechanisms of AD pathogenesis 
and may provide new therapeutic leads. We 
suggest four key initiatives:

(1) We need to develop better statistical 
and phenotyping methods for understand-
ing interactions among multiple genetic 
variants identi� ed in GWAS and in whole- 
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 Alzheimer’s disease (AD) is the most common cause of dementia and will lead to a world-
wide public health crisis if it continues unchecked. Despite tremendous advances in our 
scienti� c understanding of AD, we still do not have e� ective ways to delay, prevent, or 
slow this disease. At the 2011 Abelson meeting, a diverse group of scientists discussed 
current challenges in the AD � eld and made recommendations in the areas of genetics, 
clinical trials, protein aggregation, and the cell biology of the nervous system. We hope 
these recommendations will boost research progress in AD and increase the likelihood of 
developing e� ective therapies in the near future.
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genome sequencing studies. A short-term 
goal should be to perform meta-analyses 
and pathway analyses of existing data sets 
to elucidate the role of recently identi� ed 
genes and to identify new genes. � ese stud-
ies should also be extended to other cor-
related phenotypes (behavioral, imaging 
and biomarker measures, age at onset, rate 
of decline) using existing well-phenotyped 
patient data sets to determine the relative 
importance of genes other than APOE. 
Such studies will identify and characterize 
new genes and interactions between genes 
(epistasis) that in� uence disease risk, age at 
onset, and rate of cognitive decline as well 
as additional protective factors, such as 
APOE2, that contribute to healthy cogni-
tive aging. It will be important to determine 
whether these genes have additive e� ects 
on the risk of developing AD or whether 
some combinations interact in a multiplica-
tive fashion—and whether multiple genes 
within speci� c biological pathways contrib-
ute to risk. A longer-term goal is to pursue 

studies in non-European populations given 
that, to date, APOE is the only gene known 
to in� uence risk for disease or age at onset 
in non-European populations. It is essential 
to determine the gene combinations that af-
fect risk for AD in all major racial and ethnic 
groups because although APOE4 is a com-
mon risk factor for disease in all populations 
studied, the allele frequency and e� ect size 
do di� er. A number of epigenetic studies of 
aging and dementia are under way (http://
www.roadmapepigenomics.org/overview). 
Including such data in AD genetic studies 
may improve the accuracy of predicting ge-
netic risk and age at onset. Identi� cation of 
environmental factors could enable those at 
high genetic risk to reduce their risk of de-
veloping AD through life-style changes such 
as exercise, cognitive activities, and optimiz-
ing both sleep and mental health.

(2) We need to perform whole-genome 
sequencing of individuals and combine 
this with extensive phenotyping, including 
clinical, psychometric, pathological, neu-

roimaging and � uid biomarker measures. 
Short-term goals include analysis by next-
generation sequencing of large families 
lacking de� ned PSEN or APP mutations to 
identify rare variants causing highly pen-
etrant AD in such families. Even in indi-
viduals who are PSEN or APP mutation car-
riers or APOE4 homozygotes, there can be 
a 25-year range in age at onset for AD. For 
this type of quantitative trait (age at onset), 
DNA sequencing of individuals from the ex-
tremes of the distribution will help to iden-
tify combinations of functional variants. In 
the longer term, this approach should be 
applied to large populations, including AD 
cases and control subjects without dementia 
who have already been tracked in longitudi-
nal studies; such studies could be enhanced 
by expression pro� ling of at-risk individuals 
over time to identify biomarkers of disease.

