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Abstract. Alzheimer’s disease (AD), along with many other neurodegenerative disorders
including Parkinson’s disease, is presently incurable despite many decades of research and many
billions of dollars invested in the effort. Future developments of conventional technologies now
on the long-term R&D horizon – including pharmaceuticals, nanoparticles, gene therapies, stem
cells, and anti-aging drugs – will likely require huge investments, many decades of further
development, and (if history is a guide) may fail to provide a complete cure because Alzheimer’s
is a highly complex, highly multifactorial disorder with dense causal networks that will probably
resist any attempt to find a single “magic bullet” drug or simple curative treatment. But the
advent of the nanofactory – a proposed new technology for atomically precise manufacturing –
will make possible a revolutionary new paradigm in human health care: medical nanorobotics.
Medical nanorobotics will provide a single powerful general-purpose therapeutic platform that
can simultaneously address many different kinds of biological malfunctions, using platform
variants specifically and efficiently targeted to each of the multifactorial pathologies comprising
Alzheimer’s disease. The proposed nanorobotic treatment for AD, called the Alzheimer
Protocols, can be conceptually organized as a series of three specific protocols aimed at three
distinct clinical objectives: (1) genetic derisking, (2) tissue rejuvenation, and (3) neural
reconstruction. The outcome of these simultaneous nanomedical interventions, likely performed
on an existing or preclinical Alzheimer’s patient over a period of perhaps one week using a few
trillion nanorobots in an appropriate clinical setting, will be a halt to the ongoing damage and a
reversal of existing damage caused by AD, resulting in a complete cure for Alzheimer’s disease
and related neurodegenerative conditions.
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Chapter 1. Introduction
The purpose of this book is to present the technical opportunities for the development of a new
method for preventing the initial onset, and for completely arresting and curing the progression of
an existing case, of Alzheimer’s disease, Parkinson’s disease, and related neurodegenerative
conditions in human patients.
Alzheimer’s disease (AD) is the most common
form of dementia in the elderly and accounts for
the majority of all cases. By 2030 it is estimated
that more than 65 million people will be living
with dementia, with projections almost doubling
every 20 years. 1 AD is a disorder characterized by
the loss of neurons, mainly in the hippocampus
and cerebral cortex. 2 The symptoms of the
disease include erosion of memory and of other
cognitive functions such as language and reasoning, as well as neuropsychiatric manifestations
such as delusions and apathy. 3 In addition to its role in neurodegeneration, Alzheimer’s is the
fourth most common cause of death in industrialized nations, preceded only by cardiovascular
disease, cancer and stroke. 4 The increasing burden of AD has spurred intensive efforts by the
scientific community to develop therapeutic agents to prevent the progression of the disease.
Unfortunately, the history of the multi-decade search for Alzheimer’s disease treatments is a
record of soaring hope followed by crushing failure. Over and over again, laboratory
“breakthoughs” based on results from mouse or other animal models, or from early clinical trials,
are breathlessly announced in the media, only to have all hope dashed a year or two afterwards
when later-phase human trials show no cognitive improvements in AD patients. This has led
some dispirited researchers to proclaim that future money should be spent on caring for
Alzheimer’s sufferers, rather than on fruitless and expensive searches for pharmaceutical-based
cures for what appears to be a complex and intractable disease.

1

Prince M, Albanese E, Guerchet M, Prina M. World Alzheimer’s Report 2014: Dementia and Risk
Reduction. www.alz.co.uk/research/world-report. Prince M, et al. World Alzheimer Report 2009:
Alzheimer’s Disease International. www.alz.co.uk/research/files/WorldAlzheimerReport.pdf.

2

Nussbaum RL, Ellis CE. Alzheimer’s disease and Parkinson’s disease. N Engl J Med. 2003 Apr
3;348(14):1356-64; http://www.nejm.org/doi/full/10.1056/NEJM2003ra020003.
3

Prince M, et al. World Alzheimer Report 2009: Alzheimer’s Disease International.
www.alz.co.uk/research/files/WorldAlzheimerReport.pdf. Carter MD, Simms GA, Weaver DF. The
development of new therapeutics for Alzheimer’s disease. Clin Pharmacol Ther. 2010 Oct;88(4):475-86;
http://www.ncbi.nlm.nih.gov/pubmed/20811351. Prince M, et al. World Alzheimer Report 2009:
Alzheimer’s Disease International. www.alz.co.uk/research/files/WorldAlzheimerReport.pdf.
4

Nussbaum RL, Ellis CE. Alzheimer’s disease and Parkinson’s disease. N Engl J Med. 2003 Apr
3;348(14):1356-64; http://www.nejm.org/doi/full/10.1056/NEJM2003ra020003.
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As a case in point, Peter Whitehouse, a physician at Case Western Reserve University in
Cleveland, laments: “Care needs to be dominant over cure, but it’s not. What people with
Alzheimer’s disease and their families really need is help with the day-to-day issues of care.”
Whitehouse thinks a lot of the money now put into research could be better spent in other ways.
“Research money might be better spent in promoting physical exercise and overall well-being –
factors known to keep people healthier as they age. Those things are always likely to be more
effective than any biological therapy we could produce.” 5
Such defeatist thinking reminds physician and anti-aging researcher Michael Fossel of an earlier
episode in medical history: 6
“Consider an apt parallel in how we once thought of other diseases, such as polio in the late
1940’s. A careful review of the medical literature of those days, much of it still on paper rather
than electronic, is revealing.”
“Before the Salk vaccine, there was an almost universally pessimistic (and often unspoken)
assumption that polio must be accepted. The question wasn’t one of cure, but of care. The most
we could do was to improve iron lungs, leg braces, and nursing care. The medical literature
addressed ways to improve pulmonary care for those in iron lungs and medical economists fretted
over the likely future costs of long-term nursing care for polio victims. Few people, among them
Jonas Salk, believed that the disease might ever be prevented or cured. Most people were wrong:
polio is now rare.”
“More than half a century later, there is an almost universally pessimistic (and often unspoken)
assumption that dementia is inevitable. The question isn’t one of cure, but of care. The most we
can do is perhaps slow the inevitable decline, marginally improve memory, and provide better
nursing care. The medical literature is full of ways to address beta amyloid deposition and
medical economists fret over the likely future costs of nursing home care for Alzheimer’s patients.
Few people truly believe that Alzheimer’s can be prevented or cured. [But again] most people are
wrong: Alzheimer’s may be prevented and cured.”

We strongly agree with Fossel’s conclusion. This book will explain our unique approach to
achieving this highly desirable objective.
We start with a brief background on the nature of Alzheimer’s disease (Chapter 2) and a summary
of the methods and limitations of current and anticipated conventional future treatments (Chapter
3). Please note that in June 2016, PubMed listed 53,602 papers with “Alzheimer” in the title and
107,529 papers with “Alzheimer” in the title or abstract. Obviously this is a vast literature that no
one person can completely comprehend. As a result, the summaries given in the present
document may omit mention of issues, factors, theories, drugs, or therapeutic approaches that are
known to the reader but not to us. Our discussion of the current state of knowledge in this field is
therefore best regarded as representative and not comprehensive.

5

Joseph Shapiro, “Emphasis of Alzheimer’s Cure Debated,” NPR Books, 6 Nov 2006;
http://www.npr.org/templates/story/story.php?storyId=6430300.
6

http://www.michaelfossel.com/blog/?p=64.
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In Chapter 4, we introduce the concept of “atomically precise manufacturing” of products built to
atomic precision using nanofactories. The key product in the present context is medical
nanorobots. This Chapter features discussions of several representative nanorobot systems,
biocompatibility of nanorobots, methods by which nanorobots can enter and exit the human brain,
and methods for manufacturing living biological cells in a modified nanofactory.
Chapter 5 presents the three Alzheimer Protocols – a new approach for arresting the progression
of Alzheimer’s disease and repairing most of the neurological damage caused by the disease even
in its more advanced stages. The tasks of the Alzheimer Protocols include genetic de-risking,
tissue rejuvenation, and neural reconstruction.
Chapter 6 describes how the same protocols can provide cures for Parkinson’s disease and a wide
range of related neurodegenerative conditions.
Chapter 7 presents our final conclusions. The key conclusion: Medical nanorobotics will almost
certainly provide a complete cure for Alzheimer’s disease and related neurodegenerative
conditions. All that remains is to execute the technical plan for implementation.
The author acknowledges helpful comments by Tad Hogg and James Ryley on an earlier draft of
this manuscript.
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Chapter 2. Background on Alzheimer’s Disease
Alzheimer’s disease (AD), also known as Alzheimer disease or just
Alzheimer’s, accounts for 60% to 80% of cases of dementia, with a lifetime
AD risk of 17% for women and 9% for men. It is the 6th leading cause of
death worldwide. 7 AD was initially described by, and later named after,
German psychiatrist and pathologist Alois Alzheimer, who published the first
case description in 1907. 8
Alzheimer’s disease is usually preceded by a condition called Mild Cognitive Impairment (MCI),
characterized by bothersome memory loss and cognitive difficulty that does not yet constitute
dementia. Full-blown Alzheimer’s, on the other hand, is characterized by short- and long-term
memory loss, confusion, aggression and irritability, mood swings, language breakdown, and the
general withdrawal of an Alzheimer’s patient from social interactions as the disease progresses.
AD is a chronic neurodegenerative disease that usually
starts slowly and gets worse over time. The most
common early symptom is difficulty in remembering
recent events (short term memory loss). As the disease
advances, symptoms can include: problems with
language, disorientation (including easily getting lost),
mood swings, loss of motivation, not managing self
care, and behavioral issues. As a person’s condition
declines, he or she often withdraws from family and
society. Gradually, bodily functions are lost,
ultimately leading to death. 9 Although the speed of progression can vary, the average life
expectancy following diagnosis is three to nine years. 10

7

Burns A, Iliffe S. Alzheimer’s disease. BMJ. 2009 Feb 5;338:b158;
http://www.ncbi.nlm.nih.gov/pubmed/19196745. “Dementia Fact Sheet N°362”. who.int. Apr 2012;
http://www.who.int/mediacentre/factsheets/fs362/en/. 2011 Alzheimer’s Disease Facts and Figures;
http://www.alz.org/downloads/Facts_Figures_2011.pdf.
8

Alzheimer A. Über eine eigenartige Erkrankung der Hirnrinde [About a peculiar disease of the cerebral
cortex]. Allgemeine Zeitschrift fur Psychiatrie und Psychisch-Gerichtlich Medizin. 1907;64(1-2):146-148,
in German. Translated at: Alzheimer A. About a Peculiar Disease of the Cerebral Cortex. Alzheimer
Disease and Associated Disorders. 1987;1(1):3-8; http://www.ncbi.nlm.nih.gov/pubmed/3331112.
9

“About Alzheimer’s Disease: Symptoms,” National Institute on Aging, 2016;
http://www.nia.nih.gov/alzheimers/topics/symptoms.
10

Querfurth, HW, LaFerla, FM. Alzheimer’s disease. New Eng J Med. 2010 Jan 28;362(4):329-44;
http://www.razipath.com/fa/upload/collections/29961916/Alzheimer%20disease.pdf. Todd S, Barr S,
Roberts M, Passmore AP. Survival in dementia and predictors of mortality: a review. Int J Geriatr
Psychiatry. 2013 Nov;28(11):1109-24; http://www.ncbi.nlm.nih.gov/pubmed/23526458.

9
The cause of Alzheimer’s disease is poorly understood. Many believe the majority of the risk to
be genetic with many genes usually involved. 11 Others ascribe the disease to risk factors such as
a history of head injuries, depression, and hypertension. The disease process is associated with
pathological microscopic “plaques” and “tangles” in brain tissue. A probable diagnosis is based
on the history of the illness and cognitive testing, combined with medical imaging and blood tests
to rule out other possible causes. 12 Initial symptoms are often mistaken for normal aging, and
until fairly recently a direct physical examination of brain tissue was typically needed for a
definite diagnosis.
In this Chapter, we discuss the prevalence and social cost of Alzheimer’s disease (Section 2.1)
and list a great many possible preventative measures that have been tried or considered (Section
2.2). A brief recital of the four clinical stages of AD (Section 2.3) is followed by a lengthy
technical description of the primary molecular pathologies of the disease (Section 2.4).

11

Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, Jones E. Alzheimer’s disease. Lancet. 2011
Mar 19;377(9770):1019-31; http://www.ncbi.nlm.nih.gov/pubmed/21371747.
12

“Dementia diagnosis and assessment,” National Institute for Health and Care Excellence, 2015;
http://pathways.nice.org.uk/pathways/dementia/dementia-diagnosis-and-assessment.pdf.
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2.1 Prevalence and Social Cost of the Disease
In 2015, there were between 28 and 33 million people worldwide with AD, 13 with 5 million in the
U.S. alone. The disease most often manifests in people over 65 years of age, although 4% to 5%
of cases are early-onset Alzheimer’s which begin before this. 14 The age distribution of people
with Alzheimer’s disease in the United States is shown in the pie chart below. 15 One in nine
people age 65 and older (11%) has Alzheimer’s disease. About 1/3 of people age 85 and older
(32%) have Alzheimer’s disease. Of those with Alzheimer’s disease, the vast majority (82%) are
age 75 or older. In 2010, dementia resulted in about 486,000 deaths worldwide. 16 (Interestingly,
if you’ve had cancer you are 50% less likely to
get Alzheimer’s disease; and if you have
Alzheimer’s disease, you’re 60-70% less likely
to get cancer.17)
Dementia, and specifically Alzheimer’s disease,
may be among the most costly diseases for
society in developed countries such as Europe
and the United States, 18 while their cost in
developing countries such as Argentina 19 or

13

Querfurth, HW, LaFerla, FM. Alzheimer’s disease. New Eng J Med. 2010 Jan 28;362(4):329-44;
http://www.razipath.com/fa/upload/collections/29961916/Alzheimer%20disease.pdf. “About Alzheimer’s
Disease: Symptoms,” National Institute on Aging; http://www.nia.nih.gov/alzheimers/topics/symptoms.
Dementia Fact Sheet No. 362, World Health Organization, Mar 2015;
http://www.who.int/mediacentre/factsheets/fs362/en/.
14

Mendez MF. Early-onset Alzheimer’s disease: nonamnestic subtypes and type 2 AD. Arch Med Res.
2012 Nov;43(8):677-85; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3532551/.
15

“2014 Alzheimer’s Disease Facts and Figures,” Alzheimer’s Association, 2014;
https://www.alz.org/downloads/Facts_Figures_2014.pdf.
16

Lozano R, et al. Global and regional mortality from 235 causes of death for 20 age groups in 1990 and
2010: a systematic analysis for the Global Burden of Disease Study 2010. Lancet. 2012 Dec
15;380(9859):2095-128; http://www.ncbi.nlm.nih.gov/pubmed/23245604.
17

Catalá-López F, Crespo-Facorro B, Vieta E, Valderas JM, Valencia A, Tabarés-Seisdedos R.
Alzheimer’s disease and cancer: current epidemiological evidence for a mutual protection.
Neuroepidemiology. 2014;42(2):121-2; http://www.karger.com/Article/FullText/355899.
18

Bonin-Guillaume S, Zekry D, Giacobini E, Gold G, Michel JP. Impact économique de la démence
(English: The Economical Impact of Dementia). Presse Médicale. 2005;34(1):35-41, in French;
http://www.ncbi.nlm.nih.gov/pubmed/15685097. Meek PD, McKeithan K, Schumock GT. Economic
Considerations in Alzheimer’s Disease. Pharmacotherapy. 1998;18(2 Pt 2):68-73; discussion 79-82;
http://www.ncbi.nlm.nih.gov/pubmed/9543467.
19

Allegri RF, Butman J, Arizaga RL, Machnicki G, Serrano C, Taragano FE, Sarasola D, Lon L. Economic
Impact of Dementia in Developing Countries: An Evaluation of Costs of Alzheimer-type Dementia in
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South Korea 20 is also high and rising. These costs will probably increase with the aging of
society, becoming an important social problem. 21 AD-associated costs include direct medical
costs such as nursing home care, direct nonmedical costs such as in-home day care, and indirect
costs such as lost productivity of both patient and caregiver. Numbers vary between studies but
dementia costs worldwide had reached $160 billion a decade ago, 22 while costs of Alzheimer’s
disease to Medicare in the United States alone may now exceed $150 billion each year.
The greatest cost for society is long-term AD care by health care professionals and particularly
institutionalization, which contributes 2/3 of the total costs for society. The cost of living at home
is also very high, especially when informal costs for the family, such as caregiving time and
caregiver’s lost earnings, are taken into account. 23 Dementia caregivers are subject to high rates
of physical and mental disorders. 24 Factors associated with greater psychosocial problems of the
primary caregivers include having an affected person at home, the carer being a spouse,
demanding behaviors of the cared person such as depression, behavioral disturbances,
hallucinations, sleep problems or walking disruptions, and social isolation. 25 Regarding
economic problems, family caregivers often give up time from work to spend 47 hours per week

Argentina. Int Psychogeriatr. 2007 Aug;19(4):705-18;
http://www.cemic.edu.ar/descargas/2007%20Costos%20%28B%29.pdf.
20

Suh GH, Knapp M, Kang CJ. The Economic Costs of Dementia in Korea, 2002. Int J Geriatr Psychiatry.
2006 Aug;21(8):722-8; http://www.ncbi.nlm.nih.gov/pubmed/16858741.
21

There is at least one report that the overall incidence of dementia might not be increasing in the U.K.,
with later-born cohorts experiencing lower incidence than older cohorts. See: Matthews FE, Arthur A,
Barnes LE, Bond J, Jagger C, Robinson L, Brayne C; Medical Research Council Cognitive Function and
Ageing Collaboration. A two-decade comparison of prevalence of dementia in individuals aged 65 years
and older from three geographical areas of England: results of the Cognitive Function and Ageing Study I
and II. Lancet. 2013 Oct 26;382(9902):1405-12; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3906607/.
Matthews FE, Stephan BC, Robinson L, Jagger C, Barnes LE, Arthur A, Brayne C; Cognitive Function and
Ageing Studies (CFAS) Collaboration. A two decade dementia incidence comparison from the Cognitive
Function and Ageing Studies I and II. Nat Commun. 2016 Apr 19;7:11398;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4838896/.
22

Wimo A, Jonsson L, Winblad B. An Estimate of the Worldwide Prevalence and Direct Costs of
Dementia in 2003. Dement Geriatr Cogn Disord. 2006;21(3):175-81;
http://www.karger.com/Article/Pdf/90733.
23

Moore MJ, Zhu CW, Clipp EC. Informal costs of dementia care: estimates from the National
Longitudinal Caregiver Study. J Gerontol B Psychol Sci Soc Sci. 2001 Jul;56(4):S219-28;
https://psychsocgerontology.oxfordjournals.org/content/56/4/S219.full.
24

Ritchie K, Lovestone S. The dementias. Lancet. 2002 Nov 30;360(9347):1759-66;
http://www.ncbi.nlm.nih.gov/pubmed/12480441.
25

Brodaty H, Hadzi-Pavlovic D. Psychosocial effects on carers of living with persons with dementia. Aust
N Z J Psychiatry. 1990 Sep;24(3):351-61; http://www.ncbi.nlm.nih.gov/pubmed/2241719. Donaldson C,
Tarrier N, Burns A. Determinants of carer stress in Alzheimer’s disease. Int J Geriatr Psychiatry. 1998
Apr;13(4):248-56; http://www.ncbi.nlm.nih.gov/pubmed/9646153.

12
on average with the person suffering from AD, while the costs of caring for them are high. Direct
and indirect costs of caring for an Alzheimer’s patient average between $18,000 and $77,500 per
year in the United States, depending on the study. 26 The average lifetime cost of care for a person
with Alzheimer’s disease is $250,000, including the cost of drugs, nursing homes or assisted
living facilities, uncompensated care, paid caregivers, etc.27
Costs increase with dementia severity and the presence of behavioral disturbances28 and are
related to the increased caregiving time required for the provision of physical care. Any
treatment that slows cognitive decline, delays institutionalization, or reduces caregivers’ hours
will have economic benefits.

26

Moore MJ, Zhu CW, Clipp EC. Informal costs of dementia care: estimates from the National
Longitudinal Caregiver Study. J Gerontol B Psychol Sci Soc Sci. 2001 Jul;56(4):S219-28;
https://psychsocgerontology.oxfordjournals.org/content/56/4/S219.full. “The MetLife study of
Alzheimer’s disease: The caregiving experience,” MetLife Mature Market Institute. Aug 2006;
http://www.metlife.com/assets/cao/mmi/publications/studies/mmi-alzheimers-disease-caregivingexperience-study.pdf.
27

28

http://www.alz.org/documents/grva/did_you_know_2012_new_format(1).pdf

Jönsson L, Eriksdotter Jönhagen M, Kilander L, Soininen H, Hallikainen M, Waldemar G, Nygaard H,
Andreasen N, Winblad B, Wimo A. Determinants of Costs of Care for Patients with Alzheimer’s Disease.
Int J Geriatr Psychiatry. 2006 May;21(5):449-59; http://www.ncbi.nlm.nih.gov/pubmed/16676288.
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2.2 Prevention of Alzheimer’s Disease
At present, there is no definitive evidence that any particular measure is effective in preventing
AD. 29 Mental exercise and avoiding obesity may decrease the risk of AD, 30 and physical exercise
programs are beneficial with respect to activities of daily living and may potentially improve
outcomes. 31 However, global studies of measures to prevent or delay the onset of AD have
produced inconsistent results, and a 2010 panel of experts reported that there were no medications
or supplements with clear evidence to support their use as a preventative measure for AD. 32
Epidemiological studies have proposed relationships between certain modifiable factors, such as
diet, cardiovascular risk, pharmaceutical products, or intellectual activities among others, along
with a given population’s likelihood of developing AD. Only further research, including clinical
trials, will reveal whether any of these factors can truly help to prevent AD. 33
In this Section, we review what is currently known about the AD preventative potential of
medications (Section 2.1.1), lifestyle (Section 2.1.2), and diet (Section 2.1.3).
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2.2.1 Preventative Medications
Cardiovascular risk factors, such as hypercholesterolemia, hypertension, diabetes, and smoking,
are associated with a higher risk of onset and course of AD. 34 However, statins, which are
cholesterol lowering drugs, have not been effective in preventing or improving the course of
Alzheimer’s disease. 35
Long-term usage of non-steroidal anti-inflammatory drugs (NSAIDs) has sometimes been
associated with a reduced likelihood of developing AD, 36 and some evidence has supported the
notion that NSAIDs might reduce inflammation related to amyloid plaques. 37 Even if not useful
as a treatment, NSAIDs could have preventative effects. 38 However, a recently-completed 12year NSAID prevention trial found no overall risk reduction for AD. 39
Hormone replacement therapy, although previously used for the management and prevention of
cardiovascular disease, osteoporosis and dementia in older women, may increase the risk of
dementia and is no longer recommended for preventing deterioration of cognitive function in
postmenopausal women. 40
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http://www.ncbi.nlm.nih.gov/pubmed/17927279.
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postmenopausal women. Cochrane Database Syst Rev. 2012 Jul 11;7:CD004143;
http://www.ncbi.nlm.nih.gov/pubmed/22786488.
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Treatment of behavioral problems or psychosis due to dementia with antipsychotic drugs is
common but not usually recommended because there is often little benefit coupled with an
increased risk of early death. 41
An FDA panel voted unanimously to recommend approval of florbetapir, an imaging agent that
can help to detect Alzheimer’s brain plaques, but the agent will require additional clinical
research before it can be made available commercially. 42 With knowledge that a potential AD
patient has the tell-tale plaques, a 2015 review suggested that “mindfulness-based interventions”
might prevent or delay the onset of mild cognitive impairment and Alzheimer’s disease. 43
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http://jama.jamanetwork.com/article.aspx?articleid=645188. “FDA recommends approval of new
compound in Alzheimer’s detection,” USA Today, 21 Jan 2011;
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2.2.2 Preventative Lifestyle
People who engage in intellectual activities such as reading, playing board games, completing
crossword puzzles, playing musical instruments, or regular social interaction show a reduced risk
for Alzheimer’s disease. 44 This is compatible with the cognitive reserve theory, which states that
some life experiences result in more efficient neural functioning providing the individual a
cognitive reserve that delays the onset of dementia manifestations.
Physical activity is associated with a reduced risk of AD. Education
delays the onset of AD syndrome but is not related to earlier death
after diagnosis. 45 Learning a second language even later in life might
also delay getting Alzheimer’s disease. 46
Other unusual lifestyle choices have been suggested. For example,
wearing an experimental helmet (image, right) for 10 minutes every
day that “bathes the brain with infra-red light and stimulates the
growth of brain cells” was claimed by one U.K. medical research
company, Virulite, to reverse the symptoms of dementia (such as
memory loss and anxiety) after only 4 weeks of use. 47
Perhaps the oddest approach that has some basis in fact is “young blood” transfusion. Years of
animal experiments have shown that an infusion of young blood in older mice can improve
cognition, physical endurance, and the health of several organs, and even makes the animals look
younger. In 2016 will come the first results from a trial that has given “young blood,” donated by
volunteers aged 30 or younger, to people with mild to moderate Alzheimer’s in the hope that it
will improve their symptoms. 48 What might make young blood so revitalizing is unclear, but
transfusions of young blood that reverse heart decline in old mice is an effect that can be
mimicked by giving mice just GDF11 – a growth factor in the blood that decreases with age.
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2.2.3 Preventative Diet
Those who eat a diet high in saturated fats and simple carbohydrates have a higher risk of AD. 49
But people who eat a healthy Japanese or Mediterranean diet have a lower risk of AD. 50
Specifically, a Mediterranean diet may improve outcomes in those with the disease. 51 The
Mediterranean diet’s beneficial cardiovascular effect has been proposed as the mechanism of
action. 52 A high-fat ketogenic diet might be also helpful for AD. 53
Conclusions on dietary components have been difficult to ascertain as results have differed
between population-based studies and randomized controlled trials. 54 There is limited evidence
that light-to-moderate use of alcohol, particularly red wine, is associated with lower risk of AD. 55
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There is tentative evidence that caffeine and coffee may be protective. 56 A number of foods high
in flavonoids such as cocoa, red wine, and tea may decrease the risk of AD.57
Reviews on the use of vitamins and minerals have not found enough consistent evidence to justify
adding these to the diet. This applies to vitamin A, 58 vitamin C, 59 vitamin E, 60 selenium, 61 zinc, 62
and folic acid with or without vitamin B12. 63 Vitamin E is also associated with health risks. 64
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Trials examining folic acid (B9) 65 and other B vitamins failed to show any significant association
with cognitive decline, although at least some favorable results for cognitive function have been
reported for vitamin B2, vitamin B6, and vitamin B12. 66 In patients already afflicted with
Alzheimer’s, the addition of docosahexaenoic acid, an omega-3 fatty acid, to the diet has not been
found to slow decline. 67 Long-term use of the NSAID ibuprofen 68 may slightly reduce the
probability of getting AD during the course of treatment, but aspirin has no useful benefit. 69
Curcumin (aka. turmeric) 70 has not shown definitive benefit in people 71 even though there is
tentative evidence in animals.72 There is inconsistent and unconvincing evidence that ginkgo
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biloba might have some positive effect on cognitive impairment and dementia. 73 As of 2014
there was no conclusive evidence that cannabinoids are effective in improving the symptoms of
AD or dementia, 74 though some research in its early stages looks promising. 75
A growing number of herbal remedies, 76 dietary supplements, nutraceuticals 77 and “medical
foods” are being promoted as memory enhancers or treatments to delay or prevent Alzheimer’s
disease and related dementias, including: acetyl-L-carnitine (aka. carnicetine, ALC, ALCAR), 78
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ashwagandha (withanamides), 79 bacopa, caprylic acid, cinnamon extract, 80 cocoa (chocolate), 81
coconut oil, 82 coenzyme Q10, coral calcium, daffodil extract (galanthamine),83 fullerene C 60 , 84
ginger root, green tea, kangkong (Ipomoea aquatic), 85 lemon balm (Melissa officinalis), 86
magnesium, 87 nicotinamide (aka. niacinamide, Vitamin B3), 88 olive oil, 89 phosphatidylserine, red
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beets, red cabbage, sage oil, salmon, and walnuts. According to the Alzheimer’s Association, 90
claims about the safety and effectiveness of these products are based largely on testimonials,
tradition, and a rather small body of actual scientific research: “Although some of these remedies
may be valid candidates for treatments, there are legitimate concerns about using these drugs [or
foods] as an alternative or in addition to physician-prescribed therapy.”
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2.3 Four Progressive Stages of Alzheimer’s Disease
Following diagnosis, Alzheimer’s patients typically lose ~10% of their cognitive abilities per
year. The course of the disease is sometimes divided into four stages 91 with a progressive pattern
of cognitive and functional impairment, as follows:
Stage 1: Pre-dementia. The first symptoms are often mistakenly attributed to aging or stress. 92
Detailed neuropsychological testing can reveal mild cognitive difficulties up to eight years before
a person fulfills the clinical criteria for a diagnosis of AD. 93 These early symptoms can affect the
most complex daily living activities.94 The most noticeable deficit is short term memory loss,
which shows up as difficulty in remembering recently learned facts and an inability to acquire
new information. 95
Subtle problems with the executive functions of attentiveness, planning, flexibility, and abstract
thinking, or impairments in semantic memory (memory of meanings and concept relationships)
can also be symptomatic of the early stages of AD. 96 Apathy can be observed at this stage, and
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remains the most persistent neuropsychiatric symptom throughout the course of the disease. 97
Depressive symptoms, irritability and reduced awareness of subtle memory difficulties are also
common. 98 The preclinical stage of the disease has also been termed mild cognitive impairment
(MCI). 99 This is often found to be a transitional stage between normal aging and dementia. MCI
can present with a variety of symptoms, and when memory loss is the predominant symptom, it is
termed “amnestic MCI” and is frequently seen as a prodromal stage of Alzheimer’s disease. 100

Stage 2: Early AD. In people with AD, the increasing impairment of learning and memory
eventually leads to a definitive diagnosis. In a small percentage of cases, difficulties with
language, executive functions, perception (agnosia), or execution of movements (apraxia) are
more prominent than memory problems. 101 AD does not affect all memory capacities equally.
Older memories of the person’s life (episodic memory), facts learned (semantic memory), and
implicit memory (the memory of the body on how to do things, such as using a fork to eat) are
affected to a lesser degree than new facts or memories. 102
Language problems are mainly characterized by a shrinking vocabulary and decreased word
fluency, leading to a general impoverishment of oral and written language. In this stage, the
person with Alzheimer’s is usually capable of communicating basic ideas adequately. 103 While
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performing fine motor tasks such as writing, drawing or dressing, certain movement coordination
and planning difficulties (apraxia) may be present, but they are commonly unnoticed. As the
disease progresses, people with AD can often continue to perform many tasks independently, but
may need assistance or supervision with the most cognitively demanding activities.

Stage 3: Moderate AD. Progressive deterioration eventually hinders independence, with
subjects being unable to perform most common activities of daily living. 104 Speech difficulties
become evident due to an inability to recall vocabulary, which leads to frequent incorrect word
substitutions (paraphasias). Reading and writing skills are also progressively lost. Complex
motor sequences become less coordinated as time passes and the AD progresses, so the risk of
falling increases. During this phase, memory problems worsen and the person may fail to
recognize close relatives. Long-term memory, which was previously intact, becomes impaired.
Behavioral and neuropsychiatric changes become more prevalent. Common manifestations are
wandering, irritability and labile affect (i.e., emotions easily aroused or freely expressed), leading
to crying, outbursts of unpremeditated aggression, or resistance to caregiving. Sundowning (i.e.,
“good” mornings, “bad” evenings) can also appear. 105 Approximately 30% of people with AD
develop illusionary misidentifications and other delusional symptoms. 106 Subjects lose insight on
their disease process and limitations (anosognosia), and urinary incontinence can develop. These
symptoms create stress for relatives and carers, which can be reduced by moving the person from
home care to a long-term care facility. 107
Stage 4: Advanced AD. During the final stages, 108 the patient is completely dependent upon
caregivers. Language is reduced to simple phrases or even single words, eventually leading to
complete loss of speech. Despite the loss of verbal language abilities, people can often
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understand and return emotional signals. Although aggressiveness can still be present, extreme
apathy and exhaustion are much more common symptoms. People with Alzheimer’s disease will
eventually be unable to perform even the simplest tasks independently. Muscle mass and
mobility deteriorate to the point where patients are bedridden and unable to feed themselves. The
immediate cause of death is usually an external factor (e.g., infection from pressure ulcers,
pneumonia).
The brain of a late-stage AD patient undergoes significant anatomical changes as illustrated in
Figure 1. AD causes a large loss in brain weight and volume, and affects some brain regions and
neuronal populations more than others. 109 Although AD clearly causes loss of neurons in specific
brain regions (e.g., of pyramidal cells in lamina II of the entorhinal cortex and in the CA1 region
of the hippocampus), much of the overall loss of brain volume appears to be due to the shrinkage
and loss of neuronal processes.

Figure 1. A normal aged brain (left) and the brain of a person with Alzheimer’s disease
(right). 110

Anatomically, Alzheimer’s disease is characterized by a loss of neurons and synapses in the
cerebral cortex and certain subcortical regions. This loss results in gross atrophy of the affected
regions, including degeneration in the temporal lobe and parietal lobe, and parts of the frontal
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cortex and cingulate gyrus. 111 Degeneration is also present in brainstem nuclei like the locus
coeruleus. 112 Studies using MRI and PET have documented reductions in the size of specific
brain regions in people with AD as they progressed from mild cognitive impairment to
Alzheimer’s disease, and in comparison with similar images from healthy older adults. 113
The early stages of Alzheimer’s disease have traditionally been
difficult to diagnose. A definitive diagnosis is usually made once
cognitive impairment compromises daily living activities,
although the person may still be living independently. The
symptoms will progress from mild cognitive problems, such as
memory loss, through increasing stages of cognitive and noncognitive disturbances thus eliminating any possibility of
independent living, especially in the late stages of the disease.114
Somewhat more recently, initial experiments using serum
samples from 90 human subjects identified a small panel of ten
autoantibody (IgG) biomarkers that could distinguish people with
Alzheimer’s disease from healthy people with 90% accuracy, and
could also differentiate Alzheimer’s from Parkinson’s patients with 86% accuracy. 115 Several
studies now underway are also looking at new technology that will enable ophthalmologists to
detect beta amyloid plaque via the retina, 116 with FDA approval expected in 2016. 117
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Life expectancy of the population with AD is reduced, 118 with
a mean life expectancy following diagnosis of 5.7 years in one
study. 119 Fewer than 3% of people with AD live more than
fourteen years. 120 Disease features that are significantly
associated with reduced survival are: an increased severity of
cognitive impairment, decreased functional level, history of
falls, and disturbances in the neurological examination. Other
coincident diseases such as heart problems, diabetes or history
of alcohol abuse are also related to AD, with shortened
survival. 121 While the earlier the age at onset, the higher the
total survival years, life expectancy is reduced in comparison
to the healthy younger population. 122 Men also have a less
favorable survival prognosis than women. 123
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When a cure for AD is found, it will be important to begin treatment as early as possible, ideally
well before pathological mental symptoms appear. Even those with mild Alzheimer’s disease
have profound cell loss. One study 124 found that at time of death, AD patients with the mildest
clinically detectable dementia had 32% fewer entorhinal cortex neurons than controls (vs. 69%
for severe AD brains), 40% fewer layer IV neurons (vs. 70% for severe AD) and 60% fewer layer
II neurons (vs. 90% for severe AD).
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2.4 Molecular Pathologies of Alzheimer’s Disease
While scientists know that Alzheimer’s disease involves progressive brain cell failure, the
complete story of why brain cells fail is not yet fully established. Like many other chronic
conditions, experts have long believed that Alzheimer’s develops as a complex result of multiple
factors rather than from any one overriding cause.
After spending time digging through the literature, a
newcomer quickly realizes that discussions of the
nature of Alzheimer’s disease are reminiscent of the
ancient parable of the elephant.125 According to a Jain
version of the story, six blind men were asked to
determine what an elephant looked like by feeling
different parts of the elephant’s body. The blind man
who feels a leg says the elephant is like a pillar; the
one who feels the tail says the elephant is like a rope;
the one who feels the trunk says the elephant is like a tree branch; the one who feels the ear says
the elephant is like a hand fan; the one who feels the belly says the elephant is like a wall; and
the one who feels the tusk says the elephant is like a solid pipe. Of course the elephant is actually
all of these things, and more, but is just too big and complex for a single person to fully grasp.
In similar manner, all of the many theories about what causes AD seem to have some good
measure of truth to them, but none seems to encompass the entire story. In the first seven parts of
Section 2.4, we describe the causes of Alzheimer’s disease as they are commonly presented in the
literature, allowing the reader to gradually become familiar with most of the molecular actors that
have been implicated in the disease while experiencing firsthand the multifactorial complexity
that has long existed in this field. In particular, amyloid (Section 2.4.1) and tau protein (Section
2.4.2) aggregation are the two most prominent molecular pathologies associated with AD. Their
plaques and tangles are widely considered as examples of “misfolded proteins” that are associated
with Alzheimer’s. 126 A variety of additional molecular pathologies and pathways to AD are
described in Section 2.4.3. Other AD theories having some measure of general currency include
the effects of aging (Section 2.4.4) and genetics and epigenetics (Section 2.4.5). We then provide
one example (of many possible) of a well-conceived but controversial theory of AD (Section
2.4.6). The lipofuscin hypothesis (Section 2.4.7) is also included here for completeness. These
seven Sections complete our analogy to the parable of the blind men examining the elephant.
In the final Section 2.4.8, we present an eagle’s-eye view of the elephant – what appears to be the
most coherent synthesis of the root molecular causes and subsequent etiology of Alzheimer’s
disease that is currently available. Knowledgeable readers already intimately familiar with the
literature on the molecular pathologies of AD may wish to skip directly to Section 2.4.8.
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2.4.1 Amyloid Pathologies
The original amyloid cascade hypothesis postulated that extracellular amyloid beta (Aβ)
deposition was the fundamental cause of AD, leading to a pathological cascade of events
including tau protein phosphorylation and tangle formation, followed by neuronal death. 127
Amyloid beta, also written Aβ, is a short 4 kDa peptide, 128 39-43 amino acids in
length, that is a proteolytic byproduct of the transmembrane protein called amyloid
precursor protein (APP; image, left) that penetrates through the neuron’s
membrane. APP is critical to neuron growth, survival and post-injury repair. 129
APP itself is not neurotoxic, and does not produce Aβ until it undergoes
proteolytic cleavage. APP is produced in considerable quantities in neurons,
where it is sorted via the Golgi and then shipped toward the axons. 130
Aβ monomer is derived from APP through sequential cleavage by β- and γ-secretases. 131 Aβ
monomer is primarily produced in neurons 132 and is released extracellularly following cleavage
by the two secretases. The two most prevalent isoforms of Aβ are 40 and 42 residues in length. 133
Aβ 40 (≥90% under physiological conditions) 134 is produced by cleavage in the trans-Golgi
network (TGN) of the neuron and packaged into post-TGN secretory vesicles. Aβ 42 (≤5%, and
more fibrillogenic than Aβ 40 ) is produced both in the endoplasmic reticulum (where it is
sequestered in an insoluble state) and in the TGN (where it is packaged into post-TGN secretory

127

Hardy J, Allsop D. Amyloid deposition as the central event in the aetiology of Alzheimer’s disease.
Trends Pharmacol Sci. 1991 Oct;12(10):383-8; http://www.ncbi.nlm.nih.gov/pubmed/1763432.
128

Glenner GG, Wong CW. Alzheimer’s disease: initial report of the purification and characterization of a
novel cerebrovascular amyloid protein. Biochem Biophys Res Commun. 1984 May 16;120(3):885-90;
http://www.ncbi.nlm.nih.gov/pubmed/6375662.
129

Turner PR, O’Connor K, Tate WP, Abraham WC. Roles of amyloid precursor protein and its fragments
in regulating neural activity, plasticity and memory. Prog Neurobiol. 2003 May;70(1):1-32;
http://www.ncbi.nlm.nih.gov/pubmed/12927332. Priller C, Bauer T, Mitteregger G, Krebs B, Kretzschmar
HA, Herms J. Synapse formation and function is modulated by the amyloid precursor protein. J Neurosci.
2006 Jul 5;26(27):7212-21; http://www.jneurosci.org/content/26/27/7212.long.
130

Koo EH, Sisodia SS, Archer DR, Martin LJ, Weidemann A, Beyreuther K, Fischer P, Masters CL, Price
DL. Precursor of amyloid protein in Alzheimer disease undergoes fast anterograde axonal transport. Proc
Natl Acad Sci U S A. 1990 Feb;87(4):1561-5; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC53515/.
Zhang X, Li Y, Xu H, Zhang YW. The γ-secretase complex: from structure to function. Front Cell
Neurosci. 2014 Dec 11;8:427; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4263104/.
131

132

Nathalie P, Jean-Noël O. Processing of amyloid precursor protein and amyloid peptide neurotoxicity.
Curr Alzheimer Res. 2008 Apr;5(2):92-9; http://www.ncbi.nlm.nih.gov/pubmed/18393795.
133

Aβ1-40, aka. Aβ40: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
Aβ1-42, aka. Aβ42: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Sun X, Chen WD, Wang YD. β-Amyloid: the key peptide in the pathogenesis of Alzheimer’s disease.
Front Pharmacol. 2015 Sep 30;6:221; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4588032/.
134

32
vesicles). 135 Non-neuronal cells produce significant amounts of both isoforms only at the cell
surface, as illustrated in Figure 2. 136

Figure 2. Enzymes act on the APP (amyloid precursor protein) and cut it into fragments. The
amyloid beta fragment is crucial in the ultimate formation of senile plaques in AD.

The monomer concentration in AD patient cerebrospinal fluid is 6 ng/ml for the
more common Aβ 40 (image, right), the same as in normal brain, but 1.1 ng/ml (for
the denser and more aggregable Aβ 42 ) vs. 1.5 ng/ml for normal brain. 137
However, it should be noted that these are extracellular concentrations of Aβ
monomer. The toxicity of intracellular Aβ 42 is at least 100,000 times greater than
for extracellular Aβ 42 . Directly microinjecting as little as 1-100 pM (0.005-0.5
ng/ml) of intracellular Aβ 42 induces 50% (1 pM) to 90% (100 pM) cell death in
cultured human neurons; yet these neurons do not undergo cell death even with a 10 μM (4500
ng/ml) dose of extracellular Aβ 42 . 138 Extracellular Aβ 40 is perhaps only about half as neurotoxic
as Aβ 42 . 139 Aβ 1-42 and Aβ 1-43 are cleared from tissues more slowly than Aβ 1-39 and Aβ 1-40 . 140
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Aβ monomers are soluble with a structure that is largely alpha helical in membranes. 141
However, once free of the constraints of the APP parent protein these monomers refold in the
extracellular spaces to form a hairpin. The hairpins, in turn, form medium-sized oligomers,
apparently via ß-sheet bonds. At sufficiently high concentration the oligomers further undergo a
dramatic conformational change to form a beta sheet-rich tertiary structure that aggregates to
form amyloid fibrils. 142 These fibrils deposit outside neurons (1) in dense formations known as
senile plaques or neuritic plaques (almost exclusively in the brain’s gray matter, not the white
matter), (2) in less dense aggregates as diffuse plaques, and sometimes (3) in the walls of small
blood vessels in the brain in a process called amyloid angiopathy or congophilic angiopathy.
Amyloid plaques are dense, mostly insoluble deposits of beta-amyloid peptide and cellular
material outside and around neurons (Figure 3).
Figure 3. Histopathologic image (silver impregnation) of early senile Aβ plaques, indicated by
arrows, as seen in the cerebral cortex of a person with pre-senile onset of Alzheimer’s disease.
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While plaques may displace and distort neuronal processes, experimental vaccines that clear
amyloid plaques in trials in dogs 143 and humans 144 have had no significant effect on dementia, and
Aβ plaque density is not highly correlated with nerve cell loss or cognitive decline. 145 This has
led some researchers to suspect that non-plaque Aβ oligomers (aggregates of many monomers)
may be the primary pathogenic form of Aβ, not the amyloid plaques. These toxic Aβ oligomers,
also referred to as amyloid-derived diffusible ligands (aka. ADDLs), bind to a surface receptor on
neurons and change the structure of the synapse, thereby disrupting neuronal communication. 146
ADDLs can also induce abnormal expression of insulin receptors and interrupt normal insulin
signaling, potentially contributing to central insulin resistance that can occur during the
progression of AD. 147
One of the earliest signs of Alzheimer’s disease is the loss of synapses, 148 which can be linked to
toxicity mediated by Aβ oligomers. 149 In AD brain, one early study found ADDLs accumulate
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primarily as Aβ-12mers (~54 kDa) and can be found in dot-like clusters distinct from senile
plaques (Figure 4). 150 Exposure to ADDLs also can induce marked changes in spine shape
throughout the dendritic arbors (Figure 5). 151

Figure 4. ADDLs (red) bind to neurons expressing N-methyl-D-aspartate receptor (NMDA-R)
subunits, such as NR1 (A, green) and NR2B (B, green), using cultured hippocampal cells exposed
to 500 nM ADDLs for 15 min that were fixed and immunolabeled using an oligomer-raised
antibody. Scale bar is 30 µm. 152
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Figure 5. ADDL-induced aberrations in dendritic spine morphology and density: images of
zoomed dendritic branches harboring “spines” demonstrate dramatic lengthening of dendritic
protrusions after 6 hr of ADDL treatment. The line marks the dendritic shaft. 153

It is becoming more widely accepted that ADDLs, soluble oligomeric assemblies of the amyloid
beta peptide, play a prominent role in triggering the cognitive deficits and neurodegeneration that
constitute Alzheimer’s disease. Within the past decade, the longstanding emphasis on fibrillar
deposits and neuronal death has given way to a more general paradigm involving ADDLtriggered aberrant synaptic signaling and consequent memory malfunction and
neurodegeneration. 154 Today the array of known polymorphic forms of Aβ aggregates, aside
from the classic monomers and fibrils, includes oligomers, protofibrils, annular structures,
ADDLs, and globulomers. 155
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Aβ oligomers, but not monomers, inhibit the normal degradation of ubiquitinized
proteins and misfolded proteins in intracellular proteasomes (image, right) by
impairing proteasome activity both in vitro and in AD mice, leading to additional
amyloid and tau accumulation. 156 Aβ oligomers have many other pathological effects
in the brain. For example, soluble Aβ oligomers contribute importantly to
synaptotoxicity in Alzheimer’s disease. 157 Aβ oligomers cause mitochondrial
structural and functional damage, 158 with ADDLs producing mitochondrial
fragmentation, reduced mitochondrial density in neuronal processes, and synaptic change (i.e.,
loss of dendritic spines and puncta of postsynaptic density protein 95) correlated with abnormal
mitochondrial distribution. 159 Aβ oligomers act as apoptotic ligands that can trigger cytochrome
c-dependent apoptosis. 160 Intracerebroventricular infusion of AD-associated Aβ oligomers (aka.
AβOs) in mice triggers peripheral glucose intolerance, and AβOs cause internalization and
cellular redistribution of insulin receptors, block downstream hippocampal insulin signaling, and
cause hippocampal endoplasmic reticulum (ER) stress. 161
One receptor for Aβ oligomers may be the prion protein, the same protein that has been linked to
mad cow disease and the related human condition, Creutzfeldt-Jakob disease (Section 6.2.4), thus
potentially linking the underlying mechanism of these neurodegenerative disorders with that of
Alzheimer’s disease. 162 Another recent study reported the detection of self-replicating Aβ 42
oligomers (12-24 mer), implicating a prion-like mechanism for Aβ oligomer propagation. 163
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Aβ monomers are normally present in the brain at modest concentrations. Natural degradation
pathways exist to eliminate normal amounts of it, including about a dozen proteases or enzymes
involved in the cleavage of AB peptide. 164
Most notably, neprilysin (image, left) is a zincdependent metalloprotease that cleaves peptides at the
amino side of hydrophobic residues and degrades the
amyloid beta peptide. Neprilysin-deficient knockout
mice show both Alzheimer’s-like behavioral
impairment and amyloid-beta deposition in the
brain, 165 providing strong evidence for the protein’s
association with the Alzheimer’s disease process.
Indeed, some believe that neprilysin is the ratelimiting molecule in amyloid beta degradation. 166 One
hypothesis for the strong dependence of Alzheimer’s
incidence on age focuses on the declining production of the neuropeptide somatostatin (an
inhibitory hormone) in the brains of elderly people, which depresses the activity of neprilysin and
promotes aggregation of unprocessed amyloid beta. 167 Declining neprilysin activity with
increasing age may also be explained by oxidative damage, another known causative factor in
Alzheimer’s disease. Higher levels of inappropriately oxidized neprilysin have been found in
Alzheimer’s patients compared to cognitively normal elderly people. 168
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2.4.2 Tau Protein Pathologies
For years, Alzheimer’s researchers have debated whether amyloid or tau protein pathologies have
primacy in causing the disease, and which one should be targeted for therapeutic intervention.
Decades of failed attempts to control AD using pharmaceuticals aimed at amyloid have
convinced many to re-examine tau as a promising target, prompting some researchers to move
further in this direction. 169 For example, a 2015 Mayo Clinic study examined 3,618 brains in its
postmortem brain bank, of which 1,375 brains were Alzheimer’s from patients who died at
different ages and at different stages of dementia. 170 This allowed the time course of the disease
to be tracked. The lead researcher explains what they found:
Tau can be compared to railroad ties that stabilize a train track that brain cells use to transport
food, messages and other vital cargo throughout neurons. In Alzheimer’s, changes in the tau
protein cause the tracks to become unstable in neurons of the hippocampus, the center of memory.
The abnormal tau builds up in neurons, which eventually leads to the death of these neurons.
Evidence suggests that abnormal tau then spreads from cell to cell, disseminating pathological tau
in the brain’s cortex – the cortex is the outer part of the brain that is involved in higher levels of
thinking, planning, behavior and attention – mirroring later behavioral changes in Alzheimer’s
patients.
Amyloid, on the other hand, starts accumulating in the outer parts of the cortex and then spreads
down to the hippocampus and eventually to other areas. Our study shows that the accumulation of
amyloid has a strong relationship with a decline in cognition. When you account for the severity
of tau pathology, however, the relationship between amyloid and cognition disappears – which
indicates tau is the driver of Alzheimer’s.