(3) In addition to genetic studies aimed at 
identifying functional variants, experiments 
are needed to determine the mechanism by 
which sequence variants in� uence AD risk, 

Fig. 1. What do we know and where should we go? AD is strongly infl uenced by genetic changes that, together with aging and other factors,  result 
in aggregation of specifi c proteins, such as β-amyloid (Aβ) and tau in the brain. Together, these changes infl uence neuronal biology, resulting in loss 
of synapses and death of neurons and leading to brain dysfunction. Better insights into the mechanisms by which genetics, protein aggregation, and 
the biology of neurons and other cells infl uence AD pathogenesis will lead to improvements in clinical trial design by enabling the development of 
informative biomarkers. Such biomarkers will help in selecting specifi c AD patient cohorts for clinical trials and for monitoring disease progression 
and the success of disease-modifying treatments. Ultimately, biomarkers will enable early intervention in presymptomatic individuals with the goal 
of delaying the onset or preventing the cognitive decline seen in AD before the brain is irreversibly injured. 
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age at onset, and disease progression. Such 
functional studies have in the past been 
performed in model organisms and in cell 
culture systems. Genetically tractable model 
systems are particularly attractive because 
of the possibility of identifying genetic mod-
i� ers of these new risk genes that could feed 
back into human studies, but these model 
organisms cannot adequately model spo-
radic AD. We need to take advantage of the 
ability to reprogram skin � broblasts from 
AD patients and healthy individuals to gen-
erate induced pluripotent stem (iPS) cells 
that then can be di� erentiated into neurons, 
glia, and other cell populations. Obtaining 
skin biopsies from well-phenotyped and 
genotyped/sequenced clinical populations 
of AD patients will enable functional stud-
ies in appropriate cell types, such as neurons 
and glia, of known genetic composition as 
well as in mixtures of these cells; eventu-
ally, functional studies could be conducted 
on pieces of human brain tissue generated 
in vitro. A national repository of these � bro-
blasts/iPS cells with linked clinical and oth-
er data should be created and the cell lines 
should be made available at a low cost to all 
researchers (http://www.alzforum.org/new/
detail.asp?id=2558).

(4) � e APOE genotype is now used 
routinely to stratify subjects for clinical tri-
als. However, moving forward, we need to 
use linked genetic and phenotypic pro� les 
to identify presymptomatic individuals who 
are at high risk of developing AD for preven-
tion trials and to identify mildly demented 
individuals predicted to show rapid progres-
sion to AD for clinical trials testing disease-
modifying therapies. Personalized treatment 
based on genetic pro� les will include advis-
ing individuals regarding life-style changes 
that might moderate genetic risk, deter-
mining the age at which clinical monitor-
ing should begin in at-risk individuals, and 
determining the speci� c drugs and the dose 
of those drugs that will provide the optimal 
therapeutic regimen. For example, individu-
als who carry APOE4 alleles are at particu-
larly high risk for dementia a� er head injury 
with loss of consciousness; such individuals 
need to make informed decisions about in-
volvement in activities that have a high risk 
of repeated head injury (e.g., contact sports 
or combat service in the military).

IMPROVING OUTCOMES FROM 
CLINICAL TRIALS
A number of disappointing results from 
large-scale clinical trials involving symp-

tomatic AD patients with dementia suggest 
that we may need to change course in the 
clinical testing of disease-modifying thera-
pies for AD. Genetic studies will be helpful 
in identifying individuals at high risk for 
developing AD so that clinical trials can be 
designed for the earliest stages of AD when 
disease-modifying agents are likely to be 
most e�  cacious (7). In addition to genet-
ics, biomarkers are proving to be very use-
ful for both the diagnosis and prognosis of 
AD. � e types of biomarkers that currently 
appear most useful in large-scale studies are 
measurements of Aβ, tau, and visinin-like 
protein-1 (VILIP-1) (8) in cerebrospinal 
� uid (CSF), structural neuroimaging with 
magnetic resonance imaging (MRI), and 
positron emission tomography (PET) neu-
roimaging to detect � brillar forms of Aβ in 
the brain (Table 1). Despite recent advances 
in both basic research and identifying bio-
markers for AD, critical barriers remain for 
the successful execution of clinical trials 
for testing new treatments to delay, modify, 
or prevent AD. We need strategies to more 
e� ectively select promising therapeutic 
agents from laboratory testing, to design 
more e�  cient “proof of concept” studies in 
patients with early AD, and to pursue new 
avenues to prevent or slow neurodegenera-
tion during the earliest stages of the disease. 
We propose four areas on which to focus: 

(1) � e pathophysiological process of 
AD begins many years before the onset of 
clinical symptoms. � e phase of disease in 
which AD pathology is accumulating yet an 
individual is still asymptomatic is termed 
“preclinical” AD (1, 9). For example, Aβ de-
position and tau aggregation are estimated 
to begin about 15 and 5 years, respectively, 
before symptom onset. By the time symp-
toms emerge, there is already signi� cant 
neuronal loss in key regions of the brain 
(10, 11). Despite this, virtually all treatment 
trials completed to date have studied pa-
tients with mild to moderate AD dementia 
in which AD pathology and resulting neu-
rodegeneration are already well entrenched. 
� erapeutic agents aimed at presumed ear-
ly events in AD pathophysiology (e.g., Aβ 
production, clearance, and aggregation or 
tau aggregation/dysfunction) are most like-
ly to succeed in preclinical AD populations 
before neurodegeneration has progressed 
too far. But there are major challenges to 
designing trials to detect an e� ect on clini-
cal progression in these asymptomatic pop-
ulations; true prevention trials could take 
longer than a decade to complete. Solutions 

lie in the selection of preclinical subject 
populations at high risk for developing AD 
dementia: (a) asymptomatic autosomal-
dominant mutation carriers with evidence 
of amyloid accumulation (although these 
subjects represent a very small percentage 
of AD patients), (b) APOEε4 carriers, par-
ticularly homozygotes, who are at high risk 
for developing amyloid pathology, and (c) 
older individuals whose biomarkers (for 
both amyloid and “downstream” neuro-
degeneration) suggest that preclinical AD 
is progressing, including individuals with 
very subtle symptoms who do not yet meet 

Table 1. Biomarkers for AD .

Markers of Aβ accumulation 

Aβ in CSF 

Assays for Aβ42 or Aβ42 : Aβ40

Amyloid imaging by PET 

11C-PiB or 18F radiotracers bind to fi brillar Aβ

Markers of Aβ production or clearance 

Aβ in CSF and possibly plasma 

Stable isotope labeling kinetics (SILK) for 
detecting CSF Aβ

Markers of synaptic dysfunction 

18F-fl uorodeoxyglucose (FDG) PET 

Measures resting synaptic function via glucose 
metabolism

Functional MRI 

Measures task-based activation and resting 
neural connectivity 

Indirect measures of neuronal activity and 
network integrity via blood-oxygen level 
dependent (BOLD) T2 techniques

Markers of neurodegeneration 

Tau, phospho-tau, visinin-like protein-1 
(VILIP-1) in CSF

Markers of neuronal loss 

MRI to measure: 

Cortical thinning in parietal and temporal 
cortices 

Ventricular volume (less specifi c for AD) 

Hippocampal volume (correlates well with 
memory decline)
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the criteria for mild cognitive impairment 
or very mild dementia (12).

Consideration should also be given to 
more innovative trial designs across the 
spectrum of AD treatments. Lengthy pre-
vention trials may bene� t from using adap-
tive trial designs, beginning with biomark-
er assessments of target engagement and 
adapting dosing, or using subgroups of “re-
sponders” for long-term clinical follow-up. 
Testing of multiple agents in “2x2 Factorial” 
trial designs may also be advantageous, e.g., 
combining an antiamyloid agent with an 
antitau agent. � is will likely require coop-
eration across companies and academia to 
allow drug-drug interaction testing in early 
phase studies and working with regulatory 
authorities to develop e�  cient safety moni-
toring protocols for combination therapies.