So, what is tau? Every neuron has a cytoskeleton, an internal support structure partly made up of
structures called microtubules. These microtubules act like tracks, guiding nutrients and
molecules from the body of the cell to the ends of the axon and back. Tau protein is a
microtubule-associated protein, 171 expressed in neurons and glia, that stabilizes microtubules in
the cell cytoskeleton – especially in axons, where it appears to play a role in establishing neuronal
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polarity and axonal identity. 172 Like other microtubule-associated proteins, tau is normally
regulated by phosphorylation.
In AD patients, tau protein undergoes chemical changes, becoming hyperphosphorylated by a
factor of 3-4 fold. The hyperphosphorylated tau is less soluble and accumulates as paired helical
filaments 173 that, in turn, aggregate or “mis-fold” into masses inside nerve cell bodies known as
neurofibrillary tangles (NFTs), disintegrating the neuron’s internal transport system (Figure 6). 174
Tau aggregates also appear as dystrophic neurites associated with amyloid plaques.
Hyperphosphorylation of tau has an impact on microtubule stability and axonal transport,
dendritic positioning and synaptic health, cell signaling at plasma membranes, protection of DNA
from cell stressors, and release of tau. 175 Why does hyperphosphorylation occur? A large
number of different kinases (enzymes that add phosphate) and phosphatases (enzymes that
remove phosphate) have been shown to regulate tau phosphorylation, and an imbalance in tau
kinase and phosphatase activity is believed to result in tau hyperphosphorylation in disease.
Importantly, many of these enzymes have been implicated in pathways affected by Aβ oligomers
in models of AD. 176 According to prevailing hypotheses, the presence of amyloid oligomers 177 or
plaques 178 triggers tau protein hyperphosphorylation which in turn causes the protein to
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accumulate and form neurofibrillary tangles, leading to synaptic dysfunction and contributing
considerably to AD symptoms. Aβ oligomers may even seed tau oligomerization. 179
Figure 6. In Alzheimer’s disease, aggregating tau proteins cause microtubules to disintegrate.

It’s not yet entirely clear how the hyperphosphorylation trigger works. One possibility derives
from the widespread occurrence of 3-nitrotyrosine, an indicator of peroxynitrite, in neurons of
AD patients, suggesting that peroxynitrite is excessively produced in the AD brain. Peroxynitrite
is a strong oxidant, and it is formed from NO and superoxide at a high rate. Aβ deposited as
senile plaque in AD brain can stimulate production of NO and superoxide through activating
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microglia and astrocytes. 180 Thus the formation of peroxynitrite from excessive production of
NO and superoxide in AD brains may be an upstream effector for both tau hyperphosphorylation
and nitration. 181 If so, this effector might be neutralized by the use of peroxynitrite scavengers.182
The tau that polymerizes into NFTs, looking like a ball of yarn inside the cell, is apparently inert
and neither binds to tubulin nor promotes its assembly into microtubules. As much as 40% of the
abnormally hyperphosphorylated tau in AD brain is present in the cytosol and is not polymerized
into paired helical filaments (PHFs), aka. neurofibrillary tangles or NFTs. 183 The neuronal
concentration of normal ~45 kD 441-residue human tau protein is ∼2 μM and it binds to
microtubules at a K d of ∼100 nM, thus practically all normal tau is likely to be microtubulebound in the cell. An early brain-tissue study found 31 mg tau/gm protein in control brain and 12
mg tau/gm protein in AD brain, and 2.1 mg/100 gm tissue of normal tau and 0.8 mg/100 gm
tissue of hyperphosphorylated tau in AD human cerebral cortex tissue. 184
Besides hyperphosphorylation, tau acetylation also occurs in tau pathologies related to AD and
may represent a turning point that accelerates tau toxicity. 185 Acetylation may be an intermediate
step in tangle formation from threads and pre-tangle structures, thus playing a mechanistic role in
driving tau polymerization into neurofibrillary pathology and tau mediated neurodegeneration. 186
There is some evidence that tau itself possesses acetyltransferase activity and thus is capable of
catalyzing self-acetylation, possibly exciting a positive feedback loop if tau levels exceed some
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In addition to hyperphosphorylation and acetylation, further posttranslational modifications of tau
include N- and C-terminal truncation, glycosylation, oxidative and nitrative injuries,
transglutamination, deamidation, and formation of tau oligomers. 188
As with amyloid oligomers (e.g., ADDLs and AβOs; Section 2.4.1), tau oligomers appear to be
the toxic form of tau in neurodegenerative disease.189 Cell death can occur prior to tau tangle
formation in AD, 190 suggesting that NFTs are not the pathogenic species responsible for the
spread of the disease. Indeed, recently completed in vitro and in vivo studies suggest that tau
oligomers, intermediate in size between the monomeric form and NFTs, are the true toxic species
in disease and the best targets for anti-tau therapies. For instance, healthy mice develop memory
problems one week after their brains are injected with tau oligomers from AD patients; tissue
samples showed toxic tau throughout the animals’ brains. 191 Thus NFTs might actually be
neuroprotective by avoiding the accumulation of toxic oligomeric tau. 192
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However, the exact mechanism by which the
spread of tau pathology occurs is unknown.
Evidence suggests that tau oligomers (AFM scan
images, left) may act as templates for the
misfolding of native tau, thereby seeding the
spread of the toxic forms of the protein. 193
Researchers have recently reported the ability of tau oligomers (3-16 nm in
size; chart, right) to enter and exit cells, propagating from disease-affected
regions to unaffected areas. 194 While the exact mechanism by which the
spreading of misfolded tau occurs has yet to be elucidated, there are a few
different models which have been proposed, including cell membrane
stress and pore-formation, endocytosis and exocytosis, and non-traditional
secretion of protein not enclosed by a membrane. Coming to an understanding of how toxic tau
species seed and spread through the brain would seem to be a necessary precondition for finding
effective conventional treatments for neurodegenerative tauopathies. 195
Several recent findings have challenged the traditional view that tau functions primarily only to
stabilize microtubules and that its aggregation in AD causes deficits through a loss-of-function
mechanism. Studies in cell culture and genetically modified mouse models suggest that tau may
normally facilitate or enhance excitatory neurotransmission by regulating the distribution of
synaptic activity-related signaling molecules. 196 However, when it is abnormally modified and
assumes pathogenic conformations, tau becomes enriched in dendritic spines where it can
interfere with neurotransmission. 197 Other research suggests that tau might be released
extracellularly by an exosome-based mechanism in Alzheimer’s disease. 198
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2.4.3 Other Pathologies and Biochemical Events in Alzheimer’s Disease
One recent overview of the classical “big picture” of the cellular and molecular pathologies of
AD is summarized in Figure 7 and is discussed in more detail in the numbered items below.

Figure 7. Diagram showing two neurons and a capillary blood vessel in the brain, illustrating
key cellular and molecular pathologies in Alzheimer’s disease (from Huang and Mucke, 2012). 199

(1) Amyloid beta (Aβ) fragments form in the extracellular space and accumulate there,
whether because of (a) increased neuronal production of Aβ, (b) decreased degradation by Aβdegrading enzymes, or (c) reduced clearance across the blood-brain barrier. These monomer
fragments of Aβ can later aggregate into Aβ dimers, trimers, and larger amyloid oligomers
(ADDLs). 200
(2) Amyloid in the extracellular space triggers the release of neurotoxic mediators from
glial cells. 201
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(3) Amyloid monomers migrate into the intracellular space and oligomerize into ADDLs,
impairing synaptic functions and related signaling pathways, and changing other neuronal
activities. Amyloid beta protein is neurotoxic to mature neurons in culture at higher
concentrations; in differentiated neurons, amyloid beta protein causes dendritic and axonal
retraction followed by neuronal death. 202 Aβ also selectively builds up in the mitochondria in the
cells of AD-affected brains, where it increases mitochondrial stress by inhibiting enzyme activity,
releasing reactive oxygen species, and inhibiting certain enzyme functions and the utilization of
glucose by neurons. 203
(4) Amyloid oligomers in the extracellular space further aggregate into large fibrillar
amyloid plaques or “senile plaques”, displacing and distorting neuronal processes. There is ~10
mg of deposited Aβ 1-42 , 204 mostly in the gray matter of the cortex (42% by weight of brain), in a
human AD brain of assumed mass 1150 gm. 205 Amyloid fibrils effectively catalyze the formation
of neurotoxic Aβ oligomers.
(5) The lipid transport protein ApoE4 impairs Aβ clearance and promotes Aβ deposition.
When expressed within stressed neurons, ApoE4 is cleaved, to a much greater extent than ApoE3,
into neurotoxic ApoE fragments that disrupt the cytoskeleton and impair mitochondrial functions.
(6) Tau protein, which is normally most abundant in axons, becomes mislocalized to the
neuronal soma and dendritic spines and forms inclusions called neurofibrillary tangles that disrupt
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the cytoskeleton. Tau is present in both white (at ~0.19 mg/ml) and gray (at ~0.08 mg/ml) matter
in bovine brain tissue. 206
(7) The 140-residue human presynaptic-terminal α-synuclein
protein self-assembles into pathogenic oligomers and forms larger
aggregates (Lewy bodies; image at right, stained brown, in brain cell of
the substantia nigra in Parkinson’s disease; Section 6.1), disrupting
neuron and dendritic function. A large proportion of AD cases have
abnormal accumulations of the presynaptic protein α-synuclein in brain
cells. 207 Aβ enhances the misfolding and accumulation of α-synuclein in
vitro and in vivo, and studies in doubly transgenic mice suggest that these molecules can
synergize to more severely impair neuronal functions. 208 Lewy bodies are not rare in the brains
of people with AD, 209 but Lewy body dementia or LBD (Section 6.1.2) is usually distinguished
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from Alzheimer’s disease. 210 α-synuclein oligomers also induce tau aggregation and the
formation of β-sheet-rich neurotoxic tau oligomers. 211
(8) Aβ, tau, α-synuclein and other proteins associated with neurodegenerative disorders
can be released into the extracellular space, where they may spread to other cells and seed
abnormal protein aggregation in experimental models. For example, tau, when present in the
extracellular space, is toxic to neurons. 212 This may be one important mechanism by which AD
spreads throughout the brain. These properties have been compared to those of prions, different
forms of which cause Jacob-Creutzfeldt disease, scrapie and mad-cow disease (Section 6.2.4). 213
However, prions differ fundamentally from the other proteins in that they cause diseases that are
communicable to other people, while it is generally accepted that AD and most other
neurodegenerative disorders are not. 214
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(9) Observation of tau present in the nuclei of human neuroblastoma cells suggested that
tau might have novel functions mediated by interactions with DNA or RNA. 215 Full-length tau
was identified in neuronal nuclei, where it co-localizes with the chromosome scaffold, nuclear
and nucleolar organization centers. 216 The microtubule-binding domain of tau can bind RNA 217
and both single-stranded 218 and double-stranded 219 DNA. The interaction of tau with DNA
results in conformational changes in DNA and protects DNA from heat damage and oxidative
stress. 220 Nuclear tau appears to be largely dephosphorylated, suggesting that increased tau
phosphorylation in diseased states could interfere with protective functions of nonphosphorylated tau in neuronal nuclei.
(10) Extracellular misfolded Aβ 1-40 and α-synuclein proteins can form 3D
morphologically compatible ion-channel-like structures in reconstituted membranes and elicit
single ion-channel currents. 221 These spurious transmembrane ion channels could destabilize
cellular ionic homeostasis and hence induce cell pathophysiology and degeneration in amyloid
diseases like AD.
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microglial cells. 222
(12) Levels of the neurotransmitter acetylcholine are reduced. (The “cholinergic
hypothesis” for AD, on which most currently available drug therapies are based, proposed that
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(15) Microglia, representing 10%-15% of all brain
cells, are immune cells that act as a frontline defense,
looking for suspicious activities and materials. When such
is detected, microglia trigger the release of substances that
recruit other microglia to the scene which then destroy and
get rid of any foreign invaders. Microglia also work as
garbage collectors and prevent inflammation by chewing up
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connections between neurons, causing loss of memory and spatial awareness. One recent study at
Stanford University 228 found that microglia keep the sticky plaques under control in young mice,
but in older mice, the heightened signaling activity of a single receptor protein that sits on the
surface of microglial and nerve cells, called EP2, retards microglia from producing enzymes that
can digest the plaques. Previous work has shown that the EP2 molecule has a strong potential to
cause inflammation when activated by binding to a substance called prostaglandin E2, or PGE2.
Mice that have been genetically engineered not to have EP2 don’t develop severe memory loss
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naturally. The suspicion is that heightened EP2 activity may be a symptom of cellular aging.
(16) Neuron and synapse loss. The distribution of neuronal cell death and synapse loss is
similar to that of NFT (tau tangles). 229 In typical AD, the death of neurons in the nucleus basalis
of Meynert leads to a deficit in acetylcholine, a neurotransmitter involved in memory. This
cholinergic deficit is the target of most current treatments. In the brainstem, loss of median raphe
and locus coeruleus neurons leads to deficits in serotonin and norepinephrine, respectively.
Abnormal cerebral serotonergic and adrenergic activity likely contribute to dysphoria and
insomnia in AD. 230
(17) Disruption of BBB. Aβ can also disrupt the blood-brain barrier (Section 4.3.1),
increasing vascular permeability and causing BBB leakage. 231
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A long list of other inflammatory processes, cytokines, and environmental factors not illustrated
in Figure 7 may also have some role in the pathology of Alzheimer’s disease, including, e.g.:
(a) Inflammation is a general marker of tissue damage in any disease, and may be either
secondary to tissue damage in AD or a marker of an immunological response.232 Systemic
markers of the innate immune system are risk factors for late-onset AD. 233
(b) AD is characterized by the accumulation and aggregation of misfolded proteins.
Disturbed homeostasis in the endoplasmic reticulum leads to accumulation of misfolded proteins,
triggering a stress response called the unfolded protein response (UPR) that protects the cell
against the toxic buildup of misfolded proteins. 234
(c) Alterations in the distribution of different neurotrophic factors and in the expression
of their receptors such as the brain-derived neurotrophic factor (BDNF) have been described in
AD. 235
(d) Herpes simplex virus type 1 (HSV-1) has been proposed to play a causative role in
people carrying the susceptible versions of the ApoE4 gene. 236 In further work, the same
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researchers discovered a striking localization of HSV-1 DNA within amyloid plaques.
Specifically, in AD brains, 90% of the plaques contain the viral DNA and 72% of the DNA is
plaque-associated, whereas in normal brains, 80% of plaques contain HSV-1 DNA but only 24%
of the viral DNA are plaque-associated. This suggests that in normal aged individuals, there is a
lesser production and/or greater removal of Aβ, so that less of the viral DNA is seen to be
associated with Aβ in the brain. 237
(e) The cellular homeostasis of ionic copper, iron, and zinc is disrupted in AD, though it
remains unclear whether this is produced by or causes the changes in proteins. These ions affect
and are affected by tau, APP, and ApoE. 238 Some studies have shown an increased risk of
developing AD with environmental factors such as the intake of metals, particularly aluminum. 239
Some have hypothesized that dietary copper may play a causal role.240 But the quality of some of
these studies has been criticized, 241 and other studies have concluded that there is no relationship
between these environmental factors and the development of AD. 242 According to the
Alzheimer’s Association, it is a “myth” that aluminum from pots and pans, aluminum and
mercury in flu shots, and silver-mercury amalgam dental fillings (cf. Section 2.4.6) increase the
risk of AD. 243
(f) While a few studies suggest that extremely low frequency electromagnetic fields may
increase the risk for Alzheimer’s disease, 244 reviewers found that further epidemiological and
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laboratory investigations of this hypothesis are needed, 245 and some contrary evidence has been
reported. 246
(g) Smoking is a significant AD risk factor. 247
(h) Another hypothesis asserts that the disease may be caused by age-related myelin
breakdown in the brain. Iron released during myelin breakdown is hypothesized to cause further
damage. Homeostatic myelin repair processes may contribute to the development of
proteinaceous deposits such as beta-amyloid and tau. 248
(i) Drebrin A is one of the main neuronal actin binding proteins, 249 regulating actin’s role
in cell architecture and functions. AD has been linked to the loss of dendritic spines and/or
deformation of these spines in the patient’s frontal and temporal cortices, and to a decrease in the
expression of drebrin 250 (a protein thought to play a role in long-term potentiation) which could
cause neurons to lose plasticity and have trouble forming new connections. This malfunction
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presents itself in the form of helical filaments (distinct from amyloid and tau aggregates) that
tangle together in the neuropil. 251
(j) Oxidative stress and dys-homeostasis of biometal metabolism may be significant in
the formation of Alzheimer’s disease. 252 If true, low molecular weight antioxidants such as
melatonin might provide promising approaches to treatment. 253
(k) AD individuals exhibit a 70% loss of locus coeruleus cells that provide
norepinephrine (more known for its neurotransmitter role) that locally diffuses from
“varicosities” as an endogenous anti-inflammatory agent in the microenvironment around the
neurons, glial cells, and blood vessels in the neocortex and hippocampus. It has been shown that
norepinephrine stimulates mouse microglia to suppress Aβ-induced production of cytokines and
their phagocytosis of Aβ. This suggests that degeneration of the locus coeruleus might be
responsible for increased Aβ deposition in AD brains. 254
(l) There is tentative evidence that exposure to air pollution may be a contributing factor
in the development of Alzheimer’s disease. 255
(m) Other potential environmental risk factors for late-onset AD include head injury
(leading to tauopathy), 256 low educational levels, hyperlipidemia, hypertension,
homocysteinemia, diabetes mellitus, and obesity. 257 However, several of these associations
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remain controversial. 258 Combinations of ApoE4 with one or more of these environmental risk
factors may further increase the risks for late-onset AD and age-related cognitive decline.259
(n) The links between type 2 diabetes and AD have become sufficiently strong for AD to
be described by some investigators as a form of “neural diabetes”. 260 The idea is that it is not
amyloid plaques themselves that cause AD symptoms but rather their precursors – small, soluble
clumps of Aβ oligomers. The same enzymes (e.g., insulin-degrading enzyme, or IDE) break
down both insulin and Aβ oligomers, and oligomers also prevent insulin from binding to its
receptors in the hippocampus. So when there is too much insulin around – as in patients with
type 2 diabetes – those enzymes are working flat out to break it down. This preferential treatment
of insulin over oligomers could leave the oligomers to form clumps, which then keep insulin from
its receptors, causing a vicious spiral of impaired brain insulin signaling coupled with cognitive
decline. 261
(o) Elevated serum lipid ceramide levels, triggered by excess amyloid plaque production
in mice, appears to support the theory that Alzheimer’s could be an autoimmune disease
characterized by the immune system producing antibodies against ceramide in a patient’s
tissue. 262
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(p) The aberrant reexpression of various cell
cycle control elements (e.g.,
localization of various cyclins,
cyclin-dependent kinases, and
cyclin inhibitors) in neurons
may be an attempt to re-enter
the cell cycle. 263 Given that
primary neurons are terminally
differentiated and post-mitotic,
any attempted re-entry into the
cell division cycle will be
dysregulated and deleterious.
Inappropriate re-entry into the
cell cycle then resembles an
abortive oncogeny (tumor
formation) involving virtually
the entire spectrum of the
described pathological events
in Alzheimer disease
including, ultimately, cell
death. 264
Atwood and Bowen hypothesize 265 that such cell-cycle re-entry could be the underlying cause for
most of the pathologies of Alzheimer’s disease (see diagram, above): “Endocrine dyscrasia 266
and AD-related genetic mutations intersect at the cell cycle to drive neurodegeneration and
cognitive decline in AD [as shown in this] model of aberrant cell cycle reentry initiated by (1)
aging-related endocrine dyscrasia leading to late-onset sporadic AD and (2) genetic mutations in
APP, PS1, and PS2 leading to early-onset familial AD.”
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Dyscrasia, an ancient term, now refers to a general morbid state resulting from the presence of abnormal
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2.4.4 Aging as a Risk Factor
Although Alzheimer’s is not traditionally regarded as a normal part of growing older, the greatest
risk factor for the disease is increasing age. After age 65, the risk of Alzheimer’s doubles every
five years. After age 85 the risk reaches nearly 50 percent, 267 and after age 90 the five-year AD
risk-doubling continues (at least in women), 268 making aging the most important known nongenetic risk factor for late-onset AD. Biogerontologist Aubrey de Grey believes that AD is a
disease that everyone would get eventually, if only they lived long enough. 269
It is well established that many neurodegenerative disorders are strongly linked to aging.
However, it remains uncertain whether this link is specifically caused by aging-related processes
or simply reflects the time required for the relevant pathogenic processes to unfold, given that
children with progeria ( a “premature aging” disease) have no apparent cognitive deterioration
and no pathologic evidence of dementia or Alzheimer-type changes. 270 Genetic changes (Section
2.4.5) that accelerate the accumulation of pathogenic proteins in the brain can clearly override the
aging “requirement” and cause AD or other neurodegenerative conditions in middle-aged or even
young people. Nonetheless, diverse lines of experimental evidence support the notion that AD
and other neurodegenerative conditions may be enabled by specific aging-related factors, such as
gradual failure of neuroprotective or protein clearance mechanisms (Section 2.4.8) and the
emergence of co-morbidities. 271 Inflammation 272 along with oxidative stress and altered
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cholesterol metabolism leading to hypercholesterolemia 273 might also be key components of
unhealthy aging leading to Alzheimer’s.
The immune system may be implicated in AD. The hypothesized actor is C1q, a protein
component of complement factor C1 known as the initiator of the “classical pathway” of the
complement system in the human immune response. A 2013 study of brain tissue in mice of
varying ages, as well as postmortem samples of a 2-month-old human infant and an elderly
person, found that C1q exponentially increases in the aging brain, producing as much as a 300fold buildup. 274 This is potentially significant, since most known age-associated increases of
protein concentrations in the brain are only three- or four-fold in magnitude. The research also
revealed that C1q accumulates around the brain’s synapses – contact points that connect the
brain’s nerve cells to one another – as the brain ages. Rather than being naturally cleared by the
brain, the C1q sticks, making these synapses more vulnerable to destruction from the brain’s
immune cells.
The progressive shortening of telomeres (the protective “end caps” on our chromosomes) with
age might also be implicated in the onset of Alzheimer’s disease via the declining capacity of
microglial cells. Notes Michael Fossel, an expert in telomere-based aging: 275
Alzheimer’s disease begins in our glial cells. These cells together form 90% of our brains, while
neurons are only a small minority in the nervous system. One set of these glial cells, the
microglia, have the critical job of protecting the neurons and supporting them metabolically.
These are the cells that, among dozens of other functions, are responsible for clearing metabolic
waste products and recycling the extracellular proteins that surround the neurons. Unfortunately,
as we age, the microglial cells not only fail to divide, but gradually lose telomere length. By itself,
telomere loss is unimportant, but this loss begins a cascade of crucial changes in our cells. As
these telomeres shorten, they trigger a gradual shift in gene expression throughout the entire
microglial cell. Proteins that are critical to DNA repair, to making our mitochondria work, to
holding free radical damage to a minimum, begin to become scant. Where once, a young
microglial cell would recycle proteins quickly and efficiently – including beta amyloid proteins –
as the cell ages, the rate of turnover slows to a crawl....One-by-one our neurons are snuffed out,
submerged under the rising effects of beta amyloid and tau proteins, and all of this, the plaques,
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the tangles, and the dying neurons characteristic of Alzheimer’s can be traced back to the failing
microglial cells.

However, the direct evidence for glial and leukocyte telomere length shortening in Alzheimer’s 276
and Parkinson’s 277 patients remains inconsistent.
Yet another interesting idea involving aging as the possible ultimate cause of late-onset sporadic
AD is the mitochondrial cascade hypothesis. 278 In this model, “the inherited, gene-determined
make-up of an individual’s electron transport chain sets basal rates of reactive oxygen species
(ROS) production, which determines the pace at which acquired mitochondrial damage
accumulates. Oxidative mitochondrial DNA, RNA, lipid, and protein damage amplifies ROS
production and triggers three events: (1) a reset response in which cells respond to elevated ROS
by generating the beta-sheet protein (beta amyloid), which further perturbs mitochondrial
function, (2) a removal response in which compromised cells are purged via programmed cell
death mechanisms, and (3) a replace response in which neuronal progenitors unsuccessfully
attempt to re-enter the cell cycle, with resultant aneuploidy, tau phosphorylation, and
neurofibrillary tangle formation.”
In addition to defining a role for aging in AD pathogenesis, the mitochondrial cascade hypothesis
allows and accounts for histopathologic overlap between the late-onset and early-onset forms of
the disease. The theory’s proponents specify the molecular substrate of the human aging clock
(mainly mitochondrial DNA or mtDNA) and the primary influence on the clock speed setting (the
rate of accumulation of change as determined by genetically determined ROS production rates),
and tie this in with secondary phenomena (both adaptive and maladaptive) such as Aβ
accumulation, tangle formation, and others. In this view it is possible that during aging, the
accumulation of oxidative stress-induced mtDNA damage and subsequent mitochondrial
dysfunction may serve as a trigger for the appearance of the main AD histopathologic markers. 279
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2.4.5 Genetics and Epigenetics
Aside from environmental factors, AD might ultimately be caused by complex interactions
among multiple genetic and epigenetic factors. The Alzheimer’s Genome Project, sponsored by
the Cure Alzheimer’s Fund, 280 tentatively identified more than 100 genes that might be associated
with Alzheimer’s disease. 281
Most notably, apolipoprotein E (APOE; image, right) is
299 amino acids long and transports lipoproteins, fatsoluble vitamins, and cholesterol in the blood. There are
three isoforms of the protein, called ApoE2, ApoE3, and
ApoE4, that differ by only 1-2 amino acids, with the
gene residing on Chromosome 19. ApoE3 is the
“neutral” variant, with an allele frequency of 79%. The
ApoE4 form (frequency 14%), which differs from
ApoE3 only by having the amino acid arginine instead of cysteine at position 112, has been
genetically linked to late-onset (>60 years) familial and sporadic AD, which accounts for most
AD cases. It has a gene-dose effect of increasing the risk and lowering the age of onset of the
disease. 282 All well-conducted genome-wide association studies on late-onset AD from different
populations around the world have identified ApoE4 as the top late-onset AD gene with
extremely high confidence. 283 Remarkably, the lifetime risk estimate of developing AD for
individuals with two copies of the ApoE4 allele (~2% of the population) is ~60% by the age of
85, and for those with one copy of the ApoE4 allele (~25% of the population) ~30%. In
comparison, the lifetime risk of AD for those with two copies of the ApoE3 allele is ~10% by the
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age of 85. Between 40% and 80% of people with AD possess at least one ApoE4 allele. 284 Thus,
ApoE4 should be considered a major gene, with semi-dominant inheritance, for late-onset AD. 285
Apolipoprotein E enhances proteolytic break-down of Aβ peptide, both within and between cells.
The isoform ApoE4 is not as effective as the others at promoting these reactions, resulting in
increased vulnerability to AD in individuals with that gene variation. 286 (ApoE4 is associated with
higher levels of Vitamin D, which may help explain its prevalence despite its seeming complicity
in various diseases or disorders. 287) There is also evidence that the ApoE2 allele may serve a
protective role in AD 288 – patients with two copies of ApoE4 have 25 times higher risk of AD
than patients with two copies of ApoE2 (who have the lowest risk of AD). 289
There are also deterministic genes that directly cause AD, guaranteeing that anyone who inherits
one will develop the disorder. These genes, which are estimated to account for less than 5% of
Alzheimer’s cases, cause familial early-onset forms in which symptoms usually develop between
a person’s early 40s and mid-50s. Although the genes that cause “familial Alzheimer’s” are rare,
their discovery has provided important clues that help our understanding of Alzheimer’s.
Familial Alzheimer’s disease is inherited in an autosomal dominant fashion, mostly attributable to
mutations in one of three genes: those encoding amyloid precursor protein (APP), presenilin 1,
and presenilin 2. 290 Most mutations in the APP and presenilin genes increase the production of
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Aβ 42 , the main component of senile plaques. 291 Some of the mutations merely alter the ratio
between Aβ 42 and the other major forms – particularly Aβ 40 – without increasing Aβ 42 levels, 292
so presenilin mutations may cause disease even if they lower the total amount of Aβ produced.
Interestingly, studies of prospective AD patients having these genes suggest that the pathologies
commonly associated with AD actually begin long before AD symptoms appear. For example,
concentrations of Aβ 42 in the cerebrospinal fluid (CSF) begin to decline 25 years before expected
symptom onset. Fibrillar Aβ deposition, increased concentrations of tau protein in the CSF, and
an increase in brain atrophy were also detected 15 years early, and cerebral hypometabolism and
impaired episodic memory were observed 10 years early. 293
Epigenetic mechanisms may also play a role in AD pathogenesis. 294 Studies on human
postmortem brain samples, peripheral leukocytes, and transgenic animal models have shown that
aging and AD are associated with epigenetic dysregulation at various levels, including abnormal
DNA methylation and histone modifications. 295 Although it is unclear whether the epigenetic
changes observed in AD represent a cause or a consequence of the disease, twin studies support
the notion that epigenetic mechanisms modulate AD risk. 296 Interestingly, pharmacologically
inhibiting DNA methylation in the hippocampus after a learning task will impair memory
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consolidation in mice. 297 Promoting histone acetylation improves learning and memory in a
mouse model of AD and increases learning-related gene expression in aged wild type mice, 298
suggesting epigenetic regulation of learning and memory.
Another recent study that looked at epigenetic signatures found that neuronal plasticity processes
involved with learning and memory are dampened early in the onset of AD, while immune and
inflammatory pathways are activated.299
Finally, a possible genetic source of excess beta amyloid (Aβ) has recently been discovered. 300
Amyloid precursor protein (APP), an integral membrane protein concentrated in the synapses of
neurons, is best known as the precursor molecule whose proteolysis generates Aβ (Section 2.4.1).
APP is an ancient and highly conserved protein important in synaptic formation and repair, and in
molecular transport inside neurons. In humans, the gene for APP is located on Chromosome 21
and contains 18 exons spanning 290 kilobases. Having an extra copy of the APP gene can cause
rare “familial” Alzheimer’s disease, wherein the APP duplication can be passed on genetically
and is present in all the cells of a patient’s body. By contrast, “sporadic” Alzheimer’s disease,
which constitutes around 95% of AD cases, has been thought not to show any difference in the
number of APP genes found in tissue samples, including whole brain. But the early studies that
reported this were conducted without adequate appreciation of the possibility of brain
“mosaicism” (i.e., when cells with varied DNA are present in the same person), and thus single
neurons were not investigated.
A 2015 study 301 used five different types of experiments to examine the DNA content of single
neurons for possible mosaicism. The researchers found that individual neurons from people with
Alzheimer’s disease contained more DNA – on average, hundreds of millions of DNA base pairs
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more – and also more copies of the APP gene, with some neurons containing up to 12 copies.
Cortical nuclei of Alzheimer’s brains displayed increased copy numbers (∼3.8-4 copies) that are
significantly higher than for control samples (∼1.7-2.2 copies), with increased frequencies of
high copy number nuclei (6 or more copies) primarily occurring in prefrontal cortex samples of
AD brains. All these extra copies of the APP gene could cause overexpression of APP in all
affected cells in the brain, leading, in turn, to overproduction of beta amyloid. The mosaicism
itself could be caused (1) by a variety of environmental factors known to produce genetic
damage, (2) by physical trauma, or even (3) by cellular aging.
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2.4.6 Does Mercury Contribute to Alzheimer’s Disease?
Mercury (Hg) has been used commercially and medically for centuries. In the past it was a
common constituent of many medications. It is still sometimes found in hospitals in
thermometers and blood-pressure cuffs and commercially in batteries, switches, and fluorescent
light bulbs. Today, the exposure of the general human population comes from three major
sources: fish consumption, dental amalgams, and vaccines. Each has its own characteristic form
of mercury and distinctive toxicologic profile and clinical symptoms. Dental “silver” amalgams
emit mercury vapor that is inhaled and absorbed into the bloodstream. Dentists and patients with
amalgam fillings are exposed to this form of mercury. Liquid metallic mercury (quicksilver) still
finds its way into homes, causing a risk of poisoning from the vapor and creating major cleanup
costs. Humans are also exposed to two distinct but related organic forms, methyl mercury
(CH 3 Hg+) and ethyl mercury (CH 3 CH 2 Hg+). Fish are the main if not the only source of methyl
mercury, since it is no longer used as a fungicide. In many countries, vaccinated babies are
exposed to ethyl mercury which is the active ingredient of the preservative thimerosal used in
vaccines.
While various forms of acute and chronic mercury poisoning have been known for centuries, 302 it
has been alleged that the pathology of Alzheimer’s disease (AD) might be caused or exacerbated
by inorganic mercury. 303 While there appears to be no direct correlation between amalgam-filling
status and AD, 304 amalgam exposure is certainly toxic for nerve cells in vitro. 305 One study found
mercury blood levels in AD patients to be double those of controls and triple the control levels for
early-onset AD cases, unrelated to the patient’s dental amalgam status, and blood Hg levels also
correlated with Aβ levels in cerebrospinal fluid. 306 A few other studies confirmed elevated Hg
concentrations in AD patient blood plasma. 307 As for brain tissue, mercury levels at autopsy are
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usually higher in the grey matter, cerebellum, thalamus, putamen, and upper parietal and occipital
lobes of AD brains than control brains, 308 and similarly in the amygdala and nucleus basalis of
Meynert (nbM), 309 with the half-life of inorganic mercury in the brain probably on the order of
several years to several decades.310 Subcellular organelles, particularly microsomes (cell protein
“factories”), can have elevated mercury levels in AD brain cells. 311
The ability of Hg to increase amyloid Aβ levels has been studied in vitro and in vivo, and the
suggested mechanisms include an increased production, a reduced degradation, and/or a
diminished brain clearance of the peptide. Olivieri et al. 312 reported increased secretion of both
Aβ 1-40 and Aβ 1-42 when neuroblastoma cells were exposed to 50 µg/dL of inorganic Hg
concomitant with reactive oxygen species (ROS) overproduction. A study conducted in
aggregating brain-cell cultures of fetal rat telencephalon showed that methylHg (non-cytotoxic
concentrations/10-50 days) produced increased APP levels accompanied by ROS production and
glia activation. 313 Rat pheochromocytoma (PC12) cells exposed to both inorganic and organic
(methylHg) mercury (10-1000 nM) showed a dose-dependent overproduction of Aβ 1-40 (probably
by an increase in APP levels) and a reduction in Aβ degradation by neprilysin (NEP). 314 An
increase in Aβ 1-42 levels was observed in differentiated SH-SY5Y neuroblastoma cells exposed to
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Hg (10 and 20 µM) along with reduced activity of the Aβ-degrading enzyme NEP. 315 The metals
Zn, Cu and Fe show the highest potential to cause Aβ aggregation, but Hg has no important
effect. 316 Regarding in vivo studies, oral administration of 20-2000 µg/kg/day/4 weeks of
methylHg produced a dose-dependent increase in Aβ 1-42 in the hippocampus of male rats, no
significant changes in APP or NEP protein levels, and reduced brain expression of the LRP1
receptor (aka. apolipoprotein E receptor) which was positively correlated with increased Aβ
levels in the hippocampus and reduced levels in the CSF, suggesting a reduced clearance of the
pathogenic peptide from the brain. 317
Beyond the effects on Aβ protein, in vitro studies have also found that mercury may interrupt
polymerization of microtubules,318 induce mitochondrial dysfunction, 319 change mitochondrial
structure inducing a stress response in astrocytes, 320 and interfere with cell maturation 321 and
other aspects of cell functioning including DNA repair, 322 intracellular calcium (Ca2+)
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concentrations, 323 selenium metabolism, 324 neuroimmune signaling, 325 glutathione level (GSH
bound to mercury does not function as an antioxidant), 326 and the linkage and structure of
microtubules. 327 Mercury further disturbs the interaction between tubulin and GTP 328 and
interferes with membrane structures, leading to axonal degeneration and neurofibrillary
aggregates. 329
It is fairly well-established that variations in apolipoprotein E or ApoE, a cholesterol-carrying
blood protein, are related to the age of onset of AD. 330 In humans, ApoE comes in three different
forms, ApoE2, ApoE3 and ApoE4 (Section 2.4.5). ApoE3 is the most common form in humans.
The rarest is ApoE2, which seems to offer significant protection from Alzheimer’s disease.
Inheritance of ApoE4 is correlated with cerebral amyloid angiopathy, tauopathies, dementia with
Lewy bodies, Parkinson’s disease, multiple sclerosis, and a higher incidence (and significantly
earlier onset) of Alzheimer’s disease. 331 While the molecular basis for the correlation between
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ApoE4 and Alzheimer’s disease is not firmly established, a unique feature of ApoE4, termed
“domain interaction”, may play a role. Studies have shown that arginine at position 112 causes
amino acid side chain reorientation within the protein that promotes N- and C-terminal interaction
via a unique salt bridge. 332 Domain interaction in ApoE4 induces a more compact structure with
the arginine at position 112, increasing the “molten globule”-like properties of this isoform. 333
But the “mercury argument” for Alzheimer’s disease focuses on the ApoE cysteine substitutions,
not the arginines. Cysteine is an amino acid with a sulfhydryl or “thiol” group (-SH) that strongly
binds mercury ions. 334 The genetic differences between
ApoE alleles involve substitutions between arginine and
cysteine at positions 112 and 158 of the proteins (table, at
right). All the other amino acids in the ApoE protein are
identical. The protective form (ApoE2) has two cysteines
at those positions, the common form (ApoE3) has one
cysteine and one arginine, and the
increased-risk form (ApoE4) has two
arginines. Cysteine can bind mercury
but arginine cannot. Hence the cellular
production of ApoE2, and ApoE3 to a
lesser extent, could in principle carry
mercury out of the brain neurons and
into the cerebrospinal fluid, dumping it
into the body for potential excretion.
The number of cysteine residues in
ApoE correlates perfectly with the
observed age of AD onset and AD
risks (charts, at left). 335
In other words, ApoE4 may be a risk factor for AD because this protein does not have sulfhydryl
groups to scavenge heavy metals like Hg, whereas ApoE2 has four SH groups and thus the
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maximum ability to reduce the metal toxicity in the brain.336 This factor alone could make
ApoE2 a protective genotype for AD development. 337 Others have also observed a greater
occurrence of the risky ApoE4 allele in patients with presumptive Hg-related neuropsychiatric
symptoms with an elevated Hg body burden. 338
It is widely accepted that Hg disrupts human brain development, produces cognitive and motor
disabilities, 339 and produces memory loss and cognitive alterations in adults, 340 though a recent
study found that serum Hg levels were not directly related to abnormal cognition in AD
patients. 341 Limited evidence exists for an association of mercury amalgam dental fillings with
multiple sclerosis, 342 but there are few studies on this issue for either Alzheimer’s or Parkinson’s
diseases. 343 Better designed studies are needed, particularly for investigation of
neurodegenerative diseases, in order to overcome the reticence of the mainstream medical
community to more fully embrace the mercury theory of AD causation. 344
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2.4.7 Lipofuscin Hypothesis of Alzheimer’s Disease
Yellow-brown insoluble age-pigment lysosomal
granules called “lipofuscin” collect in many of
our cells. The accumulation of such lipochromes
starts as early in life as 11 years old and rises
with age, 345 activity level, 346 and caloric
intake, 347 and varies with cell type. 348 Clumps of
these yellow-brown autofluorescent granules –
typically 1-3 microns in diameter – may occupy
from 20% of brainstem neuron volume at age 20
to as much as 50% of cell volume by age 90. 349
Lipofuscin concentrations as high as 75% have
been reported in Purkinje neurons of rats
subjected to protein malnutrition. 350
Lipofuscin granules are composed of lipid-containing residues of lysosomal digestion, usually
arranged around the cell nucleus. Lipofuscin is likely the product of the oxidation of unsaturated
fatty acids (e.g., lipid peroxidation products derived from malondialdehyde and glycation
products) 351 and may be symptomatic of membrane damage or damage to mitochondria and
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lysosomes. Aside from a large lipid content and crosslinked protein residues, lipofuscin is also
known to contain sugars and metals such as mercury, aluminum, iron, copper and zinc. 352
Lipofuscin appears not to be readily naturally degradable. 353
Lipofuscin, which means “dark fat” and is also known as “age pigment” or “lipopigment”, is
currently defined operationally rather than structurally. 354 Its biochemical composition varies in
different animal species, in different brain structures, and at different ages, 355 which suggests that
there is not just one but many types of lipofuscin with similar tinctorial characteristics (e.g.,
autofluorescence).
In early studies, brain cell lipofuscin was thought to not be associated with mental 356 or motor 357
abnormalities or other detrimental cellular function.358 However, more recently, abnormal
accumulation of lipofuscin has been associated with a group of diseases of neurodegenerative
disorder type called lipofuscinoses (Section 6.2.6), e.g., hereditary ceroid lipofuscinosis 359 or
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neuronal ceroid-lipofuscinosis (NCL) disease (e.g., Batten disease 360), which have been found to
lead to premature death, with the ceroid apparently pathological only in neurons. 361
Pathological accumulation of lipofuscin has also been implicated in Parkinson’s disease, 362
autism, 363 and amyotrophic lateral sclerosis, 364 and more broadly in age-related macular
degeneration, 365 acromegaly, 366 chronic obstructive pulmonary disease, 367 metabolic myopathy, 368
and melanosis coli 369 (caused by an accumulation of lipofuscin in the colon). Neuromelanin, a
related neuronal pigment, has been only lightly studied in comparison to lipofuscin. 370
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Some neurons also contain a pigment granule called neuromelanin, a brownish-black substance that is a
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Interestingly, pathological accumulation of lipofuscin has also been implicated in Alzheimer’s
disease, starting with experiments and discussions in the 1980s, 371 the 1990s, 372 and the 2000s. 373
By 2011, the above evidence led Giaccone et al. 374 to propose a “lipofuscin hypothesis of
Alzheimer’s disease,” which theorizes that the release of lipofuscin into the extracellular space
following the death of neurons could substantially contribute to the formation of Aβ senile
plaques in Alzheimer’s disease.
According to this hypothesis, following the death of neurons during aging (due to several
unrelated causes), lipofuscin is set free in the neuropil where it cannot be rapidly degraded due to
its biochemical characteristics. Therefore, the fate of this waste product may be to linger in the
extracellular milieu, giving rise to a focal impairment in the tissue that may represent the starting
point of the senile plaque. Unlike previous theories concerning the possible involvement of
lipofuscin in the pathogenesis of AD, 375 Giaccone’s hypothesis does not require that intraneuronal
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lipofuscin is intrinsically harmful to neuronal cells, only that it may become so when it is released
into the extracellular space.
While there are differences in the tinctorial properties and structures of lipofuscin and the
amyloid of senile plaques, lipofuscin contains Aβ and its precursor molecule. 376 Its relocation
from the intra- to the extracellular compartment (together with the intervention of microglia,
astrocytes and a robust neuroinflammatory response) could greatly modify its morphological,
tinctorial and biochemical characteristics. This scenario would also reverse the most commonly
held concept that the Aβ peptide self-polymerizes over years to form senile plaques. In
Giaccone’s view, the lipofuscin released into the extracellular space may act as a source of Aβ
oligomers for a prolonged period of time.
Lipofuscin might provide the missing link between the factors that are known to be involved in
the pathogenesis of AD (such as oxidative stress, mitochondrial dysfunction and the activation of
innate immune responses) 377 and the senile plaques that represent its earliest microscopically
visible structural alterations. Specifically, the rate of lipofuscin formation is closely related to
oxidative stress. 378 Mitochondrial autophagocytosis is believed to be a major contributor to
lipofuscin formation, 379 and mitochondria are the remnants of ancient bacterial intruders that have
become symbionts of eukaryotic cells. 380 The hydrophobic and insoluble characteristics of
lipofuscin correspond closely to those of substances that are most effective in inducing an innate
immune response. 381 Finally, Aβ deposition in AD occurs not only in the neuropil but also in
vessel walls, and this distribution is consistent with the release of debris or waste products that
follow the perivascular spaces when they are extruded from the cellular compartment.
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The aforementioned “lipofuscin hypothesis of AD” considers Aβ deposition as a downstream
phenomenon that is critical and essential but not an absolutely and invariably causative event in
determining the onset of AD. It could be that in sporadic AD, Aβ is more than an
epiphenomenon because it is tightly linked to the release of lipofuscin in the neuropil. But that
scenario differs when Aβ deposition is induced artificially, e.g., in the transgenic mouse model of
AD where large quantities of Aβ do not induce significant neuronal degeneration.382
Lipofuscin is a matrix that recapitulates the insults and damage a neuron receives during the life
of an individual. It seems likely that its composition and characteristics are influenced by various
genetic and environmental factors that may reinforce or weaken each other and, in combination
with factors that alter the chances of age-related neuronal death, may modulate the overall
individual risk of developing AD.
As yet, no drug is known to eliminate intracellular lipofuscin from neurons. The drug
piracetam 383 and grape seed flavanols 384 prevent ethanol-induced lipofuscin formation in rat
neurons. The acetylhomocysteine thiolactone, a free radical scavenger drug able to activate the
superoxide dismutase, shows a lytic effect on neuronal lipofuscin. 385 Centrophenoxine reduces
lipofuscin deposits (studied both biochemically and histochemically), indicating that the drug
inhibits lipofuscin accumulation by elevating the activity of the antioxidant enzymes. 386
Naturally-occurring lipofuscinolytic bacteria have also been argued to exist 387 but have not yet
been isolated.
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Clinical trials using stem cells to replace lysosomal enzyme deficiencies in human patients with
neuronal ceroid lipofuscinosis have shown no evidence of success. 388 However, in one study a
tetrahydropyridoethers-class small molecule administered to monkeys caused retinal pigment
epithelial cells to significantly release lipofuscin, and macrophages that had taken up lipofuscin
were found in 4 eyes. 389 Four classes of therapeutics are now being investigated as potential
treatments for inhibition of lipofuscin formation in the retina: direct inhibitors of key visual cycle
enzymes, RBP4 antagonists, primary amine-containing aldehyde traps, and deuterated analogs of
vitamin A. 390
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2.4.8 A Synoptic View of the Etiology of Alzheimer’s Disease
As noted at the start of Section 2.4, the precise cause of Alzheimer’s disease has not yet been
firmly established. We have reviewed amyloid Aβ (Section 2.4.1) and tau protein (Section 2.4.2)
oligomerization and aggregation, along with many other molecular pathologies (Section 2.4.3),
natural aging (Section 2.4.4), genetics (Section 2.4.5), mercury poisoning (Section 2.4.6), and
lipofuscin (Section 2.4.7) – each representing a piece of the overall puzzle of AD. But what is the
ultimate cause of AD, the farthest-upstream “first mover” that leads to pathology? If we could
identify and eliminate this cause, we might have a preventative treatment for Alzheimer’s disease.
In this Section, we present a synoptic perspective that attempts to combine current knowledge
with the best recent thinking of AD theorists to create a coherent picture of the upstream etiology
of late-onset Alzheimer’s disease. The perspective presented here draws heavily from the model
of AD recently developed by the Lahiri group at the Indiana University School of Medicine in
2011 and 2014. 391 This view is almost certainly neither complete nor the final answer, but the
framework is at least self-consistent and appears to encompass most of the known observables of
AD.
The onset of aging affects pathways that control the processing and degradation of abnormal
proteins, including Aβ. It is therefore hypothesized that the most upstream cause of Alzheimer’s
disease is the natural process of aging and its disorganizing effects on cellular protein
homeostasis, aka. “proteostasis”. Cellular proteostasis requires maintaining the proper balance
between competing processes of protein production (proteosynthesis) and protein degradation
(proteolysis). If cells produce too much or too little of a given protein, or degrade and remove too
much or too little of a given protein, problems can develop. As we age, proteostasis begins to
fail, eventually allowing AD or other potentially lethal degenerative conditions to develop.
Age-related decline in overall proteolytic activity has been observed in almost all organisms
studied, and specific age-related defects in the different proteolytic systems have been reported. 392
The molecular basis of this age-related decline seems to offer a plausible explanation for the lateonset observed in many neurodegenerative diseases. 393
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One of the earliest events in the aging process – the collapse of proteostasis – is believed to be led
by a sharp decline of the Heat Shock Response 394 as observed in cell cultures and animal
studies. 395 In humans, a slow attenuation of the Heat Shock Response begins after the third or
fourth decade of life.396 (This attenuation can also be enhanced by environmental stressors.)
After the onset of the attenuation of the Heat Shock Response, abnormal protein accumulation
slowly occurs 397 including extracellular Aβ accumulation in plaques after the age of 30 years. 398
(Aβ is produced naturally throughout the human body and serves dozens of normal physiological
functions; see Appendix A.) Following a couple of decades of excess Aβ accumulation, the
clinical signs of dementia most commonly begin to be observed when individuals are over 50
years of age. 399
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Returning to the causal sequence:
The initial Heat Shock Response
attenuation leads to decreased
degradation of Aβ, facilitated by
proteasome 400 dysfunction, decreased
production of molecular
chaperones 401, and dysfunction of
402
chaperone-mediated autophagy, all of which produces increased intracellular Aβ. These
increased intracellular Aβ levels activate inefficient compensatory autophagy systems involving
autophagic vacuoles or phagosomes 403 (image, above) 404. The increase in autophagy cannot be
sustained and the excess intracellular Aβ is released into the extracellular space from vacuoles
accumulating in the cytoplasm. This extracellular Aβ, now tagged with ubiquitin, 405 can form

diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 2011;7:280-292;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3220946/.
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Proteasomes are protein complexes inside human cells, whose main function is to degrade unneeded or
damaged proteins by proteolysis, a chemical reaction that breaks peptide bonds. See:
https://en.wikipedia.org/wiki/Proteasome.
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Chaperones are proteins that assist the covalent folding or unfolding and the assembly or disassembly
of other macromolecular structures. Chaperones are concerned primarily with protein folding. One major
function is to prevent both newly synthesized polypeptide chains and assembled subunits from aggregating
into nonfunctional structures. Thus many (but not all) chaperones are heat shock proteins because the
tendency to aggregate increases as proteins are “denatured” (destruction of native folded structure) by
stress. Some chaperone systems work as foldases, supporting the folding of proteins in an ATP-dependent
manner, while other chaperones work as holdases, binding folding intermediates to prevent their
aggregation. Others are involved in transport across membranes, assisting in protein degradation, bacterial
adhesin activity, and in responding to diseases linked to protein aggregation. See:
https://en.wikipedia.org/wiki/Chaperone_(protein).
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Chaperone-mediated autophagy refers to the chaperone-dependent selection of soluble cytosolic
proteins that are then targeted to lysosomes and directly translocated across the lysosome membrane for
degradation. (A lysosome is a spherical membrane-bound cell organelle found in most animal cells,
usually containing more than 50 different enzymes capable of breaking down virtually all kinds of
biomolecules including proteins, nucleic acids, carbohydrates, lipids, and most cellular debris.) The unique
features of this type of autophagy are the selectivity on the proteins that are degraded by this pathway and
the direct shuttling of these proteins across the lysosomal membrane without the requirement for the
formation of additional vesicles. See: https://en.wikipedia.org/wiki/Chaperone-mediated_autophagy.
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toxic oligomers, which in turn can produce reactive oxygen species. Keep in mind that this is a
slow cascade of biochemical events that typically takes years, even decades, to fully unfold.
The increasing concentration of toxic Aβ oligomers activates several “backup” systems, including
those activated by multifunctional nuclear transcription factors such as FoxO3 406 (and other FoxO
family members) which attempt to ameliorate the problem by converting the toxic oligomers into
non-toxic neuritic plaques, thus preventing neurodegeneration that might otherwise occur in the
presence of these Aβ oligomers. FOXO3, among its multiple functions, catalyzes formation of
amyloid plaque from Aβ. 407 Extracellular non-plaque Aβ is also cleared by enzymes such as
insulin-degrading enzyme. These ameliorative processes explain the temporary lag between
plaque formation and clinical AD symptoms.
Unfortunately, the continuing aging-related failing proteostasis eventually begins to affect the
“backup” systems as well. After sufficient dysfunction has accumulated, the attenuation of, e.g.,
FoxO3, is initiated. Inflammatory/oxidative stress from increasing amounts of reactive oxygen
species directs FoxO3 toward the nucleus, an apoptotic pathway that can ultimately trigger cell
suicide. This redirection of FoxO3 reduces the production of amyloid plaque, allowing greater
formation of toxic extracellular Aβ oligomers and interfering with enzymatic clearance of
extracellular Aβ, permitting plaque buildup even though overall plaque catalysis has been
somewhat reduced. The combination of neuronal cell death and extracellular events finally leads
to clinical AD symptoms.
The cognitive symptoms of clinical AD are first driven by synaptic failure. 408 In mild AD, there
is a reduction of the presynaptic vesicle protein synaptophysin. 409 With advancing disease,
synapses are disproportionately lost relative to neurons, and this loss is the best correlate with

attached to a substrate protein, usually tagging it for degradation via the proteasome. The addition of
ubiquitin can affect proteins in other ways as well, e.g., alter their cellular location, affect their activity, or
promote or prevent protein interactions. See: https://en.wikipedia.org/wiki/Ubiquitin.
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FoxO3 (Forkhead box O3 protein) is a human protein, encoded by the FoxO3 gene, that belongs to the
O subclass of the forkhead family of transcription factors which are characterized by a distinct forkhead
DNA-binding domain. This protein likely functions as a trigger for apoptosis through upregulation of
genes necessary for cell death or downregulation of anti-apoptotic proteins, and it is thought that FoxO3 is
also involved in protection from oxidative stress by upregulating antioxidants such as catalase and MnSOD.
FOXO3 also regulates neural stem cell homeostasis
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2775802/). A variant of FoxO3 has been shown to be
associated with longevity in humans. See: https://en.wikipedia.org/wiki/FOXO3.
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dementia. 410 Aβ oligomers mediate synaptic dysfunction by binding and self-association to
structures (e.g., membrane receptors, mitochondria) in a manner that leads to synaptic
dysfunction and memory impairment. 411
While Aβ accumulation is the earliest event directly in the development of AD, this alone is not
sufficient to produce the clinical AD syndrome. The cognitive decline of AD occurs only in the
setting of synaptic dysfunction and/or additional neurodegeneration, including paired helical
filaments (PHFs), aka. neurofibrillary tangles, from tau protein, accompanied by neuronal loss. 412
Evidence also suggests that additional factors, such as cognitive reserve, white matter alterations,
dopaminergic depletion, cerebrovascular disease, and Lewy bodies, alter the relationship between
the neuropathological and clinical manifestations of AD. 413
There may also exist one or more multifactorial feedback loops that can trigger excessive
intracellular Aβ production, greatly speeding the patient’s decline into clinical manifestations of
Alzheimer’s disease, as described in the next three paragraphs.
To briefly review the source of Aβ, the neuron
transmembrane protein called amyloid precursor
protein (APP) is normally processed along two
alternative pathways (image, left): first, a
predominant (>90%) non-amyloidogenic
pathway (on the left) in which APP is
successively cleaved by α-secretase and γsecretase, which precludes production of Aβ;
and, second, a minor amyloidogenic pathway
(on the right) in which APP is cleaved by β- and
γ-secretases releasing Aβ peptide. Soluble,
extracellular domains of APP are also released
following the actions of α-secretase (sAPPα) and
β-secretase (sAPPβ). The various metabolites of
APP, including Aβ (see Appendix A), all have
distinct physiological roles. In both catabolic
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pathways, the γ-secretase-mediated intramembrane cleavage of APP, after α- or β-secretase
action, releases the APP intracellular domain (AICD), which is able to regulate transcription of
several genes, including APP itself, the β-secretase enzyme (aka. BACE1) 414 and the Aβdegrading enzyme neprilysin (NEP). 415
Bailey et al. 416 suggest that the Aβ peptide may regulate its own production through feedback on
its precursor protein and BACE1, leading to amyloidogenesis in Alzheimer’s disease, with the Aβ
peptide functioning as a transcription factor 417 or co-factor inside the cell nucleus. In addition to
other its functions (Appendix A), the Aβ peptide directs normal apoptosis as well as regulating
its own production through feedback on its precursor, APP, and the β-secretase enzyme, which
would have pathological consequences relevant to AD. In this cytotoxic model, normal
cytoprotective activity of Aβ, such as protection against metal-induced oxidative stress, 418
eventually results in increasing Aβ levels crossing a pathogenic concentration threshold, thus
pushing production of APP and BACE1 to pathological levels and initiating a positive feedback
loop. Higher levels of BACE1 protein would then favor greater production of Aβ, and higher
levels of APP protein would in turn provide more substrate. This combination would result in
greater Aβ production, which would then stimulate the production of proapoptotic proteins,
further increasing the rate of cell death. Thus, Aβ’s proposed activity as either transcription
factor or co-factor would lead to an accumulation of excess Aβ as toxic extracellular amyloid
plaque, which is the hallmark of late-onset AD. In this view, Aβ has a cytoprotective function,
but under conditions of slowly growing stress – as occurs progressively during aging – the cell
eventually crosses a threshold and Aβ production accelerates up to the maximum runaway limits
of the available substrate. A similar runaway feedback loop has already been proposed by
another research group in cases of familial AD. 419
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e.g., oxidative stress can induce uptake of extracellular Aβ peptide into neuronal cells. Bailey JA,
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“We describe a positive loop that exists between the secretases that are responsible for the generation of
the amyloid-β component of Alzheimer disease. According to our hypothesis, in familial Alzheimer
disease, the primary overproduction of amyloid-β can induce BACE1 transcription and drive a further
increase of amyloid-β precursor protein processing and resultant amyloid-β production. In sporadic
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Oxidative stress alone may likewise lead to Aβ overproduction. Both amyloid deposits and
soluble Aβ seem to drive the accumulation of reactive oxygen species. 420 Oxidative stress is
itself able to induce the increased generation of Aβ species and AβPP processing. 421 And yet
another possible feedback loop may be operative: incomplete degradation of proteins that
reduces the degradative ability of the proteasome, causing protein recycling ability to decline
further. This could produce highly amyloidogenic fragments that rapidly induce the aggregation
of full-length protein; the aggregates, in turn, reduce proteasome activity, leading to further
accumulation of fragments, “creating a vicious cycle of cytotoxicity”. 422 Other related “vicious
cycles” in Alzheimer’s disease have also been identified. 423
Similar considerations may apply to tau protein. The production of neurofibrillary tangles from
hyperphosphorylated tau protein could be aging-related. As with Aβ, described above, the
phosphorylation of tau can be linked to the altered protein turnover and failing proteolysis that
occurs during aging. For example, the detection of ubiquitin immunoreactivity in tau inclusions

Alzheimer disease, many factors, among them oxidative stress and inflammation, with consequent
induction of presenilins and BACE1, would activate a loop and proceed with the generation of amyloid-β
and its signaling role onto BACE1 transcription. According to our hypothesis, in familial AD the primary
overproduction of Aβ42 can induce BACE1 transcription, and determine a further increase of AβPP
processing and of amyloid production. In sporadic AD, one of many causal factors, such as oxidative stress
and inflammation, can determine a primary induction of PS1/Pen2 and of BACE1, and the loop proceeds
with the generation of Aβ42 and its signaling to BACE1 transcription.” Tabaton M, Zhu X, Perry G, Smith
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has been interpreted as a failure of the ubiquitin-proteasome system to proteolytically degrade
excess tau. 424 Experimental proteasomal inhibition causes an accumulation of particularly
hyperphosphorylated tau species 425 and a disruption of neuritic transport, 426 and the experimental
inhibition of autophagy in neurons results in 3-fold accumulation of phosphomimic tau over wild
type tau, indicating that both autophagic and proteasomal pathways are responsible for the
clearance of phosphorylated tau species. 427 Aging-related failure of the autophagic and
proteasomal degradation pathways would result in the slow accumulation of excessive
hyperphosphorylated tau, leading to increased production of neurofibrillary tangles.
A large number of different kinases (enzymes that add phosphate) and phosphatases (enzymes
that remove phosphate) have been shown to regulate tau phosphorylation, and an imbalance in tau
kinase and phosphatase activity is believed to result in tau hyperphosphorylation in disease. 428
But it may be mainly declining protein phosphatase activity, rather than activation of kinases, that
underlies aging-related neurofilament hyperphosphorylation and can best account for rising
neurofilament phosphorylation in the maturing brain, potentially compounding similar changes
associated with adult-onset neurodegenerative diseases. 429 Aging-related failure of phosphatase
function would decrease the rate of tau dephosphorylation, increasing the hyperphosphorylated
tau concentration in neurons and again leading to increased production of neurofibrillary tangles.
In particular, the phosphatase enzymes PP2A and PP2B are both present in human brain tissue
and have the ability to dephosphorylate the abnormal (pathological) phosphorylation sites on the
tau protein, 430 but PP2A seems to be the major tau phosphatase in the brain. 431 Aging-related
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reduction in both the expression 432 and activity 433 of PP2A has been observed in AD brains.
PP2A activity is also inhibited by PP2A I1 and PP2A I2 – endogenous inhibitors of PP2A that are
elevated in the aging AD brain. 434 These age-related changes, along with increased
demethylation of Leu 309 and increased phosphorylation of Tyr 307 on the PP2AC subunit,
contribute to the lowering PP2A activity in AD. 435
Like Aβ (see Appendix A), normal tau protein might have a variety of microtubule-independent
physiological functions, many of which may not yet be known. A few of these functions could
include: the facilitation or enhancement of excitatory neurotransmission by regulating the
distribution of synaptic activity-related signaling molecules 436 and acting as a reversible transport
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block for vesicles and organelles, 437 excitotoxic signaling in dendritic spines, 438 the induction of
long-term depression in the hippocampus, 439 the ability to bind DNA (for as-yet unidentified
purposes), 440 and the induction of apoptosis. 441
One of the final consequences of the disturbance of proteostasis by protein oxidation and
impairment of the proteasomal system may be, for example, the accumulation of highly
crosslinked undegradable aggregates such as lipofuscin (Section 2.4.7). 442
To briefly summarize our synoptic view of AD: The natural process of aging 443 – which is
already measurable as early as 30 years of age 444 – slowly reduces the effectiveness of the
biochemical pathways that control the normal processing and degradation of proteins, leading to a
failure of proteostasis and subsequently to the accumulation of excess Aβ, tau protein, and a
cascade of pathological biochemical events, manifesting eventually in the clinical symptoms of
Alzheimer’s disease.
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Chapter 3. Conventional Treatments for Alzheimer’s Disease
Alzheimer’s disease is a complex neurodegenerative disorder that seems to involve interactions
among multiple genetic, epigenetic, and environmental factors and pathways (Section 2.4). This
multifactoriality contributes to the heterogeneity of patient populations and makes it difficult to
test drugs in clinical trials without pre-selecting appropriate patient groups and matching them up
with the most suitable drugs. 445
There is currently no known cure for Alzheimer’s disease. Available treatments offer relatively
small symptomatic benefit and remain essentially palliative in nature. According to a 2015
survey of the neuropharmaceuticals industry, 446 treatments for Alzheimer’s that have a big
impact “are unlikely anytime soon.” Notes the survey:
“Industry bet big on injectable medicines to prevent or reverse Alzheimer’s by attacking the
buildup of plaques in the brain – and failed.”
“What’s next, a lower-risk approach: targeting Alzheimer’s symptoms but not trying to reverse
the disease.”

A 2014 study in the journal Alzheimer’s Research & Therapy 447 reported that AD clinical trials
have been limited, investigative agents do not pass from phase to phase readily and few make it to
regulatory review, coming in at a lower rate compared to other therapeutic areas. The study
authors examined Clinicaltrials.gov for AD trials from 2002 to 2012 to autopsy the drug
development process for AD drugs. They found that in the study period, sponsors completed 413
AD trials, with only 83 proceeding to Stage III. The overall failure rate was 99.6 percent.
Current treatment approaches can be divided into pharmaceutical, psychosocial and caregiving.
Only the first of these is relevant to the current discussion. Accordingly, Section 3.1 summarizes
existing pharmaceutical treatments. Research directions for future mainstream pharmaceutical
treatments (including drugs, genetic engineering, stem cells, and even conventional
nanotechnology) are summarized in Section 3.2.
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3.1 Current Pharmaceutical Treatments for Alzheimer’s Disease
Five medications are currently employed to treat the cognitive problems of Alzheimer’s disease.
The first four FDA-approved drugs are
acetylcholinesterase inhibitors –
donepezil (aka. Aricept; image, left),
galantamine (aka. Razadyne, Nivalin,
Reminyl, Lycoremine; image, right),
rivastigmine (aka. Exelon; image, left
below), and tacrine (aka. Cognex; image, right below) 448. (Huperzine A, a reversible
acetylcholinesterase inhibitor, is promising but requires further evidence before its use can be
recommended. 449) Reduction in the activity of the cholinergic neurons is a well-known feature of
Alzheimer’s disease. 450 Acetylcholinesterase inhibitors are employed to reduce the rate at which
acetylcholine (ACh) is broken down, thereby increasing the concentration of ACh in the brain
and combating the loss of ACh caused by the death of cholinergic neurons. 451 There is evidence
for the efficacy of these medications in mild to moderate Alzheimer’s
disease, 452 and some evidence for their use
in the advanced stage. Only donepezil
(trade name: Aricept) is approved for
treatment of advanced AD dementia. 453
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The use of these drugs in mild cognitive impairment has not shown any effect in delaying the
onset of AD. 454 The most common side effects are nausea and vomiting, both of which are linked
to cholinergic excess. These side effects arise in approximately 10-20% of users, are mild to
moderate in severity, and can be managed by slowly adjusting medication doses. Less common
secondary effects include muscle cramps, decreased heart rate (bradycardia), decreased appetite
and weight, and increased gastric acid production. 455
The fifth approved drug, memantine (aka. Namenda, Axura, Akatinol, Ebixa,
Abixa, Memox), is an NMDA receptor antagonist (image, left). 456 Here’s how it
works. Glutamate is a useful excitatory neurotransmitter of the nervous system,
although excessive amounts in the brain can lead to cell death through a process
called excitotoxicity which consists of the overstimulation of glutamate
receptors. 457 Excitotoxicity occurs not only in Alzheimer’s disease, but also in
other neurological diseases such as Parkinson’s disease and multiple sclerosis. Memantine is a
noncompetitive NMDA receptor antagonist first used as an anti-influenza agent. 458 It acts on the
glutamatergic system by blocking NMDA receptors and inhibiting their overstimulation by
glutamate. Memantine has been shown to be modestly efficacious in the treatment of moderate to
severe Alzheimer’s disease. Its effects in the initial stages of AD are unknown. 459 Reported
adverse events with memantine are infrequent and mild, including hallucinations, confusion,
dizziness, headache and fatigue. The combination of memantine and donepezil (aka. Namzaric)
has been shown to be “of statistically significant but clinically marginal effectiveness”. 460
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However, the benefit from the use of any of these five approved drugs is
small. 461 So far, no medication has been clearly shown to significantly
delay or halt the progression of the disease. A few related drugs are in
trials, such as encenicline (aka. EVP-6124), an α7 nicotinic acetylcholine
receptor partial agonist under investigation for the symptomatic treatment
of AD. 462 Typical good results appear to be a slowing of the natural 3-9
year course of the disease by perhaps 6 months, or up to 12 months in the
rarest cases. Encapsulated cells that release NGF (nerve growth factor)
have also been implanted in the basal forebrain of AD patients in an
attempt to increase acetylcholine levels in the brain. 463
Antipsychotic drugs (e.g., aripiprazole (Abilify, Aripiprex), clozapine
(Clozaril), haloperidol (Haldol (US, UK), Aloperidin, Bioperidolo,
Brotopon, Dozic, Duraperidol (Germany), Einalon S, Eukystol, Halosten,
Keselan, Linton, Peluces, Serenace, Sigaperidol), olanzapine (Zyprexa,
Zypadhera, Lanzek, Symbyax), quetiapine (Seroquel), risperidone
(Risperdal, Risdon, Sizodon), and ziprasidone (Geodon, Zeldox, Zipwell))
have proven modestly useful in reducing aggression and psychosis in
Alzheimer’s disease with behavioral problems, but are also associated with
serious adverse effects such as stroke, movement difficulties, or cognitive
decline, that recommend against their routine employment. 464 When used
in the long-term, such drugs have been shown to associate with increased
mortality. 465
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Other medications often used as near-palliatives for Alzheimer’s disease include:
antidepressant drugs for low mood and irritability (e.g., citalopram (Celexa, Cipramil,
Citalopram, and 39 others 466), fluoxetine (Prozac, Sarafem, and 478 others 467), paroxetine (Paxil,
Aropax, Brisdelle, Deroxat, Pexeva, Paxtine, Paraxyl, Sereupin, Seroxat), sertraline (Zoloft,
Lustral, Daxid, Deprax, Altruline, Besitran, Eleval, Emergen, Gladem, Implicane, Sedoran,
Sealdin, Serivo, Lowfin, Stimuloton, Serimel, Seretral, Tresleen, Sertralin Bluefish), trazodone
(Desyrel, Depyrel, Mesyrel, Molipaxin, Oleptro, Trazodil, Trazorel, Trialodine, Trittico), and
nortriptyline (Sensoval, Aventyl, Pamelor, Norpress, Allegron, Noritren, Nortrilen));
anxiolytic drugs 468 for anxiety, restlessness, verbally disruptive behavior and resistance
(e.g., lorazepam (Ativan, Orfidal, and 74 others 469), oxazepam (Serax and 21 others 470),
alprazolam (Xanax), clonazepam (Klonopin), and temazepam (Restoril, Normison));
sleeping pills 471 (e.g., zaleplon (Sonata, Starnoc, Andante), zolpidem (Ambien, Ambien
CR, Intermezzo, Stilnox, Stilnoct, Sublinox, Hypnogen, Zonadin, Sanval, Zolsana, Zolfresh), and
chloral hydrate); and
nootropics or “smart drugs” (e.g., piracetam (Breinox, Dinagen, Lucetam, Nootropil,
Nootropyl, Oikamid), aniracetam (Draganon, Sarpul, Ampamet, Memodrin, Referan, Pergamid),
pramiracetam (Remen, Neupramir, Pramistar), cerebrolysin, 472 oxyracetam (ISF 2522),
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coluracetam (BCI-540, MKC-231), nimodopine, dihydroergicristine, and noopept (GVS-111, Nphenylacetyl-L-prolylglycine ethyl ester)).
In summary: No current treatments stop or reverse the progression of AD, though some may
temporarily improve symptoms. 473
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3.2 Future Conventional Treatments for Alzheimer’s Disease
As of Nov 2014, the safety and efficacy of more than 400 pharmaceutical treatments had been or
were being investigated in over 1,500 clinical trials worldwide, and approximately a quarter of
these compounds had entered in Phase III trials, the last step prior to review by regulatory
agencies. 474 In early 2015, Pharmaceutical Research and Manufacturers of America estimated
that 73 Alzheimer’s drugs were in development. 475 (See also Appendix B.)

Vast sums of money have been spent attacking Alzheimer’s disease, largely without success.
Between 1998 and 2011, 101 drugs aimed at treating the disease failed. For every one medicine
that got developed, 34 didn’t even get that far. For example, in 2008, Myriad Genetics (MYGN)
pulled the plug on the experimental drug Flurizan after Phase III clinical trials found the drug
didn’t improve cognitive functioning in an 18-month study of 1,684 patients. Myriad spent about
$200 million developing Flurizan. In 2010, Eli Lilly (LLY) halted work on its Alzheimer’s
treatment, semagacestat, after the drug was found to be ineffective and actually made patients
worse. Another drug called bapineuzumab, co-developed by Irish drugmaker Elan and Wyeth,
failed to halt the mental decline of Alzheimer’s patients. In 2012, Pfizer and Johnson & Johnson
said they were ending development of an intravenous formulation of bapineuzumab after Phase
III trials “showed no treatment effect on either cognitive or functional outcomes...biomarker
analyses indicated that bapineuzumab engaged its target, but had no benefit.” Johnson & Johnson
reportedly took a $700M charge for the failure, and Elan wrote off more than $100M for the
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value of its stake in bapineuzumab. 476 In late 2014, Roche Holding pulled the plug on a Phase III
trial of its Alzheimer’s drug candidate gantenerumab because it was ineffective in patients with
early stages of the memory-robbing disease, although gantenerumab is still being evaluated as a
treatment for the later stages of Alzheimer’s.
One major issue that has been highlighted by the failures of so many AD clinical trials is the
design of the trials themselves. It is now generally accepted that a large number of the clinical
trials of AD treatments may have failed because the patients were too far advanced in the disease
process to see any clinical effect from a potential therapeutic. Amyloid deposition in AD is now
known to begin many years before the appearance of cognitive symptoms and the ultimate
diagnosis of dementia. 477 Much drug development in AD is now beginning to focus on the
targeting of patients at the very early stages of the disease, before the appearance of obvious
dementia, especially in groups with familial AD. Another recurring problem is that drugs tested
in mouse models often perform much differently when applied to humans.
The most prominent conventional therapeutic intervention strategies for future AD treatment,
many already in clinical trials (along with many failures), are summarized in the Sections that
follow.
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3.2.1 Reduce Amyloid-β Production
There are currently three main therapeutic intervention strategies aimed at amyloid-beta or Aβ,
the notional primary villain in Alzheimer’s disease: reducing Aβ production (discussed below),
preventing Aβ aggregation (Section 3.4.2), and facilitating Aβ clearance (Section 3.4.3).
As noted in Section 2.4.1, Aβ monomer is initially produced by the sequential cleavage of the
protein APP via the protease enzymes β-secretase and γ-secretase. (α-secretase cleavage
precludes Aβ formation by cleaving within the Aβ peptide sequence, thus making Aβ formation
impossible; it is considered to be part of the non-amyloidogenic pathway in APP processing.)
Thus one popular strategy is to modify or interfere with the β- and γ-secretases so that they make
less of the toxic amyloid protein. 478
β-secretase inhibitors work by blocking the enzyme that initially cleaves amyloid precursor
protein to produce Aβ. Recently developed inhibitors are potent, selective, can cross the bloodbrain barrier, and can inhibit production of Aβ in the brains of experimental animals. Continuous
administration was shown to rescue age-related cognitive decline in transgenic AD mice, and by
2012 a few inhibitors were in early stage human trials. 479 For example, Merck is currently testing
a new drug called MK-8931 in Phase II trials, which cut the levels of beta amyloid protein in
cerebrospinal fluid by up to 92% in Phase I trials. 480 In Sep 2014 Eli
Lilly and AstraZeneca began Phase II/III trials on AZD3293 (aka.
LY3314814), an oral β-secretase inhibitor, that is planned to recruit
1,500 patients and end in May 2019. 481 Another pre-trial study found
that a resveratrol-derived trimer molecule called miyabenol C (image,
right) potently inhibits β-secretase activity without altering in vitro or in
vivo concentrations of the enzyme. 482 One potential problem is that β-secretase (aka. BACE) is
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an aspartic-acid protease important in the formation of myelin sheaths in peripheral nerve cells 483
and is also necessary for the proper function of muscle spindles. 484 So simply inhibiting all
BACE activity or removing all BACE might have unwanted side effects on human health.
γ-secretase inhibitors work by blocking the enzyme that performs the
final cleavage step to produce Aβ. Semagacestat (aka. LY450139;
image, left) is a small-molecule γ-secretase inhibitor (technically, a
noncompetitive enzyme inhibitor with an allosteric binding site) that
was developed as a potential treatment for Alzheimer’s disease.
However, a Phase III trial 485 found that as compared with placebo, “semagacestat did not improve
cognitive status, patients receiving the higher dose had significant worsening of functional ability,
[and] semagacestat was associated with more adverse events including skin cancers and
infections.” These results led Eli Lilly to halt further development of the drug. 486 Another
gamma-secretase inhibition compound (LY-411575) 487 “reduces soluble Aβ levels and rescues
the neuronal dysfunction” in mouse AD models, 488 but is not yet in clinical trials. Some early
work suggested that the cancer drug imatinib (aka. Gleevec) can bind to gamma-secretase
activating protein (GSAP) which selectively increases the production and accumulation of
neurotoxic beta-amyloid plaques, 489 but confirmation has not been forthcoming. 490
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γ-secretase modulators target the γ-secretase enzyme and work by
shifting the cleavage sites to favor production of shorter and less toxic
species of Aβ. The best-known in this class was Tarenflurbil (aka. MPC7869, R-flubiprofen; image, right), a promising selective Aβ 42 lowering
agent that was believed to reduce the production of the toxic amyloid beta
in favor of shorter forms of the peptide. But in 2009 a Phase III trial 491 concluded that
“tarenflurbil did not slow cognitive decline or the loss of activities of daily living in patients with
mild AD,” causing Myriad Genetics to cease further development of the drug. 492 Other possibly
useful γ-secretase modulators continue to be investigated 493 but have not yet advanced to clinical
trials.
α-secretase activators are theorized to work by increasing α-secretase cleavage in order to
reduce Aβ production, and also by increasing production of sAPPα, a potentially neuroprotective
form of the APP. Several metalloprotease disintegrins (ADAM10 and
ADAM17) are major α-secretases. Up-regulation of an α-secretase, ADAM10
in an APP transgenic mouse, increased sAPPα, decreased Aβ production,
reduced plaque formation, and alleviated cognitive deficits. 494 One example of
such activity is the psoriasis drug acitretin, now being investigated for AD
applications. 495 Another pathway of stimulating α-secretase activity is stimulation of the
muscarine-1 receptors with M1-agonists: the M1-agonist talsaclidine (image, left) has been
shown to decrease CFS-levels of Aβ 42 in a clinical trial. 496
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Finally, anatabine (aka. CigRx; image, right), an alkaloid derived from tobacco
plants and tomatoes, reduces Aβ production 497 and has anti-inflammatory
activity 498 in AD mice. The antisense oligonucleotide OL-1 against the amyloidβ protein precursor (AβPP) can decrease AβPP expression and amyloid-β protein
(Aβ) production. This antisense molecule rapidly crosses the blood-brain barrier,
reverses learning and memory impairments, reduces oxidative stress, and restores brain-to-blood
efflux of Aβ in AD mice. 499 Note that OL-1 doesn’t target symptoms. Its molecules bind to
messenger RNA, allowing certain genes to be “turned off.” Here, the blockage of RNA prevents
extra amyloid from being produced by targeting its precursor protein and making less of it.
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3.2.2 Prevent Amyloid-β Aggregation
Another anti-Aβ therapeutic intervention strategy is aimed at preventing Aβ aggregation,
although this approach has not yet had much success.
For example, homotaurine (3-amino-1-propanesulfonic acid, aka.
Alzhemed, Tramiprosate; image, left) was designed as an anti-amyloid
therapy. 500 In vitro, Alzhemed was shown to preferentially bind soluble
Aβ, inhibit Aβ aggregation and fibrillogenesis, and inhibit Aβ
neurotoxicity. 501 However, Phase III clinical trials failed to show cognitive improvement
compared to placebo. 502
Another promising candidate, ELND005 (aka. AZD-103, scyllo-Inositol;
image, right) breaks down neurotoxic fibrils, allowing amyloid peptides to
clear the body rather than form amyloid plaques. Phase I trials produced
encouraging results by Aug 2007, but a Phase II trial involving 353 patients
ended in 2011 with the conclusion that “primary clinical efficacy outcomes
were not significant”. 503
PBT2 (aka. 8-hydroxy quinoline; image, left) is a metal-protein attenuating
compound that affects the Cu2+-mediated and Zn2+-mediated toxic
oligomerization of Aβ seen in Alzheimer’s disease. It removes copper and
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zinc from cerebrospinal fluid, which are held to be necessary catalysts for amyloid beta
aggregation. While initial trials seemed favorable, 504 a recently-completed Phase II trial 505 found
that the drug “did not meet its primary endpoint of a statistically significant reduction in the levels
of beta-amyloid plaques in the brains of prodromal/mild Alzheimer’s disease patients....we
looked for an impact on the insoluble plaques but did not see it differ significantly from the
placebo.”
Apomorphine (image, right) has been reported to be an inhibitor of Aβ
aggregation. 506 These molecules were found to interfere with Aβ 1-40
fibrillization as determined by transmission electron microscopy, Thioflavin T
fluorescence and velocity sedimentation analytical ultracentrifugation studies.
Using electron microscopy, time-dependent studies demonstrate that
apomorphine and its derivatives promote the oligomerization of Aβ but inhibit its fibrillization.
No clinical trials have yet begun for this compound.
Another interesting possibility is the cannabinoids. For instance,
THC (image, left), one of the active ingredients in marijuana,
competitively inhibits the enzyme acetylcholinesterase (AChE) as
well as prevents AChE-induced amyloid β-peptide (Aβ)
aggregation, the key pathological marker of Alzheimer’s disease. 507
Note the authors: “Compared to currently approved drugs
prescribed for the treatment of Alzheimer’s disease, THC is a considerably superior inhibitor of
Aβ aggregation.” But there are no clinical trials for efficacy against AD yet.
MRZ-99030 was recently identified as a dipeptide that modulates Aβ 1-42 aggregation by
triggering a non-amyloidogenic aggregation pathway, thereby reducing the amount of
intermediate toxic soluble oligomeric Aβ species and ameliorating cognitive deficits in rats
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injected with Aβ 1-42 . 508 Other synthetic α-sheet peptides have been designed that can target toxic
Aβ oligomers and inhibit their aggregation into amyloid fibrils.509
Recent studies have also revealed that once Aβ 42 fibrils are generated, their surfaces effectively
catalyze the formation of neurotoxic Aβ oligomers – but a molecular chaperone, a human
Brichos domain, can specifically inhibit this catalytic cycle and limit human Aβ42 toxicity. 510
Another possible approach just beginning to be explored is the use of disaggregases such as
engineered variants of heat shock protein Hsp104. 511 Natural Hsp104 solubilizes disordered
aggregates and amyloid, but has limited activity against human neurodegenerative disease
proteins. However, engineered variants of Hsp104 have yielded large gains in protective activity
against deleterious misfolding of α-synuclein, TDP-43, FUS, and TAF15 (proteins connected
with Parkinson’s disease, ALS, and frontotemporal dementia), 512 but so far no luck with the
approach on disaggregating Aβ or tau in connection with Alzheimer’s disease.
Finally, a 2010 study reported that long-term EMF exposure directly associated with cell phone
use (918 MHz; 0.25 Watts/kg) provides cognitive benefits in mice, apparently by reducing brain
amyloid-beta deposition through Aβ anti-aggregation actions and increased brain temperature
during exposure periods. 513
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3.2.3 Facilitate Amyloid-β Clearance
The third anti-Aβ therapeutic intervention strategy is aimed at facilitating Aβ clearance from the
brain. The most common late-onset form of Alzheimer’s disease is characterized by an overall
impairment in Aβ clearance. 514
The clearance of Aβ from the brain is accomplished by several mechanisms which include nonenzymatic and enzymatic pathways (Figure 8). Nonenzymatic pathways include interstitial fluid
drainage, uptake by microglial phagocytosis, and transport across the blood vessel walls into the
circulation. Multiple Aβ-degrading enzymes (ADE) implicated in the clearance process have
been identified, including neprilysin, insulin-degrading enzyme, matrix metalloproteinase-9,
glutamate carboxypeptidase II, and others. 515 Any of these avenues can in theory be exploited to
develop a therapeutic strategy for enhanced Aβ clearance from the brain.
Figure 8. Schematic of Aβ clearance pathways. The blood-brain barrier (BBB) separates
circulating blood from the brain interstitial fluid (ISF) in the central nervous system (CNS).
APP: Amyloid precursor protein, ADE: Amyloid-β degradation enzyme, LRP: Low-density
lipoprotein receptor-related protein, RAGE: Receptor for advanced glycation end product, CSF:
Cerebrospinal fluid. (schematic from Yoon and Jo, 2012)510
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To date, there has probably been insufficient attention paid to the possibility of Alzheimer’s
therapeutics employing Aβ-cleaving proteases. 516 Most known Aβ-degrading proteases are zinc
metalloproteases, e.g., neprilysin (Section 2.4.1). Because neprilysin is thought to be the ratelimiting step in amyloid beta degradation, 517 it has been considered a potential therapeutic target;
compounds such as the peptide hormone somatostatin have been identified that increase the
enzyme’s activity level. 518
Three functionally related serine proteases are also implicated in Aβ degradation (plasmin, uPA,
and tPA), and one cysteine protease (CatB) has been specifically implicated in the degradation of
Aβ in vivo. There is some evidence that altered Aβ degradation may be operative in a very large
number of AD cases. 519 One recent study describes the development of a novel drug by Wyeth,
called PAZ-417, that promotes plasmin-mediated Aβ degradation and is effective in lowering Aβ
levels and reversing memory defects in animal models. 520 PAZ-417 has undergone three Phase I
trials for safety but its current status is unknown. Perhaps the most amusing approach involves
snake venom from Russell’s viper, one of the most dangerous snakes in Southeast Asia. Small
synthetic peptides templated from RVV-V (aka. coagulation factor V activator, a component of
Russell’s viper venom) shred the Aβ aggregates into non-toxic monomers after a specific stretch
of the synthetic peptide binds to a segment of Aβ and initiates the process. 521
Phase III trials are starting on TTP488 (aka. PF-04494700), a novel, small-molecule, orally
active antagonist of RAGE (Receptor for Advanced Glycation Endproducts) that has slowed
cognitive decline in patients with mild to moderate Alzheimer’s disease, exhibiting increased
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efficacy in patients with milder forms of AD. 522 Sustained Aβ interaction with RAGE at the
blood-brain barrier is a critical component of amyloid plaque buildup and associated chronic
neural dysfunction in AD patients. Inhibition of RAGE has reduced amyloid plaque formation in
a mouse model of systemic amyloidosis. 523
The tyrosine kinase inhibitor nilotinib (aka. Tasigna, AMN107;
image, right), an approved leukemia drug, increases
ubiquitination in AD mice, in turn improving amyloid
clearance. 524
Perhaps the best-known strategy for facilitating Aβ clearance is vaccination or immunization
against beta-amyloid, with the goal to stimulate the immune system into attacking Aβ. There are
two main approaches to immunization.
The first approach is active immunization (vaccination), which would stimulate a permanent
immune response. 525 It is based upon the concept of training the immune system to recognize,
attack, and reverse the deposition of beta amyloid, thereby altering the course of the disease. 526
The vaccine AN-1792 (aka. Betabloc, from Elan Pharmaceuticals) showed promise in mouse and
early human trials, but in a 2002 Phase II trial, 6% of subjects (18 of 300) developed serious brain
swelling (inflammation) resembling meningoencephalitis, and the trial was stopped. 527 In longterm follow-ups, 20% of subjects had developed high levels of antibodies to beta-amyloid. While
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placebo-patients and non-antibody responders worsened, these antibody-responders showed a
degree of stability in cognitive levels as assessed by the neuropsychological test battery (although
not by other measures), and had lower levels of the protein tau in their cerebrospinal fluid. These
results may suggest reduced disease activity in the antibody-responder group. Autopsies found
that immunization resulted in clearance of amyloid plaques, but did not prevent progressive
neurodegeneration. 528 Recent news on Betabloc seems more encouraging. 529 Second-generation
active Aβ vaccines (CAD106 (Novartis), ACC-001 (Pfizer), 530 and Affitope AD02 (AFFiRiS
AG)) have been developed and are under clinical testing, although the trials of ACC-001 were
suspended in 2008 for safety reasons. 531 Plasmid-based nonviral Aβ 42 DNA vaccines have also
shown some success in mouse models. 532
The second approach is passive immunotherapy (monoclonal antibodies), an infused beta
amyloid antibody or “passive vaccine” approach that does not invoke the immune system and
would require regular infusions to maintain the artificial antibody levels. The most advanced
such candidate is bapineuzumab (aka. AAB-001; chemical formula C 6466 H 10018 N 1734 O 2026 S 44 ), a
monoclonal antibody designed as essentially identical to the natural antibody triggered by the
earlier active AN-1792 vaccine. Bapineuzumab was once believed to hold great potential for the
treatment of AD and had reached Phase III trials, but in 2012 it failed to produce significant
improvements in patients in two major trials. 533 On 6 Aug 2012, Pfizer and Johnson & Johnson
said they were “ending development of an intravenous formulation” of bapineuzumab, and that
Phase III trials “showed no treatment effect on either cognitive or functional outcomes.
Biomarker analyses indicated that bapineuzumab engaged its target, but had no benefit.” 534
Another drug called solanezumab (chemical formula C 6396 H 9922 N 1712 O 1996 S 42 ), a humanized
monoclonal antibody funded by Eli Lilly, preferentially binds soluble forms of amyloid and in
preclinical studies promoted its clearance from the brain, but in Phase III trials failed to improve
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cognition or functional ability. 535 New passive anti-Aβ immunotherapies – gantenerumab
(chemical formula C 6496 H 10072 N 1740 O 2024 S 42 ) and crenezumab (chemical formula
C 6442 H 9966 N 1706 O 2018 S 40 ) – have also been developed and are being subjected to clinical
testing. 536 Another monoclonal antibody, BAN2401, has 1000 times stronger binding preference
for Aβ protofibrils than for Aβ monomers and is currently in Phase IIb trials. 537 Intravenous
immunoglobulin (IVIG) – natural antibodies to amyloid beta – once looked promising, but Phase
II 538 and Phase III trials found no evidence that the progression of AD had been slowed. 539
Aducanumab (aka. BIIB037; chemical formula C 6472 H 10028 N 1740 O 2014 S 46 ) may be the most
promising passive immunotherapy drug currently in development, at Biogen Idec. 540 BIIB037 is
a fully human IgG1 monoclonal antibody against a conformational epitope found on Aβ. It was
originally derived by the biotech company Neurimmune in Schlieren, Switzerland, from healthy,
aged donors who were cognitively normal. The rationale was that these donors’ immune systems
had successfully resisted Alzheimer’s disease and that the operative antibodies could be turned
into therapeutics by a process called “reverse translational medicine.” BIIB037 binds aggregated
forms of Aβ, not monomer. In the brain, BIIB037 preferentially binds parenchymal over vascular
amyloid. In Mar 2015, Biogen announced its decision to skip Phase II and move into Phase III
clinical trials based on interim data suggesting Aβ lowering and a cognitive benefit. The
company plans to initiate enrollment later in 2015 and to release results in 2016. 541
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Reviewing the inflammation that accompanied the human trials of active AN-1792 vaccine that
successfully cleared Aβ, several researchers sought to activate microglial activity using drugs
already known to be safe for humans. They decided on a combination of glatiramer acetate
(aka. Copaxone), an approved drug for multiple sclerosis that acts as a decoy for errant immunesystem attacks, and Protollin, an adjuvant that stimulates innate immunity. Given as a nasal
mist, the combination reduced amyloid beta in mouse brains by 83% compared to controls. 542
Apparently the mist has not yet been tested in humans.
Immunotherapy is a strategy being studied by most pharmaceutical companies, with at least 6
mechanisms under current investigation: First, direct disassembly of plaques by conformationselective antibodies; second, antibody-induced activation of microglial cells and phagocytosis of
pathologic protein deposits; third, non-complement mediated phagocytosis activation of
microglial cells; fourth, neutralization of toxic soluble oligomers; fifth, a shift in equilibrium
toward efflux of specific proteins from the brain, creating a peripheral sink by clearance of
circulating Aβ cell-mediated immune responses; and sixth, immunoglobulin M (IgM)-mediated
hydrolysis.
Four other rather unusual approaches for clearing soluble and insoluble amyloid have been tried.
First, recent studies suggest an association between insulin
resistance and AD (fat cell sensitivity to insulin can decline with
aging). In early clinical trials, a certain insulin sensitizer called
rosiglitazone (aka. Avandia; image, left) improved cognition in a
subset of AD patients. 543 In vitro, beneficial effects of rosiglitazone on primary cortical rat
neurons were demonstrated. 544 Initial research suggested intranasal insulin, increasing insulin
levels in the brain with minimal insulin increase in the rest of the body, might also be utilized.545
Preclinical studies show that insulin clears soluble beta-amyloid from the brain within minutes
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after a systemic injection in diabetic transgenic mice modeling AD. 546 Although approved by the
FDA in 1999, rosiglitazone has been the subject of over 13,000 lawsuits due to alleged adverse
side effects, which has dramatically reduced its use in the US, suspended its use in Europe, and
caused it to be withdrawn entirely in the UK, New Zealand, South Africa, and India. 547
Researchers believe that during the disease process, abnormal proteins cause brain cells to
become insulin resistant and then die. A body of evidence suggests that this may be reversed
with already-FDA-approved drugs used in the treatment of
diabetes. If successful, these drugs, now on the market, can
be immediately administered to Alzheimer’s patients. For
example, pioglitazone (aka. Actos; image, right), 548 a drug
approved for the treatment of type 2 diabetes, is being tested
in an Alzheimer’s Association trial for efficacy in delaying the onset of mild cognitive
impairment (MCI). 549 The study was recruiting participants in 2015.
Second, there have been reports of an association between antecedent statin
use and decreased tau neurofibrillary tangle burden at autopsy. 550 It was
hypothesized that simvastatin (aka. Zocor; image, right), a statin, might
stimulate brain vascular endothelial cells to create a “beta-amyloid
ejector”. 551 The use of this statin could have a causal relationship to
decreased development of Alzheimer’s disease. However, a clinical trial
involving 406 patients found that simvastatin had no benefit on the progression of symptoms in
individuals with mild to moderate AD despite significant lowering of cholesterol. 552
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Third, there is ultrasound. 553 Note that the blood-brain barrier
(BBB), a tightly packed layer of cells that lines the brain’s blood
vessels (Section 4.3.1; image, right; green = astrocytes, red =
neurons), protects it from infections, toxins, and other threats
but makes the organ frustratingly hard to treat. A strategy that
combines ultrasound with microscopic bloodborne bubbles can
briefly open the barrier, in theory giving drugs or the immune
system better access to the brain. Microbubbles injected into
the blood vibrate under ultrasound, temporarily forcing apart the
cells lining the blood-brain barrier. This could allow amyloid-fighting antibodies to slip into
brain tissue or rouse microglia to clean up the protein (image, below).