(2) � e design and e�  ciency of “proof-of-
concept” Phase Ib/IIa trials in AD needs to 
be improved. � e majority of recent Phase III 
trial failures did not have convincing Phase 
II data supporting their continued develop-
ment. We need to develop better biomark-
ers, especially biomarkers that can track in-
dividual trajectories of disease progression 
and predict therapeutic responses, so-called 
theranostic markers. One example of such a 
marker is stable isotope labeling kinetics in 
which one can assess the synthesis and clear-
ance rates of proteins such as Aβ in CSF. 
� ese biomarkers must also be standard-
ized for use in multiple centers with highly 
reliable measurements. We must require 
evidence of target engagement in human 
studies, with rigorous evaluation using pre-
de� ned end points. Ideally, we would develop 
short-term pharmacodynamic markers that 
predict long-term responses to disease-mod-
ifying treatments, such as functional imaging 
or more sensitive markers of cognition. � e 
majority of current Phase II AD trials are 
18 months long and are o� en insu�  ciently 
powered to see a clinical e� ect. Should we 
conduct multiple shorter Phase II trials be-
fore moving to larger, longer pivotal Phase III 
trials? Algorithms are needed to de� ne “lev-
eraged” populations for these Phase II stud-
ies, such as patients who are likely to mani-
fest rapid clinical decline, perhaps identi� ed 
by the presence of a particular AD biomarker 
signature. A critical barrier to successful 
proof-of-concept trials is the lack of sensitive 
cognitive measures to assess therapeutic ben-
e� t in a shorter time frame that can be reli-
ably administered across multiple sites. It will 
be especially important to develop and utilize 
sensitive measures that change in individuals 

who are in the earliest clinical stages of the 
disease.

(3) � e past two decades have seen a 
number of disappointing failures in AD 
treatment trials based on promising epide-
miological data. � is highlights the “discon-
nect” between results from large epidemio-
logical cohorts (studied over many years) 
and randomized clinical trials in clinically 
impaired individuals. For example, where-
as epidemiological data suggest that anti-
in� ammatory medications such as non-
steroidal anti-in� ammatory drugs (NSAIDs) 
decrease the risk for AD, treatment trials 
involving NSAIDs and patients with AD de-
mentia have not shown e�  cacy. � ere may 
be many reasons for this, including the possi-
bility that NSAIDs may act di� erently at dif-
ferent stages of disease (13). To better trans-
late promising � ndings from epidemiological 
studies into successful randomized clinical 
trials, epidemiological studies need to incor-
porate biomarkers from CSF sampling, PET 
imaging of amyloid, or another biomarker 
modality to better interpret outcomes. Mean-
while, biomarker studies and randomized 
clinical trials that typically recruit “samples of 
convenience” need to select populations that 
are fully representative of individuals at risk 
for dementia. � e goal would be to launch 
several large studies of middle-aged and early 
late-life subjects recruited with epidemiolog-
ical principles and embed a number of sensi-
tive biomarkers collected on at least a repre-
sentative subset of the cohort. If these cohorts 
are large enough, one might be able to later 
recruit from within these studies for ran-
domized trials of promising new therapeutic 
agents. One possibility would be to consider 
cohort studies within large managed health 
care plans or even within the Medicare sys-
tem to take advantage of existing data collec-
tion systems.

(4) Another barrier is selection of the 
most promising therapeutics from preclini-
cal animal studies for testing in large-scale 
clinical trials. Current animal models are not 
ideal for all purposes, as they are primarily 
models in which some, but not all, aspects of 
AD pathogenesis are present. For example, 
the majority of mouse models are based on 
genetic forms of autosomal-dominant AD 
characterized by overproduction of Aβ. 
� ere are drugs that reduce Aβ produc-
tion, with a decrease in Aβ concentrations 
in the brain presented as evidence of “tar-
get engagement.” Decreasing production of 
Aβ may ultimately prove to be an e� ective 
therapy; however, recent evidence suggests 