Researchers tested the ultrasound strategy in a mouse model of Alzheimer’s. 554 After injecting
these animals with a solution of microscopic bubbles, they scanned an ultrasound beam in a
zigzag pattern across each animal’s entire skull, rather than focusing on discrete areas as others
have done. After 6-8 weekly treatments, the team tested the rodents on three different memory
tasks. Alzheimer’s mice in the control group, which received microbubble injections but no
stimulation, showed no improvement. Mice whose blood-brain barriers had been made
permeable by ultrasound saw full restoration of memory in all three tasks. The team also found a
two- to fivefold reduction in different types of β-amyloid plaques in the brain tissue of the treated
group, and much more Aβ protein in the microglia of treated animals. Human trials are
scheduled for 2017.
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Biochemically controlled modulation of tight junction components at the BBB could also enhance
the clearance of Aβ from the brain. In a mouse model of AD, plasma Aβ 1-40 levels were
significantly increased, brain Aβ 1-40 levels were decreased, and cognitive function was enhanced
when both claudin-5 and occludin were suppressed using siRNAs directed against claudin-5 and
occludin transcripts. 555 The presence of Aβ can cause a transient down-regulation of claudin-5
and occludin, allowing for its own paracellular clearance across the BBB.
Fourth, there is some evidence that the FDA-approved
immunosuppressant drug rapamycin (aka. sirolimus, rapamune;
image, left) may increase autophagy and thus facilitate the clearance of
aggregation-prone proteins such as Aβ, pathological prion protein, and
α-synuclein. 556 Multiple studies have reported that rapamycin can
reduce Aβ 42 levels in vivo and block or delay AD progression in a
transgenic mouse model of the disease. 557 At least one company,
Navitor Pharmaceuticals, is investigating rapamycin as a possible
treatment alternative for Alzheimer’s. 558 However, adverse side effects
of rapamycin have also been reported, including lung toxicity in some patients, increased risk of
cancer and type 2 diabetes, and of course reduced immune activity against bacterial pathogens.
More recently, injections of the interleukin signaling molecule IL-33 seem to mobilize microglia
to digest Aβ plaques and to reduce inflammation in AD mouse models, 559 with clinical trials to
test human toxicity of IL-33 apparently soon to begin. 560

555

Keaney J, Walsh DM, O’Malley T, Hudson N, Crosbie DE, Loftus T, Sheehan F, McDaid J, Humphries
MM, Callanan JJ, Brett FM, Farrell MA, Humphries P, Campbell M. Autoregulated paracellular clearance
of amyloid-β across the blood-brain barrier. Sci Adv. 2015 Sep 4;1(8):e1500472;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4610013/.
556

Caccamo A, Majumder S, Richardson A, Strong R, Oddo S. Molecular interplay between mammalian
target of rapamycin (mTOR), amyloid-beta, and Tau: effects on cognitive impairments. J Biol Chem. 2010
Apr 23;285(17):13107-20; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2857107/. Cai Z, Yan LJ.
Rapamycin, Autophagy, and Alzheimer’s Disease. J Biochem Pharmacol Res. 2013 Jun;1(2):84-90;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3697866/.
557

Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, Bredesen D, Richardson A, Strong R,
Galvan V. Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-beta levels
in a mouse model of Alzheimer’s disease. PLoS One. 2010 Apr 1;5(4):e9979;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2848616/. Richardson A, Galvan V, Lin AL, Oddo S.
How longevity research can lead to therapies for Alzheimer’s disease: The rapamycin story. Exp Gerontol.
2015 Aug;68:51-8; http://www.sciencedirect.com/science/article/pii/S0531556514003490.
558

Navitor, Inc. “Disease Applications,” 2015;
http://www.navitorpharma.com/drugdevelopment/applications.html.
559

Fu AK, Hung KW, Yuen MY, Zhou X, Mak DS, Chan IC, Cheung TH, Zhang B, Fu WY, Liew FY, Ip
NY. IL-33 ameliorates Alzheimer’s disease-like pathology and cognitive decline. Proc Natl Acad Sci U S
A. 2016 May 10;113(19):E2705-13; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4868478/.
560

“Protein research offers ‘promising’ potential treatment of Alzheimer’s disease,” Univ. of Glasgow, 19
Apr 2016; http://www.gla.ac.uk/news/headline_456223_en.html.

113

3.2.4 Reduce Pathological Tau Production
Over the last 20 years there have been more than 100 drugs developed to target beta-amyloid
protein, but all of these drugs have failed. While this failure could be attributed to several factors,
including the quality of the drugs or the timeliness in which they were delivered, there is also
speculation that these drugs could simply be failing because they’re focused on the wrong
protein. 561 Like Aβ, tau protein can also clump together and block cells from getting the nutrients
that they need. Similarly, when tau becomes problematic in one part of the brain, a chain reaction
occurs that causes more tau to go bad.
Historically, interest in tau as a clinical target had been muted, partly because tau pathology
seems to occur downstream of Aβ (making it uncertain whether tau-directed therapeutics would
prevent Aβ-induced impairments) and partly because tau is posttranslationally modified in
Alzheimer’s disease (making it unclear which modifications should be targeted). Nevertheless,
reducing tau has been shown to block some Aβ-induced cognitive impairments in mouse
models, 562 and researchers are beginning to work on other ways of lowering tau expression.
One obvious target is to seek tau kinase inhibitors 563 or tau phosphatase activators 564 to
indirectly halt tau hyperphosphorylation, recognized as leading to pathological aggregation of the
protein. However, difficulties in finding specific inhibitors/activators with adequate safety
profiles have resulted in a paucity of new drugs in this area. 565 Davunetide (see Section 3.2.9)
has been described as a tau hyperphosphorylation inhibitor as well as an inhibitor of caspase 3
activation 566 that has been successfully evaluated in both in vitro and in vivo AD models.
The intriguing link between phosphorylation and tau pathology has provided the impetus to
examine the role of kinase inhibitors as potential therapeutics targeting tau, since kinases induce
the hyperphosphorylation of tau. Despite the lack of clear insight into the “best” target kinase,
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efforts are underway to develop cyclin-dependent kinase (CDK5)
inhibitors, glycogen synthase kinase (GSK3β) inhibitors, and other tau
kinase inhibitors. One study that used a mixed kinase inhibitor, SRN-003556 (aka. indolocarbazole; image, right), targeting ERK2/CDC2, GSK3β,
PKA, and PKC, showed some efficacy in a tau mouse model. 567
Lithium chloride, a dual action GSK3 inhibitor, also reduced tau
phosphorylation, tau accumulation, and axonal degeneration in tau
mice. 568
Tideglusib (aka. NP-12, NP031112; image, left) is a non-ATP
competitive inhibitor of GSK3 that has entered clinical trials for AD.
Tideglusib had disease-modifying effects when administered to
transgenic mice that develop both tau and amyloid pathology. 569 Pilot
trials for tideglusib in AD showed good tolerance except for some
moderate, asymptomatic, fully reversible increases in liver enzymes, 570
but a Phase II trial in progressive supranuclear palsy patients found no clinical efficacy relative to
placebo. 571
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3.2.5 Prevent Pathological Tau Aggregation
The aggregation of tau is toxic to cells. Multiple compounds have been identified through cell
culture or in vitro screens as tau aggregation inhibitors. 572 In 2008, a clinical trial showed
positive results in modifying the course of the disease in mild to moderate AD using
methylthioninium chloride (aka. Rember, TRX-015, MTC,
methylthionine, methylene blue; image, right), a phenothiazine
drug that inhibits tau aggregation573 and dissolves paired helical
filaments from AD brain tissue that make up neurofibrillary
tangles. 574 This 2008 trial of 321 people with mild Alzheimer’s disease in the United Kingdom
and Singapore found that taking the drug 3 times a day over a period of 50 weeks slows down the
development of Alzheimer’s disease by about 81%. 575 Work with methylthioninium chloride
showed that bioavailability of methylthioninium from the gut was affected by feeding and by
stomach acidity, leading to unexpectedly variable dosing. 576 A Phase II trial completed in 2015
was apparently the first clinical trial that has attempted to directly target the hallmark
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neurofibrillary tangle pathology of AD. 577 A new stabilized formulation, the prodrug LMTX
(aka. TRx0237), is currently in Phase III trials by TauRx Pharmaceuticals. 578
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3.2.6 Facilitate Pathological Tau Clearance
As with Aβ (Section 3.2.3), active immunization is being investigated for tau pathologies. For
example, an active vaccine, AADvac1, was investigated in rat models of AD and induced a
robust protective humoral immune response, with antibodies discriminating between pathological
and physiological tau. 579 Active immunization targeting crucial domains of Alzheimer tau
eliminated tau aggregation and neurofibrillary pathology. AADvac1 has already entered Phase I
clinical trials.
Passive immunization is also being pursued for AD tauopathies. Intraneuronal accumulation of
abnormally hyperphosphorylated tau in the brain is a histopathological hallmark of Alzheimer’s
disease. One study involving mice treated with tau antibodies 43D and 77E9 demonstrated that
passive immunization targeting of normal tau can effectively clear the hyperphosphorylated tau
protein and possibly also reduce Aβ pathology from the brain. 580 In another study, 581 a single
dose of tau oligomer-specific monoclonal antibody (TOMA), administered either intravenously
or intracerebroventricularly for passive immunization in mice, was sufficient to reverse both
locomotor and memory deficits in a mouse model of tauopathy for 60 days, coincident with rapid
reduction of tau oligomers (but not phosphorylated NFTs or monomeric tau). These findings
provide the first direct evidence in support of a critical role for tau oligomers in Alzheimer’s
disease progression and validate tau oligomers as a target for the treatment of AD and other
neurodegenerative tauopathies.
Since hyperphosphorylated tau accumulates as paired helical filaments that in turn aggregate into
neurofibrillary tangles inside nerve cell bodies, a drug that could inhibit or reverse
hyperphosphorylation might reduce the tangle formation in AD. For example, gracilins are
sponge-derived diterpenoid compounds that can reduce tau hyperphosphorylation; Aβ 42 and
hyperphosphorylated tau levels decreased after treatment using two neuroblastoma cellular
models. 582
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Increasing proteasome activity is another approach to accelerated clearance of aggregated tau.
Using a genetically engineered mouse model of tauopathy, it was found that proteasome activity
slowed down as levels of abnormal tau increased, and that treating the mice at the early stages of
tauopathy with the drug rolipram (a phosphodiesterase-4 inhibitor;
image, left) increased proteasome activity and led to lower levels of
aggregated tau and improvements in cognitive performance. 583 The
drug worked exclusively during the early stages of degeneration.
Treating the mice at later stages of the disease was not effective.
Several intracellular proteins have been implicated as key molecules that regulate the aggregation
and folding of tau (e.g., tau chaperones) or potentially mediate clearance of the misfolded and
aggregated tau. The ubiquitin ligase carboxyl terminus of heat shock cognate70-interacting
protein (CHIP) can polyubiquitinate tau and may play a crucial role in preventing accumulation
of phospho-tau and neurofibrillary tangles. 584 Such data suggest that modulation of CHIP and the
ubiquitin proteasome system could alter tau pathology. Finally, heat shock proteins have been
suggested as possible modifiers of tau pathology. HSP90 inhibitors that induce a heat shock
response can reduce tau phosphorylation at certain sites and are currently being tested in humans
as anti-cancer agents. 585
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3.2.7 Control Inflammation
Since it is believed that neurons can die via inflammatory responses to Aβ and tau aggregation, it
is hypothesized that blocking inflammation may slow the progression of AD. A large,
randomized trial of non-steroidal anti-inflammatory drugs (NSAIDs) showed that asymptomatic
individuals treated with conventional NSAIDs such as naproxen indeed experienced reduced AD
incidence, but only after 2 to 3 years. 586 In contrast, NSAIDs actually had adverse effects in later
stages of AD pathogenesis.
In 2008, a clinical trial showed positive results in modifying the course of
disease in mild to moderate AD with dimebon (aka. Latrepirdine, “Brain
Cell Apoptosis Inhibitor”; image, right), an antihistamine. 587 However,
the consecutive Phase III trial of dimebon failed to show positive effects in
the primary and secondary endpoints. 588
The powerful anti-inflammatory agent Etanercept (aka. Enbrel; chemical formula
C 2224 H 3475 N 621 O 698 S 36 ) is being studied for Alzheimer’s disease. 589 However, this use is
controversial 590 and Amgen, the manufacturer of Enbrel, has disavowed this application of its
product. 591
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A new anti-inflammatory microglial modulator drug, CHF5074, was tested on 94 patients having
mild cognitive impairment. 592 Biomarkers of neuroinflammation were reduced but there was no
effect on neuropsychological performance except among ApoE4 carriers.
In early 2015, GliaCure completed a Phase I trial 593 of GC021109, a drug intended to reduce both
inflammation and Aβ in neurons. GC021109 reportedly binds the microglial P2Y6 receptor.
P2Y6 signaling is thought to be involved in shifting the phenotype of microglia (which tend to
surround amyloid plaques) from patrolling to phagocytic. 594
A 2016 study 595 found that a tyrosine kinase inhibitor (GW2580) inhibits the colony-stimulating
factor 1 receptor CSF1R in AD-model mice and blockades microglial proliferation, improves
performance in memory and behavioral tasks, and prevents synaptic degeneration, “shifting the
microglial inflammatory profile to an anti-inflammatory phenotype.” The healthy number of
microglia needed to maintain normal immune function in the brain was maintained, suggesting
the blocking of CSF1R only reduces excess microglia. The researchers are now looking for a
safe and suitable drug version that could be tested in humans.
Microglia clear away misfolded proteins, produce trophic and regenerative factors, and regulate
and terminate toxic inflammation. Recent studies point to a steady decline of these normal
microglial functions in aging and in AD. In AD, microglia not only lose their capacity to clear
Aβ peptides but also develop a persistent proinflammatory phenotype that does not resolve,
accelerating neuronal and synaptic injury. 596 A recent study at Stanford University found that
selectively blocking the prostaglandin E2 (PGE2) receptor protein called EP2 (found on microglia
cells that manage inflammation and anti-inflammatory responses) restores microglial chemotaxis
and Aβ clearance, suppresses toxic inflammation, increases cytoprotective insulin-like growth
592
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factor 1 (IGF1) signaling, prevents synaptic injury and memory deficits, and reverses memory
decline in a mouse AD model. 597 Thus an EP2 inhibitor drug (e.g., analogous to TG6-10-1) 598
might be useful in AD treatment. Stanford researchers are hoping to create a compound which
only blocks microglial EP2 to prevent unnecessary side effects.599
Increasing inflammatory response might also help in some cases. One study suggests that the
anti-inflammatory interleukin cytokine IL-10 could be responsible for the immune system failing
to clear beta amyloid plaques from the brain, with mice having low levels of IL-10 performing
cognitively better in terms of learning and memory tests and with the IL-10 signaling pathway
abnormally elevated in Alzheimer’s disease patient brains. 600 Drugs targeting the downregulation or blocking of IL-10 could be the key to restoring an Alzheimer disease patients’
immune system to normal and having it rid beta amyloid plaque on its
own. Similarly, reducing levels of the inflammatory cytokine (signaling
molecule) p40 lowers the Aβ plaque load. Intracerebroventricular
delivery of antibodies to p40 significantly reduce the concentration of
soluble Aβ species and reverse cognitive deficits in aged AD mice. 601
Finally, an FDA-approved asthma drug called montelukast (aka.
Singulair; image, left) 602 has been shown to improve memory and
learning, increase the rate of new neuron growth, reduce brain
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inflammation, and generally “rejuvenate” the brains of older rats. 603 The team also found that the
blood-brain barrier – which stops infectious agents from reaching the brain and which weakens in
old age – became stronger in old rats following the 6-week drug treatment regimen. The drug,
technically known as a “leukotriene receptor antagonist,” had no effect on young animals,
probably because it targets inflammation associated with age and disease – possibly including
Alzheimer’s disease and Huntington’s disease, among other conditions.
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3.2.8 Modulate Complement Cascade
As noted in Section 2.4.4, , C1q (image, below), a protein component of complement factor C1
known as the initiator of the “classical pathway” of the complement system in the human immune
response, may be implicated in Alzheimer’s disease. Dysregulation of the complement cascade,
either by changes in receptor expression, enhanced activation of different complement pathways
or imbalances between complement factor production and complement cascade inhibitors may all
contribute to the involvement of complement in AD. 604

A 2013 study of brain tissue in mice of varying ages, as well as postmortem samples of a 2month-old human infant and an elderly person, found that C1q exponentially increases in the
aging brain, creating as much as a 300-fold buildup that concentrates around the brain’s
synapses. 605
Barres, the principal study author, believes that amyloid buildup is a symptom of AD rather than
the cause, and that the complement turns on first and starts to kill synapses. If true, then blocking
this complement cascade could treat Alzheimer’s. Barres is so confident about his findings that
he is already developing a drug to target the complement system in the brain. In 2011, he cofounded a company, Annexon Bioscience, 606 which has been working on creating a drug that
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binds and inhibits the C1q protein. Their leading candidate is ANX005, a humanized monoclonal
antibody that inhibits early components of the classical complement cascade, currently in
preclinical development. 607

607
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3.2.9 Neuroprotective Agents
AL-108 (aka. NAP, Davunetide; image, below) is the intranasal formulation of NAP, a peptide
of eight amino acids (NAPVSIPQ). Phase IIa clinical results have recently shown that AL-108
has a positive impact on memory function in patients with amnestic mild cognitive impairment
(aMCI), a precursor to Alzheimer’s disease. 608 The clinical development of AL-108 has been
based on extensive studies showing pre-clinical efficacy for NAP which has demonstrated potent
neuroprotective activity in vitro and
in vivo. Its mechanism of action is
thought to center on the modulation
of microtubule stability in the face
of outside damage.
Recent experiments have also demonstrated that anti-cancer
microtubule (MT)-stabilizing drugs like paclitaxel (image, right)
can rescue tau-induced behavioral decline and hallmark neuron
pathologies. 609 Various other classes of MT-stabilizing agents
are known. 610
Allopregnanolone (aka. ALLO, APα, 3α,5α-THP; image, left) has been
identified as a potential neuroprotective drug agent for AD. Brain levels of
neurosteroids such as allopregnanolone decline in old age and in AD, 611 and
allopregnanolone has been shown to aid the neurogenesis that reverses
cognitive deficits in a mouse model of AD. 612 The molecule is being
considered for development as a regenerative therapeutic for Alzheimer’s
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disease. 613
Several early epidemiological studies had linked the female hormone estrogen to improved
memory and possible delay or prevention of Alzheimer’s disease in women. But a large, longterm clinical trial sponsored by the NIH found that women aged 65+ who took estrogen combined
with another hormone, progestin, had twice the rate of dementia, including Alzheimer’s disease,
than those women not taking the hormones. 614 The hormone combination also did not protect
against the development of mild cognitive impairment, a form of mental decline less severe than
dementia. Similarly, treating older male AD patients with the hormone testosterone has small 615
to minimal 616 beneficial effects on cognition.
A retrospective analysis of five million patient records with the US
Department of Veterans Affairs system found that different types of
commonly used anti-hypertensive medications had very different AD
outcomes. Patients taking angiotensin receptor blockers (ARBs) were
35%-40% less likely to develop AD than those using other antihypertensives. 617 Losartan (aka.
Cozaar; image, right), an
angiotensin II (AngII) receptor blocker that selectively binds
AngII type 1 (AT1) receptors, exerted some protective and
restorative effects on hallmark symptoms of AD in a mouse
AD model. 618 Telmisartan (aka. Micardis; image, left),
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another AngII type 1 receptor blocker, showed similar benefits in human trials.619
Translocator protein (TSPO) ligands such as Ro5-4864 have been found to be neuroprotective
following a wide range of insults including peripheral nerve injury, traumatic brain injury,
excitotoxic lesion, inflammatory insult, and may also be a promising target for the development
of therapeutics for the treatment of AD. 620
The increased activity of monoamine oxidase-B (MAO-B) in AD brains is
suggested to cause oxidative damage, and MAO-B inhibitors have been
reported to inhibit neuronal degeneration. Selegiline (aka. L- deprenyl;
image, right), a selective MAO-B inhibitor, improves mental health scores in human patients but
apparently has no impact on senile/neuritic plaques, neurofibrillary tangles, or Aβ load. 621
Another antioxidative neuroprotector, TFP5 (a 24-residue peptide), rescues AD pathology in
mice; treated mice also display decreased inflammation, amyloid plaques, NFTs, cell death, and
2 months of extended life. 622 No results yet in humans.
Angiotensin IV analogs exhibit anti-dementia activity and promote synaptic growth and
augmented connectivity in aging rats. 623 M3 Biotechnology 624 is developing MM-201, a “small
molecule mimetic of a neurotrophic factor (growth factor) that is blood-brain barrier (BBB)
permeant, potently neurotrophic and neuroprotective, and capable of reversing cognitive and
motoneuron deficits in animal models of Alzheimer’s and Parkinson’s disease.”
Another possible neuroprotective agent called bexarotene (aka. BEXA,
Targretin; image, left), already FDA-approved for anti-cancer uses, was
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found in an initial study to rapidly clear soluble Aβ from the brain, reduce neuritic plaque burden,
reverse behavioral deficits, and improve cognition in mouse models. 625 But after several years of
attempting to replicate these results without success, the drug now appears to have no beneficial
effect on AD mice. 626
Saracatinib (aka. AZD0530, an FDA-approved cancer drug;
image, right) is hoped to work on AD patients by protecting
neurons from the damage caused by the oligomeric form of the
beta-amyloid protein; it is now in Phase IIa trials. 627 AZD0530
treatment also reduces microglial activation in APP/PS1 mice,
and rescues tau phosphorylation and deposition abnormalities in APP/PS1/Tau transgenic
mice. 628 Other already-approved off-purpose drugs currently being tested as possible treatments
for Alzheimer’s include acamprosate calcium, which is prescribed to reduce cravings and
alleviate withdrawal symptoms in alcoholics, and baclofen, a medication used to treat multiple
sclerosis. Another neuroprotective agent, T-817MA, is currently in a Phase II multi-center,
randomized, double blind, placebo-controlled, parallel group study sponsored by Toyama
Chemical Co. 629
TC-2153 (aka. benzopentathiepin 8-(trifluoromethyl)-1,2,3,4,5benzopentathiepin-6-amine hydrochloride; image, left), an inhibitor of STEP
(STriatal-Enriched protein tyrosine Phosphatase) neuron-specific
phosphatase, has been found to improve cognitive function in 6- and 12-moold AD mice, but with no change in beta amyloid and phospho-tau levels. 630
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The pharmaceutical company GlaxoSmithKline is currently screening a million compounds,
looking for additional STEP inhibitor drug candidates. 631 Interestingly, black tea also contains
tyrosine phosphatase inhibitors. 632
NSI-189 (image, right) is an experimental drug being studied by
Neuralstem, Inc. that has been shown to increase the hippocampal
volume of adult mice by 20% and has been shown to stimulate
neurogenesis of human hippocampal stem cells in vitro and in vivo.
A Phase Ib clinical trial for treating major depressive disorder in 24
patients started in 2012 and completed in July 2014. 633 The study found improvements in the
patients’ condition at doses of 40/80 mg/day but no significant improvements at a higher dosage
of 120 mg/day. Neuralstem intends to pursue further clinical trials for this drug, targeting
Alzheimer’s and a variety of other neurological conditions. NNI-362, a drug under development
by Neuronascent, “promoted the growth of new hippocampal neurons that not only migrated to
the correct functional location but also differentiated and survived long enough to reverse
previously observed cognitive declines” in a mouse model of AD. 634 Neuronascent is preparing
for Phase I trials of NNI-362.
GDF11 (aka. Growth Differentiation Factor 11 or Bone Morphogenic Protein 11/BMP-11),
whose concentration in human blood decreases as we age, has been found to improve the cerebral
vasculature and to enhance neurogenesis in aging mice and thus might be useful for treating agerelated neurodegenerative conditions such as Alzheimer’s disease. 635 The amylin receptor
antagonist AC253 neutralizes the depressant effects of Aβ 1-42 on hippocampal long-term
potentiation (i.e., fixation of long-term memories). 636
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A drug developed by Astra Zeneca called AZD05030, which failed to treat solid tumors in
previous studies, helped block damage triggered during the formation of amyloid-beta plaques. 637
The new drug seems to block the activation of the enzyme FYN (which leads to the loss of
synaptic connections between brain cells, and later neurodegenerative disease). With this
treatment, cells under bombardment by beta amyloid plaques show restored synaptic connections
and reduced inflammation, and the animal’s memory, which was lost during the course of the
disease, comes back.
A neuroprotective approach to AD tauopathy is to deploy microtubule (MT)
stabilizing drugs that can to some extent replace the lost activity of the
departed stabilizing tau protein. Epothilone D is the only brain-penetrant
MT-stabilizer to be evaluated in tau transgenic mice and in AD patients, but
this natural product has potential deficiencies as a
drug candidate including an intravenous route of
administration and the inhibition of the P-glycoprotein
(Pgp) transporter. Researchers have identified
selected triazolopyrimidines (image, left) and phenylpyrimidines
(image, right) that are orally bioavailable and brain-penetrant without
disruption of Pgp function. Pharmacodynamic studies confirm that
representative compounds from these series enhance MT-stabilization in
the brains of wild-type mice. 638
Glucose is the brain’s principal energy substrate. AD brains exhibit a pathological decrease in
their ability to use glucose, but ketone bodies can be an effective alternative energy substrate for
the brain. Pursuing a ketogenic diet approach to neuroprotection, Accera Inc. first gave AD
patients oral ketone bodies (i.e., β-hydroxybutyrate; image, left) in a
preliminary study. 639 Later, in a randomized double-blind placebo-controlled
clinical study, 640 they gave other AD patients the oral ketogenic compound AC1202 (a medium-chain triglyceride composed of glycerin and caprylic acid) to see if the elevation
of plasma ketone body levels would improve cognitive functioning. Plasma ketone levels did
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increase in both studies. Memory performance and cognitive function improved in AD patients
lacking the ApoE4 genetic mutation (Section 2.4.5) but not in AD patients bearing the mutation.
Studies have suggested that people with Alzheimer’s have higher iron levels in their brains, and
that high iron might hasten the disease’s onset. For example, mildly cognitively-impaired elderly
patients were diagnosed with AD on average 3 months earlier for every extra ng/ml of ferritin (an
iron-binding protein) found in their cerebrospinal fluid. 641 This doesn’t prove that reducing iron
levels will cut people’s risk of Alzheimer’s, but
a 1991 trial of an iron-binding drug
(deferoxamine; image, right) 642 that rids the
body of some of its iron suggests it’s a
hypothesis worth investigating. Deferoxamine halved the rate of Alzheimer’s cognitive decline
but was overlooked when the beta-amyloid theory of the disease became dominant. The drug
gets into the brain and reduces levels of the metal there without disturbing blood levels too much.
Brain-derived neurotrophic factor (BDNF) has shown some neuroprotective effects in several
animal models of AD, 643 but there are no human clinical trials yet even though “BDNF-based
therapy is increasingly expected to ameliorate the symptoms of AD.” 644
Resveratrol (image, below), a naturally occurring phytochemical present in red wine, grapes,
berries, chocolate and peanuts, has antioxidant and anti-inflammatory
properties and facilitates non-amyloidogenic breakdown of the
amyloid precursor protein (APP), promotes removal of neurotoxic
amyloid beta (Aβ) peptides, reduces damage to neuronal cells via a
variety of additional mechanisms, and has demonstrated
neuroprotective effects in several in vitro and in vivo models of AD. 645
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Finally, both hibernation and external cooling induce expression of a number of cold-shock
proteins in the brain, including the RNA binding protein, RBM3. 646 In hibernating mammals,
cooling induces loss of synaptic contacts which are reformed on rewarming, but in synapticallycompromised AD mice the capacity to regenerate synapses after cooling declines in parallel with
the loss of induction of RBM3. AD mice lacking genes for RBM3 experience exacerbated
synapse loss and accelerated disease. But enhanced expression of RBM3 in the hippocampus of
AD mice prevents this deficit and restores the capacity for synapse reassembly after cooling,
giving sustained synaptic protection, preventing behavioral deficits and neuronal loss, and
significantly prolonging survival.
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3.2.10 Antibiotic and Antiviral Medications
Only two clinical trials have been done to investigate the efficacy of
antibiotic therapy for AD. The first, in 1995, tested 410 AD patients
with cycloserine over a 26-week treatment period; no difference from
placebo was observed. 647 The second, completed in 2004, tested 101
AD patients with doxycycline (image, left top) and rifampin (image,
left bottom) over a 3-month treatment period. The authors of the study
indicated that these drugs were effective in delaying the progress of the
disease, and “reduced cognitive worsening at 6 months of follow-up in
patients with mild to moderate AD.” 648 A re-examination of the same
data using “...AUC analysis of the pooled index showed significant
treatment effect over the 12-month period”. 649 Several other studies
using animal models of Alzheimer’s disease
have found that minocycline 650 (image, right)
and doxycycline 651 (image, left top) exert at
least some protective effect in preventing neuron death and slowing the
onset of the disease.
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The common herpes simplex virus HSV1 has been found to co-locate with
amyloid plaques, 652 also causing the formation of Aβ and abnormal tau, 653
which raises the possibility that AD could be treated or prevented with
antiviral medication. It’s already known that memantine, an FDA-approved
AD drug, has antiviral properties. 654 A combination of the antiviral
medication acyclovir (image, right) and sulfated fucans that is particularly
effective against HSV1 has been proposed for testing on Alzheimer’s with
the aim of slowing or stopping disease progression. 655 Alternatively, Lycium
barbarum polysaccharides are alleged both to possess antiviral properties
and to ameliorate AD symptoms while enhancing neurogenesis, in a mouse model. 656
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3.2.11 Nanoparticle Therapies
In the last decade there has been increasing interest in the use of nano-drugs 657 and
nanoparticles 658 (typically <100 nm in size) for the diagnosis and treatment of Alzheimer’s
disease. Nanoparticles enable the delivery of a great variety of drugs including anti-cancer drugs,
analgesics, anti-Alzheimer’s drugs, cardiovascular drugs, protease inhibitors, and various
macromolecules into the brain after intravenous injection of animals. The mechanism of the
nanoparticle-mediated drug transport across the blood-brain barrier (BBB) 659 appears to be
receptor-mediated endocytosis followed by transcytosis into the brain or by drug release within
the endothelial cells. Modification of the nanoparticle surface with covalently attached targeting
ligands or by coating with certain surfactants that lead to the adsorption of specific plasma
proteins after injection is necessary for this receptor-mediated uptake. 660 However, the scattered
experimental reports of neuron damage caused by some types of nanoparticles are cautionary. 661
Nanoparticles are most commonly employed as carriers for active drugs. 662 For example, PLGAb-PEG nanoparticles loaded with selegiline (Section 3.2.9) appear promising for destabilizing the
β-amyloid fibrils in Alzheimer’s patients, 663 and albumin nanoparticles carrying tacrine (Section
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3.1) may overcome some of the problems associated with that drug. 664 In some cases the drug
itself may be fashioned into nanoparticles, with improved results. 665 The following is a brief
summary of some of the more common research directions in the use of nanoparticles for AD.
Monoclonal Antibodies. (1) A monoclonal antibody against fibrillar human amyloid-β 42 that is
surface-coated onto a functionalized phospholipid monolayer binds to cerebrovascular amyloid
deposits in arterioles of AD mice after infusion into the external carotid artery. 666 (2) Intranasal
administration of M13 bacteriophage – a filamentous nanometer-sized biological particle 900 nm
in length and 6-10 nm wide, comprising a coat surrounding a single-stranded, closed circular
DNA – used as a delivery vector of anti-beta amyloid antibody fragment into Alzheimer’s APP
transgenic mice enables in vivo targeting of beta amyloid plaques. 667 This large nanoparticle
binds to β-amyloid and α-synuclein proteins, leading to plaque disaggregation in models of
Alzheimer’s and Parkinson’s disease. 668 (See phage company: http://neurophage.com/about/.)
Chelators. Nanoparticles conjugated to chelators show unique ability to cross the blood-brain
barrier (BBB), chelate metals, and exit through the BBB with their corresponding complexed
metal ions, possibly providing a safer and more effective means of reducing
the metal load in neural tissue and attenuating the harmful effects of
oxidative damage. 669 Nanoparticles – tiny, artificial or natural organic
polymers – can transport metal chelating agents across the blood-brain
barrier regardless of their size and hydrophilicity, reducing the oxidative
toxicity of excess metals in an AD brain without inducing any such toxicity themselves. 670 One
study employed lactoferrin (Lf), a natural iron binding protein (image, right) whose receptor is
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highly expressed in both respiratory epithelial cells and neurons, to facilitate the nose-to-brain
drug delivery of neuroprotection peptides using an Lf-conjugated PEG-PCL (polyethyleneglycol–
polycaprolactone) nanoparticle. 671
Anti-oxidants. (1) One research group designed nitroxyl radical-containing nanoparticles
possessing nitroxyl radical in the core that chemically scavenges reactive oxygen species, and
then tested these nanoparticles for their potential neuroprotective role on Aβ-induced cytotoxicity
in human neuroblastoma SH-SY5Y cells, with somewhat positive results. 672 (2) Targeting metalinduced oxidative stress that can contribute to neuronal cell death in Alzheimer’s disease, another
group prepared bioactive hybrid pegylated silica nanoparticles capable of working as host-carriers
of potent antioxidants such as the natural flavonoid quercetin. 673 (3) Chronic administration of a
carboxyfullerene (“buckyball”) mimic of superoxide dismutase to mice “rescued age-related
cognitive impairment.” 674 (4) Low Level Laser Therapy has been demonstrated to mitigate
amyloid-β peptide induced oxidative stress and inflammation, a key driver of Alzheimer’s
disease, but the major issue in moving this forward from cell cultures to live animals and
potentially to human subjects is the shallow penetration depth of light through skin. A recent
study used BRET-Qdots (Bioluminescence Resonance Energy Transfer to Quantum Dots) as an
alternative internal near-infrared light source with good efficacy. 675
Amyloid Decoys. Magnetic nanoparticles coated with heparin have been synthesized and
demonstrated to bind with Aβ. 676 These nanoparticles exhibited little toxicity to neuronal cells
while at the same time effectively protecting them from Aβ-induced cytotoxicity.
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Amyloid Aggregation Inhibitors. (1) Gold nanoparticles were designed as a multifunctional Aβ
inhibitor, showing synergistic effects in inhibiting Aβ aggregation, dissociating Aβ fibrils and
decreasing Aβ-mediated peroxidase activity and Aβ-induced cytotoxicity. 677 (2) A similar effect
has been described for liposomes 678 and, more recently, for cationic polystyrene nanoparticles. 679
(3) Atomic force microscopy experiments have confirmed the inhibitory effect of the fullerene
C 60 (“buckyball”) on Aβ 16-22 fibrillation, and the larger fullerene C 180 nanoparticle displays an
unexpected stronger inhibitory effect on the β-sheet formation of Aβ 16-22 peptides. 680 (The
inhibition of β-sheet formation has been considered a primary therapeutic strategy for AD.)
Unfortunately, Linse et al. 681 have reported that nanoparticles such as copolymer particles, cerium
oxide particles, quantum dots, and carbon nanotubes also enhance the possible appearance of a
critical nucleus for fibril nucleation. The high surface-to-volume ratio of nanoparticles means
that potentially high concentrations of protein may be adsorbed at the particle surface, enhancing
the probability of partially unfolded proteins coming into frequent contact and promoting amyloid
formation if that protein is suitable. Another study found that lower concentrations of magnetic
nanoparticles inhibited amyloid fibrillation but higher concentrations enhanced fibrillation. 682
Amyloid Disaggregation. (1) Near infrared radiation is absorbed by conductive polyaniline
nanoparticles causing an increase of their temperature which induces the collapse of their
thermosensitive polymer shell, triggering particle aggregation. This makes it possible to locally
heat the nanoparticles and induce protein aggregates of neurodegenerative diseases (e.g.
Alzheimer’s) to dissolve. 683 (2) Toxic aggregates of the protein β-amyloid (ATAβ) involved in
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Alzheimer’s disease can be destabilized upon electromagnetic irradiation of the peptide Cys-LeuPro-Phe-Phe-Asp (CLPFFD) adsorbed on gold nanospheres (AuNSs). 684 (3) Employing a
cascade-targeting strategy for precise drug delivery, another research group developed a dualfunctional nanoparticle drug delivery system loaded with β-sheet breaker peptide H102
(TQNP/H102). Two targeting peptides, TGN and QSH, were conjugated to the surface of the
nanoparticles for blood-brain barrier transport and Aβ 42 targeting, respectively. Spatial learning
and memory among the AD model mice in the H102 treatment group were significantly improved
compared with the AD control group. 685
Microglial Inhibitors. The specific inhibition of microglial cells in tau-mutant AD mice by
using fibrin γ 377-395 peptide conjugated to iron oxide (γ-Fe 2 O 3 ) nanoparticles of 21 ± 3.5 nm
diameter has been reported. 686
Neuroprotection. At least one study has found neuroprotective potential in hydrated fullerene
C 60 “buckyball” (C 60 HyFn), 687 and injection of colloidal C 60 apparently confers protection from
Aβ toxicity in rat brains. 688 However, hydroxylated C 60 can have toxic effects on brain cells. 689
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3.2.12 Gene Therapies
One gene therapy approach to Alzheimer’s disease would involve modifying or supplementing
the genes in the patient’s neurons with additional genes having some beneficial effect. 690 The
history of gene therapy is not unblemished and progress with this approach is expected to be very
cautious and slow.
Gene therapy experiments on neural cells are ongoing. For example, in one study a 19-nt
oligonucleotide targeting BACE1, the key enzyme in amyloid beta protein (Aβ) production, was
synthesized and introduced into the pSilenCircle vector to construct a short hairpin (shRNA)
expression plasmid against the BACE1 gene, which vector was then transfected into C17.2 neural
stem cells and primary neural stem cells, causing downregulation of the BACE1 gene and
inducing a considerable reduction in Aβ protein production. 691
Animal studies in this area are plentiful. Most recently, recombinant lentiviral vectors were used
to overexpress the glial cell-derived neurotrophic factor (GDNF) gene to induce neuroprotection
in mouse models of AD. 692 A gene therapy-based approach with adeno-associated virus (AAV)
demonstrated that IGF2 overexpression in the hippocampus of aged wild-type mice enhances
memory and promotes dendritic spine formation. 693 A recombinant AAV vector expressing the
human HIF-1α gene (rAAV-HIF-1α) showed that rAAV-HIF-1α represses hippocampal neuronal
apoptosis induced by amyloid-beta protein. 694 It has also been suggested that gene therapy could
be applied to mutant mitochondrial DNA. 695
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Following an apparently successful gene therapy experiment to use lentivirus vectors to deliver
nerve growth factor into the aged rhesus monkey brain, 696 there has been at least one clinical trial
attempting to apply gene therapy to human AD. In 2010, Ceregene completed a Phase I trial “to
assess the safety and tolerability of CERE-110 [Adeno-Associated Virus (AAV)-based vectormediated delivery of Nerve Growth Factor (NGF)] in subjects with mild to moderate Alzheimer’s
disease.” 697 After successful completion, 698 a Phase II follow-up on this work was launched but
there were no formal updates after 2012. 699 By 2014, the company announced the successful
completion of another Phase I study using a stereotactic (surgical) implantation method, which
the researchers say supports moving to Phase II with a “multicenter, double-blind, sham-surgerycontrolled trial.” 700 Apparently this work is continuing.
Over the last decade there have been nine gene therapy clinical trials for Parkinson’s, a disease
whose pathology is felt by many to be related to Alzheimer’s, albeit in a more focused
territory. 701 Each trial started with considerable optimism and yet none, to this point, have born
sufficiently strong clinical evidence or found a clear path towards regulatory approval. And gene
therapy for Alzheimer’s is probably a tougher nut to crack than for Parkinson’s.
Another possible gene therapy strategy is RNA silencing of APP and tau protein production. 702
Silencing has been shown in human neuroblastoma cells to “enhance synaptic activity, may
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improve mitochondrial maintenance and function, and may protect against toxicities of ADrelated genes, [thus] may have therapeutic value for patients with AD.” Studies of RNA silencing
of genes for APP, 703 tau, 704 PS1, 705 and BACE1 706 have reduced the mRNA levels of targeted
genes. Silencing of APP in several studies using AD transgenic mouse models and AD-related
genes resulted in reduced levels of Aβ and the amelioration of cognitive deficits in the mice, 707
suggesting a promising therapeutic value for APP silencing in AD patients. However, there
appear to have been no clinical trials testing this approach as of early 2016.
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The most successful contender for biotech-based gene editing is probably the CRISPR
approach. 708 CRISPR works well in everything from butterflies to monkeys, and has already
been used to create extra-muscular beagle dogs and sheep, long-haired goats, and pigs immune to
common diseases. 709 CRISPR gene editing has successfully treated a genetic disease (Duchenne
muscular dystrophy) 710 inside a fully developed living adult mammal (i.e., a mouse). 711 CRISPR
is being tried for in vivo gene editing and may work on a gene-by-gene basis. 712 At present these
methods are still immature and produce incomplete gene alterations along with off-target effects
on other genes. 713
Nevertheless, Big Pharma is getting interested. As one example, Bayer and CRISPR
Therapeutics (http://crisprtx.com/) have established a joint venture to use CRISPR/Cas9 geneediting technology to develop therapies to treat blood disorders, blindness, and congenital heart
disease. Bayer will sink $300 million into R&D over the five-year pact and is taking a minority
stake worth $35 million in CRISPR Therapeutics. 714 Rival gene editing firms Editas Medicine
(http://www.editasmedicine.com/) and Intellia Therapeutics (http://www.intelliatx.com/) have
also received significant funding. Competing variants of CRISPR such as the PITCh (Precise
Integration into Target Chromosome) system 715 are under investigation too.
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3.2.13 Telomere Extension Therapy
As noted earlier (Section 2.4.4) the progressive shortening of telomeres with age may be
implicated in the onset of Alzheimer’s disease. As telomere therapy advocate Michael Fossel
points out, 716 changes in gene expression that define aging in our cells are affected by the
changing telomere lengths as these cells divide. If we reset the telomere to the original length, we
can often reset gene expression and end up with a cell that looks and acts like a young cell, as
demonstrated in the lab both in human tissues and in animals such as mice and rats. Indeed,
resetting telomere lengths in the aging rodent brain causes the animals to begin acting normally
again with their brains returning to near-normal volume and function.
Notes Fossel: “Telomeres can be reset using telomerase, and using enzymes comprising hTERT
(human telomerase reverse transcriptase) and hTERC (human telomerase RNA component).
Both of these telomere length-extending enzymes can be delivered into the human brain, using
either liposomes or viral vectors, much as has already been done in animal trials. There are at
least two biotech projects currently aimed at human trials, one via standard FDA-sponsored
research (Telocyte) 717 and the other using a faster and less formal ‘offshore’ approach
(BioViva). 718 ”
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The biggest knock on telomerase therapy is that it could potentially increase the risk of cancer, 719
since lengthening the telomeres of cancer cells also increases the ability of those cells to survive.
Indeed, one of the most promising proposed traditional avenues for treating cancer is to use a
telomerase inhibitor. 720 But Fossel argues that telomerase therapy will improve the body’s ability
to fight off cancer. “In most cases,” he writes, 721 “telomerase should be enormously beneficial in
preventing or curing most age-related diseases as well as significantly lowering the risk of cancer.
If the patient already has a cancer, the result is less clear. The worst possible scenario is to have
just enough telomerase to enable cancer cells to not only survive but to get worse over time,
which is precisely what most cancer cells do.” It may also be relevant that most people who are
old enough to exhibit the earliest biochemical indicia of AD are also old enough to have bodies
riddled with pre-cancerous microtumors. 722
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3.2.14 Stem Cell Transplantation
At least three possible approaches for using stem cells to treat Alzheimer’s disease have been
proposed: 723
(1) Use stem cells to regenerate or literally regrow diseased parts of the brain. This is
how people most commonly think of treating AD with stem cells. The problem with this
approach is that the architecture of the brain is physically integral to memory so even if we could
grow a fresh, young part of the brain to replace one ravaged by AD, there would be no memories
there. It would be like wiping the plate clean, although in theory the person could be re-educated
(e.g., Section 5.3.3) and make new memories going forward in life.
(2) Use stem cells such as mesenchymal stem cells (MSC) as healers of the existing brain
parenchyma, rather than as rebuilding agents, e.g., with MSC healing rather than replacing
neurons. MSC may be considered the natural doctors of the body and could have antiinflammatory and other powers that might ameliorate AD.
(3) Use stem cells such as MSC as drug delivery agents. For example, instead of giving
crenezumab or some other drug systemically, it is possible that stem cells could more effectively
directly deliver the drug cell-to-cell within the brain.
Although some companies already claim to offer stem cell treatments for Alzheimer’s disease, 724
these currently lie outside of the approved and carefully controlled process of clinical trials. No
proven, safe, and effective stem cell treatments for this disease are yet available, and much work
remains to be done before stem cell therapies will be clinically feasible for AD and related
disorders in humans. 725
Many different types of neurons in all parts of the brain are affected by Alzheimer’s disease. This
poses a complex problem if we want to replace the damaged brain cells. For example, one
approach might be to transplant neural stem cells (aka. NSCs, a type of stem cell found in the
brain) into the brain of an Alzheimer’s patient in the hope that these cells would make new,
healthy neurons. But even if healthy working NSCs were available and could be transplanted
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safely, they would have to achieve several difficult tasks before any therapeutic benefits might be
seen:
• travel into the multiple areas of the brain where damage has occurred;
• differentiate into the many types of neurons needed to replace the damaged or lost cells;
• do this in a way that enables the new neurons to integrate effectively into the brain, making
connections to replace the lost parts of a complex network;
• ensure that intravenous injections of stem cells don’t block capillaries, causing embolisms
and damaging brain tissue; and
• ensure that stem cells don’t give rise to tumors, 726 or make the wrong kind of cells or
connections in the brain, leading to side effects like chronic pain.
Some scientists are concerned that the brain might lack the ability to integrate new neurons
properly once Alzheimer’s has taken hold. Another concern is that the newly-arriving
transplanted stem cells might themselves be damaged by the ongoing amyloid and tau protein
tangle buildup in the brain, which would mean that a transplant could have only a temporary
effect. 727 Despite these significant challenges, scientists have been actively engaged in research
on stem cell transplants in mice and a few studies have demonstrated the ability to improve
cognition in animal models. 728 NSCs, capable of self-renewal and of differentiation into
functional neurons and glia, have been shown to repair damaged networks and reverse memory
and learning deficits in animal studies, providing new hope for curing AD patients via cell
transplantation. 729
Beyond simply replacing neurons, NSCs may also benefit the brain in other ways, such as by
modulating inflammation, stimulating remyelination, and supplying trophic support. For
instance, human NSCs that over-express the human choline acetyltransferase gene have been
transplanted into the brains of AD rats, fully recovering the learning and memory function of the
AD animals while inducing elevated levels of acetylcholine in cerebrospinal fluid. 730
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As recently as 2012, some researchers still seemed pessimistic:
Research on the potential use of stem cell transplantation for AD has lagged far behind that of
many other neurodegenerative disorders, likely as a result of the widespread nature of AD
pathology. For many disorders, stem cell-based therapies have aimed to replace missing or
defective cells. Transplantation of mesencephalic fetal tissue and neural stem cells for Parkinson’s
disease (PD), for example, has aimed to replace dopaminergic neurons of the substantia nigra that
degenerate in this disorder. Unfortunately, in AD multiple neuronal systems and neurotransmitter
phenotypes are affected, making cell-replacement strategies an extremely challenging approach.
For effective cell replacement strategies for AD, neural stem cells would first need to migrate to
multiple areas of the brain and then differentiate and mature into multiple neuronal subtypes.
These neurons would then also need to re-innervate appropriate targets and establish
physiologically relevant afferent connectivity, in essence recapitulating much of the complex brain
circuitry that develops in utero. Thus, cell-replacement approaches seem unlikely to succeed
for a diffuse disorder such as AD. 731

Nevertheless a slowly growing body of successful work, mostly using animal models, has created
an active research community pursuing possible stem cell treatment approaches for AD:
(1) Treatment with neural stem cells genetically modified to express the Aβ-degrading
enzyme neprilysin has been shown to lower Aβ deposits throughout mouse brain. 732
(2) Implantation of human umbilical cord blood-derived mesenchymal stem cells has
reversed disease-associated microglial neuroinflammation and reversed the cognitive decline
associated with Aβ deposition in AD mice. 733
(3) Human stem cell-derived neurons can functionally integrate into rat hippocampal
network and drive endogenous neuronal network activity. 734
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(4) Autologous fibroblasts genetically engineered to express nerve growth factor
transplanted into the forebrains of eight human patients with mild Alzheimer’s disease in a Phase
I clinical trial showed no adverse effects after 22 months and showed possible improvement in
the rate of cognitive decline. 735
(5) Stem cells grafted into the intact mouse/rat brains have been mostly incorporated into
the host parenchyma and differentiate into functional neural lineages. Stem cells exhibited
targeted migration towards the damaged regions of lesioned brain, where they engrafted,
proliferated and matured into functional neurons. Intravenously administered neural precursor
cells (NPCs) migrate into brain-damaged areas and induce functional recovery, with animal
models of AD providing evidence that transplanted stem cells or NPCs survive, migrate, and
differentiate into cholinergic neurons, astrocytes, and oligodendrocytes with some amelioration of
learning/memory deficits. 736
(6) Intravenous transplantation of bone marrow-derived mononuclear cells (BMMCs) in
two different AD mouse models suppressed neuronal loss, restored memory impairment to almost
the same level as in wild-type mice, and reduced Aβ deposition in the brain. 737
(7) Embryonic interneuron 738 progenitor cells that were transplanted into the hippocampal
hilus of aged mice developed into mature interneurons that were functionally integrated into the
hippocampal circuitry, and restored normal learning, memory and cognitive function in two
widely used AD-related mouse models. 739
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(8) A large body of evidence is emerging that cell therapy works by providing trophic or
“chaperone” support to the injured tissue and brain, with angiogenesis and neurogenesis coupled
in the brain. 740
(9) Artificial stimulation of neurogenesis can be tried. 741
By 2015, assessments had become more hopeful but were still cautionary in respect to results for
human subjects, given that no animal model appears to develop true AD and given that animal
models often lack the range of phenotypes found in typical human AD. According to one leading
group, “the disappointing preclinical data has resulted in few clinical trials using NSCs against
Alzheimer’s disease, [so] stem cell-based regenerative therapies need to be further developed
preclinically before clinical applications to AD.” 742
Nevertheless, a few clinical trials may be starting soon:
•

The biotech company Stemedica International, Epalinges, Switzerland, led by Alexei
Lukashev, is developing human adult mesenchymal stem cells to combat Alzheimer’s
disease. 743 After injecting the cells into the bloodstream of 15-month-old APP/PS1 mice
once per week for 10 weeks, the amyloid load in the hippocampus of treated mice
dropped by one-third compared with untreated controls. Meanwhile, more microglia
clustered around plaques, while the number of pro-inflammatory microglia shrank,
suggesting that the stem cells somehow influence this balance. Human mesenchymal
stem cells are currently in a Phase I/II clinical trial for stroke. 744 Lukashev said he is
applying for FDA approval for a Phase II Alzheimer’s study to start in 2015. 745

•

The California Institute for Regenerative Medicine has also given out 3 awards for
Alzheimer’s projects that are now applying for FDA approval for trials. Two academic
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studies identified small neuroprotective molecules through screens of stem cells. The
third, led by Alexandra Capela at the biotech company StemCells Inc., Newark,
California, proposes to transplant neural stem cells into AD patients. 746
•

A 2014 trial of fetal stem cell injections in mice with Alzheimer’s disease by Eva
Feldman’s group at the Alfred Taubman Medical Research Institute found that the AD
mice injected with cells performed the three cognition tests just as well as healthy mice,
while AD mice injected with saline solution flunked the tests. Feldman awaits word from
the FDA about which large mammal to use in the next set of Alzheimer’s tests. 747

•

MEDIPOST has made a request to the FDA on 28 Jun 2013 to conduct Phase I/IIa
clinical trials employing ‘NEUROSTEM-AD’, a possible treatment agent for
Alzheimer’s disease using human umbilical cord blood derived mesenchymal stem cells.
This clinical study claims to be “the first in the world to use stem cells”. 748 MEDIPOST
successfully conducted the Phase I clinical trial using ‘NEUROSTEM-AD’ between Nov
2010 and Dec 2011, 749 and has since been conducting additional preclinical studies for
the next year to study the routes of administration and methods. 750 “Unlike the
administration of NEUROSTEM-AD through surgery into the brain once, during the first
clinical trial, in the I/IIa clinical trial they have changed the method to the administration
into cerebrospinal fluid three times to improve the patient convenience. Once the
approval for clinical trial for NEUROSTEM-AD is given, MEDIPOST will be
investigating the efficacy and safety of this agent together with the Samsung Seoul
Medical Center for the next 2 years.”

Current research is also exploring a type of stem cell called induced pluripotent stem cells
(iPSCs) to study Alzheimer’s disease. 751 These lab-grown stem cells are made by
“reprogramming” specialized cells such as skin cells. The resulting iPSCs can produce all the
different types of cells in the body. This means they could act as a source of cells that are
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otherwise difficult to obtain, such as the neurons found in the brain. Scientists have used iPSC
technology to grow neurons in the lab that show some of the key features of Alzheimer’s disease.
The lab-grown neurons release the beta amyloid protein that forms plaques in patients’ brains.
This gives scientists a valuable opportunity to study neurons similar to those affected by the
disease in the brain, e.g., to gain a better understanding of how and why protein plaques and
tangles are formed, and to search for and test new drugs. Many researchers believe that an
important therapeutic role of iPSCs may be as a platform for drug discovery rather than for
regeneration of diseased tissue. 752
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3.2.15 Anti-Aging Drugs
If Alzheimer’s disease is ultimately driven by the aging process, then
perhaps drugs designed to combat aging might also prevent AD. One
notable exploration of this possibility is currently underway by Salk
Institute researchers. The Salk team has developed a drug candidate,
called J147 (image, right) that targets Alzheimer’s major risk factor:
old age. 753
This group’s latest work 754 shows that mice treated with J147 had better memory and cognition,
healthier brain blood vessels, and other improved physiological features:
Previously, the team found that J147 could prevent and even reverse memory loss and
Alzheimer’s pathology in mice that have a version of the inherited form of Alzheimer’s, the most
commonly used mouse model. However, this form of the disease comprises only about 1 percent
of Alzheimer’s cases. For everyone else, old age is the primary risk factor. The team wanted to
explore the effects of the drug candidate on a breed of mice that age rapidly and experience a
version of dementia that more closely resembles the age-related human disorder.
In this latest work, the researchers used a comprehensive set of assays to measure the expression
of all genes in the brain, as well as over 500 small molecules involved with metabolism in the
brains and blood of three groups of the rapidly aging mice. The three groups of rapidly aging
mice included one set that was young, one set that was old and one set that was old but fed J147 as
they aged.
The old mice that received J147 performed better on memory and other tests for cognition and also
displayed more robust motor movements. The mice treated with J147 also had fewer pathological
signs of Alzheimer’s in their brains. Importantly, because of the large amount of data collected on
the three groups of mice, it was possible to demonstrate that many aspects of gene expression and
metabolism in the old mice fed J147 were very similar to those of young animals. These included
markers for increased energy metabolism, reduced brain inflammation and reduced levels of
oxidized fatty acids in the brain. Another notable effect was that J147 prevented the leakage of
blood from the microvessels in the brains of old mice. Damaged blood vessels are a common
feature of aging in general, and in Alzheimer’s, it is frequently much worse.
While these studies represent a new and exciting approach to Alzheimer’s drug discovery and
animal testing in the context of aging, the only way to demonstrate the clinical relevance of the
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work is to move J147 into human clinical trials for Alzheimer’s disease. The team aims to begin
human trials next year [in 2016]. 755

Interventions that can provably slow mammalian aging are rare but hardly nonexistent. 756 For
example, one recent mouse study 757 found that supplementing diet with nicotinamide riboside
countered senescence in adult neural, muscle, and melanocyte stem cells, improving
mitochondrial function and suppressing dysfunction in a mouse model of muscular dystrophy.
Nicotinamide riboside supplementation was found to extend the life span of wild-type mice fed
the normal chow diet, joining a short list of compounds with this ability (SIRT1 activators,
metformin, and rapamycin). Related clinical trials in humans are reportedly in the works. 758
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Chapter 4. NEW APPROACH: Medical Nanorobotics
In this Chapter we propose and discuss a fundamentally new approach to preventing, arresting,
and finally curing Alzheimer’s disease, using the techniques of atomically precise manufacturing
as exemplified by a nanofactory.
A nanofactory (Section 4.1) is a manufacturing system for building atomically precise products –
in particular, microscopic medical nanorobots – in macroscale (e.g., kilogram) quantities. The
medical nanorobots can then be used to treat Alzheimer’s disease. Treatment dosages may
typically run to several grams of nanorobots per Alzheimer’s patient, and the robots can be
extracted after usage and recycled if desired.
Our new approach to curing Alzheimer’s disease using medical nanorobots may be summarized
as the performance of four distinct tasks, as follows:
(1) First, use scanning probe microscopy (Section 4.1.1) to build atomically precise
diamondoid structures using the methods of mechanosynthesis (Section 4.1.2).
(2) Second, use the aforementioned molecular tools to build a nanofactory (Section
4.1.3).
(3) Third, use the nanofactory to manufacture medical nanorobots (Sections 4.2 and 4.3)
inexpensively and in therapeutic quantities, with these robots aimed at specific biological targets
appropriate to the treatment of Alzheimer’s disease in humans (Chapter 5).
(4) Fourth, open fee-for-service nanomedical clinics to offer nanorobotic treatments both
to prospective Alzheimer’s patients, on a preventative basis, and to existing Alzheimer’s patients,
on a curative basis.
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4.1 Atomically Precise Manufacturing using Nanofactories
The nanofactory will be a high quality, extremely low cost, and very flexible manufacturing
system in which products are built atom by atom – an atomically precise manufacturing system
employing controlled molecular assembly. Nanofactories will enable the creation of
fundamentally novel products having the intricate complexity and reliability currently found only
in biological systems, but operating with greater speed, power, predictability, and, most
importantly, working entirely under human engineering control at every step.
The principal inputs to a nanofactory may be simple hydrocarbon feedstock molecules such as
natural gas or propane, along with water and small supplemental amounts of other simple
molecules containing trace atoms of a few additional chemical elements needed to make useful
products, such as oxygen, nitrogen, sulfur, or silicon. The nanofactory must also be provided
with electrical power and a means for cooling the working unit.
The fastest and therefore preferred implementation pathway for this technology will employ
scanning probe microscopy (Section 4.1.1) and the methods of mechanosynthesis (Section 4.1.2)
to build the first nanofactory (Section 4.1.3). In the following discussion, please keep in mind
that the diameters of individual atoms in covalently bonded molecules are approximately 76 pm
for hydrogen, 146 pm for oxygen, 150 pm for nitrogen, and 154 pm for carbon, 759 where 1
picometer (pm) = 0.01 Angstrom (Å) = 0.001 nanometer = 10-12 meter.
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4.1.1 Scanning Probe Microscopy
A scanning probe microscope or “SPM” is an apparatus
that can be used for building atomically precise structures
atom by atom.
The first of the SPMs was the Scanning Tunneling
Microscope (STM) developed in the late 1970s and early
1980s by Gerd Karl Binnig and Heinrich Rohrer at an
IBM research lab in Zurich, Switzerland, 760 earning these
scientists, along with Ernst Ruska, the 1986 Nobel Prize
in Physics. The STM was initially used as an imaging
device, capable of resolving individual atoms by
recording the quantum tunneling current that occurs when
an extremely sharp conductive probe tip (usually
tungsten, nickel, gold, or platinum-iridium) is brought to
within about one atomic diameter of an atom, and then
adjusting the position of the tip to maintain a constant
current as the tip is scanned over a bumpy atomic surface
(at right). A height change as small as 100 pm can cause
tunneling current to double. The tip is connected to an
arm that is moved in three dimensions by stiff ceramic piezoelectric transducers that provide subnanometer positional control. If the tip is atomically sharp, then the tunneling current is
effectively confined to a region within ~100 pm of the
point on the surface directly beneath the tip, thus the
record of tip adjustments generates an atomic-scale
topographic map of the surface. STM tips can scan
samples at ~KHz frequencies, although slower scans are
used for very rough surfaces and in some modern STMs
the sample may be moved while the tip is held stationary. Perhaps the most iconic image is the
classic 1989 picture of the IBM logo (image, left) spelled out with 35 xenon atoms arranged on a
nickel surface. 761 These atoms were imaged by an STM tip after the individual atoms were
laterally positioned using the same tip over a period of 22 hours in the lab. The work was done at
very cold (cryogenic) temperatures to keep the atoms from moving around too much after being
put in the proper places.
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STM technology has much improved over the last few decades. Instruments now regularly
achieve resolutions of ~1 pm in the z direction (vertical) and ~10 pm in the xy (horizontal) plane
which is better than atomic resolution.
A major limitation of the STM is that it only works with conducting materials such as metals or
semiconductors, but not with insulators or biological structures such as DNA. 762 To remedy this
situation, in 1986 Binnig, Quate and Gerber developed the Atomic Force Microscope (AFM) 763
which is sensitive directly to the forces between the tip and the sample, rather than to a tunneling
current. An AFM can operate in at least three modes. In “attractive” or non-contact mode (NCAFM or FM-AFM), the tip is held some tens of nanometers above the sample surface where it
experiences the attractive combination of van der Waals, electrostatic, and magnetostatic forces.
In “repulsive” or contact mode (C-AFM), the tip is pressed close enough to the surface to allow
the electron clouds of tip and sample to overlap, generating a repulsive electrostatic force of ~10
nN, much like the stylus riding a groove in an old vinyl record player. There is also intermittentcontact mode (IC-AFM), which is sometimes called “tapping” mode. In any of these modes, a
topographic map of the surface is generated by recording the up-and-down motions of the
cantilever arm as the tip is scanned. These motions may be measured either by the deflection of a
light spot reflected from a mirrored surface on the cantilever or by tiny changes in voltage
generated by piezoelectric transducers attached to the moving cantilever arm. Typical laboratory
AFM cantilevers have lengths of 100-400 microns, widths of 20-50 microns, and thicknesses
between 0.4-3 microns. AFM tips may be positioned with ~10 pm precision, compressive loads
as small as 1-10 pN of force are routinely measured, 764 and the tips may be operated even in
liquids. 765
The AFM is essentially a way to “touch” a molecule and to “feel” the shapes of the atoms
comprising the molecule while the molecule is resting on a surface. In 2009, researchers at IBM
Zurich used an AFM in constant-height non-contact mode in ultra-high vacuum (UHV) at
cryogenic temperatures (5 K (kelvins), which is -268 °C or -451 °F) to scan an organic molecule
that had been deposited either on a flat copper Cu(111) conductive surface, or on the same copper
surface coated with a 2-monolayer thickness of insulating NaCl film. 766 Scan forces ranged from
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0-100 pN. The first organic molecule they looked at was pentacene (C 22 H 14 ), a linear polycyclic
hydrocarbon consisting of 5 fused benzene rings and 22 carbon atoms (Figure 9). By 2014 the
Zurich group had imaged their largest molecule to date, a clover-shaped nanographene molecule
with 22 fused benzene rings (C 78 H 36 ). 767
Figure 9. Top left: The AFM tip is gold atoms to which a single carbon monoxide (CO)
molecule has been attached, making a very sharp tip. The pentacene molecule rests on the
surface. Top right: The molecular structure of pentacene (gray = carbon, white = hydrogen).
Bottom left: A single pentacene molecule on Cu(111), with all of its atoms clearly resolved.
Bottom right: Again on Cu(111), six atomically-resolved pentacene molecules are in one image.

_The_Chemical_Structure_of_a_Molecule_Resolved_by_A_Supplement/links/0deec5240013f7068700000
0.pdf.
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In similar manner, the IBM team used their AFM to distinguish, by “touch” alone, the carbon
atom “bond order” – e.g., whether adjacent carbon atoms have single- (C–C), double- (C=C), or
triple (C≡C) bonds – in various scanned individual organic
molecules including polycyclic hydrocarbons and
fullerenes. 768 Along with the charge distribution within
individual surface-bound molecules, 769 the positioning of
the sample molecule on the surface can be determined
with atomic precision using AFM, including the deposited
molecule’s lateral adsorption position, its adsorption
height differences (with 3 pm precision), and the tilts of its
molecular plane (to within 0.2°). 770
In 2010, the Zurich team used the same technique (i.e.,
sample molecule deposited on a Cu(111) surface and
scanned by a CO-functionalized AFM tip) to determine
the exact pattern of atomic connectivity in a natural
organic molecule of previously undetermined structure, a
metabolite called cephalandole A.771 By 2012, a larger
collaboration of researchers 772 used a combination of the
same atomic resolution AFM, along with DensityFunctional Theory (DFT) quantum chemistry structure
calculations and computer-aided structure elucidation
(CASE), to solve the structure of the natural compound
breitfussin A (image, right) with molecular formula
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C 16 H 11 N 3 O 2 BrI as confirmed by high-resolution mass spectrometry. Cephalandole A is a
member of a chemical family of molecules that include sterols, polyhalogenated monoterpenes,
and anthracenone derivatives. (The white encircled region marks a non-intrinsic molecule
feature.) Remarkably, the AFM could determine all the connection positions of the cyclic
systems as well as those of the substituent groups (MeO, Br, and I) – information that is difficult
to obtain with other techniques.
AFM is now commonly used to record the changes in chemical structure that occur as an
individual molecule undergoes a complex reaction on a surface. For example, Crommie’s group
at U.C. Berkeley used a cryogenic UHV non-contact AFM to track the transformations of an
individual molecule of 1,2-bis((2-ethynylphenyl)ethynyl)benzene on a silver Ag(100) surface as
it underwent a series of cyclization processes (image below; scale bar = 3 Å). 773 With the
assistance of DFT-based quantum chemistry calculations, these bond-resolved single-molecule
AFM images were sufficient to identify the structure of the original reactant and its successor
product molecules.
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4.1.2 Mechanosynthesis
At the most primitive level of our new manufacturing process, atomically precise objects will be
built atom by atom using “mechanosynthesis.” Mechanosynthesis, involving molecular
positional fabrication, is the formation of covalent chemical bonds using precisely applied
mechanical forces to build diamondoid 774 or other structures. Mechanosynthesis employs
chemical reactions driven by the mechanically precise positioning of extremely reactive chemical
species in an ultra-high vacuum environment. Mechanosynthesis may be automated via computer
control, enabling programmable molecular positional fabrication.
Atomically precise fabrication involves holding feedstock atoms or molecules, and a growing
nanoscale workpiece, in the proper relative positions and orientations so that when they touch
they will chemically bond in the desired manner. In this process, a mechanosynthetic tool is
brought up to the surface of a workpiece. One or more transfer atoms are added to, or removed
from, the workpiece by the tool (Figure 10). Then the tool is withdrawn and recharged. This
process is repeated until the workpiece (e.g., a growing nanopart) is completely fabricated to
molecular precision with each atom in exactly the right place. Note that the transfer atoms are
under positional control at all times to prevent unwanted side reactions from occurring. Side
reactions are also prevented using proper reaction sequence design so that the interaction
energetics help to avoid undesired pathological intermediate structures.
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Most diamondoids resemble ceramics. First and foremost, diamondoid materials include pure diamond,
the crystalline allotrope of carbon. Among other exceptional properties, diamond has extreme hardness,
high thermal conductivity, low frictional coefficient, chemical inertness, a wide electronic bandgap, and is
the strongest and stiffest material presently known at ordinary pressures. Diamondoid materials also may
include any stiff covalent solid that is similar to diamond in strength, chemical inertness, or other important
material properties, and that possesses a dense three-dimensional network of bonds. Examples of such
materials are carbon nanotubes and fullerenes, several strong covalent ceramics such as silicon carbide,
silicon nitride, and boron nitride, and a few very stiff ionic ceramics such as sapphire (monocrystalline
aluminum oxide) that can be covalently bonded to purely covalent structures such as diamond. Of course,
large crystals of pure diamond are brittle and easily fractured. The intricate molecular structure of a
diamondoid nanofactory macroscale product will more closely resemble a complex composite material, not
a brittle solid crystal. Such atomically precise products, and the nanofactories that build them, should be
extremely durable in normal use.
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Figure 10. Three frames at the top show the DCB6Ge tooltip depositing two carbon atoms on a
diamond surface. The tooltip is attached to a much larger tool handle structure (not shown)
which is attached, in turn, to the macroscale tip of a laboratory-scale scanning probe microscope
(e.g., see schematic, lower left, and image, lower right, of a UHV scanning probe microscope).

Mechanosynthesis has been extensively discussed in the theoretical literature since 1992, 775 was
first demonstrated experimentally in 2003 776 and repeatedly in later years, 777 and the first U.S.
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patent on mechanosynthesis was issued to Freitas in 2010. 778 Mechanosynthesis has not yet
achieved widespread mainstream acceptance because historically it has proven experimentally
challenging to accomplish, but it can be rapidly improved using cryogenic UHV scanning probe
technology of the kind illustrated in Figure 10.
A scanning probe-based
system would enable the
fabrication of more precise,
more easily rechargeable,
and generally much
improved
mechanosynthetic tools.
These more capable tools
may include more stable
handles of standardized
dimensions, such as the
rechargeable DCB6Ge dimer placement tool with the more reliable crossbar design (above,
left), 779 or tools with more complex handles incorporating moving components (above, right).
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Later systems will incorporate more complex components such as the all-hydrocarbon diamond
logic rod (below, left) for use in mechanical nanocomputers, the hydrocarbon bearing (below,
center), the diamond universal joint (below, right), and related mechanical devices. The end
result of this iterative development process will be a mature set of efficient, positionally
controlled mechanosynthetic tools that can reliably build molecularly precise diamondoid
structures – including more mechanosynthetic tools.

Once mechanosynthetic tooltips are developed for a few additional element types, a still wider
variety of nanomachines can be fabricated incorporating atoms other than hydrogen, carbon and
germanium (e.g., silicon, oxygen, nitrogen, and sulfur). Examples of these more varied
diamondoid nanomachines include the speed reduction gear (below, left), in which the train of
gears reduces the speed from the high-speed one on the left to the half-speed one on the right, and
the differential gear (below, center) that smoothly converts mechanical rotation in one direction
into mechanical rotation in the opposite direction. The largest publically reported molecular
machine model that has been simulated using molecular dynamics is the worm drive assembly
(below, pair at right), consisting of 11 separate components and over 25,000 atoms. The two
tubular worm gears progress in opposite directions, converting rotary into linear motion.
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Using computer-automated tooltips performing positionally-controlled mechanosynthesis in
lengthy programmed sequences of reaction steps, we will be able to fabricate simple diamondoid
nanomechanical parts such as bearings, gears, struts, springs, logic rods and casings, to atomic
precision. Early tools will rapidly progress from single tools manipulated by laboratory scanningprobe-like mechanisms, to more complex multitip tools and jigs which the simple tools could
initially fabricate, one at a time. In a factory production line (below), individual
mechanosynthetic tooltips can be affixed to rigid
moving support structures and guided through repeated
contact events with workpieces, recharging stations, and
other similarly-affixed opposable tooltips. These
“molecular mills” can then perform repetitive
fabrication steps using simple, efficient mechanisms in
the manner of a production line. Such production lines
can, in principle, be operated at very high speeds – with
positionally constrained mechanosynthetic encounters
possibly occurring at up to megahertz frequencies. 780
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4.1.3 Nanofactories: Manufacturing Medical Nanorobots
The goal of molecular nanotechnology is to develop a manufacturing technology able to
inexpensively manufacture most arrangements of atoms that can be specified in molecular detail
– including complex arrangements involving millions or billions of atoms per product object.
This will provide the ultimate manufacturing technology in terms of precision, flexibility, and
low cost. To be practical, atomically precise manufacturing must also be able to assemble very
large numbers of atomically identical product structures very quickly. Two central technical
objectives thus form the core of our current strategy for atomically precise manufacturing: (1)
programmable positional assembly including fabrication of diamondoid structures using
molecular feedstock, as discussed above, and (2) massive parallelization of all fabrication and
assembly processes, as briefly discussed below.
Conceptually, nanofactory systems capable of massively parallel fabrication781
might employ, at the lowest level, large arrays of mechanosynthesis-enabled
scanning probe tips all building similar diamondoid product structures in unison,
superficially similar to the highly-uniform, well-aligned ultrasharp silicon
nanotips (image, left) fabricated at a surface density of ~109 tips/cm2 in 2012. 782
Analogous approaches are found in present-day larger-scale systems. For example, simple
mechanical ciliary arrays consisting of 10,000 independent microactuators on a 1 cm2 chip have
been made at the Cornell National Nanofabrication Laboratory for microscale parts transport
applications, and similarly at IBM for mechanical data storage applications. 783 Active probe
arrays of 10,000 independently-actuated microscope tips have been developed by Mirkin’s group
at Northwestern University for dip-pen nanolithography (DPN) using DNA-based “ink”. 784
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Almost any desired 2D shape can be drawn with DPN using 10 tips in concert. A million-tip
DPN array has been fabricated by the Micro Nano Technology Research Group at the University
of Illinois, 785 and another microcantilever array manufactured by Protiveris Corp. has millions of
interdigitated cantilevers on a single chip. 786 Alternatively, Martel’s group at École
Polytechnique Montreal has investigated using fleets of independently mobile wireless
instrumented microrobot manipulators called NanoWalkers to collectively form a nanofactory
system that might be used for positional manufacturing operations. 787 A decade ago, Zyvex Corp.
(http://www.zyvexlabs.com) received a $25 million, five-year, National Institute of Standards and
Technology (NIST) contract to develop prototype microscale assemblers using
microelectromechanical systems. 788
At the end of a carefully focused development program, analogous work will lead to the design
and fabrication of numerous production lines comprising a nanofactory, both for diamondoid
mechanosynthesis and for component assembly operations. Ultimately, atomically precise
macroscale products – including components of additional nanofactories – could be manufactured
in desktop-size nanofactories efficiently designed for this purpose. The nanofactory system will
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include a progression of fabrication and assembly lines at several different physical scales, as
conceptually illustrated in Figure 12, below.
In one conceivable design, at the smallest scale molecular mills could manipulate individual
molecules to fabricate successively larger submicron-scale building blocks. These would be
passed to larger block assemblers that assemble still larger microblocks, which would themselves
be passed to even larger product assemblers that put together the final product. The microblocks
could be placed in a specific pattern and sequence following construction blueprints created using
modern “Design for Assembly” and “Design for Manufacturability” (DFM) philosophies. As
plane after plane is completed, the product slowly extrudes outward through the surface of the
nanofactory output platform.

Figure 12. Assembly of nanoparts into larger components and product structures using
mechanical manipulators at various size scales (e.g., perhaps 0.01 µm, 0.1 µm, 1 µm, and 10 µm
in the four images below) on interconnected production lines inside a diamondoid nanofactory. 789
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Of course, these images represent idealized conceptualizations of just one possible nanofactory
architecture. Many other architectural approaches are readily conceived. 790
As shown in the conceptual image of the desktop nanofactory below (Figure 13), the finished
product in this example is a billion-CPU laptop supercomputer, 791 built to molecular precision all
the way down to its constituent atoms. The laptop supercomputer product is emerging from the
output port at the top of the nanofactory at the end of a production cycle.
Figure 13. Conceptual vision of a desktop nanofactory appliance. 792

Rather than a laptop supercomputer, the
nanofactory can be used to build medical
nanorobots of modular design. The nanofactory
for nanorobots would likely be a specialized type
of limited-use nanofactory optimized for the
fabrication and assembly of a small number of
nanorobot modules that could be snapped
together to make entire nanorobots at the targeted
1 kg/day initial production rate. The medical
nanorobot factory might look something like the
machine pictured in Figure 13, except that a
sterile container of medical nanorobots might be
emerging from the output platform at the top of
the device instead of a folded laptop supercomputer.
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The end result of a dedicated nanofactory development program would be the creation of
extremely clean, efficient, and inexpensive atomically precise manufacturing systems capable of
producing macroscale quantities of atomically precise products. Nanofactories will make
possible the manufacture of covalently-bonded products (e.g. nanomachines, including medical
nanorobots) having the intricate complexity and reliability of biological systems combined with
the greater speed, strength, power, and predictability of engineered mechanical systems.
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4.2 Medical Nanorobots: Background
The early genesis of the concept of medical nanorobots, manufactured in nanofactories, sprang
from the visionary idea that tiny nanomachines could be designed, manufactured, and introduced
into the human body to perform cellular repairs at the molecular level. Although the medical
application of nanotechnology was later championed in the popular writings of Drexler 793 in the
1980s and 1990s and in the technical writings of Freitas 794 in the 1990s and 2000s, the first
scientist to voice the possibility was the late Nobel physicist Richard P. Feynman, who worked on
the Manhattan Project at Los Alamos during World War II and later taught at Caltech for most of
his professorial career.
In his prescient 1959 talk “There’s Plenty of Room at the Bottom,” Feynman proposed employing
machine tools to make smaller machine tools, these to be used in turn to make still smaller
machine tools, and so on all the way down to the atomic level. 795 He prophetically concluded that
this is “a development which I think cannot be avoided.” After discussing his ideas with a
colleague, Feynman offered the first known proposal for a medical nanorobotic procedure of any
kind – in this instance, to cure heart disease: “A friend of mine (Albert R. Hibbs) suggests a very
interesting possibility for relatively small machines. He says that, although it is a very wild idea,
it would be interesting in surgery if you could swallow the surgeon. You put the mechanical
surgeon inside the blood vessel and it goes into the heart and looks around. (Of course the
information has to be fed out.) It finds out which valve is the faulty one and takes a little knife
and slices it out. Other small machines might be permanently incorporated in the body to assist
some inadequately functioning organ.” Later in his historic 1959 lecture, Feynman urges us to
consider the possibility, in connection with microscopic biological cells, “that we can
manufacture an object that maneuvers at that level!” The field had progressed far enough by
2007, half a century after Feynman’s speculations, to allow Martin Moskovits, Professor of
Chemistry and Dean of Physical Science at UC Santa Barbara, to write 796 that “the notion of an
ultra-small robot that can, for example, navigate the bloodstream performing microsurgery or
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activating neurons so as to restore muscular activity, is not an unreasonable goal, and one that
may be realized in the near future.”
Many questions arise when one first encounters the idea of micron-scale nanorobots, constructed
of nanoscale components and operating inside the human body. At the most fundamental level,
technical questions about the influence of quantum effects on molecular structures, friction and
wear among nanomechanical components, radiation damage, other failure mechanisms, the
influence of thermal noise on reliability, and the effects of Brownian bombardment on
nanomachines have all been extensively discussed and resolved in the literature. 797 Selfassembled molecular motors consisting of just 50-100 atoms have been demonstrated
experimentally since in the late 1990s. 798 Published discussions of technical issues of specific
relevance to medical nanorobots include proposed methods for recognizing, sorting and pumping
individual molecules, 799 theoretical designs for mechanical nanorobot sensors, 800 flexible hull
surfaces, 801 power sources, 802 communications systems, 803 navigation systems, 804 manipulator
mechanisms, 805 mobility mechanisms for travel through bloodstream, tissues and cells, 806
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penetration of the blood-brain barrier (BBB) (see Section 4.3.1), 807 onboard clocks, 808 and
nanocomputers, 809 along with the full panoply of nanorobot biocompatibility issues 810 (see
Section 4.2.4).
The idea of placing semi-autonomous self-powered nanorobots inside of us might seem a bit odd,
but the human body already teems with similar natural nanodevices. More than 40 trillion singlecelled microbes swim through our colon, outnumbering our tissue cells almost ten to one. 811
Many bacteria move by whipping around a tiny tail, or flagellum, that is driven by a 30nanometer biological ionic nanomotor powered by pH differences between the inside and the
outside of the bacterial cell. Our bodies also maintain a population of more than a trillion motile
biological nanodevices called fibroblasts and white cells such as neutrophils and lymphocytes,
each measuring ~10 microns in size. 812 These beneficial natural nanorobots are constantly
crawling around inside us, repairing damaged tissues, attacking invading microbes, and gathering
up foreign particles and transporting them to various organs for disposal from the body. 813
The greatest power of nanomedicine will begin to emerge as we learn to design and construct
complete artificial nanorobots using nanometer-scale parts and subsystems such as diamondoid
bearings and gears, nanomotors and molecular pumps, nanomanipulators, nanosensors,
nanobatteries, and nanocomputers.
In the subsections below, we briefly describe three major classes of medical nanorobots –
respirocytes (Section 4.2.1), microbivores (Section 4.2.2), and chromallocytes (Section 4.2.3) –
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then review major issues in nanorobot biocompatibility (Section 4.2.4) and enumerate some of
the major advantages of nanorobots over other medical approaches and instrumentalities (Section
4.2.5). We close with a description of cell mills (Section 4.2.6) – a nanorobotically-enabled
specialized nanofactory that can quickly and efficiently manufacture living biological cells as
microscopic “replacement parts” for use in various medical therapeutic procedures.
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4.2.1 Respirocyte-Class Nanorobots
The first theoretical design study of a medical nanorobot ever published in a peer-reviewed
medical journal (by Freitas in 1998) 814 described an artificial mechanical red blood cell or
“respirocyte” to be made of 18 billion precisely arranged atoms. The device was to be a
bloodborne spherical 1-micron diamondoid 1000-atmosphere pressure vessel 815 with active
pumping 816 powered by the oxidation of endogenous serum glucose, 817 able to deliver 236 times
more oxygen to the tissues per unit volume than
natural red cells and to manage acidity caused by
carbonic acid formation, all controlled by gas
concentration sensors 818 and an onboard
nanocomputer. 819 The basic operation of
respirocytes (image, left; artwork by Forrest
Bishop) is straightforward. These nanorobots would
mimic the action of the natural hemoglobin(Hb)filled red blood cells, while operating at 1000 atm
vs. only 0.1-0.5 atm equivalent for natural Hb. In
the tissues, oxygen will be pumped out of the device
by the molecular sorting rotors (Appendix C) on
one side. Carbon dioxide will be pumped into the
device by molecular sorting rotors on the other side, one molecule at a time. Half a minute later,
when the respirocyte reaches the patient’s lungs in the normal course of the circulation of the
blood, these same rotors reverse their direction of rotation, recharging the device with fresh
oxygen and dumping the stored CO 2 , which diffuses into the lungs and can then be exhaled by
the patient. Each rotor requires very little power, only ~0.03 pW to pump ~106 molecules/sec in
continuous operation.
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In the exemplar
respirocyte design, 820
onboard pressure tanks
can hold up to 3 billion
oxygen (O 2 ) and carbon
dioxide (CO 2 ) molecules.
Molecular sorting
rotors 821 are arranged on
the surface to load and
unload gases from the
pressurized tanks. Tens
of thousands of these
individual pumps cover a large fraction of the hull
surface of the respirocyte. Molecules of oxygen or
carbon dioxide may drift into their respective binding
sites on the exterior rotor surface and be carried into the
respirocyte interior as the rotor turns in its casing. The
sorting rotor array is organized into 12 identical
pumping stations (image, above right) laid out around
the equator of the respirocyte (cutaway image, below
right), with oxygen rotors on the left, carbon dioxide
rotors on the right, and water rotors in the middle of
each station. Temperature 822 and concentration 823
sensors tell the devices when to release or pick up gases.
Each pumping station will have special pressure
sensors 824 to receive ultrasonic acoustic messages 825 so
the physician can (a) tell the devices to turn on or off, or
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(b) change the operating parameters of the devices, while the nanorobots are inside a patient. The
onboard nanocomputer enables complex device behaviors also remotely reprogrammable by the
physician via externally applied ultrasound acoustic signals. Internal power will be transmitted
mechanically or hydraulically using an appropriate working fluid, and can be distributed as
required using rods and gear trains 826 or using pipes and mechanically operated valves, controlled
by the nanocomputer. There is also a large internal void surrounding the nanocomputer which
can be a vacuum, or can be filled with (or emptied of) water. This will allow the device to control
its buoyancy very precisely and provides a crude but simple method for removing respirocytes
from the body using a blood centrifuge, a future procedure now termed “nanapheresis”. 827
A 5 cc therapeutic dose of 50% respirocyte
saline suspension containing 5 trillion
nanorobots would exactly replace the gas
carrying capacity of the patient’s entire 5.4
liters of blood. If up to 1 liter of respirocyte
suspension could safely be added to the human
bloodstream, 828 this would keep a patient’s
tissues safely oxygenated for up to 4 hours even
if a heart attack caused the heart to stop beating,
or if there was a complete absence of
respiration or no external availability of
oxygen. Primary medical applications of
respirocytes might include emergency revival
of victims of carbon monoxide suffocation at the scene of a fire, rescue of drowning victims, and
transfusable pre-oxygenated blood substitution. Respirocytes (image, left; artwork by Forrest
Bishop) could serve as “instant blood” at an accident scene with no need for blood typing, and,
thanks to the dramatically higher gas-transport efficiency of respirocytes over natural red cells, a
mere 1 cm3 infusion of the devices would provide the oxygen-carrying ability of a full liter of
ordinary blood.
Larger doses of respirocytes could also: (1) be used as a temporary treatment for anemia and
various lung and perinatal/neonatal disorders, (2) enhance tumor therapies and diagnostics and
improve outcomes for cardiovascular, neurovascular, or other surgical procedures, (3) help
prevent asphyxia and permit artificial breathing (e.g., underwater, high altitude, etc.), and (4)
have many additional applications in sports, veterinary medicine, military science, and space
exploration.
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4.2.2 Microbivore-Class Nanorobots
Perhaps the most widely recognized form of disease is an attack on the human body by invading
viruses, bacteria, protozoa, or other microscopic parasites. One general class of medical
nanorobot can serve as the first-line nanomedical treatment for pathogen-related disease. Called a
“microbivore”, this artificial nanorobotic white cell substitute, made
of diamond and sapphire, would seek out and harmlessly digest
unwanted bloodborne pathogens. 829 One main task of natural white
cells is to phagocytose and kill microbial invaders in the bloodstream.
Microbivore nanorobots would also perform the equivalent of
phagocytosis and microbial killing, but would operate much faster,
more reliably, and under human control.
The baseline microbivore (image, left; hull
design, above; all microbivore artwork by
Forrest Bishop) is designed as an oblate
spheroidal nanomedical device measuring 3.4
microns in diameter along its major axis and
2.0 microns in diameter along its minor axis,
consisting of 610 billion precisely arranged
structural atoms in a gross geometric volume of
12.1 micron3 and a dry mass of 12.2
picograms. This size helps to ensure that the
nanorobot can safely pass through even the
narrowest of human capillaries and other tight
spots in the spleen (e.g., the interendothelial splenofenestral slits) 830 and elsewhere in the human
body. 831 The microbivore has a mouth with an irising door, called the ingestion port, where
microbes are fed in to be digested. This port is large enough to internalize a single microbe from
virtually any major bacteremic species in a single gulp. The microbivore also has a rear end, or
exhaust port, where the completely digested remains of the pathogen are harmlessly expelled
from the device. The rear door opens between the main body of the microbivore and a tail-cone
structure. According to the scaling study by Freitas, 832 the device may consume up to 200 pW of
continuous power (using bloodstream glucose and oxygen for energy) while completely digesting
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trapped microbes at a maximum throughput of 2 micron3 of organic material per 30-second cycle.
This “digest and discharge” protocol 833 is conceptually similar to the internalization and digestion
process practiced by natural phagocytes, except that the artificial process should be a hundredfold faster and also cleaner. For example, it is well-known that macrophages release biologically
active compounds during bacteriophagy, 834 whereas well-designed microbivores need only
release biologically inactive effluent.
The first task for the bloodborne microbivore is
to reliably acquire a pathogen to be digested. If
the correct bacterium bumps into the nanorobot
surface, reversible species-specific binding sites
on the microbivore hull can recognize and
weakly bind to the bacterium. A set of 9 distinct
antigenic markers should be specific enough, 835
since all 9 must register a positive binding event
to confirm that a targeted microbe has been
caught. There are 20,000 copies of these 9marker receptor sets, distributed in 275 diskshaped regions across the microbivore surface
(image, right). Inside each receptor ring are
more rotors to absorb ambient glucose and oxygen from the bloodstream to provide nanorobot
power.
At the center of each 150-nm diameter receptor disk is a grapple
silo (image, left). Once a bacterium has been captured by the
reversible receptors, telescoping robotic grapples 836 rise up out of
the microbivore surface and attach to the trapped bacterium,
establishing secure anchorage to the microbe’s cell wall, capsid,
or plasma membrane. The microbivore grapple arms are about
100 nanometers long and have
various rotating and telescoping
joints that allow them to change their
position, angle, and length. After rising out of its silo, a grapple arm
could execute complex twisting motions (image, right), and adjacent
grapple arms can physically reach each other, allowing them to hand
off bound objects as small as a virus particle. Grapple handoff
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motions could transport a large rod-shaped bacterium from its original capture site forward to the
ingestion port at the front of the device. The captive organism would be rotated into the proper
orientation as it approaches the open microbivore mouth. There the pathogen is internalized into
a 2 micron3 morcellation chamber under continuous control of mouth grapples and an internal
mooring mechanism.
There are two concentric cylinders inside the microbivore. The bacterium will be minced into
nanoscale pieces in the morcellation chamber (the smaller inner cylinder), 837 then the remains are
pistoned into a separate 2 micron3 digestion chamber (the larger outer cylinder). In a
preprogrammed sequence, ~40 different engineered digestive enzymes will be successively
injected and extracted six times during a single digestion cycle, progressively reducing the
morcellate to monoresidue amino acids, mononucleotides, glycerol, free fatty acids and simple
sugars, using an appropriate array of molecular sorting rotors. These basic molecules are then
harmlessly discharged back into the bloodstream through the exhaust port at the rear of the
device, completing the 30-second digestion cycle (images, below; artwork by Forrest Bishop).
When treatment is finished, the doctor may transmit an ultrasound signal to tell the circulating
microbivores that their work is done. The nanorobots may then exit the body through the kidneys
and be excreted with the urine in due course.