that sporadic AD may be related to impaired 
clearance of Aβ rather than increased pro-
duction of Aβ (14). More importantly, tau ag-
gregation and tau-mediated neurodegenera-
tion are not present in most mouse models 
that overproduce Aβ. � us, even if Aβ is re-
duced, these mouse models cannot indicate 
whether this change will reduce downstream 
neurodegeneration. Furthermore, although 
several double and triple transgenic mouse 
models have been shown to develop both Aβ 
and tau pathology (15), they typically do not 
manifest the frank neuronal loss seen in hu-
man AD patients. We need new models in 
genetically tractable animals, such as mice 
that develop both Aβ and tau pathology as 
well as neurodegeneration with neuronal 
loss. We also need additional worm and � y 
models that are useful for high-throughput 
drug screening. A public resource provid-
ing access to all preclinical animal models 
should be available.

We also need more rigorous evidence 
of preclinical e�  cacy before we move into 
human studies. Ideally, there would be 
conclusive evidence of target engagement 
(e.g., a drug that lowers Aβ production 
or decreases Aβ plaque burden, decreased 
tau, or evidence of a reduction in neurode-
generation, etc.) in more than one animal 
model and rigorous standardized operat-
ing procedures for assessment of preclini-
cal behavioral or other functional e� ects. 
We must develop better pharmacodynamic 
markers that can more easily translate from 
animal into human physiological and be-
havioral studies and set stringent standard-
ized thresholds for decisions to move into 
clinical development.

PROTEIN AGGREGATION IN 

NEURODEGENERATIVE DISEASE

� e aberrant aggregation of Aβ and tau pro-
teins is the hallmark of AD, but protein mis-
assembly and aggregation is an early event 
common to many other neurodegenera-
tive diseases, including Parkinson’s disease, 
Huntington’s disease, amyotrophic lateral 
sclerosis, the transthyretin amyloidoses, and 
prion diseases (16). � ere are four key areas 
that need further study:

(1) Protein aggregates form several dif-
ferent structures in these neurodegenerative 
diseases, including oligomers, proto� brils, 
and � brils. However, it remains unclear 
which forms of these aggregated proteins 
are present in each disease, which forms are 
toxic, and what their locations are in the cell 
and the whole organism. � us, a major goal 
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is to develop tools and sensors to distin-
guish between the di� erent forms of these 
proteins in vitro and in vivo. Sensors could 
be small molecules, antibodies, modi� ed 
aggregation-prone proteins, or polymers 
such as sulfated glycosaminoglycans. De-
vices for diagnosis—e.g. a micro� uidic gel 
� ltration device to distinguish the spectrum 
of protein aggregates in plasma or CSF—
would also be useful. It will be important to 
make structure-pathology correlations for 
each species of aggregate that is sensed and 
to understand aggregate dynamics. Ex vivo 
sensors would be appropriate for proof-of-
concept studies, but ideally they would need 
to be designed so that they could be used in 
vivo as well. It would be desirable to monitor 
multiple misfolding-prone and aggregation-
prone proteins simultaneously for a given 
pathology. � e goal is to connect structural 
data with nomenclature and with biological 
(pathological) consequences. Success will 
require an in� ux of chemists, physicists, and 
engineers to collaborate with biologists.

(2) Observations about protein misfold-
ing and aggregation derived from these new 
sensors and tools will need to be correlated 
with dysfunctional readouts in multiple or-
ganisms as a function of age and disease. 
Such readouts of dysfunction could include 
electrophysiology, altered brain connectiv-
ity, changes in protein homeostasis (pro-
teostasis) in di� erent subcellular compart-
ments, alterations in vesicular tra�  cking, 
and compromised proteasomal and lyso-
somal activity. How do protein aggregates 
cause dysfunction and ultimately neuronal 
loss and which aggregates are important? Is 
neurodegeneration driven by a neuronal-
based (cell autonomous) or a non-neuronal 
based (cell non-autonomous) mechanism? 
� e aggregation sensors developed need to 
be correlated with disease phenotypes in an-
imal models and in humans to establish bio-
markers for diagnostic and prognostic tests. 
Molecules that prevent or alter the aggrega-
tion of intrinsically disordered proteins or 
of structured proteins that have undergone 
disordering need to be developed and then 
interrogated with these tools for their ability 
to ameliorate disease. Possibilities include 
small organic molecules that stabilize the 
nonaggregated form of the protein (17), as 
well as molecules (such as peptides or pepti-
domimetics) that speci� cally block the for-
mation of aggregate structures that compro-
mise the integrity and function of tissues.

(3) Murine and primate studies suggest 
that aggregates can spread from one cell to 

another by an apparent seeding mechanism. 
Both cell autonomous and non-autonomous 
mechanisms may be involved in such ag-
gregate propagation, and propagation may 
be both an early and a late event. Under-
standing the mechanisms of propagation 
using both in vitro and in vivo models may 
provide new targets for interfering with the 
spread of aggregates and the development of 
pathology in the brain (18).

(4) We need to elucidate how informa-
tion from models of neurodegenerative dis-
eases correlates with human pathological 
observations with respect to the proteostasis 
network, genes conferring risk, in� amma-
tory pathways, degenerative mechanisms, 
and other cellular or immune functions. It 
will be useful to recruit systems biologists to 
work with cell and molecular biologists and 
medicinal chemists to integrate data across 
cellular and multicellular neurodegenera-
tive disease models to discern which path-
ways are most critical to neurodegeneration 
in humans.

THE CELL BIOLOGY OF 

NEURODEGENERATION

Aberrant protein aggregates play a promi-
nent role in AD pathogenesis, but how they 
elicit the cascade of events that results in 
neurodegeneration and cognitive impair-
ment remains unclear. Four general areas 
of pursuit and the questions that need to be 
addressed in each area are outlined for near-
term studies to address this chasm in our 
understanding:

(1) Aβ aggregation seems to be a key 
event in AD pathogenesis that can be in-
stigated by baseline di� erences among in-
dividuals in Aβ production, aggregation, 
and clearance (1, 19). Genetic or other fac-
tors may lead to a � rst “hit” in which Aβ 
accumulation into di� erent toxic forms is 
initiated. However, a variety of other fac-
tors or events appear to be necessary for 
the cognitive decline characteristic of AD 
to ultimately take place. Regarding Aβ itself, 
there is still much we do not know about 
its role in AD, for example: Which forms 
of Aβ are toxic, which pathways are most 
relevant to toxicity, how can the toxic spe-
cies be monitored, are both intracellular 
and extracellular Aβ species toxic, and how 
is Aβ metabolized? Could some aspect of 
APP metabolism exclusive of its process-
ing to Aβ contribute to AD? To elucidate 
the role of Aβ in AD, we need better animal 
models that do not rely on overexpression 
and that mimic multiple aspects of AD, in-

cluding Aβ aggregation, tau abnormalities, 
neuronal network dysfunction, and the loss 
of synapses and neurons. For example, it 
would be useful to understand why most of 
the available mouse models that develop Aβ 
aggregates and associated pathology do not 
develop substantial neuronal death.

Which speci� c cell types contribute 
most to Aβ production and clearance, and 
do di� erent cell types (e.g., monocytes and 
microglia) preferentially clear monomers, 
oligomers, and aggregates? Is there some 
way to activate endogenous cells that clear 
Aβ? Is there a receptor for Aβ and, if so, 
which cell types produce the receptor, and 
do speci� c forms of Aβ bind to the same 
or a di� erent receptor? Does Aβ-mediated 
neuronal/synaptic dysfunction contribute 
to AD independently of neuronal death, and 
does neuronal death follow loss of synaptic 
interactions?