A human neutrophil, the most common type of leukocyte or white cell, can capture and engulf a
microbe in a minute or less (images, below), but complete digestion and excretion of the
organism’s remains can take an hour or longer. Our natural white cells – even when aided by
antibiotics – can sometimes take weeks or months to completely clear bacteria from the
bloodstream. By comparison, a single terabot (1012-nanorobot) dose of microbivores should be
able to fully eliminate bloodborne pathogens in just minutes, or hours in the case of locally dense
infections. This is accomplished without
increasing the risk of sepsis or septic
shock because all bacterial components
(including all cell-wall
lipopolysaccharide) will be internalized
and fully digested into harmless nonantigenic molecules prior to discharge
from the microbivore device.
And no matter that a bacterium has acquired multiple drug resistance to antibiotics or to any other
traditional treatment – the microbivore will eat it anyway. Microbivores would be up to ~1000
times faster-acting than antibiotic-based cures which often need weeks or months to work. The
nanorobots would digest ~100 times more microbial material than an equal volume of natural
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white cells could digest in any given time period, and would have far greater maximum lifetime
capacity for phagocytosis than natural white blood cells.

4.2.3 Chromallocyte-Class Nanorobots
The chromallocyte 838 is a hypothetical mobile cell-repair nanorobot whose primary purpose is to
perform chromosome replacement therapy (CRT). In CRT, the entire chromatin content of the
nucleus in a living cell is extracted and promptly replaced with a new set of prefabricated
chromosomes that have been artificially manufactured as defect-free copies of the originals.
The chromallocyte (images, left; artwork
by Stimulacra) will be capable of limited
vascular surface travel into the capillary
bed of the targeted tissue or organ,
followed by diapedesis (exiting a blood
vessel into the tissues), 839 histonatation
(locomotion through tissues), 840
cytopenetration (entry into the cell
interior; see images, below, by E-spaces), 841 and complete chromatin replacement in the nucleus
of the target cell. The CRT mission ends with a return to the vasculature and subsequent
extraction of the nanodevices from the body at the original infusion site.
This ~3 hour chromosome replacement
process is expected to involve a 26-step
sequence of distinct semi-autonomous sensordriven activities which are described at length
in a comprehensive published technical paper
on the subject by Freitas 842 and in summary
below, including: (1) injection, (2)
extravasation, (3) ECM immigration, (4)
cytopenetration (image, right), (5) inhibition of
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mechanotransduction (to avoid nanorobot mechanical actions triggering unwanted cell
responses), (6) nuclear localization, (7) nucleopenetration, (8) blockade of apoptosis (to prevent
misinterpretation of CRT processes as damage demanding cell suicide), (9) arrest of DNA repair
(to prevent misinterpretation of CRT processes as damage demanding repair), (10) blockade of
inflammatory signals, (11) deactivation of transcription, (12) detachment of chromatin from inner
nuclear wall lamins (cortex proteins), (13)
extension of the “Proboscis” into the cell
nucleus (image, left), (14) rotation of the
Proboscis, (15) deployment of the chromosomal
collection funnel, (16) digestion of stray
chromatin, (17) dispensation of new chromatin,
(18) decondensation of the new chromatin, (19)
re-anchoring of the dispensed chromatin to
inner nuclear wall lamins, (20) reactivation of
transcription, (21) reactivation of DNA repair
and other DNA-related maintenance and usage
processes, (22) nuclear emigration, (23) cellular emigration, (24) ECM emigration, (25) return to
original point of entry into the body, and (26) removal from the body. Treatment of an entire
large human organ such as a liver, involving simultaneous CRT on all 250 billion hepatic tissue
cells, might require the localized infusion of a ~1 terabot (1012 devices) or ~69 cm3
chromallocyte dose in a 1-liter (7% v/v nanorobots) saline suspension during a ~7 hour course of
therapy. This nanodevice population draws 100-200 watts which lies within estimated nanorobot
thermogenic limits consistent with maintenance of constant human body temperature. 843
Replacement chromosome sets would be manufactured 844 in a
desktop ex vivo chromosome sequencing and manufacturing
facility (image, right), 845 then loaded into the nanorobots for
delivery to specific targeted cells during CRT. The new DNA
is manufactured to incorporate proper methylation for the
target cell type and other post-translational modifications
constituting the “histone code” used by the cell to encode
various chromatin conformations and gene expression
states. 846
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A single fully-loaded lozenge-shaped 69 micron3 chromallocyte can measure 4.18 microns and
3.28 microns along cross-sectional diameters and 5.05 microns in length, typically consuming 50200 pW of power in normal operation and a maximum of 1000 pW in bursts during
outmessaging, the most energy-intensive task. Onboard power can be provided acoustically from
the outside in an operating-table scenario (image, left) in which
the patient is well-coupled to a medically-safe 1000 W/m2 0.5
MHz ultrasound transverse-plane-wave transmitter throughout
the procedure. The American Institute of Ultrasound in Medicine
(AIUM) deems 10,000-sec exposures to 1000 W/m2 ultrasound to
be safe. 847
The chromallocyte design includes an extensible primary
manipulator 4 microns long and 0.55 microns in diameter called the Proboscis that is used to
spool up chromatin strands via slow rotation when inserted into the cell nucleus (image sequence,
below; images by E-spaces). After spooling (images A & B), a segmented funnel assembly is
extended around the spooled bolus of DNA, fully enclosing and sequestering the old genetic
material (image C). The new genetic material can then be discharged into the nucleus through the
center of the Proboscis by pistoning from internal storage vaults (image D), while the old
chromatin that is sequestered inside the sealed leakproof funnel assembly is forced into the
storage vaults as space is vacated by the new chromatin that is simultaneously being pumped out.
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The chromallocyte can employ a mobility system similar to the microbivore grapple system,
possibly including a solvation wave drive 848 to help ensure smooth its passage through cell
plasma membrane and nuclear membrane.
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4.2.4 Medical Nanorobot Biocompatibility
The safety, effectiveness, and utility of medical nanorobotic devices will critically depend upon
their biocompatibility with human organs, tissues, cells, and biochemical systems. An entire
technical book published by Freitas in 2003 849 describes the many biocompatibility issues
surrounding the use of diamond-based nanorobots inside the human body, and broadens the
definition of nanomedical biocompatibility to include all of the mechanical, physiological,
immunological, cytological, and biochemical responses of the human body to the introduction of
artificial medical nanodevices (Table 1).

Table 1. Issues in nanorobot biocompatibility
Classical Nanorobot Biocompatibility Issues
● Adhesive Interactions with Nanorobot Surfaces
● Nanorobot Immunoreactivity
● Complement Activation
● Immunosuppression, Tolerization, and
Camouflage
● Immune Privilege and Immune Evasion
● General and Nonspecific Inflammation
● Coagulation and Thrombogenicity
● Allergic and Other Sensitivity Reactions
● Sternutogenesis, Nauseogenesis and
Emetogenesis
● Nanoid Shock
● Nanopyrexia
● Nanorobot Mutagenicity and Carcinogenicity
● Protein Adsorption on Diamondoid Surfaces
● Cell Response to Diamondoid Surfaces
● Chemical Stability and Corrosion Degradation
Effects
● Nanorobot Hemolysis, Thrombocytolysis, and
Leukocytolysis

849

New Nanorobot Biocompatibility Issues
● Geometrical Trapping of Bloodborne Medical
Nanorobots
● Phagocytosis of Bloodborne Microparticles
● Particle Clearance from Tissues or Lymphatics
● Phagocyte Avoidance and Escape
● Nanorobotic Thermocompatibility and
Electrocompatibility
● Biofouling of Medical Nanorobots
● Biocompatibility of Nanorobot Effluents and
Leachates
● Biocompatibility of Nanorobot Fragments in vivo
● Nanorobot Mechanocompatibility
● Mechanical Peristaltogenesis and
Mucosacompatibility
● Nanorobotic Mechanical Vasculopathies
● Mechanocompatibility with Extracellular Matrix
and Tissue Cells
● Mechanocompatibility with Nontissue Cells
● Cytomembrane and Intracellular
Mechanocompatibility
● Disruption of Molecular Motors and Vesicular
Transport
● Mechanical Disruption of Intracellular
Microzones
● Mechanically-Induced Proteolysis, Apoptosis, or
Prionosis

Freitas RA Jr. Nanomedicine Vol. IIA: Biocompatibility. Landes Bioscience, Georgetown, TX, 2003;
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A large part of the 2003 work is an examination of the classical biocompatibility challenges
including issues such as immune system reactions, complement activation, inflammation,
thrombogenesis, and carcinogenesis that might be caused by medical nanorobots. This study of
classical challenges suggested a number of new biocompatibility issues that must also be
addressed in medical nanorobotics including, most importantly, the areas of
mechanocompatibility, particle biodynamics and distribution, and phagocyte avoidance protocols.
We will touch upon a few of these items only briefly here. Readers interested in biocompatibility
issues that are not covered below can find a more comprehensive list of topics and associated
discussions in the book Nanomedicine, Vol. IIA. 850
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4.2.4.1 Immune System Reactions
Whether the human immune system can recognize medical nanorobots may depend largely upon
the composition of the nanorobot exterior surfaces. Pure diamond is generally considered nonimmunogenic – e.g., chemical vapor deposition (CVD) diamond coatings for artificial joints are
considered to have “low immunoreactivity”, and as of 2016 there were no reports in the literature
of antibodies having been raised to pure crystalline diamond, though related searches continue. 851
But concerted experimental searches for antibodies to diamondoid materials have yet to be
undertaken, and experimental failures rarely find their way into the literature.
It is conceivable that different antibodies may recognize distinct faces of a crystal (possibly
including diamond or sapphire crystal faces exposed at the surfaces of medical nanorobots) in an
interaction similar to that of antibodies for repetitive epitopes present on protein surfaces. For
instance, one monoclonal antibody (mAb) to 1,4-dinitrobenzene crystals was shown to
specifically interact with the molecularly flat, aromatic, and polar (101) face of these crystals, but
not with other faces of the same crystal. 852
Another concern is that antibodies may be raised against binding sites that are positioned on the
nanorobot exterior, e.g., sorting rotor pockets 853 which may be similar to traditional bioreceptors,
and that these antibodies could then act as antagonists 854 for such sites, since mAbs specific to
biological binding sites are well known.
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If antibodies to nanorobot exteriors are found to exist in the natural human antibody specificity
repertoire, then to avoid immune recognition many techniques of immune evasion 855 may be
borrowed from biology, for example:
(1) Camouflage. Coat the nanorobot with a layer of “self” proteins and carbohydrate
moieties resembling fibroblast, platelet, or even RBC (red blood cell) plasma membrane.
(2) Chemical Inhibition. Nanorobots may slowly secrete chemical substances into the
perirobotic environment to make it difficult for Ig molecules to adhere to an otherwise
immunogenic nanorobot surface.
(3) Decoys. Release a cloud of soluble nanorobot-epitope antigens in the vicinity of the
nanorobot (though this method has limited utility because sending out decoys may only expand
the number of attacking elements to overwhelm the decoys).
(4) Active Neutralization. Equip the nanorobot with molecular sorting rotors designed
with binding sites similar or identical to the nanorobot epitopes that raised the target antibodies.
(5) Tolerization. Using only traditional methods, nanorobots introduced into a newborn
may train the neonatal immune system to regard these foreign materials as “native,” thus
eliminating nanorobot-active antibodies via natural clonal deletion. And it now appears possible
to tolerize an adult to any antigen by regenerating the adult’s thymus (the source of the newborn
effect) and placing the antigen into the thymus where self-reactive clones are then deleted or
anergized. 856
(6) Clonal Deletion. Once the paratopes of antibodies that bind nanorobots are known,
immunotoxin molecules can be engineered that display those paratopes, and upon injection into
the patient, these targeted immunotoxins would bind to all T cell receptors that display this
paratope, killing the nanorobot-sensitive T cells.
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4.2.4.2 Inflammation
Could medical nanorobots trigger general inflammation in the human body? One early
experiment 857 to determine the inflammatory effects of various implant substances emplaced
subdermally into rat paws found that an injection of 2-10 mg/cm3 (10- to 20-micron particles at
105-106 particles/cm3) of natural diamond powder suspension caused a slight increase in volume
of the treated paw relative to the control paw. However, the edematous effect subsided after 3060 minutes at both concentrations of injected diamond powder that were tried, so this swelling
could have been wholly caused by mechanical trauma of the injection and not the diamond
powder. Another experiment 858 at the same laboratory found that intraarticulate injection of
diamond powder was not phlogistic (i.e., no erythematous or edematous changes) in rabbit bone
joints and produced no inflammation. Diamond particles are traditionally regarded as
biologically inert and noninflammatory for neutrophils 859 and are typically used as experimental
null controls. 860
Since the general inflammatory reaction is chemically mediated, it should also be possible to
employ nanorobot surface-deployed molecular sorting rotors to selectively absorb kinins or other
soluble inflammation activation factors such as HMGB1 (High Mobility Group Box Protein 1),861
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thus short-circuiting the inflammatory process. Active semaphores 862 consisting of bound
proteases such as gelatinase A could be deployed at the nanorobot surface to cleave and degrade
monocyte chemoattractant molecules 863 or other chemokines, suppressing the cellular
inflammatory response.
Conversely, key inflammatory inhibitors could be locally released by nanorobots. For instance,
Hageman factor contact activation inhibitors such as the 22.5-kD endothelial cell-secreted protein
HMG-I, 864 surface-immobilized unfractionated heparin, 865 and C1 inhibitor 866 would probably
require lower release dosages than for aspirin or steroids, and therapeutic blockade of factor XII
activation has been demonstrated.867 As yet another example, platelet activating factor (PAF) is a
cytokine mediator of immediate hypersensitivity which produces inflammation. PAF is produced
by many different kinds of stimulated cells such as basophils, endothelial cells, macrophages,
monocytes, and neutrophils. It is 100-10,000 times more vasoactive than histamine and
aggregates platelets at concentrations as low as 0.01 pmol/cm3. 868 Various PAF antagonists and
inhibitors are known. 869 These or related inhibitory molecules, if released or surface-displayed by
medical nanorobots, may be useful in circumventing a general inflammatory response.
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4.2.4.3 Phagocytosis
Invading microbes that readily attract phagocytes and are easily ingested and killed are generally
unsuccessful as parasites. In contrast, most bacteria that are successful as parasites interfere to
some extent with the activities of phagocytes or find some way to avoid their attention. Bacterial
pathogens have devised numerous diverse strategies to avoid phagocytic engulfment and killing.
These strategies are mostly aimed at blocking one or more of the steps in phagocytosis, thereby
halting the process. 870
Similarly, phagocytic cells presented with any significant concentration of medical nanorobots
may attempt to internalize these nanorobots. Virtually every medical nanorobot placed inside the
human body will physically encounter phagocytic cells many times during its mission. Thus all
nanorobots that are of a size capable of ingestion by phagocytic cells must incorporate physical
mechanisms and operational protocols for avoiding and escaping from phagocytes. 871
Engulfment may require from many seconds to many minutes to go to completion, 872 depending
upon the size of the particle to be internalized, so medical nanorobots should have plenty of time
to detect, and to actively prevent, this process. Detection by a medical nanorobot that it is being
engulfed by a phagocyte may be accomplished using (1) hull-mounted chemotactic sensor pads
equipped with artificial binding sites that are specific to phagocyte coat molecules, (2) continuous
monitoring of the flow rates of nanorobot nutrient ingestion or waste ejection mechanisms (e.g.,
blocked glucose or O 2 import), (3) acoustic techniques, 873 (4) direct measurement of mechanical
forces on the hull, or (5) various other means.
The basic anti-phagocyte strategy is first to avoid phagocytic contact,874 recognition, 875 or binding
and activation, 876 and secondly, if this fails, to inhibit phagocytic engulfment 877 or enclosure and
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scission 878 of the phagosome. If trapped, the medical nanorobot can induce exocytosis of the
phagosomal vacuole in which it is lodged 879 or inhibit both phagolysosomal fusion 880 and
phagosome metabolism. 881 In rare circumstances, it may be necessary to kill the phagocyte 882 or
to blockade the entire phagocytic system. 883
Of course, the most direct approach for a fully-functional medical nanorobot is to employ its
motility mechanisms to locomote out of, or away from, the phagocytic cell that is attempting to
engulf it. This may involve reverse cytopenetration, 884 which must be done cautiously (e.g., the
rapid exit of non-enveloped viruses from cells can be cytotoxic 885). It is also possible that
frustrated phagocytosis may induce a localized compensatory granulomatous reaction. Medical
nanorobots therefore may need to employ simple but active defensive strategies to forestall
granuloma formation. 886
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4.2.5 Advantages of Medical Nanorobots
Although biotechnology makes possible a greatly increased range and efficacy of treatment
options compared to traditional approaches, with medical nanorobotics the range, efficacy,
comfort and speed of possible medical treatments further expands enormously. Medical
nanorobotics will be essential whenever the damage to the human body is extremely subtle,
highly selective (e.g., specific organ, tissue, or cell type), or time-critical (as in head traumas,
burns, or fast-spreading diseases), or when the damage is very massive, overwhelming the body’s
natural defenses and repair mechanisms – pathological conditions from which it is often difficult
or impossible to recover at all using current or easily foreseeable biotechnological techniques.
While it is true that many classes of medical problems may be at least partially resolved using
existing treatment alternatives, it is also true that as the chosen medical technology becomes more
precise, active, and controllable, the range of options broadens and the quality of the options
improves. Thus the question is not whether medical nanorobotics is absolutely required to
accomplish a given medical objective. In some cases, it is not – though of course there are some
things that only biotechnology and nanotechnology can do, and some other things that only
nanotechnology can do. Rather, the important question is which approach offers a superior
outcome for a given medical problem, using any reasonable metric of treatment efficacy. For
virtually every class of medical challenge, a mature medical nanorobotics offers a wider and more
effective range of treatment options than any other solution. A few of the most important
advantages of medical nanorobotics over present-day and anticipated future biotechnology-based
medical and surgical approaches include: 887
1. Speed of Treatment. Doctors may be surprised by the incredible quickness of
nanorobotic action when compared to methods relying on self-repair. We expect that mechanical
nanorobotic therapeutic systems can reach their targets up to ~1,000 times faster, all else equal,
and treatments which require ~105 sec (~days) for biological systems to complete may require
only ~102 sec (~minutes) using nanorobotic systems. 888
2. Control of Treatment. Present-day biotechnological entities are not very
programmable and cannot easily be switched on and off conditionally (while following complex
multidecision trees) during task execution. Even assuming that a digital biocomputer 889 could be
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installed in, for example, a fibroblast, and that appropriate effector mechanisms could be
attached, such a biorobotic system would necessarily have slower clock cycles, 890 less capacious
memory per unit volume, and longer data access times, implying less diversity of action, poorer
control, and less complex executable programs than would be available in diamondoid
nanocomputer-controlled nanorobotic systems. The mechanical or electronic nanocomputer
approach 891 emphasizes precise control of action, 892 including control of physical placement,
timing, strength, structure, and interactions with other (especially biological) entities.
3. Verification of Treatment. Nanorobotic-enabled endoscopic nanosurgery 893 will
include comprehensive sensory feedback enabling full VR telepresence permitting real-time
surgery into cellular and subcellular tissue volumes. Using a variety of communication
modalities, 894 nanorobots will be able to report back to the attending physician, with digital
precision and ~MHz bandwidth, 895 a summary of diagnostically- or therapeutically-relevant data
describing exactly what was found prior to treatment, what was done during treatment, and what
problems were encountered after treatment, in every cell or tissue that was visited and treated by
the nanorobot. A comparable biological-based approach relying primarily upon chemical
messaging must necessarily be slow with only limited signaling capacity and bandwidth.
4. Minimal Side Effects. Almost all drugs have significant side effects, such as
conventional cancer chemotherapy which typically causes hair loss and vomiting, although
computer-designed drugs can have higher specificity and fewer side effects than earlier drugs.
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Carefully tailored cancer vaccines under development starting in the late 1990s were expected
unavoidably to affect some healthy cells. Even well-targeted drugs are distributed to unintended
tissues and organs in low concentrations, 896 although some bacteria can target a few organs fairly
reliably without being able to distinguish individual cells. By contrast, mechanical nanorobots
may be targeted with virtually 100% accuracy to specific organs, tissues, or even individual
cellular addresses within the human body. 897 Such nanorobots should have few if any side
effects, and will remain safe even in large dosages because their actions can be digitally selfregulated using rigorous control protocols 898 that affirmatively prohibit device activation unless
all necessary preconditions have been met, and remain continuously satisfied. More than a
decade ago, Fahy 899 observed that these possibilities could transform “drugs” into “programmable
machines with a range of sensory, decision-making, and effector capabilities [that] might avoid
side effects and allergic reactions...attaining almost complete specificity of action....Designed
smart pharmaceuticals might activate themselves only when, where, and if needed.”
Additionally, nanorobots may be programmed to harmlessly remove themselves from the site of
action, or conveniently excrete themselves from the body, after a treatment is completed. By
contrast, spent biorobotic elements containing ingested foreign materials may have more limited
post-treatment mobility, thus lingering at the worksite causing inflammation when naturally
degraded in situ or removed. (It might be possible to design artificial eukaryotic biorobots having
an apoptotic pathway 900 that could be activated to permit clean and natural self-destruction, but
any indigestible foreign material that had been endocytosed by the biorobot could still cause
inflammation in surrounding tissues when released).
5. Faster and More Precise Diagnosis. The analytic function of medical diagnosis
requires rapid communication between the injected devices and the attending physician. If
limited to chemical messaging, biotechnology-based devices such as biorobots will require
minutes or hours to complete each diagnostic loop. Nanomachines, with their more diverse set of
input-output mechanisms, will be able to outmessage complete results (both aggregated and
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individual outliers) of in vivo reconnaissance or testing to the physician, literally in seconds.901
Such nanomachines could also run more complex tests of greater variety in far less time.
Nanomechanical nanoinstrumentation will make comprehensive rapid cell mapping and cell
interaction analysis possible. For example, new instances of novel bacterial resistance could be
assayed at the molecular level in real time, allowing new treatment agents to be quickly
composed using an FDA-approved formulary, then manufactured and immediately deployed on
the spot.
6. More Sensitive Response Threshold for High-Speed Action. Unlike natural
systems, an entire population of nanorobotic devices could be triggered globally by just a single
local detection of the target antigen or pathogen. The natural immune system takes >105 sec to
become fully engaged after exposure to a systemic pathogen or other antigen-presenting intruder.
A biotechnologically enhanced immune system that could employ the fastest natural unit
replication time (~103 sec for some bacteria) would thus require at least ~104 sec for full
deployment post-exposure. By contrast, an artificial nanorobotic immune system 902 could
probably be fully engaged (though not finished) in at most two blood circulation times, or ~102
sec.
7. More Reliable Operation. Individual engineered macrophages would almost
certainly operate less reliably than individual mechanical nanorobots. For example, many
pathogens, such as Listeria monocytogenes and Trypanosoma cruzi, are known to be able to
escape from phagocytic vacuoles into the cytoplasm. 903 While biotech drugs or cell manufactured
proteins could be developed to prevent this (e.g., cold therapy drugs are entry-point blockers),
nanorobotic trapping mechanisms could be more secure. 904 Proteins assembled by natural
ribosomes typically incorporate one error per ~104 amino acids placed; current gene and protein
synthesizing machines utilizing biotechnological processes have similar error rates. A molecular
nanotechnology approach should decrease these error rates by at least a millionfold. 905
Nanomechanical systems will also incorporate onboard sensors to determine if and when a
particular task needs to be done, or when a task has been completed. Finally, and perhaps most
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importantly, it is highly unlikely that natural microorganisms will be able to infiltrate rigid
watertight diamondoid nanorobots or to co-opt their functions. By contrast, a biotech-based
biorobot more readily could be diverted or defeated by microbes that would piggyback on its
metabolism, interfere with its normal workings, or even incorporate the device wholesale into
their own structures, causing the engineered biomachine to perform some new or different – and
possibly pathological – function that was not originally intended. There are many examples of
such co-option in natural biological systems, including the protozoan mixotrichs found in the
termite gut that have assimilated bacteria into their bodies for use as motive engines, 906 and the
nudibranch mollusks (marine snails without shells) that steal nematocysts (stinging cells) away
from coelenterates such as jellyfish (i.e. a Portuguese man-of-war) and incorporate the stingers as
defensive armaments in their own skins 907 – a process which Vogel 908 calls “stealing loaded guns
from the army.”
8. Nonbiodegradable Treatment Agents. Diagnostic and therapeutic agents
constructed of biomaterials generally are biodegradable in vivo, although there is a major branch
of pharmacology devoted to designing drugs that are moderately non-biodegradable – e.g., antisense DNA analogs with unusual backbone linkages and peptide nucleic acids (PNAs) are
difficult to break down. An engineered fibroblast may not stimulate an immune response when
transplanted into a foreign host, but its biomolecules are subject to chemical attack in vivo by free
radicals, acids, and enzymes. Even “mirror” biomolecules or “Doppelganger proteins” comprised
exclusively of unnatural D-amino acids have a lifetime of only ~5 days inside the human body. 909
In contrast, suitably designed nanorobotic agents constructed of nonbiological materials need not
be biodegradable. Nonbiological diamondoid materials are highly resistant to chemical
breakdown or leukocytic degradation in vivo, and pathogenic biological entities cannot easily
evolve useful attack strategies against these materials.910 This means that medical nanorobots
could be recovered intact from the patient and recycled, possibly reducing life-cycle energy
consumption and treatment costs.
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9. Superior Materials. Typical biological materials have tensile failure strengths in the
106-107 N/m2 range, with the strongest biological materials such as wet compact bone having a
failure strength of ~108 N/m2, all of which compare poorly to ~109 N/m2 for good steel, ~1010
N/m2 for sapphire, and ~1011 N/m2 for diamond and carbon fullerenes, 911 again showing a 103-105
fold strength advantage for mechanical systems that use nonbiological, and especially
diamondoid, materials. Nonbiological materials can be much stiffer, permitting the application of
higher forces with greater precision of movement, and they also tend to remain more stable over a
larger range of relevant conditions including temperature, pressure, salinity and pH. Proteins are
heat sensitive in part because much of the functionality of their structure derives from the
noncovalent bonds involved in folding, which are broken more easily at higher temperatures. In
diamond, sapphire, and many other rigid materials, structural shape is covalently fixed, hence is
far more temperature-stable. Most proteins also tend to become dysfunctional at cryogenic
temperatures, unlike diamond-based mechanical structures, 912 so diamondoid nanorobots could
more easily be used to repair frozen cells and tissues. Biomaterials are not ruled out for all
nanomechanical systems, but they represent only a small subset of the full range of materials that
can be employed in nanorobots. Nanorobotic systems may take advantage of a wider variety of
atom types and molecular structures in their design and construction, making possible novel
functional forms that might be difficult to implement in a purely biological-based system (e.g.,
steam engines 913 or nuclear power 914). As another example, an application requiring the most
effective bulk thermal conduction possible should use diamond, the best conductor available, not
some biomaterial having inferior thermal performance.
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4.2.6 Nanorobotic Cell Mills
In our vision of future nanorobotic medicine, a desktop-style apparatus accepts as input the
patient’s DNA sequence, then manufactures human tissue cells or blood cells of any type in a
convergent assembly type process, 915 as described in the following conceptual design of a cell
mill with three modules. Output should approach ~1 kg/hr, roughly similar to a mature
nanofactory.
The first module of the cell mill would synthesize copies
of the patient’s own autologous proteins and other
relevant biomolecules, working from the patient’s
genome. As a proof of concept, functional copies of the
human red cell band 3 anion exchanger 1 (AE1, aka.
Band 3, solute carrier family 4 member 1 (SLC4A1), or
Band 3 anion transport protein; image, right), a
proteinaceous transmembrane pump, have been selfassembled from sets of three, four or five complementary
fragment “nanoparts” that were separately cloned in
Xenopus oocytes. 916 The first module would also include
the capacity to manufacture many duplicate copies of the patient’s own DNA, suitably methylated
to match the expression pattern (e.g., the “methylome,” “transcriptome,” etc.) and activation state
of the particular cell type that was being constructed (Section 4.2.3). Custom protein factories
have been created using cell-free microfabricated bioreactors (which eliminates the maintenance
of living systems inside the device) and are already being used to facilitate the on-demand
production of therapeutic proteins for medicines and biopharmaceuticals. 917
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These fabricated molecular components would then be fed to
the second module of the cell mill that assembles them into
bulk quantities of artificially fabricated organelles, membranes,
vesicles, granules, and other key intracellular structures. 918
Many such structures will self-assemble robustly. 919 As an
experimental example of this, Golgi stacks (an important
intracellular organelle; idealized schematic image at left) have
been reassembled from isolated Golgi components (including
random assortments of vesicles “▲”, tubules “>“, and cisternal
remnants “→”; image, below left) to create a large reassembled Golgi stack (image, below right;
scale bar = 0.5 µm). 920
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Endosomes (membrane-bound intracellular compartments originating
from the Golgi trans face containing molecules or ligands internalized
from the plasma membrane that may be targeted to lysosomes for
degradation; image, right) have been reconstituted in vitro from purified
components. 921

The automated assembly of uniform liposomes with lipid
bilayers, the basic building block of cell membranes, has been
demonstrated experimentally in a controlled, robust, efficient and
simple way using chip-based microfluidics. 922

Organelle biogenesis in biological systems can occur by de novo
synthesis from (1) a pre-existing membrane source, (2) fission, 923
(3) fusion, 924 and (4) decay, such as through partitioning during cell
division or autophagy. 925 For example, biogenesis of
mitochondria (image, left) occurs by growth and division of preexisting organelles, 926 a process that could presumably be
artificially accelerated using a bioreactor setup or by other
means. 927 The inventory of known proteins comprising all mammalian mitochondria (the full
mitochondrial “parts list”) is almost complete. 928
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One of the first artificial lysosome (image, right) “models” was
reported in 1969. 929 Lysosomal ion channel molecules have been
successfully inserted into artificial membranes. 930

Ribosomes (image, left) use positionally-controlled
solution-phase mechanochemistry to fabricate proteins
from amino acid building blocks, 931 a process that should
be readily automated in a nanomechanical cell mill. A
small number of autologous proteins fabricated in this
manner can then self-assemble into complete ribosomes,
a simple way to make lots of copies of this organelle.
Steps toward the first artificial ribosome have also been
reported. 932
Cytoskeleton 933 and chromatin 934 molecules have been directly manipulated inside cells using
optical and magnetic tweezers.
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These mass-produced autologous organelles and
other intracellular structures then serve as
feedstock to the third module, wherein the premanufactured subcellular structures and
materials are assembled into complete neural
cells of the requisite types, 935 along with any
extracellular matrix materials that might be
required.
This could be done using cytomanufacturing
systems crudely analogous to 3D printing. 936 As
long ago as 1970, an Amoeba proteus single-cell
organism was physically reassembled from its
major subcellular components – nucleus,
cytoplasm, and cell membrane – taken from
three different cells, 937 demonstrating the
physical possibility of manually assembling
living cells from more primitive parts. Others 938 later reported that “cell fractions from four
different animals can be injected into the eviscerated ghost of a fifth amoeba, and a living
functioning organism results.” Mammalian cells have also been assembled from separate nuclear
and cytoplasmic parts, 939 and intracellular organelles have been individually manipulated both
directly 940 and nanosurgically, 941 a key capability that will be needed to assemble whole cells.
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Early cell mills might also make limited use of more traditional biotechnologies such as cloning,
stem cells, tissue engineering, animal cell reactors, 942 cell-like bioreactors, 943
transdifferentiation 944 and nuclear reprogramming. 945 Lipid vesicles have been prepared
containing polymerase enzymes that can synthesize RNA from externally added substrates, and
the entire translation apparatus, including ribosomes, has now been captured in vesicles. 946
Completed manufactured whole cells can be inspected, sorted, 947 and transported by optical
tweezers, 948 microgrippers, 949 or other conventional means 950 to a collection area for export and
prompt therapeutic use.
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4.3 Medical Nanorobots: Ingress to, and Egress from, the Brain
A crucial capability for medical nanorobots intended for neural
repair is the ability of the devices to harmlessly enter and exit
the live brain tissue of the patient.
Entry to brain tissue by large molecules and particulate matter
is restricted by the presence of three distinct interfaces through
which medical nanorobots seeking access must pass. These
interfaces are called, respectively, the blood-brain barrier or
BBB that separates the blood from direct contact with brain tissue (Section 4.3.1), the bloodcerebrospinal fluid barrier or BCB that separates the blood from direct contact with cerebrospinal
fluid in the brain ventricles and spinal column (Section 4.3.2), and finally the CSF-brain interface
or ependymal interface that separates the CSF from the brain tissue or neuropil (Section 4.3.3).
This Section describes more than a dozen possible methods by which medical nanorobots can
penetrate these barriers or interfaces to ingress into, and egress from, living human brain tissue.
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4.3.1 Blood-Brain Barrier (BBB) Penetration
The blood-brain barrier (BBB) is a highly selective
permeability barrier that separates the circulating blood
from the neuropil of the brain in which the neurons reside.
The BBB is formed by brain endothelial cells, which are
connected by tight junctions along all capillaries in the
brain (images, right and below). (Most capillaries in the
body lack tight junctions.) These
endothelial cells largely prevent the
diffusion of microscopic objects
(e.g., bacteria) and large or
hydrophilic molecules into the
cerebrospinal fluid (CSF), while
allowing the diffusion of small
hydrophobic molecules (O 2 , CO 2 ,
hormones) and also allowing active
transport of metabolic chemicals
such as glucose through the
endothelial cell membrane and into
the brain. This barrier also includes
a thick basement membrane and
astrocytic endfeet, a combination sometimes called the “neurovascular unit” (image, below).

To effect a cure for Alzheimer’s disease, medical nanorobots may need to penetrate the bloodbrain barrier, pass into the neuropil, and even enter neurons to conduct repairs, then exit the brain
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by the same or another route. Here are 10 methods that have been proposed for doing this, all of
which might be applicable to micron-size medical nanorobots:

(1) Localized Osmotic Disruption. The BBB can be temporarily and reversibly opened
to allow small-particle passage by osmotic disruption 951 via intracarotid infusion of hypertonic
saccharide solution, e.g., mannitol, 952 arabinose 953 or alkyl-glycerol, 954 which results in transient
shrinkage of cerebrovascular endothelial cells with widening of the tight junctions to at least 20
nm and subsequent increased permeability of the BBB. This method has allowed the passage of
~40 nm hydrodynamic diameter 955 magnetite-dextran nanoparticles, 956 70-90 nm diameter
replication-defective adenovirus particles, 957 and even 150-200 nm diameter herpes simplex virus
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(HSV) particles 958 through the BBB endothelium and into the neuropil. Other chemicals such as
sodium caprate 959 and sodium dodecyl sulfate surfactant 960 have also induced reversible BBB
permeability. Fenart et al 961 notes that the customary drawback to methods that involve a
systemic increase in BBB permeability is that there is poor specificity, with circulating blood
compounds such as albumin gaining indiscriminant and pathological access to the brain.
However, in the case of medical nanorobots these methods could be applied on a highly localized
basis, followed by rapid entry in convoy formation. 962

(2) Acoustic and Thermal Disruption. High intensity focused ultrasound (HIFU) or
pulsed ultrasound employs acoustic energy to vibrate intravenously administered lipid-encased
perfluorocarbon gas microbubbles near the target endothelium, whereupon the oscillating
microbubbles create a mechanical stress on the endothelial tight junctions, causing them to open
and admit therapeutic agents into the brain. 963 Similarly, localized heating, 964 vibrational
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agitation of magnetic particles, 965 and more recent techniques such as laser interstitial
thermotherapy, nonthermal irreversible electroporation, 966 and pulsed electric fields 967 can also
temporarily open the BBB and allow passage of small particles. These methods could be applied
locally by medical nanorobots with minimal non-local effects.

(3) Tight Junction Signaling Pathways. The BBB is disrupted during diseases such as
experimental allergic encephalomyelitis, 968 HIV encephalitis, 969 Lyme disease, 970 and multiple
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sclerosis in which >1000-nm diameter T cells and macrophages invade neural tissue through
BBB tight junctions. 971 During bacterial meningitis, bloodborne bacteria can induce tight
junction disruption, allowing these 200-300 nm pathogens to cross the BBB and enter the
brain. 972 Monocytes 973 and neutrophils 974 also enter the brain without destroying the tight
junctional integrity of the BBB.
Similarly, nanorobots could purposely and locally manipulate the signaling pathways involved in
BBB tight junction regulation, 975 possibly commanding junctional gaps to open or close at need.
For example, ICAM-1-mediated signaling in brain endothelial cells is known to be a crucial
regulatory step in the process of 6-12 micron lymphocyte recruitment and migration through the
BBB. 976 Tight junction structure is apparently altered dynamically during BBB diapedesis by 8-
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10 micron leukocytes, 977 and the signaling molecules that regulate the BBB are now beginning to
be understood, 978 including claudin-5 979 and occludin. 980
A great variety of pathological conditions and agents are known to cause disruption of the BBB,
including neurological conditions 981 that we aim to treat such as ALS. Some bacteria gain access
to the brain by releasing neurotoxins such as pneumolysin 982 which have a direct toxic effect on
brain endothelial cells and their tight junctions. 983 Many of these disruptive mechanisms can be
safely adapted for use and applied locally by nanorobots that require passage through the BBB.

(4) Exploit Microscopic Gaps in BBB. The BBB is not a structurally perfect barrier.
Gaps and imperfections of various sizes are naturally present. Nanorobots seeking entry to the
neuropil from the bloodstream can search out and exploit these randomly-placed natural
junctional gaps. BBB ultrastructure has been studied for decades 984 and 0.5-micron perijunctional
gaps have been observed, 985 but no precise estimate of the number density or distribution of
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micron-size gaps throughout the entire BBB network of the human brain is yet available in the
literature. One rat experiment 986 found that in control animals 0.4%-0.6% of circulating albumin
appeared in the subendothelial space and in the basement membrane of control animals prior to
osmotic disruption (rising to 56%, 30 minutes after osmotic disruption), so some number of gaps
of some size clearly exist. Another study 987 reports 0.5%-2.4% BBB penetration by various
peptide molecules prior to BBB disruption. Hypertension can produce measurably leaky
venules 988 and other leaks in the BBB, 989 and the foreign body response due to a small implant
placed in the brain causes the BBB near the implant to become leaky enough to allow spherical
nanoparticles up to 500 nm in diameter to pass. 990 The BBB is disrupted during aging, dementia,
stroke, and multiple sclerosis, and the capillaries in brain tumors exhibit a more leaky BBB. 991 A
key product of Alzheimer’s disease, β-amyloid, is also thought to have damaging effects on the
vasculature resulting in microbleeds and symptomatic intracerebral hemorrhage. 992
If a population of N bot nanorobots of (assumed cubical) volume V bot transit in convoy at velocity
v bot through randomly-placed >V bot 2/3-area holes in the BBB (i.e., large enough to admit one
nanorobot at a time) of collective hole area A total with the objective of infusing the entire
nanorobot population into the neuropil in t infusion seconds, then v bot = N bot V bot / A total t infusion .
Taking N bot = 109 nanorobots, V bot = 1 µm3, and t infusion = 1000 sec (~0.3 hr), then assuming a
reasonable transit speed of v bot = 10 µm/sec, the total area of all ~micron-size holes need only be
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A total = 10-7 m2 (= 105 µm2) or just ~0.000001% of the total BBB surface area of ~9.3 m2. 993 If the
actual total area of micron-size holes A total is less than 105 µm2, the transit velocity v bot or the
infusion time t infusion must be increased as required. Single white cell diapedesis through a blood
vessel wall typically requires >200 sec (implies <0.01 µm/sec), but if the opening already exists
the nanorobots should require only milliseconds (implies >100 µm/sec) to pass in convoy. 994

(5) Exploit Unbarriered Pathways. A small number of
regions in the brain do not have a blood-brain barrier, or have a
vascular endothelium that lacks tight junctions.
Most notably, there are nerve cells (i.e., the maxillary branch of
the trigeminal nerve; image, right) that initiate in the brain and
terminate in the nasal cavity at the olfactory neuroepithelium or
respiratory epithelium (image, below right). These are the only
externally exposed portions of the central nervous system and
therefore represent the most direct method of noninvasive entry into
the brain that bypasses the BBB. 995 A recent experiment
demonstrated the intranasal transfer of 114 nm diameter chitosancoated nanoparticles into mouse brain. 996
The intranasal delivery method can even be used to transport large
mesenchymal stem cells, 8-20 microns in size, into the brain with
transit times ranging from a few hours to a few days, 997 entirely
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bypassing the BBB. This method appears sufficient to accommodate the passage of a medical
nanorobot measuring several microns in size that is attempting to enter the brain. Drug
administration via nasal mucosal grafts has also been investigated. 998
Also bypassing the BBB are the
circumventricular organs
(CVOs) which are small
structures bordering the 3rd and
4th ventricles 999 of the brain.
CVOs have an extensive
vasculature with fenestrated
capillaries but their vascular
endothelium lacks tight junctions,
hence are “leaky” compared to
BBB. Nanorobots should have
relatively easy access to CVOs
from the bloodstream, as well as
from the cerebrospinal fluid or
CSF (image, left; and see Section
4.3.2).
CVOs can be classified into sensory and secretory organs. Sensory CVOs include the area
postrema, the subfornical organ, and the vascular organ of the lamina terminalis. These have the
ability to sense plasma molecules and then pass that information into other regions of the brain,
thus providing direct information to the autonomic nervous system from the systemic circulation.
Secretory CVOs include the subcommissural organ, the posterior pituitary or neurohypophysis,
the pineal gland, and the median eminence. These organs secrete hormones and glycoproteins
into the peripheral vascular system using feedback from both the brain environment and external
stimuli.
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The ventricular system is a set of four interconnected cavities (ventricles) in the brain where
cerebrospinal fluid (CSF) is produced (see Section 4.3.2).
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(6) Diapedesis with Cytocarriage. The commandeering of natural motile cells by
medical nanorobots, known as cytocarriage, 1000 offers another alternative mode of in vivo
transport. During cytocarriage, one or more medical nanorobots may enter a motile cell, ride or
steer the cell to a desired destination inside the human body, then vacate the cell upon arrival. In
particular, a variety of mesenchymal stem cells 1001 and leukocytes 1002 including monocytes 1003
and neutrophils 1004 can engage in paracellular diapedesis through the blood-brain barrier without
destroying the tight junctional integrity of the BBB. Leukocytes typically have cell volume on
the order of ~1000 µm3, 1005 so the internal presence of a few nanorobots of volume 1-10 µm3 will
not be unduly intrusive 1006 and should not impair the diapedesic movement of the cell. Once
through the BBB, the nanorobots can exit the transiting cell and proceed to their programmed
destinations.