(2) We need to clarify at the level of 
macro-brain circuitry and microcellular 
connectivity the major sites of neuronal 
dysfunction during the early, mid- and late 
phases of AD. We need to elucidate precise 
molecular mechanisms of cellular dysfunc-
tion and dismantling of the neural circuitry 
in neurodegeneration by identifying the sig-
naling pathways, proteases, and cytoskeletal 
programs involved. On the other hand, we 
also need to determine whether neurogen-
esis could help in slowing or preventing 
AD. Although there is no direct evidence 
in humans that neurogenesis is impaired 
in AD, mouse models that develop amyloid 
deposition do show impaired neurogenesis 
(20). We need to elucidate whether genetic 
changes could predispose individuals to AD 
by altering neurogenesis and whether glia 
contribute to this process.

(3) Other key cell biological hallmarks 
and the time course of neuronal, glial, and 
neurovascular abnormalities that contribute 
to brain dysfunction in AD remain unclear. 
Such hallmarks include tau aggregation and 
neuro� brillary tangle formation, synaptic 
and axonal loss, gliosis, amyloid angiopa-
thy, and impaired vascular function. How is 
tau protein aggregation linked with neuro-
nal and synaptic dysfunction? Does soluble 
tau as well as aggregated tau play a role in 
neurodegeneration in AD? We need to nail 
down how Aβ exacerbates tau aggregation 
and neurodegeneration. Can tau be tar-
geted as a therapy for AD by lowering its 
concentration using small molecules and 
by decreasing its aggregation and spread us-
ing biological agents such as antibodies? In 
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addition, we still do not understand mecha-
nistically how apoE in� uences the risk for 
developing AD. ApoE a� ects Aβ metabo-
lism and aggregation, but how does it do 
this? Does it also a� ect Aβ toxicity? Could 
primary abnormalities of lipid metabolism 
that are in� uenced by apoE or other factors, 
either in the central nervous system (CNS) 
or systemically, contribute to AD? Could 
modifying CNS lipid metabolism slow or 
prevent neurodegeneration? Does apoE af-
fect synaptic function or pruning of synaps-
es independent of any e� ect on Aβ?

(4) Finally, what are the key factors and 
stressors underlying susceptibility to neuro-
degeneration in AD, the so-called “second 
hit”? We know that individuals with seem-
ingly similar Aβ and tau accumulation in 
the brain can be clinically a� ected to di� er-
ing degrees. � is suggests that in addition 
to AD pathology other factors (the second 
hit) are important. Such factors may include 
aging, brain trauma/ischemia, bioenergetic 
stress, noncanonical mitochondrial func-
tions, synaptic activity, selective neuronal 
vulnerability to Aβ and tau, and elements of 
the cellular environment that could promote 
neuronal dysfunction. Animal models that 
develop AD pathology concomitant with 
decreased brain function and neuronal loss 
should be used to determine which of these 
second hits exacerbates or protects against 
neurodegeneration. Little work has been 
done on the role of bioenergetics in AD 
pathophysiology. We do not know whether 
abnormalities in glucose utilization contrib-
ute to AD, why regions of high aerobic gly-
colysis in the brain are the regions of highest 
Aβ plaque accumulation (21), and whether 
defects in mitochondrial function contrib-
ute to AD. Other important areas that are 
understudied include life-style factors such 
as stress, sleep, and exercise and how they 
relate to bioenergetics and AD risk.

SUMMARY

� ere have been tremendous advances in 
our understanding of the scienti� c under-
pinnings of AD over the last 30 years. Major 
advances in genetics, cell and molecular bi-
ology, systems neuroscience, and biomark-
ers have set the stage for the development 
of the � rst truly e� ective therapies for AD. 
However, transitioning from scienti� c un-
derstanding to treatments to help AD pa-
tients has been painfully slow. Much more 
work is needed in the following areas: the 
cell and molecular biology of protein ag-
gregate formation and neurodegeneration; 

genetics; developing informative biomark-
ers and reliable methods of early diagnosis; 
and the design and implementation of new 
clinical trials. We believe the stage is set to 
accomplish these goals and that there is still 
reason to be optimistic that truly e� ective 
disease-modifying treatments for AD can 
be developed in the next decade.
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