(7) Direct Cytopenetration. Even in the complete absence of all of the aforementioned
methods, properly mission-designed active motile nanorobots can employ a combination of
cytopenetration, 1007 in cyto locomotion, 1008 and histonatation 1009 through the vascular endothelium
of the BBB to achieve ready access to the neuropil.
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This may likely be necessary in any case
because the neuropil is so tightly packed with
cells (image, right). 1010

(8) Microscale Docking Modules. This method entails implanting in the BBB wall a
docking module which remains closed to all normal biochemical traffic, but which can be
operated (e.g., triggered to open) by a nanorobot that requires egress. This module could be:
(a) a purely biologic injectable, analogous to a bioengineered superporin molecule 1011 or
the complement C9 monomers that self-assemble to form the membrane attack complex
(MAC), 1012 only much larger and possessing an internal gating structure of some kind;
(b) a genetic modification to the human genome in which the genes needed to naturally
manufacture the relevant protein components (that self-assemble to make the docking module)
described in (a) are permanently added to the brain endothelial cell genome of the patient; or
(c) a basic nanomechanical spring-loaded gate system made of diamondoid materials,
whose biocompatibility may be comparable to the closely related resident transmembrane
penetrators. 1013 The system could operate like a simple one-way mechanical valve that the
nanorobot pushes open and passes through, and which then springs shut or is pushed closed by
the nanorobot after passage. The patient would have to have these installed beforehand, but once
installed, they could be useful for many subsequent procedures involving all sorts of nanorobots.
Embedding ~106 such docking modules – each of area ~10 µm2, total area ~10 mm2 (i.e., a
negligible fraction of the 9,300,000 mm2 area of the BBB) in the BBB surface would allow 30
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billion nanorobots to pass in 1 hour, assuming 10 nanorobots per second per module. Increasing
the docking module area allocation by 1-2 orders or magnitude should be achievable if necessary.

(9) Dedicated Transit Port. More efficient would be to install a permanent port, as a
permanent diamondoid implant, with a large enough opening to pass nanorobots en masse,
quickly and efficiently, through the BBB. Consider a transmembrane penetrator with a 3 mm2
opening and a 1 cm3 collection depot on the bloodstream side of the membrane, geometrically
arranged for convenience of mass transfer. Nanorobots arrive at the depot and are admitted until
the depot is full. When full, the depot dilates its transmembrane aperture and squirts the depot
contents through the BBB. The aperture closes and the depot resumes accumulating new arrivals.
At a 20% packing density of 1 µm3 nanorobots inside the depot (~0.2 x 1012 nanorobots when
full), this gives a viscosity of the particle suspension of about two times normal plasma for rigid
spheres, 1014 or ~2 x 10-3 kg/m-sec. Using Poiseuille’s Law 1015 and assuming a depot discharge
flow velocity of 1 cm/sec and a transfer distance of 1 mm (1000 µm) through an egress aperture
hole of radius ~1 mm, ~1 cm3 of fluid may be transferred for a negligible pumping energy cost of
~5000 pW in a pumping time of ~0.1 sec, providing a gross egress rate of 1012 nanorobots/sec
during the discharge cycle.
The net egress rate is much slower, limited by the time required for a depot-full of nanorobots to
make their way to the depot site, and then to enter it. If the 4.84 cm2 surface of the depot (radius
0.62 cm, assumed spherical) is on average 1% covered with arriving nanorobots at any time
during the egress (giving a steady total of ~4 million nanorobots on the depot surface and a mean
center-to-center distance between them of 11 µm on the depot surface) and they are transferred
through the depot wall into the depot interior space within ~1 second after arrival, then 14 x 109
nanorobots can be loaded into the depot interior every hour. A 0.2 terabot dosage would then
require ~14 hours to transit from the bloodstream. Increasing the collection surface area
improves the depot-loading times. If the arriving nanorobots can traverse the outer surface of the
depot, seeking entrance to it, at a speed of 1 cm/sec, then a 1 second time budget allows each
nanorobot to travel 1000 µm, or ~100 times their mean separation distance of 11 µm, before
obtaining entry, which seems sufficient. Note also that a mean separation distance of 11 µm
would equate to a mean number density of ~109 nanorobots/cm3, which equates to a ~4 terabot
dose in 5400 cm3 of blood, so the above 1% coverage figure is of a plausible order of magnitude,
at least at the start of the transit process. After that, the nanorobots can concentrate themselves
preferentially in the BBB due to their mobility – in principle, all the nanorobots present in the
bloodstream could “precipitate out” during a single pass through the BBB, e.g., in a circulation
time of just ~60 seconds.

(10) Direct Injection into the Brain. As a last resort, a sharp needle or microcatheter
can be passed directly through the skull or entirely through soft tissues (to avoid skull
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penetration), terminating precisely inside the neuropil or specialized tissue masses and allowing
medical nanorobots to ingress or egress via that route. In one experiment, 90 nm spherical
nanoparticles injected directly into mouse hippocampus bypassed the BBB and found their way
into dentate granule cells, microglia, and neurons and were found in both intracellular and
extracellular locations. 1016 Intrahippocampal infusion is a fairly popular technique in studies of
anxiety, 1017 epilepsy, 1018 and Alzheimer’s disease. 1019 Direct injection of bioactive substances 1020
into a variety of target sites in animal brains including, e.g., hypothalamus, 1021 striatum, 1022
sensorimotor cortex, 1023 lateral septum, 1024 and posterior insular cortex 1025 has also been reported.
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4.3.2 Blood-CSF Barrier (BCB) Penetration
Cerebrospinal fluid (CSF) is a clear, colorless body fluid found in the brain and spine. Roughly
500 ml/day of CSF is produced in the choroid plexuses of the ventricles of the brain, but the fluid
is constantly reabsorbed so that only 100-160 ml is present at any one time. There are four
choroid plexuses in the brain, one in each of the four ventricles. CSF acts as a cushion or buffer
for the brain’s cortex, providing basic mechanical and immunological protection to the brain
inside the skull, and also serves a vital function in cerebral autoregulation of cerebral blood flow.

CSF slowly circulates through the ventricular system of the brain. The ventricles are an
interconnected series of cavities filled with CSF, inside the brain. The majority of CSF is
produced from within the two lateral ventricles. From there, the CSF passes through the
interventricular foramina to the third ventricle, then the cerebral aqueduct to the fourth ventricle.
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The fourth ventricle is an outpouching
on the posterior part of the brainstem.
From the fourth ventricle, the fluid
passes through three openings to enter
the subarachnoid space where most of
the fluid volume resides (Figure 14).
Fluid flowing through one of these
openings, called the “arachnoid
granulation,” must pass through the
“leptomeningeal pores” (image, left), which studies using radiolabeled sizecalibrated microspheres show are at least 1 µm in diameter, 1026 wide enough to
admit nanorobots. The subarachnoid space covers the brain (image, previous
page) and spinal cord (image, above). The CSF moves in a pulsatile manner
throughout the CSF system with a nearly zero net flow. 1027

Figure 14. Intracranial volumetric distribution of cerebrospinal fluid, blood, and brain
parenchyma: all fluids (left), CSF only (right). 1028

Clearly the CSF system offers an alternate route into the brain for bloodborne medical
nanorobots. To enter the CSF system from the bloodstream, the nanorobots must pass through
the blood-CSF barrier (BCB) – a pair of barriers that separates peripheral and cerebral blood flow
from the cerebrospinal fluid. 1029 The BCB is composed of epithelial cells of the choroid plexus at
the peripheral blood-CSF boundary and the arachnoid membrane at the cerebral blood-CSF
boundary. The BCB serves the same purpose as the blood-brain barrier, but facilitates the
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http://www.ncbi.nlm.nih.gov/books/NBK27998/.

223
transport of different substances into the brain due to the dissimilar structural characteristics of
the two barrier systems.
In the BBB the barrier is localized at the level of the endothelial cells, but in the BCB the bloodCSF barrier is established by choroid plexus epithelial cells. 1030 The choroid plexus is connected
by tight junctions and consists of capillary networks enclosed by a single layer of epithelium
cells. 1031 Unlike the capillaries that form the blood-brain barrier, choroid plexus capillaries are
fenestrated and have no tight junctions so the capillary endothelium presents no barrier to the
movement of small molecules (Figure 15). Instead, the barrier function of the BCB is performed
by the epithelial cells and the tight junctions that link them. The other part of the blood-CSF
barrier is the arachnoid membrane (aka. the “blood-arachnoid barrier”), which envelops the brain.
The cells of this membrane also are linked by tight junctions. Microvilli are present on the CSFfacing surface, greatly increasing the surface area of the apical membrane and possibly aiding in
fluid secretion. Diffusion, facilitated diffusion and active transport into CSF, as well as active
transport of metabolites from CSF to blood, have been demonstrated in the choroid plexus. 1032

Figure 15. Structure of the blood-CSF barrier

Methods that may allow medical nanorobots to penetrate the blood-cerebrospinal fluid barrier
(BCB) and move from the bloodstream into the CSF may include:
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Laterra J, Keep R, Betz LA, Goldstein GW. “Blood–Cerebrospinal Fluid Barrier”. Basic
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(1) BBB Penetration Methods. Any of the methods previously identified for possible
use by medical nanorobots to penetrate the blood-brain barrier could also be applied to the tightjunction barrier that exists between the choroid plexus epithelial cells comprising the BCB.

(2) Lumbar Injection. Lumbar puncture (aka. spinal tap)
is carried out under local anesthesia sterile conditions by inserting a
needle into the subarachnoid space, usually between the third and
fourth lumbar vertebrae. 1033 CSF is then extracted through the
needle and tested. Medical nanorobots could also be inserted into,
or extracted from, the CSF through a similar needle, as has already
analogously been done in animals using drug-impregnated
microspheres. 1034 Leptomeningeal (intrathecal) drug
administration, 1035 aka. spinal drug delivery, is already a well-established practice. 1036

(3) Intraventricular Injection. Medical nanorobots can be inserted into the CSF, not
just via intrathecal injection, but also by direct injection into the four cerebral ventricles. The
intraventricular administration of chemotherapeutic agents (most
typically, methotrexate) is
sometimes used to treat patients
with malignant CNS tumors,
neuroleukemia, CNS
lymphomas, and other disorders
– distributing chemotherapeutic
agents through the cerebrospinal
fluid more uniformly and
maintaining their concentrations
for a longer period (images from
a stereotactic positioning system are shown above). 1037
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Pharm Biopharm. 2005 Oct;61(3):171-80;
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macromolecule and particle delivery to CNS. Mol Pharm. 2013 May 6;10(5):1522-32;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3646927/.
1036

1037

“Intrathecal administration”; https://en.wikipedia.org/wiki/Intrathecal_administration.

Ozerov SS, Mel’nikov AV, Ibragimova DI, Tereshchenko GV, Rachkov VE. Placement of the
Ommaya reservoir in narrow and slit-like ventricles using a neuronavigation system. Zh Vopr Neirokhir Im

225

A ventricular catheter system (also known as the Ommaya
reservoir; image, left) 1038 is the most commonly used method
for repeated introduction of chemotherapeutic agents into the
cerebral ventricles. An Ommaya reservoir is an intraventricular
catheter system, often with ultrasound-guided placement, 1039 that
can be used for the aspiration of cerebrospinal fluid or for the
delivery of drugs (e.g., chemotherapy) into the cerebrospinal
fluid. It consists of a catheter in one lateral ventricle attached to
a reservoir implanted under the scalp. It is used to treat brain
tumors, 1040 leukemia/lymphoma or leptomeningeal disease by
intrathecal drug administration. In the palliative care of terminal
cancer, an Ommaya reservoir can be inserted for
intracerebroventricular injection of morphine. This sort of
system could also be used to inject medical nanorobots into CSF
in the ventricles.
A related intraventricular procedure is endoscopic third
ventriculostomy – a surgical procedure for treatment of
hydrocephalus (a medical condition involving an
abnormal accumulation of cerebrospinal fluid in the
brain) in which an opening is created in the floor of the
third ventricle using an endoscope placed within the
ventricular system through a burr hole (image, right). 1041
Nanorobots could be introduced into the CSF by this
means.
These BCB penetration methods would also enable
nanorobot access to the circumventricular organs or
CVOs (Section 4.3.1) in the brain.

N N Burdenko. 2014;78(3):38-43;
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4.3.3 CSF-Brain Interface Penetration
Although there is a blood-brain barrier (BBB) (Section 4.3.1) and a blood-CSF barrier (BCB)
(Section 4.3.2), there is no CSF-brain barrier because CSF in the ventricles is separated from the
brain by ependymal cells – and the ependyma is highly permeable, with no tight junctions. Thus
a drug molecule or anesthetic agent injected into the CSF, e.g., by lumbar puncture, can readily
reach the brain and spinal cord. The fact that large molecules can penetrate into the brain
parenchyma from the cerebrospinal fluid (CSF) was established more than four decades ago. 1042
Large proteins the size of ferritin (MW ~ 445,000) readily diffuse through the paracellular space
to cross the ependyma and thus easily move between CSF and brain. 1043 Accordingly, the
ependymal interface between ventricular fluid and underlying brain is not regarded as a CSFbrain “barrier”.
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Wagner HJ, Pilgrim C, Brandl J. Penetration and removal of horseradish peroxidase injected into the
cerebrospinal fluid: role of cerebral perivascular spaces, endothelium and microglia. Acta Neuropathol.
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destabilization, and lesion spread. Toxicol Pathol. 2011 Jan;39(1):186-212;
http://tpx.sagepub.com/content/39/1/186.long.
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More than being a structural boundary between
ventricular CSF and brain, the ependyma is a
dynamic interface mediating the movement of
cilia, CSF, and migrating neuroblasts. On the
ependymal apical surface is a network of cilia
(image, right) that beat in coordination to
facilitate CSF circulation. Each cilium is a
subcellular organelle emanating from the cell’s interior.
Ependymal cells line the ventricles of the brain and the central canal of the spinal cord. They’re
arranged in a single-layered columnar epithelium, and have many of the histological
characteristics of simple epithelium but are usually cuboidal and ~8 µm in size. 1044 The
ependyma forming the ventricular lining do not connect to a basal lamina, but rest directly upon
underlying nervous tissue. The subventricular zone is illustrated in the image below. 1045 Four
layers are typically observed throughout the lateral ventricular (LV) wall: (1) a monolayer of
ependymal cells, (2) a hypocellular gap, (3) a ribbon of cells composed of astrocytes (a type of
glial cell, providing infrastructure support for neurons), and (4) a transitional zone into the brain
parenchyma (where neurons reside). 1046
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Bjugn R, Bøe R, Haugland HK. A stereological study of the ependyma of the mouse spinal cord. With
a comparative note on the choroid plexus ependyma. J Anat. 1989 Oct;166:171-8;
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Medical nanorobots possessing modest motility should be able to easily penetrate the ependymal
interface and directly enter the brain parenchyma or neuropil, using one or more of the methods
previously described above. The evidence for this comes from two sources.
First, motile biological cells readily migrate through the ependymal layer. For example, micronsize T-cells injected intracerebroventricularly move quickly from the lateral ventricles into the
brain parenchyma in mice. 1047 Adenovirus viral 20-nm nanoparticles, assisted by mannitol
infusion, are delivered into the brain following intracerebral ventricular injection.1048
Second, nanorobot-sized microparticles can migrate through the ependymal layer, readily
entering the brain even though they lack the additional motility mechanisms that medical
nanorobots could employ to assist in this process. One study 1049 used rats injected
intraventricularly with MPIOs (iron oxide microparticles) or “Bangs particles” – 1.63 µm
diameter polystyrene microparticles encapsulating a 0.9 µm iron oxide core. The uptake of these
MPIOs into the subventricular zone is ∼30% in adult rodents, 1050 likely usually carried by
migrating neuroblasts in a process analogous to cytocarriage and not via simple diffusion.
Another study showed cell-independent migration of MPIOs through the subventricular
region, 1051 and yet another study found that 150-nm dextran-coated super-paramagnetic iron
oxide nanoparticles (SPIO) injected into a rat ventricle passed the subventricular zone via
transcytosis 1052 through ependymal cells, 1053 though paracellular transport 1054 could not be ruled
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out in this experiment. The oft-cited 2006 study by Shapiro et al. used micron-sized Bangs
particles injected into rats: 1055 “Five weeks after injection, electron microscopy detected
intracellular MPIOs in astrocytes, microglia, ependymal, and migratory cells. Of all the cellular
types that were labeled with MPIOs, astrocytes and microglia showed greater amounts of iron
particles in electron micrographs, a fact that is probably related to their phagocytosing capacity.”
This evidence suggests that injection into the CSF should provide medical nanorobots with ready
access to neurons in the brain.
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4.3.4 Nanorobotic Transit Through Extracellular Spaces
Brain tissue typically contains only ~5% extracellular space and consists for the most part of
densely-packed axons and dendrites with virtually no gaps between them, so neuron-targeted
motile nanorobots may often transit plasma membranes between neighboring cells rather than
intercellular spaces. Because cell bodies containing the nucleus may be relatively far apart, such
specialized nanorobots should be engineered to migrate either (1) inside the larger-diameter axons
without ruining neural function or (2) external to the axons without disturbing the local ionic
environment. This may require active nanorobotic monitoring and localized remediation of the
ECM chemical environment 1056 during nanorobot locomotion, given that the minimal
extracellular space in the brain controls the concentrations of extracellular ions that cross and reenter the cell membrane during and after action potentials.
Another approach is to osmotically expand the extracellular space on a local basis to allow
relatively large nanorobotic devices to migrate wherever they need to go. Considerable
expansion may be tolerable: A.U. Smith’s classic hamster freezing experiments 1057 showed that
>60% of the water in the brain can be converted into extracellular ice without apparent brain
damage, a distortion far in excess of what would be needed to enable nanorobot traffic.
Unpublished observations by G. Fahy 1058 at 21st Century Medicine show that when ice forms in
the brain even at low temperatures in the presence of cryoprotectants, neurons and nerve
processes are neatly packaged and are not torn apart, supporting the idea that the extracellular
space can be significantly locally expanded without lasting harm.
The migration of newly-generated neurons through the brain provides additional evidence that the
organ can tolerate significant local distortion of the extracellular space. For example,
neurogenesis (formation of new neurons) in the hippocampus is followed by neurons or their
precursors migrating out of the hippocampus over large distances to other parts of the brain, 1059 a
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mechanical process that is normal and apparently well-tolerated. Microglial cells, the immune
system phagocytes in the brain, have been observed (via two-photon imaging of mammalian
neocortex) to have extremely motile processes and protrusions, with their cell bodies sometimes
moving 0.02-0.03 µm/min but their filopodia-like processes extending and retracting at 1-4
µm/min. 1060

1060

Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly dynamic surveillants of
brain parenchyma in vivo. Science. 2005 May 27;308(5726):1314-8;
http://www.sciencemag.org/content/308/5726/1314.long.
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4.3.5 Nanocatheter Transport into the Brain
As the era of surgical nanorobotics arrives, 1061 today’s smallest millimeter-diameter flexible
catheters will shrink to 1-10 micron diameter bundles that could be steered 1062 through the tiniest
blood vessels (including capillaries) or could even be inserted directly through the skin 1063 into
organs without pain or discomfort. Tactile, 1064 haptic, 1065 and other sensory feedback will also
allow surgical practitioners to steer the nanocatheter into a patient to either emplace or remove
materials from inside the brain, then to withdraw bloodlessly from the body. The nanosurgeon
may control the procedure via hand-guided interfaces similar to various medical exoskeletal
appliances, 1066 instrumented gloves 1067 and hand-held surgical robots 1068 that have been under
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development for several decades, and may include multisensory interfaces with individual
cells. 1069
A nanocatheter is a specialized syringe-like nanomechanical probe instrument with nanorobotic
mechanisms embedded in its external surfaces to assist in actively propelling the telescoping
apparatus gently through the tissues. 1070 The probe samples the chemical environment (e.g.,
concentrations of oxygen, glucose, hormones, cytokines) along the way 1071 and provides a torrent
of mechanical and optical sensory feedback together with precision positional metrology to allow
the surgeon to know exactly where his tools are at all times, and also where his “virtual presence”
is in relation to his targets. Internal hollow spaces inside the nanocatheter can be used to
transport tools, sensors, fluids, drugs, nanorobots, replacement cells, or debridement detritus
between patient and physician. The tip of the nanocatheter may include a working head with
thousands of independent manipulators and sensors branching outward from the central trunk on
retractile stalks, from which data can be encoded in real time and passed to external computers
along an optical data bus located inside each nanocatheter. Surgeons will gain the ability to
easily control many more than one active surgical instrument or surgical task at a time 1072 – the
endoscopic nanosurgeon’s ability to multitask ultimately may extend to many thousands of
nanocatheters and millions of simultaneously occurring mechanical and chemical processes
during a single surgical procedure.
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Also, and as an extension of today’s surgical microrobotics (a young but thriving field of
experimental research), 1073 populations of individual surgical nanorobots could be introduced into
the body from the ends of nanocatheters into various vessels and other cavities within the body,
and later retrieved when their job is done. A future surgical nanorobot, programmed or guided by
a human surgeon, would act as a semi-autonomous on-site surgeon inside the human body,
assisting activities occurring near the tip of the nanocatheter and coordinated by an on-board
computer while maintaining contact with the supervising surgeon via coded ultrasound signals.
Insertion of the nanocatheter through brain tissue should not create any significant damage if
done slowly and carefully enough. Active nanocatheter tips festooned with sensors and
manipulators will permit the nanosurgeon to steer the nanocatheter exclusively through tissue
while avoiding bone and vascular puncture events. For example, cryobiologists have found that
neurons and nerve processes are not torn apart when ice forms in the brain even at low
temperatures in the presence of cryoprotectants.1074 This supports the idea that the extracellular
space can be significantly locally expanded without lasting harm. The migration of newlygenerated neurons through the brain provides additional evidence that the organ can tolerate
significant local distortion of the extracellular space. Migration of neurons or their precursors out
of the hippocampus over large distances to other parts of the brain during neurogenesis 1075 is a
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mechanical process that is normal and apparently well tolerated. The passage of a sensor-guided
tip-mobile nanocatheter should likewise produce minimal tissue damage during insertion and
retraction of the device.
The nanocatheter could rapidly and painlessly import macroscale quantities of new cells into the
brain. For example, a 1 cm3 volume of 125 million 20-micron tissue cells, arranged in planar 10cell slabs moving perpendicular to the slab plane through a tube, could be imported at ~1 m/sec
through a single 10-cm long nanocatheter 1076 with a 100 micron inside diameter (possibly
internally coated with mechanical cilia to facilitate efficient transport) to virtually anywhere
inside the human body in ~250 sec (~4 min). A small array of 100 safe and painless
nanocatheters (analogous to microneedles 1077) having a total ~1 mm2 penetration cross-section for
the entire array could transport ~124 cm3 of neural cells – or ~10% of the entire cellular volume
of the human brain, the expected normal cell volume loss by age 90 solely due to ageing – into
the body during a ~300 sec (~5 min) transfer. A second nanocatheter array can export a matching
volume of body fluid or comminuted pathological tissue to precisely maintain conservation of
volume/mass, if necessary. The slow traversal of conventional vein-infused self-targeting neural
stem cells 1078 to their designated destinations would take many orders of magnitude longer and
would not be 100% reliable and complete, as compared to using nanocatheters to quickly
transport the same cells.
The nanocatheter can also be employed to remove unwanted materials from inside the brain. 1079
Carefully poking a needle-like 100-micron diameter nanosensor-tipped self-steering nanocatheter
quickly (~1000 µm/sec) through all intervening soft tissues to the immediate vicinity of a target
block of unwanted material should cause minimal permanent damage, 1080 much like bloodless
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painless microneedles. 1081 After penetration, ~1010 micron3/sec of nanorobots flowing at 1 m/sec
through the tube (typical syringe fluid velocity) could surround a cubic 1 cm3 target object (e.g., a
solid tumor mass) to a coating thickness of 100 microns in ~10 seconds. The coating nanorobots
could then dig out 1 micron wide channels at a volumetric excavation rate of 1% nanorobot
volume per second to partition the 1 cm3 target object into 106 100-micron microcubes in ~300
seconds, after which the target object microcubes are transported out of the patient in single file at
1 m/sec through the nanocatheter in ~100 seconds, followed by the exiting nanorobots taking ~10
seconds, completing a ~7 minute ~1 cm3 object-removal nanocatheter procedure through a ~100micron diameter hole.
Finally, mobile surgical nanorobots imported into the brain through the nanocatheter can also
physically manipulate cells 1082 arriving through the nanocatheter, and reposition those cells as
desired within tissue voids or other spaces previously cleared or debrided (Section 5.3.2.2) inside
the brain.
For those concerned about the possible discomfort or damage to human tissue being
simultaneously penetrated by many hundreds or thousands of nanocatheters, it should again be
noted that microneedle penetration can be painless 1083 and non-damaging. 1084
Microneedle density ranges from very low-density arrays such as the MEMS polymer array (15
microneedles/cm2) 1085 and the dissolving microneedles (36 microneedles/cm2; image, below, at
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top), 1086 to very high-density arrays such as the drug-delivery patch (2500 microneedles/cm2;
image, below, middle left) 1087 and the microprojection arrays (18,750 microneedles/cm2; image,
below, middle right). 1088 Intermediate in areal number density are microneedle arrays attached to
a syringe to permit easy injection of fluids, such as the AdminPen 600 microneedle liquid
injection system manufactured by NanoBioSciences LLC (187 microneedles/cm2; image, below,
at bottom). 1089
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Of course, nanocatheters must be inserted deep into the brain and thus will have much greater
lengths than commercial microneedles which are typically less than a millimeter long. Might a
long skinny nanocatheter buckle when pushed through the brain? If the force required to
coaxially push a nanocatheter cylinder of length L cath and radius R cath at a velocity v cath through
brain tissue of viscosity η brain is F push = (4π η brain L cath v cath ) / (1 + ln(L cath 2/R cath 2)) and if the Euler
buckling force F buckle = π3 E cath (R cath 4 – r cath 4) / (4 L cath 2) for a hollow nanocatheter of inside
radius r cath composed of material with Young’s modulus E cath , 1090 and ignoring bony skull
penetration (which may be accomplished by conventional surgery), then the maximum velocity
at which a nanocatheter can be pushed through brain tissue without buckling occurs when
the pushing force F push equals the buckling force F buckle , or v cathMAX = 2300 µm/sec, taking R cath =
50 µm, r cath = 47.5 µm (i.e., 5 µm nanocatheter wall thickness), L cath ~ V brain 1/3 = 11.5 cm where
adult male human brain volume V brain == 1510 cm3, 1091 E cath = 1012 N/m2 for diamond, and a
shear viscosity of human brain tissue at 25-50 Hz of η brain ~ 3.4 Pa-sec. 1092
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Chapter 5. Nanorobotic Treatment: The Alzheimer Protocols
The proposed nanorobotic treatment for Alzheimer’s disease, hereinafter called the Alzheimer
Protocols, can be conceptually organized as a series of three specific protocols which are aimed at
three distinct clinical objectives. These objectives are: Genetic Derisking (Section 5.1), Tissue
Rejuvenation (Section 5.2), and Neural Reconstruction (Section 5.3). Note that these are
conceptual categories, a convenient way of organizing what needs to be done to treat and to cure
AD.
In an actual clinical treatment process, the requirements and modalities of all three protocols will
be applied to a patient to the extent needed. Specific activities that might be called for in multiple
protocols and which require the same nanorobot instrumentalities can be combined for efficiency
into a single coherent treatment plan to cure the particular patient. For example, all AD patients
should receive the genotyping (Section 5.1) and brain mapping (Section 5.3.1) procedures, both
to ensure a correct AD diagnosis and to acquire complete information prior to designing a
comprehensive patient-specific treatment that will be undertaken in the clinic. Chromosome
replacement therapies required for both the genetic derisking and anti-aging protocols might be
combined into a single application of chromallocyte nanorobots, and so forth.
Having applied the proposed Alzheimer Protocols to a particular patient (as described at length in
the rest of this Chapter), what sorts of outcomes might we reasonably expect?
For preclinical patients, the treatments associated with the first two Alzheimer Protocols should
largely suffice to hold Alzheimer’s disease at bay indefinitely, though likely requiring periodic
checkups and partial retreatments, perhaps decadally. Eliminating AD permanently without the
need for periodic checkups and retreatment would probably require (1) comprehensive reengineering of the human genome, (2) incorporation of permanent nanorobotic implants into the
human body, or (3) replacement of the biological human body with an engineered synthetic body
– all of which are beyond the scope of the present discussion.
For diagnosed AD patients (Section 2.3), Alzheimer Protocol #3 will be required for maximum
recovery, with the following anticipated results:
Stage 1 pre-dementia patients with “mild cognitive impairment” should expect a complete
recovery to preclinical levels of function, probably with memories fully intact.
Stage 2 early AD patients should recover all physical abilities and most memories, and a
complete recovery is possible.
Stage 3 moderate AD patients have a good chance of recovering all physical abilities and their
original behavioral persona. Many memories can be recovered or reconstructed, but some
memories will remain lost.
Stage 4 advanced AD patients have a good chance of recovering all physical abilities and much
of their former behavioral persona. Some memories can be recovered or reconstructed, but many
memories will remain lost. Offsetting this loss will be a regained ability to make and retain new
memories during the retraining process (Section 5.3.3), allowing the patient to retain their core
identity and to resume normal relationships with family, friends, and associates.
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5.1 First Alzheimer Protocol: Genetic Derisking
To begin the First Alzheimer Protocol,
each patient is fully genotyped using
increasingly inexpensive gene
sequencing technologies (image,
right). 1093
Even without the advent of
nanotechnology-based approaches, the
first $1000 genome was already
available by the end of 2015. 1094 By
the time medical nanorobotics is fully
available, it is highly likely that the
cost of sequencing may have fallen as
low as ~$1/genome, and software tools
for organizing and analyzing this data
should be commonplace.
Upon full genotyping and analysis, it may be discovered (in a modest number of cases) that the
patient has inherited a small subset of genes that increase the person’s risk of developing
Alzheimer’s disease – possibly at an early age. Some of these patients might already be
displaying clinical signs of AD. All such genetically at-risk patients should first be treated with a
gene editing procedure 1095 to correct these inherited genetic defects that produce increased
susceptibility to AD. Required genetic corrections may include replacement of familial
Alzheimer’s disease gene mutations (Section 5.1.1), replacement of apolipoprotein ApoE4 genes
(Section 5.1.2) and other high-risk genes (Section 5.1.3), and elimination of AD-related
pathological genetic mosaicism (Section 5.1.4). Once identified, all required genetic corrections
can be applied in a single procedure directed to all relevant target cells.
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For the genetic derisking protocol, the patient’s genotype will be analyzed and edited, 1096
resulting in a corrected (derisked) genotype sequence. Working from this corrected data file,
replacement chromosome sets will be fabricated in an ex vivo desktop chromosome
manufacturing facility, 1097 then loaded into billions of nanorobots for delivery to every one of the
patient’s affected cells (Section 4.2.3). These replacement sets will contain chromosomes from
which the defective or excessive genes that lead to AD have been deleted and replaced with
nondefective genes that do not lead to AD.
For example, correcting high-risk genes that are present in all of the patient’s neurons would
require an injected dose of N bot = 86 billion chromallocyte nanorobots (total ~6 cm3 volume,
assuming 69 µm3 device volume per nanorobot; Section 4.2.3) that can individually target each
of the 86 billion neurons in the human brain, 1098 with each nanorobot delivering one complete
replacement chromosome set into the nucleus of every neuron.
The time requirement for this procedure has been estimated as approximately 3 hours for essential
pre- and post-operative work, to which must be added another 4 hours for every 1012-nanorobot
dose of treatment chromallocytes that are infused into the patient (with each nanorobot targeting a
single nucleus in a cell). This assumes a conservative nanorobot infusion rate of ~1 cm3/min and
restricts the maximum whole-body generation of waste heat to maximum acceptable levels <100
watts. 1099 By this means, all 86 billion neurons in a human brain could be cleared of proAlzheimer’s genes in ~7 hours of chromallocyte treatment time.
It may be deemed necessary in most if not all cases to clear high-risk pro-AD genes not just from
all brain cells, but from all ~10 trillion cell nuclei in the human body. This could be
accomplished using a series of 10 dosage cycles of chromallocytes, using a ~1 terabot dose per
cycle. Whole-body pro-AD gene clearance would require ~48 hours of continuous
treatment, which includes an extra 5 hours for special-case requirements, with a maximum of
1012 chromallocytes (~69 cm3 volume) present in the human body (~60,000 cm3 volume) at any
one time.
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5.1.1 Replace Familial Alzheimer’s Gene Mutations
Familial Alzheimer’s disease (FAD), aka. early onset familial Alzheimer’s disease (EOFAD),
accounts for 1%-5% of all Alzheimer’s cases. 1100 It usually strikes between 40-65 years of age,
though occasionally earlier. It is inherited in an autosomal dominant fashion, 1101 mostly
attributable to mutations in one of three genes: the presenilin 1 gene (PSEN1 located on
Chromosome 14), 1102 the presenilin 2 gene (PSEN2 located on Chromosome 1), 1103 and the
amyloid precursor protein gene (APP located on Chromosome 21). 1104 Hundreds of different
mutations of these three genes have been identified so far. EOFAD may be caused by
overproduction of Aβ due to mutations in the aforementioned three genes, which are essential
components of the γ-secretase complexes responsible for cleavage and release of Aβ. 1105
Patients expressing any one of these mutations can be genetically derisked by having their
defective gene(s) on Chromosomes 1, 14, and 21 replaced with normal gene variants that do not
cause AD, using a single treatment with chromallocyte nanorobots.
It may also be possible to replace any of the AD-susceptibility genes with an alternative gene
variant that induces protection against Alzheimer’s, rather than susceptibility to it, without
creating new problems elsewhere. The best-known example is a coding mutation (A673T) in the
APP gene that confers protection against Alzheimer’s disease and protection against cognitive
decline in the elderly without Alzheimer’s disease. 1106 This is a rare natural APP variant that
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encodes an alanine-to-threonine substitution at residue 673. The substitution is adjacent to the
aspartyl protease β-site in APP and reduces the formation of amyloidogenic peptides in vitro by
~40%, while also mildly decreasing Aβ aggregation. 1107 The strong protective effect of the
A673T substitution against Alzheimer’s disease provides proof of principle that reducing the βcleavage of APP may protect against the disease.
Chromallocytes could perform this and similar replacements as well.
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5.1.2 Replace Apolipoprotein ApoE4 Gene
Apolipoprotein E (aka. APOE; Section 2.4.5) is a class of apolipoprotein found in the
chylomicron and intermediate-density lipoprotein that is essential for the normal catabolism of
triglyceride-rich lipoprotein constituents. APOE is primarily produced by the liver and
macrophages in peripheral tissues and by astrocytes in the central nervous system, and transports
cholesterol to neurons via APOE receptors which are members of the low density lipoprotein
receptor gene family. 1108
The three polymorphic alleles (ApoE2, ApoE3, ApoE4) of the human APOE gene on
Chromosome 19 have a worldwide frequency of 8.4%, 77.9% and 13.7%, respectively, with the
frequency of the ApoE4 allele dramatically increased to ~40% in patients with AD. 1109 The
lifetime risk estimate of developing AD for individuals with two copies of the ApoE4 allele (~2%
of the population) is ~60% by the age of 85, and for those with one copy of the ApoE4 allele
(~25% of the population) ~30%. In comparison, the lifetime risk of AD for those with two copies
of the ApoE3 allele is ~10% by the age of 85. Between 40% and 80% of people with AD possess
at least one ApoE4 allele. 1110 Thus, ApoE4 is considered the foremost late-onset AD gene. 1111

ApoE4 is clearly undesirable.1112 Amyloid Aβ deposition in the form of senile plaques is more
abundant in ApoE4 carriers compared with noncarriers, with 40.7% of ApoE4 carriers having
senile plaques compared with 8.2% of noncarriers among individuals aged 50-59 years. 1113
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Independently of Aβ, ApoE4 triggers inflammatory cascades that cause neurovascular
dysfunction, including BBB breakdown, leakage of blood-derived toxic proteins into the brain,
and reduction in the length of small vessels. 1114
ApoE3 is considered the “neutral” or natural variant, largely avoiding the pro-AD effects of the
ApoE4 allele, although the ApoE2 variant appears slightly less pro-AD than ApoE3. There is
evidence that the ApoE2 allele might serve a protective role in AD1115 – patients with two copies
of ApoE4 have 25 times higher risk of AD as patients with two copies of ApoE2 (who have the
lowest risk of AD). 1116 Initial concerns 1117 that ApoE2 might be linked to Parkinson’s disease
have been largely discounted following a larger population association study, 1118 and there is
some evidence that ApoE2 may be protective against myocardial infarction. 1119 On the
cautionary side, the ApoE2 allele has been linked to increased risk for Type-III
hyperlipoproteinemia, 1120 though the presence of ApoE2 appears essential but not sufficient to
induce this rare condition. 1121 ApoE2 patients may also be at a higher risk of intracerebral
hemorrhage. 1122
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While a final choice between ApoE2 and ApoE3 may be premature at this time, a strong
recommendation to use chromallocyte nanorobots to replace the ApoE4 isoform with either
ApoE3 or ApoE2 variants seems warranted as part of the genetic derisking procedure in the First
Alzheimer Protocol.
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5.1.3 Replace Other High-Risk Genes
In addition to the APOE locus encoding apolipoprotein E (Section 5.1.2), genome-wide
Alzheimer’s association studies in individuals of European ancestry during 2009-2013 identified
11 other genomic regions associated with late-onset AD as “susceptibility loci,” including:
(1) CLU (aka. APOJ) on Chromosome 8, 1123 encoding clusterin or apolipoprotein J;
CLU has a supporting role in the clearance of beta amyloid peptide.
(2) CR1 on Chromosome 1, 1124 encoding the complement component (3b/4b) receptor 1;
CR1 has a supporting role in the clearance of beta amyloid peptide. A variant in CR1 is also
associated with increased risk of cerebral amyloid angiopathy-related intracerebral
hemorrhage. 1125
(3) PICALM (phosphatidylinositol-binding clathrin assembly protein) on Chromosome
11, 1126 involved in clathrin-mediated endocytosis which directs the trafficking of proteins that
play a prominent role in the fusion of synaptic vesicles to the presynaptic membrane in
neurotransmitter release, a process crucial to neuronal function.
(4) BIN1 (bridging integrator 1) on Chromosome 2, 1127 one of two amphiphysins
expressed most abundantly in the brain and muscle. Amphiphysins promote caspase-independent
apoptosis and also play a critical role in neuronal membrane organization and clathrin-mediated
synaptic vessel formation, a process disrupted by Aβ.
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(5) The 19q13.3 locus (rs597668) near EXOC3L2/BLOC1S3/MARK4 on Chromosome
19, 1128 that seems independent of APOE but is currently of unknown function. Two genes
adjacent to this locus are part of pathways linked to Alzheimer pathology.
(6) ABCA7 on Chromosome 19, 1129 aka. ATP-binding cassette transporter, sub-family A,
member 7. ABCA7 is highly expressed in brain, especially hippocampal CA1 neurons and in
microglia.
(7) The membrane spanning MS4A gene cluster on Chromosome 11, 1130 a family of cell
surface proteins.
(8) CD2AP (a scaffold/adaptor protein) on Chromosome 6. 1131
(9) CD33 (cluster of differentiation 33, an endocytic receptor) on Chromosome 19. 1132
(10) EPHA1 (ephrin receptor A1) on Chromosome 7, with roles in cell and axon
guidance and in synaptic development and plasticity. 1133
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(11) Heterozygous rare variants in TREM2 (triggering receptor expressed on myeloid
cells 2) on Chromosome 6. 1134

An even more extensive genome-wide Alzheimer’s association study completed in 2014 found
yet another 11 new genetic susceptibility loci, 1135 bringing the number of currently-known genetic
loci associated with late-onset AD up to 22, including:
(12) CASS4 on Chromosome 20, in the APP pathway, tau pathology, and in cytoskeletal
function and axonal transport;
(13) CELF1 on Chromosome 11, in cytoskeletal function and axonal transport;
(14) FERMT2 on Chromosome 14, in tau pathology;
(15,16) HLA-DRB5 and HLA-DRB1 on Chromosome 6, in immune response and
inflammation;
(17) INPP5D on Chromosome 2, in regulation of gene expression and post-translational
modification of proteins, microglial and myeloid cell function, and in immune response and
inflammation;
(18) MEF2C on Chromosome 5, in hippocampal synaptic function and in immune
response and inflammation;
(19) NME8 on Chromosome 7, in cytoskeletal function and axonal transport;
(20) PTK2B on Chromosome 8, in cell migration and hippocampal synaptic function;
(21) SORL1 (sortilin-related receptor) on Chromosome 11, in the APP pathway and in
lipid transport and endocytosis; and
(22) the ZCWPW1 gene on Chromosome 7, encoding zinc finger and modulating
epigenetic regulation.
These 22 new risk alleles 1136 have a much smaller effect on late-onset AD susceptibility than does
ApoE4 (Section 5.1.2), with estimates for the “population-attributable fractions” for these new
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loci in the range of 1%-8%. 1137 Nevertheless, 1%-8% of all people is still a significant patient
population, and an appropriate treatment by chromallocyte nanorobots should suffice to replace
all AD-susceptible gene variants with safer variants that do not confer susceptibility to
Alzheimer’s disease.
What about mitochondrial DNA mutations? While inherited stable mtDNA variations
(mitochondrial haplogroups such as H5) 1138 have been associated with the development of
neurodegenerative disease, 1139 so far it appears that pathogenic inherited mtDNA mutations do
not constitute a major etiological factor in sporadic AD. 1140 A few mitochondrial gene variants
have been proposed to increase susceptibility to AD but researchers remain skeptical – e.g., one
polymorphic poly-T variant (rs10524523) in the translocase of the outer mitochondrial membrane
40 homolog (TOMM40) gene was implicated in one study 1141 but could not be replicated. 1142
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5.1.4 Eliminate Pathological Genetic Mosaicism
It has long been known that having an extra copy of the APP gene on Chromosome 21 can cause
rare “familial” Alzheimer’s disease (<5% of AD cases), and this APP duplication can be passed
on genetically and thus be present in all the cells of a patient’s body.
Early studies of the far more common “sporadic” Alzheimer’s disease (>95% of AD cases)
showed no difference in the number of APP genes found in tissue samples, including whole brain.
But it appears these studies may have been conducted without adequate appreciation of the
possibility of brain “mosaicism” (i.e., when cells with varied DNA are present in the same
person), and thus individual neurons were not investigated.
A more recent study 1143 used five different types of experiments to examine the DNA content of
single neurons for possible mosaicism and found a possible additional genetic source of excess
beta amyloid (Aβ) generation. The researchers discovered that individual neurons from people
with Alzheimer’s disease contained more DNA – on average, hundreds of millions of DNA base
pairs more – and also more copies of the APP gene, with some neurons containing up to 12
copies. Cortical nuclei of Alzheimer’s brains displayed increased average copy numbers (∼3.84.0 copies) significantly higher than for control samples (∼1.7-2.2 copies), with increased
frequencies of high copy number nuclei (6 or more copies) primarily occurring in prefrontal
cortex samples of AD brains. All these extra copies of the APP gene could cause overexpression
of APP in all affected cells in the brain, leading, in turn, to overproduction of beta amyloid. The
mosaicism itself could be caused by a variety of environmental factors known to produce genetic
damage, or by physical trauma, or even by cellular aging.
A single-pass treatment by chromallocyte nanorobots should suffice to remove all excess (>2)
copies of the APP gene, via direct replacement of the entire Chromosome 21.
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5.2 Second Alzheimer Protocol: Tissue Rejuvenation
Although Alzheimer’s disease has not traditionally been regarded as a normal part of growing
older, almost everyone agrees that the greatest risk factor for AD is increasing age, with the risk
doubling every five years after age 65. 1144 The role of aging in AD is increasingly coming under
closer scrutiny. 1145 Biogerontologist Aubrey de Grey goes further, asserting that AD is a disease
that everyone would get eventually, if only they lived long enough. 1146 Our synoptic view of the
genesis of Alzheimer’s disease (Section 2.4.8) suggests that the natural progress of aging
gradually reduces the effectiveness of the biochemical pathways that control the normal
processing and degradation of proteins, leading to a failure of proteostasis and subsequently to the
accumulation of excess Aβ, tau protein, and a cascade of pathological biochemical events,
manifesting eventually in the clinical symptoms of AD.
If this view is mostly correct, then it should be possible to indefinitely postpone the arrival of AD
by indefinitely postponing aging, using the full suite of anti-aging treatments 1147 made possible by
medical nanorobots (Section 4.2) manufactured in nanofactories (Section 4.1). Some forms of
aging-related damage are measurable as early as 30 years of age, 1148 including declining cognitive
function, 1149 increasing difficulty with balance and motor skill tests,1150 dementia-associated
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microvascular changes, 1151 and the peaking of different mental abilities 1152 at ages ranging from
the late teens to the late 40s. But except for a few patients who are genetically at risk for
“familial” or “early-onset” Alzheimer’s disease (Section 5.1.1), people under 30-50 years of age
generally do not display clinical signs of AD. As a result, arresting brain aging in pre-clinical
Alzheimer’s individuals should halt the accumulation of further damage and should suffice to
indefinitely postpone the development of clinically observable Alzheimer’s disease.
How do we arrest aging? According to a foundational paper in the field of anti-aging
research: 1153
Aging is a three-stage process: metabolism, damage, and pathology. The biochemical processes
that sustain life generate toxins as an intrinsic side effect. These toxins cause damage, of which a
small proportion cannot be removed by any endogenous repair process and thus accumulates.
This accumulating damage ultimately drives age-related degeneration. Interventions can be
designed at all three stages. However, intervention in metabolism can only modestly postpone
pathology, because production of toxins is so intrinsic a property of metabolic processes that
greatly reducing that production would entail fundamental redesign of those processes. Similarly,
intervention in pathology is a losing battle if the damage that drives it is accumulating unabated.
By contrast, intervention to remove the accumulating damage would sever the link between
metabolism and pathology, and so has the potential to postpone aging indefinitely. The term
“negligible senescence” was coined 1154 to denote the absence of a statistically detectable increase
with organismal age in a species’ mortality rate.

The use of medical nanorobots to arrest aging throughout the human body has been described at
length in a previous work. 1155 Seven major categories of accumulative age-related damage have
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been recommended for periodic correction 1156 and are briefly described below: removing
extracellular aggregates (Section 5.2.1), removing intracellular aggregates (Section 5.2.2),
correcting cancer, nuclear mutations and epimutations (Section 5.2.3), replacing mutant
mitochondria (Section 5.2.4), eliminating dysfunctional or senescent cells (Section 5.2.5),
restoring essential lost or atrophied cells (Section 5.2.6), and removing extracellular crosslinks
(Section 5.2.7). In the present work, each of these categories is discussed largely in the context of
the aging brain. The previous work should be consulted for a more complete discussion of antiaging methods applied more broadly to the entire human body, not just the brain.
The methods described here would repair existing cellular damage, though new damage would
slowly re-accumulate because the basic biological processes have not been altered. But the
continuing arrest of brain degradation, neuron mass loss, and aging in pre-clinical Alzheimer’s
patients, using medical nanorobots with periodic re-treatment perhaps every decade or so, should
constitute a complete preventative treatment against the development of clinically observable
Alzheimer’s disease in most individuals.
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5.2.1 Remove Extracellular Aggregates
Extracellular aggregates are biomaterials that have accumulated and/or aggregated into deposits
outside of the cell. These biomaterials are biochemical byproducts with no further useful
physiological or structural function that have proven resistant to natural biological degradation
and disposal.
The discussion here focuses on the removal of amyloid (Section 5.2.1.1) aggregates and excess
glutamate (Section 5.2.1.2), which are of greatest concern in the AD brain.
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5.2.1.1 Amyloid Plaques
The most notorious insoluble extracellular aggregates in the AD brain are the toxic amyloid
plaques (Section 2.4.1), comprising M Aβ ~ 10 mg of deposited Aβ 42 (mostly in the gray matter of
the cortex) in a human AD brain of assumed mass 1150. 1157 Certain brain regions appear more
prone than others to produce plaques: concentrations are seen in the amygdala, the hippocampus,
and certain regions of the cortex, but not in basal ganglia and the cerebellum. 1158
Amyloid plaques, however, are not pure Aβ. One comprehensive proteomic analysis 1159 of senile
plaques from AD brain detected at least 26 proteins that were co-located with amyloid plaques
and quantitatively enriched at least two-fold (typically 2-8 fold) in comparison with surrounding
non-plaque tissues, and another 462 proteins that were also co-located but not significantly
enriched. In this study, samples of 2000 amyloid plaques extracted from tissue slices taken from
two human AD brains contained 2 µg of total protein (~1 ng/plaque or ~1000 µm3/plaque). The
protein included classic plaque components such as Aβ (enriched 80-fold), α1-antichymotrypsin,
apolipoprotein E, collagen type XXV, cystatin C, α-synuclein, proteoglycans, and clusterin. If we
conservatively assume that the mass of the non-Aβ protein exceeds the mass of all forms of Aβ in
an amyloid plaque by 9-fold (e.g., M non-Aβ ~ 9M Aβ ), then we would estimate total amyloid plaque
mass as M plaque = M Aβ + M non-Aβ ~ 100 mg per 1150 gm human AD brain. This is roughly
consistent with early reports of ~5 x 105 plaques recoverable per gram of “optimal grey matter
material”, 1160 which would predict up to (500,000 plaques/gm) (~1 ng/plaque) (1150 gm/brain)
(42% cortex grey matter) ~240 mg of plaques per whole AD brain.
Selective molecular binding sites for Aβ are well-known, such as the nucleotide decamer
consensus sequence “KGGRKTGGGG” in DNA which is a general Aβ-interacting domain, 1161
and the protein amphoterin which contains an amyloidogenic peptide fragment with high affinity
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for Aβ as a free peptide or while part of the native protein.1162 Several microglial pattern
recognition receptors for Aβ 42 plaque fibrils have been reported, including the class B scavenger
receptor CD36, 1163 the TLR4-interacting molecule CD14, 1164 and the microglial TLR2
receptor, 1165 and blood-derived microglial cells are chemoattracted to amyloid plaques. 1166 The
presence of other proteins in the plaque affords additional recognition, confirmation, and binding
opportunities.
Plaque binding sites can be installed on the external recognition modules of tissue-mobile
microbivore-class (Section 4.2.2) scavenging nanorobots, allowing them to quickly seek, bind,
ingest, and fully digest existing amyloid plaques throughout the relevant tissues, in the manner of
artificial mechanical macrophages. The only significant material effluent from these synthetic
digestive processes would be harmless free amino acids. 1167 The microbivore-class devices
would enter and exit the brain by any of several means described earlier in Section 4.3.
Assuming an injected dose of N bot = 86 billion nanorobots (~1 cm3 dose, assuming 12.1 µm3
device volume per nanorobot; Section 4.2.2) which allows one for each of the 86 billion neurons
in the brain, 1168 with each nanorobot able to digest V plaque = 2 µm3 per cycle (Section 4.2.2) of
amyloid plaque with average density ρ amyloid ~ ρ Aβ = 1200 kg/m3, 1169 operating on a leisurely τ =
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3600 sec (1 hr) search/digest cycle, then the entire AD human brain can be cleared of all
amyloid plaques in t clearance = Max[τ, τ M plaque / (N bot V plaque ρ plaque )] = Max[3600, 1744] = 3600
sec (1 hr).
Nanorobot activities at a particular plaque may need to be accompanied by the emission of small
aliquots of an engineered enzyme designed to separate the plaque body from any neurites,
synapses, neuronal processes, elements of brain extracellular matrix, 1170 or other vital
extracellular structures around which the plaque body might be wrapped or weakly bonded.
These enzymes can later be retrieved using sorting rotors equipped with binding sites having high
affinity for the engineered enzyme. Alternatively, the nanorobot can incorporate mechanisms and
mechanical procedures designed to avoid damage to key extracellular structures while the plaque
is being extracted and digested.
Based on estimates of neuronal Aβ 42 production, the amount of Aβ 42 deposited in the AD brain as
plaque is equivalent to approximately 6-7 years of total Aβ 42 production. 1171 (Animal data
suggests that once the first seeding of plaques occurs, available amyloid-β is rapidly accumulated
into them.) As a result, multi-annual treatments of the kind described above may suffice to keep
the patient’s brain essentially clear of amyloid plaques.
Free-floating toxic amyloid oligomers, e.g., ADDLs (Section 2.4.1), are a closely related form of
extracellular aggregate that should also be removed. While they’re removing plaques, the
nanorobots described above can simultaneously extract and safely digest Aβ oligomers, possibly
using binding sites derived from known molecular receptors that are specific to amyloid
oligomers (such as PrPC), 1172 further reducing the rate of formation of new amyloid plaques.
Nanorobots can also use available binding sites to extract free Aβ, tau (Section 5.2.2.1), αsynuclein (Section 5.2.2.3), and other proteins associated with neurodegenerative disorders that
are often released into the extracellular space, where they may spread to other cells and possibly
seed abnormal protein aggregation – e.g., tau is toxic to neurons when present in the extracellular
space. 1173
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5.2.1.2 Glutamate
Glutamate is a useful excitatory neurotransmitter of the nervous system, although excessive
extracellular amounts in the brain can lead to cell death through a process called excitotoxicity
which consists of the overstimulation of glutamate receptors. 1174 Excitotoxicity occurs not only
in Alzheimer’s disease, but also in other neurological diseases such as Parkinson’s disease and
multiple sclerosis.
Inflammation around the senile amyloid plaques upregulates the production of prostaglandins and
leads to the increase in the extracellular concentration of glutamate which contributes to the
ultimate death of neurons. 1175
While nanorobots are busy eliminating the amyloid plaques (Section 5.2.1.1), they can also
employ molecular sorting rotors (Appendix C) equipped with glutamate binding sites (e.g.,
iGluR receptors, 1176 mGluR receptors, 1177 etc.) to pump excess glutamate in the extracellular
space down to acceptably low concentrations, storing the chemical in nanorobot onboard tanks to
be carried out of the brain when the devices exit the patient. Extracting pro-inflammatory
cytokines may also help to downregulate the production of excess glutamate.
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5.2.2 Remove Intracellular Aggregates
Intracellular aggregates are highly heterogeneous lipid and protein biomaterials that have
accumulated and aggregated into clumps inside of the cell.1178 These biomaterials are normal
intracellular molecules that have become chemically modified so that they no longer work and are
resistant to the normal processes of degradation. Intracellular aggregates often accumulate inside
lysosomes, organelles that contain the most powerful degradation machinery in the cell. But if
the lysosomes become congested and engorged, the cell will stop working properly – crudely
analogous to a house whose toilets have all backed up. Intracellular aggregates that accumulate
elsewhere than in the lysosome are also a contributing factor in several types of
neurodegeneration.
Nanorobotic clearance of three categories of intracellular aggregates of greatest concern in the
AD brain are discussed below: (1) neurofibrillary tangles (NFTs) or “tau tangles” composed
mostly of hyperphosphorylated tau protein (Section 5.2.2.1), (2) lipofuscin granules (Section
5.2.2.2), and (3) α-synuclein as oligomers and Lewy body aggregates (also a significant
contributor to Parkinson’s disease) (Section 5.2.2.3).
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5.2.2.1 Tau Protein and Neurofibrillary Tangles
Tau protein, which is normally most abundant in axons, becomes hyperphosphorylated and
mislocalized to the neuronal soma and dendritic spines, forming intracellular inclusions called
neurofibrillary tangles (NFT) that disrupt the cytoskeleton (Section 2.4.2). One early study of
human cerebral cortex tissue in AD brains found 2.1 mg/100 gm tissue of tau (of which at most
20% was derived from neurofibrillary tangles) and 0.8 mg/100 gm tissue of hyperphosphorylated
tau (of which at most 26% was derived from neurofibrillary tangles). 1179 This implies that human
AD brain tissue contains at most (20%)(2.1 mg) + (26%)(0.8 mg) = 0.6 mg/100 gm tissue, or
M tangles ~ 7.2 mg of NFT tau tangles per AD human brain of assumed mass 1150 gm. Even if all
of the remaining AD tau protein was pathologically present as hyperphosphorylated tau
oligomers, then human AD brain tissue could contain at most (80%)(2.1 mg) + (74%)(0.8 mg) =
2.3 mg/100 gm tissue, or M oligomers ~ 26.1 mg of tau oligomers per 1150 gm AD human brain.
Selective molecular binding activity to phosphorylated tau protein has been found in
phosphorylated pSmad2 and pSmad3 proteins 1180 and curcumin, 1181 but numerous
phosphorylation-dependent anti-tau antibodies (e.g., Alz50, AP422, AT100, MC1, TG-3) are also
known to specifically recognize pathological tau species. 1182 For example, monoclonal antibody
AD2 1183 and PHF-1 1184 recognize the phosphorylated serine 396 and serine 404 sites, whereas
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PHF-9 shows phosphorylation-dependent binding to purified PHF and recognizes phosphorylated
serine 404 of tau independently of phosphorylated serine 396. 1185 AT100 recognizes
phosphorylated threonines 212-217 and serine 214, while antibody TG3 recognizes
phosphothreonine 231 which is found in pretangles, intracellular tangles and extracellular
tangles. 1186 Monoclonal antibody AP422 binds to the phosphorylated serine 422 site. 1187 Other
monoclonal antibodies target multiple neighboring hyperphosphorylation sites 1188 and individual
tau phosphopeptides with high specificity. 1189
Binding sites for tau oligomers might be fashioned from known tau oligomer-specific monoclonal
antibodies. 1190 For example, one tau oligomer-specific monoclonal antibody (ADx215) stains
specific low-order tau oligomers in diseased AD brain, while two others (ADx201, ADx210)
additionally react to higher-order tau oligomers and presumed prefibrillar structures. 1191
Binding to entire neurofibrillary tangles has been demonstrated using a BODIPY-based Zn(II)
complex that binds preferentially to peptides presenting phosphorylated groups, only weakly to
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artificially prepared aggregates of the nonphosphorylated tau protein, and clearly discriminates
between NFTs and the amyloid plaques. 1192 Casein kinase II (CK-II) antiserum immunoreacts
with NFTs, 1193 and a PET tracer compound 18F-THK5351 selectively binds to neurofibrillary
tangles. 1194 Congo Red, Thiazine Red, and Thioflavin S are fluorescent dyes commonly used for
staining neurofibrillary tangles and monitoring tau aggregation, 1195 and Gallyas silver is a
traditional stain specific to NFTs. 1196
Binding sites for phosphorylated tau protein, tau oligomer, or NFT can be installed on the
external recognition modules of tissue-mobile microbivore-class (Section 4.2.2) scavenging
nanorobots, allowing them to quickly seek, bind, ingest, and fully digest existing neurofibrillary
tangles throughout the relevant tissues, in the manner of artificial mechanical macrophages. The
only significant material effluent from these synthetic digestive processes would be harmless free
amino acids. 1197 The microbivore-class devices would enter and exit the brain by any of several
means described earlier in Section 4.3. Assuming an injected dose of N bot = 86 billion
nanorobots (~1 cm3 dose, assuming 12.1 µm3 device volume per nanorobot; Section 4.2.2)
applying one for each of the 86 billion neurons in the brain, 1198 with each nanorobot able to digest
V tau = 2 µm3 per cycle (Section 4.2.2) of tau tangles with average density ρ tangles = 1300 kg/m3, 1199
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operating on a leisurely τ = 3600 sec (1 hr) search/digest cycle, then the entire AD human brain
can be cleared of all tau neurofibrillary tangles in t clearance = Max[τ, τ M tau / (N bot V tau ρ tangles )]
= Max[3600, 536] = 3600 sec (1 hr), taking M tau = M tangles + M oligomers = 33.3 mg as the maximum
possible quantity of pathological tau per 1150 gm AD human brain. Nanorobot activities near a
particular tangle may need to be accompanied by the emission of small aliquots of an engineered
enzyme designed to separate the neurofibrillary material from any cytoskeletal elements or other
vital intracellular structures around which it might be wrapped or weakly bonded. These
enzymes can later be retrieved using sorting rotors equipped with binding sites having high
affinity for the engineered enzyme. Alternatively, the nanorobot can incorporate mechanisms and
procedures designed to avoid damage to key intracellular structures while the tangles are being
extracted and digested. Free-floating toxic tau oligomers are also extracted and safely digested
by the nanorobots, possibly using binding sites derived from known molecular receptors that are
specific to phosphorylated tau oligomers as described above, further reducing the rate of
formation of new neurofibrillary tangles.

Proc Natl Acad Sci U S A. 2008 May 27;105(21):7445-50, supplemental material;
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5.2.2.2 Lipofuscin Granules
Lipofuscin consists of yellow-brown insoluble age-pigment lysosomal granules that collect inside
many of our cells starting as early in life as 11 years old, are typically 1-3 microns in diameter,
and may occupy up to 20% of brainstem neuron volume at age 20 and up to 50% of cell volume
by age 90. 1200 While brain cell lipofuscin is not normally associated with mental 1201 or motor 1202
abnormalities or with other detrimental neuronal function, 1203 hereditary ceroid lipofuscinosis 1204
or neuronal ceroid-lipofuscinosis (NCL) diseases 1205 (Section 6.2.6) can lead to premature death.
Interestingly, AD-brain neurons lacking neurofibrillary tangles (NFT) have about three times
more lipofuscin than age-matched neurons with NFTs, suggesting that a breakdown in the
capacity for making lipofuscin may reduce the neuronal inability to store toxic waste.1206
Lipofuscin granules are composed of lipid-containing residues of lysosomal digestion, usually
arranged around the cell nucleus, surrounded by lysosomal, autophagosomal, or
autolipophagosomal membrane. Lipofuscin is likely the product of the oxidation of unsaturated
fatty acids (e.g., lipid peroxidation products derived from malondialdehyde and glycation
products). 1207 Lipofuscin may be symptomatic of membrane damage or damage to mitochondria
and lysosomes, and might be the result of incomplete lysosomal degradation of damaged
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mitochondria. 1208 Along with a large lipid content and crosslinked protein residues, lipofuscin is
also known to contain sugars and metals, including mercury, aluminum, iron, copper and zinc. 1209
How much lipofuscin is
present in human brain? One
Table 2. Lipofuscin concentration in normal human brain
early study 1211 obtained several
as a function of age. 1210
normal human brains of
various ages, chopped them up
Mean Age
16.8 yr
45.6 yr
66.8 yr
78.8 yr
Lipofuscin per brain
25.1 mg 50.7 mg 88.4 mg 72.0 mg
and extracted all the lipofuscin,
with the results (Table 2)
confirming that the lipofuscin content of normal brain generally rises with age, apparently
increasing very roughly at the rate of ~1 mg/brain-yr. Another study 1212 of progeric,
phenylketonuric, and Down’s syndrome brains over a 14-92 year age range found no significant
difference in the amount of lipofuscin accumulated with age compared to normal brains, so these
values seem likely to be approximately correct for Alzheimer’s brains as well. For our scaling
estimate, we’ll assume the maximum mass of lipofuscin to be cleared is M lipofuscin ~ 100 mg per
aging human AD brain of assumed mass 1150 gm.
How to create binding sites for such a heterogeneous material consisting of lipids, proteins,
carbohydrates and a small amount of metals? One approach is to find or create receptors for
specific molecules found in lipofuscin membranes. For example, 186 different proteins 1213 were
identified in the coatings of retinal epithelium lipofuscin granules, none of which were found in
the purified lipofuscin when the coatings were chemically removed. 1214 A small array of
receptors for a small number of these proteins should provide an unambiguous identification of a
lipofuscin granule. Lipofuscin granules contain excessive amounts of the free fatty acids palmitic
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acid, arachidonic acid, and oleic acid and a significant decrease in diacylglycerols.1215 The
granules are also immunoreactive to various monoclonal antibodies including mouse antinitrotyrosine mAb, mouse anti-2-(ω-carboxyethyl)pyrrole (CEP) mAb, and rabbit polyclonal antiiso[4]levuglandin E2 (iso[4]LGE2), 1216 histochemical lipofuscin-staining antibodies
(HPA025226, HPA041736, HPA045679), 1217 and antisera to lipoic acid, 1218 any of which could
serve as the basis for a binding site. A large number of stains are employed that preferentially
bind to lipofuscin granules as an aid to visualization. For example, Sudan Black B (SBB) is a
lipophilic histochemical stain that identifies lipofuscin and is applicable for in vitro and in situ
studies. 1219 Other traditional positive stains include Schmorl’s reaction, Oil red O, carbol
lipofuscin stain, Periodic acid-Schiff, Ziehl-Neelsen acid fast stain, and the lysosomal acid
phosphatase and esterase stains, 1220 D-PAS and Fontana Masson, 1221 and crotonaldehyde fuchsin
following performic acid oxidation. 1222 Finally, if naturally-occurring lipofuscinolytic bacteria
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exist, 1223 they may possess some means for chemically recognizing the pigment granules in order
to digest them.
Binding sites for sensing lipofuscin materials or lipofuscin granule membrane can be installed on
the external recognition modules of tissue-mobile microbivore-class (Section 4.2.2) scavenging
nanorobots, allowing them to quickly seek, bind, ingest, and fully digest existing lipofuscin
granules throughout the relevant tissues, in the manner of artificial mechanical macrophages. The
effluent from these synthetic digestive processes would be mostly harmless free amino acids,
fatty acids and carbohydrates, 1224 but any metal atoms present in the processed lipofuscin
probably should be sequestered onboard the nanorobots. The microbivore-class devices would
enter and exit the brain by any of several means described earlier in Section 4.3. Assuming an
injected dose of N bot = 86 billion nanorobots (~1 cm3 dose, assuming 12.1 µm3 device volume per
nanorobot; Section 4.2.2) applying one for each of the 86 billion neurons in the brain, 1225 with
each nanorobot able to digest V lipofuscin = 2 µm3 per cycle (Section 4.2.2) of lipofuscin granules
with average density ρ lipofuscin ~ 1160 kg/m3, 1226 operating on a leisurely τ = 3600 sec (1 hr)
search/digest cycle, then the entire AD human brain can be cleared of all lipofuscin deposits
in t clearance = Max[τ, τ M lipofuscin / (N bot V lipofuscin ρ lipofuscin )] = Max[3600, 1804] = 3600 sec (1 hr).
It is not yet firmly established how quickly fresh lipofuscin would re-deposit in aging brain cells
that have been completely cleared of the material. If the active deposition rate is similar to the ~1
mg/brain-yr rate for age-dependent accumulation, then decadal cleanouts may result in brain
cells carrying only ≤10% of their natural lipofuscin load, reducing pathological effects to minimal
levels.
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5.2.2.3 α-Synuclein and Lewy Bodies
α-synuclein is a 140-residue protein that is abundant in the human brain, primarily found in
neural tissue and sometimes making up as much as 0.5% of all proteins in the cytosol of brain
cells. 1227 It is predominantly expressed in the neocortex, hippocampus, substantia nigra,
thalamus, and cerebellum, as well as in neuroglial cells, with subcellular localization studies 1228
indicating the heaviest concentrations in presynaptic terminals and nucleus, 1229 and relatively
dense accumulations in some mitochondria. In rat brain, α-synuclein is highly expressed in the
mitochondria in the olfactory bulb, hippocampus, striatum, and thalamus, where the cytosolic αsynuclein is also rich, whereas the cerebral cortex and cerebellum contains rich cytosolic αsynuclein but very low or even undetectable levels of mitochondrial α-synuclein. 1230
In disorders known as α-synucleinopathies, 1231 α-synuclein aggregates to form insoluble fibrils
characterized by intracellular Lewy bodies. α-synuclein is the primary structural component of
Lewy body fibrils, and while Lewy bodies sometimes contain tau protein, 1232 α-synuclein and tau
constitute two distinctive subsets of filaments in the same inclusion bodies known as Lewy
bodies. Lewy bodies appear as spherical masses that displace other cell components. The two
morphological types are classical (brain stem) Lewy bodies and cortical Lewy bodies. A classical
Lewy body is an eosinophilic cytoplasmic inclusion consisting of a dense core ~10 µm in
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diameter 1233 surrounded by a halo of 10-nm-wide radiating fibrils, the primary structural
component of which is α-synuclein. Cortical Lewy bodies are also composed of α-synuclein
fibrils, but are less defined and lack halos. In brain regions where Lewy bodies appear, such as
the substantia nigra and locus coeruleus, up to 1-5 Lewy bodies per neuron have been
observed. 1234 Assuming the total mass of Lewy bodies does not exceed the total for tau-based
neurofibrillary tangles (~33.3 mg/brain) and lipofuscin granules (~100 mg/brain) as previously
discussed, a population of 86 billion microbivore-class nanorobots should be able to clear the
human brain of Lewy bodies in a treatment time of ~1 hour. Binding sites can probably be
designed from many sources, e.g., monoclonal antibodies such as the 3D5 monoclonal antibody
that recognizes the C-terminal 115-121 amino acids of α-synuclein 1235 and the 2E3 antibody that
recognizes amino acids 134-138 of the protein; 1236 both 3D5 and 2E3 detect presynaptic αsynuclein but only 3D5 detects nuclear α-synuclein.
Alternatively, Lewy bodies could be chemically bonded onto probes, loaded into onboard storage
tanks of chromallocyte-class nanorobots, and transported intact out of the patient’s body for
external disposal. Lewy bodies could also be removed via digestion to harmless effluents in situ
using appropriate synthetic digestive enzymes that are temporarily injected into organelles, and
then retrieved, by nanorobots.
Extracellular oligomeric α-synuclein 1237 can be extracted similarly as for amyloid oligomers like
ADDLs (Section 2.4.1), using binding sites with structures similar to oligomeric α-synucleinspecific antibodies such FILA-1. 1238 Brain concentrations of total α-synuclein are typically 0.05-
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0.25 µg/ml, 1239 or 0.07-0.35 mg per 1400 cm3 human brain. Additionally, α-synuclein (aka. nonAβ component protein or NABP) is one of many proteins associated with amyloid plaques in the
AD brain. This material is likely to be swept out of the brain along with the amyloid during the
nanorobotic procedure previously described in Section 5.2.1.1.
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5.2.3 Correct Cancer, Nuclear Mutations and Epimutations
Despite a sophisticated DNA self-repair system, chromosomes in the cell nucleus slowly acquire
two types of irreversible age-related damage. First, there can be mutations, which are changes to
the DNA sequence. Second, there can be epimutations or epigenetic modification, 1240 which are
changes to the chemical decorations of the DNA molecule (e.g., mis-methylation 1241 and excess
methylation 1242) or to the histone modifications (e.g., excess acetylation), 1243 that control DNA’s
propensity to be decoded into proteins, collectively representing the “epigenetic state” or
“epigenetic signature” of the cell. (In a given patient, different cell types have the same DNA
sequences but have different epigenetic states.) When DNA damage of these types leads to
uncontrolled rapid cell replication, the result is fast tumor growth, aka. cancer. Other loss of gene
function unrelated to cancer can also occur. DNA damage and mutation may be a significant
cause of cell toxicity and cell depletion because cells can either commit suicide or go into a
senescent non-dividing state as a pre-emptive response to DNA damage that stops the cell from
developing into cancer. 1244
As part of the anti-aging protocol for pre-AD or AD patients, chromallocytes would be employed
to replace the chromosome set in every brain cell with newly manufactured chromosomes in
which all of the irreversible age-related DNA damage has been repaired. In this protocol, the
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replacement chromosomes constitute a consensus pre-damage nucleotide sequence such as might
have existed in a youthful or natal cell prior to the occurrence of any damage. 1245 Replacement of
all chromosomes in all 10 trillion cell nuclei in the human body would require a total continuous
treatment time of ~48 hours (Section 5.1).
For genetically damaged brain cells, the optimal nanorobotic solution to nuclear mutation and
epimutation is to employ chromallocytes (Section 4.2.3) to replace all of the randomly damaged
chromosomes with newly-manufactured correctly-methylated mutation-free chromosome sets in
all the cells of the body, including the brain. This should effectively cure any pre-existing
cancers, which are proposed to be the principal negative impact of mutated nuclear DNA on
health and aging. 1246 As another benefit, this chromosome replacement therapy (CRT) will
automatically repair any somatic mutations in tumor-suppression genes, thus reinvigorating other
components of the body’s natural defenses against brain cancer – a repair that would likely be
impractical using conventional biotechnology.
As yet another benefit, with pre-existing cancer cells already corrected, the installed new
chromosome sets can be safely manufactured with their telomeres re-extended to full neonatal
reserve length, essentially “rolling back the clock” on chromosome age and effectively
implementing comprehensive cellular genetic rejuvenation.
Of course, the cumulative burden of random somatic nucleotide base mutations with age can be
substantial. According to one recent analysis, 1247 each nonreplicating diploid cell (such as a
neuron) could accumulate 400-4,000 mutations by the age of 60, while proliferative cells such as
those in the intestinal epithelium and the epidermis could contain 4,000-40,000 mutations, with
the result that the 60-year-old intestinal epithelium may harbor >109 independent mutations such
that “nearly every genomic site is likely to have acquired a mutation in at least one cell in this
single organ.” But all of these mutations are readily corrected using chromallocytes, which
replace all of the DNA with new pre-mutation consensus copies.
Because biology is highly complicated, the earliest implementations of nanorobotic CRT need not
depend on knowing which DNA sequences and epigenetic states are “correct” (in the ideal
functional sense), but merely on knowing which ones appear “normal” for a particular patient,
with chromallocytes then reinstalling whatever is normal for each cell type. Normal can be
measured by widespread sampling of DNA in the patient’s native cells and statistically averaging
out the observed random variations. 1248 In later implementations of CRT, we will know enough
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about the ideal epigenetic state of all cell types to be able to implement it just as precisely as we
will be able to edit native DNA sequences or delete foreign sequences, using the same
nanorobots.
It will usually be most efficient to combine the generic CRT therapy described here with the gene
editing protocol of Section 5.1, in those few cases where the presence of correctable genetic
defects dictates the simultaneous application of the First Alzheimer Protocol.
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5.2.4 Replace Mutant Mitochondria
Besides nuclear DNA, cellular organelles called mitochondria possess their own DNA that is
susceptible to mutation, causing the mutated mitochondrion to malfunction leading to respirationdriven (i.e., oxidative damage-mediated) aging. 1249 Outright mitochondrial DNA deletions of
over 3% in the cortex and up to 12% in the putamen have been measured in the brains of normal
individuals over the age of 80, 1250 and the pattern of deletion differs for normal vs. AD brains 1251
and for normal vs. bipolar-disorder brains. 1252 There also remains the possibility of mitochondrial
epigenetic dysfunction in Alzheimer’s disease etiology. 1253
Mitochondria are the principal source of chemical energy in the cell, metabolizing oxygen and
nutrients to carbon dioxide and water, producing energy-charged molecules of ATP that provide
power for many important intracellular biochemical processes. Of the ~1000 proteins present in
the mitochondrion, only 13 (totaling under 4000 amino acids) are encoded by its own DNA. All
the rest are encoded in the cell’s nuclear DNA and are manufactured in the cytosol, then
transported through the mitochondrial membrane wall by a complicated apparatus called the
TIM/TOM complex. 1254 It has been proposed to add the genes encoding the unique 13
mitochondrial proteins to the better-protected nuclear chromosome content, 1255 allowing these
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proteins to be produced when the mitochondria fail to do so and then to be imported through the
organelle wall, 1256 thus maintaining adequate energy-producing function even in mutated
organelles.
There are many possible nanorobotic strategies for dealing with mutant mitochondria:
First, chromallocytes could deliver into the nucleus of each cell in the human body a new set of
manufactured chromosomes that incorporate genes encoding the 13 unique mitochondrial
proteins, thus comprehensively effectuating the above proposal in a ~7 hour therapy for a single
large organ such as the brain or up to ~48 hours for a continuously-performed whole-body CRT
procedure (Section 5.1).
Second, chromallocytes could employ a revised CRT treatment in which mitochondrial DNA is
removed from each intracellular organelle in each brain cell and replaced with corrected versions
of mtDNA, 1257 a more time-consuming approach.
Third, replacement whole mitochondria containing non-mutated DNA could be manufactured in
external clinical cell mills (Section 4.2.6), 1258 then delivered into the cytoplasmic compartment of
target brain cells by chromallocyte-class nanorobots. Short-lifetime marker molecules 1259 would
distinguish new mitochondria from old, facilitating subsequent deportation of the old from the
cell using exiting (now-empty) nanorobots, leaving behind only the new and also ensuring the
removal of any mitophages 1260 that might be present, effectuating an all-cell comprehensive
mitochondrial transplant operation.
Fourth, replacement mitochondria re-engineered to contain no endogenous DNA could be
installed in all brain cells by chromallocyte-class nanorobots, after other chromallocytes have

mtDNA gene therapy. Rejuvenation Res. 2005 Spring;8(1):18-28;
http://www.ncbi.nlm.nih.gov/pubmed/15798371.
1256

Gearing DP, Nagley P. Yeast mitochondrial ATPase subunit 8, normally a mitochondrial gene product,
expressed in vitro and imported back into the organelle. EMBO J. 1986 Dec 20;5(13):3651-5;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1167406/.
1257

Freitas RA Jr. The ideal gene delivery vector: Chromallocytes, cell repair nanorobots for chromosome
replacement therapy. J Evol Technol 2007;16:1-97, Section 6.6; http://jetpress.org/v16/freitas.pdf.
1258

Freitas RA Jr. “Chapter 23. Comprehensive Nanorobotic Control of Human Morbidity and Aging,” in
Gregory M. Fahy, Michael D. West, L. Stephen Coles, and Steven B. Harris, eds, The Future of Aging:
Pathways to Human Life Extension, Springer, New York, 2010, Section 6.3.5.2;
http://www.nanomedicine.com/Papers/Aging.pdf.
1259

Freitas RA Jr. The ideal gene delivery vector: Chromallocytes, cell repair nanorobots for chromosome
replacement therapy. J Evol Technol 2007;16:1-97, Section 6.6; http://jetpress.org/v16/freitas.pdf.

1260

Sassera D, Beninati T, Bandi C, Bouman EA, Sacchi L, Fabbi M, Lo N. ‘Candidatus Midichloria
mitochondrii’, an endosymbiont of the tick Ixodes ricinus with a unique intramitochondrial lifestyle. Int J
Syst Evol Microbiol. 2006 Nov;56(Pt 11):2535-40; http://www.ncbi.nlm.nih.gov/pubmed/17082386.

277
replaced nuclear DNA with new DNA containing the missing mitochondrial DNA, a treatment
that would constitute a complete and permanent cure for intra-mitochondrion mutation. Nuclear
mutations would continue to occur, and it has been claimed by some 1261 that the mutation rate of
genes encoding mitochondrial proteins might be higher in the nucleus than in the mitochondria.
In that case, the aforementioned strategy would be a way of greatly delaying but not permanently
curing the problem of mitochondrial mutation.
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5.2.5 Repair or Eliminate Toxic, Dysfunctional, and Senescent Cells
One major source of age-related damage is the accumulation of unwanted death-resistant cells
that secrete substances toxic to other cells throughout the body. These toxic cells are of several
types: (1) fat cells (i.e., visceral adipocytes, which promote insulin resistance and lead to type 2
diabetes), (2) senescent cells (which often accumulate in joint cartilage, skin, white blood cells,
and atherosclerotic plaques, cannot divide when they should, and secrete abnormal amounts of
certain proteins), (3) memory cytotoxic T cells (which can become too numerous, crowding out
other immune cells from the useful immunological space, and which frequently become
dysfunctional), (4) immune cells hostile to endogenous antigens (autoimmune T and B cells,
producing autoimmune disorders), and (5) other types of immune cells which seem to become
dysfunctional during aging (e.g., inability to divide, or immunosenescence). 1262 Some of these
toxic cells are found in the AD brain, and toxic cells in other parts of the body may have indirect
effects on the brain or nervous system.
There are three types of cellular senescence 1263 – replicative senescence (due to telomere
shortening), stress-induced premature senescence (due to DNA damage caused by oxidative
stress, UV radiation, etc.), and oncogene-induced senescence (due to oncogene activation). 1264
Dysfunctional cells can secrete substances toxic to other cells, including factors that promote
inflammation and cancer, 1265 as well as proteins that inflame the immune system and degrade the
normal supporting tissue architecture. 1266 In the central nervous system, a senescence-like
phenotype has been observed in postmitotic neurons in vivo – specifically, in Purkinje and
cortical neurons in response to DNA damage or after exposure to oxidative and metabolic
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stress. 1267 Neural senescence has also been observed in response to neurotoxin exposure, 1268 and
some evidence is emerging for cellular senescence in a wide variety of neural cell types including
neurons, astrocytes, oligodendrocytes, and microglia. 1269
Senescent cells can exacerbate aging throughout the body, though they prevent cancer from
spreading by stopping cell division. In young people the immune system sweeps these cells out
of the body on a regular basis before they can cause problems, but during aging the body can’t get
rid of the dead cells as quickly and they can build up, stopping new cells from regenerating.
Senescent cells produce factors that damage adjacent cells and cause chronic inflammation,
which is closely associated with frailty and age-related diseases. In one recent experiment, 1270
mice who received a special compound called AP20187 to trigger genes into ramping up their
removal of senescent cells lived 35% longer than those allowed to age normally, and the test mice
also stayed stronger and healthier for longer. Agents aimed at the removal of senescent cells are
called senolytics, 1271 and at least one company is directly pursuing this approach. 1272
To ensure that cellular dysfunction and senescence cannot contribute to the development of AD,
these problems can be corrected in affected cells mostly via chromosome replacement therapy
using medical nanorobots (Section 5.2.3), wherein dysfunctional cells are effectively de-senesced
using chromallocytes to wholly replace their nuclear genome with newly manufactured
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chromosomes (Section 4.2.3). Correction of cellular dysfunction might also involve removal of
accumulated intracellular aggregates such as lipofuscin (Section 5.2.2.2) and import of healthy
organelles (e.g., lysosomes) that are manufactured in an ex vivo facility (Section 4.2.6), 1273 loaded
into onboard storage tanks of chromallocyte-class nanorobots, and then transported intact into the
patient’s body on a cell-by-cell basis.
If the damage in a particular cell is too extensive, toxic senescent cells that are disrupting their
neighbors can be removed – an approach that should be applied sparingly to neural cells in the
human brain where cell removal might entail a loss of mental processing capacity or memory.
Following the NENS anti-aging protocol, 1274 tissue-mobile microbivore-class nanorobots (Section
4.2.2) can quickly and completely remove the toxic or unwanted neurally-noncritical cells either
by digesting them into harmless byproducts in situ or by sequestering their contents and
transporting the compacted biomaterial out of the body for external disposal. Autoimmune T and
B cells can be selectively deleted by medical nanorobots, somewhat analogously to clonal
deletion, 1275 eliminating neural autoimmune disorders such as multiple sclerosis (Section 6.2.7).
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Nanorobots could also extract all DNA from each toxic cell and the genome-free cell could then
be flagged for natural phagocytic removal following a “neuter and release” protocol. 1276
Alternatively, nanocatheters (Section 4.3.5) can be employed to directly export any unwanted
biological material from inside the brain.
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5.2.6 Restore Essential Lost or Atrophied Cells
Cell depletion is another major source of age-related damage that involves cell loss without
equivalent replacement, most commonly in the heart, the brain, and in muscles. 1277 Some
damaged cells are repaired, while others are either destroyed or commit “cellular suicide”
(apoptosis). Some of the lost cells are replaced by the pools of specialized, tissue-specific stem
cells, but the degenerative aging process makes these stem cell pools less effective at repair over
time. Over the course of decades, long-lived tissues like the brain begin to progressively lose
cells and their function becomes increasingly compromised. The brain loses neurons,
contributing to cognitive decline and dementia, as well as to loss of control over fine muscle
movements (a process that ends in Parkinson’s disease). 1278 Missing cells leave gaps in tissues
which may be filled by: (1) enlargement of adjacent similar cells (e.g., heart), (2) invasion by
dissimilar cells or fibrous acellular material (e.g., heart, brain), or (3) general tissue shrinkage
(e.g., muscle).
Replacing neurons in the AD brain is not as simple as replacing tissue cells elsewhere in the
body, in part because neurons with their dendritic connections to other neurons embody unique
information which may be difficult to recover if those neurons are completely missing. Methods
for comprehensive neural reconstruction involving large numbers of lost or damaged neurons in
the AD brain are described in Section 5.3. In this Section, we consider only the replacement of
brain cells as required to offset the normal random loss of neurons due to aging, particularly for
non-AD brains in persons who are as yet showing no signs of clinical dementia.
The human brain is composed of neurons (Figure 16), glial cells, and blood vessels. More
quantitatively, the male adult human brain is composed of 86.1 ± 8.1 billion neurons, of which
16.3 billion or ~19% of all brain neurons (82% of total brain mass) are located in the cerebral
cortex (including subcortical white matter), 69.0 billion or ~80% of all brain neurons are in the
cerebellum (~10% of brain mass), with ≤1% of all brain neurons located in the rest of the brain,
comprising basal ganglia, diencephalon, and brainstem. The male adult human brain also
contains 84.6 ± 9.8 billion non-neuronal cells (mostly glia), including 60.8 billion cells or 72% of
all non-neuronal cells in the cerebral cortex, 16.0 billion cells (19%) in the cerebellum, and 7.7
billion cells (9%) in the rest of the brain. 1279 The whole brain of a healthy young adult male has a
mass of 1508.9 ± 299.1 gm and 170.7 ± 13.9 billion cells. The mean volume of the healthy
young adult male human brain has been measured as 1510 cm3, including 820 cm3 (54%) of grey
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matter, 420 cm3 (28%) of white matter, and 270 cm3 (18%) of cerebrospinal fluid. 1280 The
average per-cell volume in the human brain is (1510 cm3 – 270 cm3 = 1240 cm3) / (170.7 billion
cells) = 7264 µm3/brain cell (whether neuronal or non-neuronal).

Figure 16. Diagram of a common myelinated vertebrate motor neuron, typically found in the
spinal cord. 1281

Adult neurons generally do not reproduce and cannot replace themselves once destroyed. Early
workers in the 1950s attempted the first assessment of the long-term rate of natural attrition of
brain cells. 1282 Losses ranged from none at all to very many in various parts of the organ, but the
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brainwide average loss was ~100,000 neurons per day (~1 neuron/sec), a rate consistent with loss
of all brain cells (in some parts of the organ) over a period of about 250-350 years. More recent
work found a normal loss of ~10% of all neocortical neurons in normal human brains over a 70year period from 20 to 90 years of age in both genders, 1283 a 0.25%/yr long-term average loss rate
of ~1 neuron/sec across the entire brain; another study found a 0.5%/yr decline in whole-brain
volume and weight. 1284 A longitudinal MRI analysis of brain volume in patients aged 31-84 years
found 0.32%/yr atrophy in the whole brain, 0.68%/yr in the temporal lobe, 0.82%/yr in the
hippocampus, and ventricular enlargement of 650 mm3/yr. 1285 Yet another study confirmed a
0.3%/yr neuronal loss in the human vestibular nuclear complex from 40 to 90 years of age. 1286
The NENS approach 1287 starts with the manufacture of any needed replacement whole living
cells, either very quickly with ideal quality control using external clinical cell mills (Section
4.2.6) or several orders of magnitude slower with inferior quality control using some variant of
conventional mammalian cell reactors. 1288 These replacement cells may include manufactured
pluripotent neural stem cells. 1289 Nanocatheters (Section 4.3.5) can then be employed to transport
the new cells directly into the brain. The slow traversal of conventional vein-infused selftargeting neural stem cells 1290 to their designated destinations would take many orders of
magnitude longer and might not be 100% reliable and complete, as compared to using
nanocatheters to transport the same cells.
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If neuron losses due to aging are more or less randomly distributed and do not exceed the 10%
figure mentioned above, then it is unlikely that existing connectivity networks will have become
so thoroughly disrupted by aging alone as to produce serious information loss, assuming that
estimates of from 10-fold to 1000-fold redundancy in human neocortical memory patterns 1291 are
essentially correct. In this case, dysfunctional or missing neurons might be replaced by infusing
neural stem cells (Section 3.2.14) as described above, then allowing normal memory-reinforcing
cognitive processes to provide continuous network retraining (Section 5.3.3). Ex vivo-cultured
neural stem cells have been induced to differentiate and replace lost neurons after injection into
the brain. 1292 Irretrievably dead neurons can be replaced by introducing stem or precursor cells
that differentiate appropriately. 1293 Brain cell losses can also be offset by inducing compensatory
regeneration and reproduction of existing neurons as in situ replacements, i.e., by stimulating
endogenous neurogenesis. 1294 Successful neuron re-growth in response to growth factors, with
associated cognitive benefits, has been reported in rats, 1295 and self-assembling peptide nanofiber
scaffolds can create a permissive environment for axons to regenerate through the site of an acute
injury and also to knit the brain tissue together, as demonstrated by the experimental reversal of
lost vision in one animal model. 1296
Of course, patterned neuronal networks, once thoroughly disrupted to the point of serious
information loss, cannot be restored by randomly infused stem cells. More aggressive means will
be required to recover the lost information in these circumstances (Section 5.3).
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5.2.7 Remove Extracellular Crosslinks
While intracellular proteins are regularly recycled to keep them in a generally undamaged state,
many extracellular proteins are laid down early in life and are never, or only rarely, recycled.
These long-lived proteins (mainly collagen and elastin) usually serve passive structural functions
in the extracellular matrix (ECM) and give human body tissue its elasticity (e.g., artery wall),
transparency (e.g., eye lens), or high tensile strength (e.g., ligaments). Note that the extracellular
spaces in the human brain occupy 20% of total brain volume but only ~5% in the vicinity of most
neurons, including a large number of very narrow (avg. 38-64 nm) spaces 1297 ranging from 0.3-10
nm around the cell bodies of oligodendrocytes to 4-154 nm width around the cell bodies of
astrocytes. 1298
Occasional chemical reactions with other molecules in the extracellular space may little affect
these functions, but over time cumulative reactions can lead to random chemical bonding
(crosslinks) between two nearby long-lived proteins that were previously unbonded and thus able
to slide across or along each other. 1299 For example, in artery walls such crosslinking makes the
vessels more rigid and contributes to high blood pressure, a pathology that may also apply to
blood vessels in the brain. 1300 As a result, removing crosslinks is usually considered an important
aspect of an anti-aging protocol.
Brain ECM has lattice-forming chondroitin sulfate proteoglycans that form into dense lattice-like
structures, called perineuronal nets, which enwrap sub-populations of neurons and restrict
plasticity. 1301 There are also abundant proteoglycan lecticans (e.g., versican, aggrecan, neurocan,
brevican), with the heparin sulfate proteoglycan perlecan found only in amyloid plaques but with
relatively low content of fibrous proteins (e.g., collagen, fibronectin, vitronectin) and basement

1297

Thorne RG, Nicholson C. In vivo diffusion analysis with quantum dots and dextrans predicts the width
of brain extracellular space. Proc Natl Acad Sci U S A. 2006 Apr 4;103(14):5567-72;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1459394/.
1298

Chvátal A, Anderová M, Syková E. Analysis of K+ accumulation reveals privileged extracellular
region in the vicinity of glial cells in situ. J Neurosci Res. 2004 Dec 1;78(5):668-82;
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.147.2808&rep=rep1&type=pdf.
1299

“GlycoSENS: Breaking extracellular crosslinks,” http://www.sens.org/research/introduction-to-sensresearch/extracellular-crosslinks.
1300

Roggendorf W, Opitz H, Schuppan D. Altered expression of collagen type VI in brain vessels of
patients with chronic hypertension. A comparison with the distribution of collagen IV and procollagen III.
Acta Neuropathol. 1988;77(1):55-60; http://www.ncbi.nlm.nih.gov/pubmed/3239376.

1301

Soleman S, Filippov MA, Dityatev A, Fawcett JW. Targeting the neural extracellular matrix in
neurological disorders. Neuroscience. 2013 Dec 3;253:194-213;
http://www.ncbi.nlm.nih.gov/pubmed/24012743/.

287
membrane proteins (e.g., laminin). 1302 Collagen is present in the brain both intracellularly1303 and
extracellularly 1304 where it is normally crosslinked, 1305 often beneficially, 1306 and increased
collagen expression may be neuroprotective against Aβ 42 damage. 1307 Elastin is present in the
meninges and the microvasculature of the normal human brain, 1308 and there are other ECM
glycoproteins in the brain. 1309 The integrity of the pre-existing brain ECM scaffold can be
severely damaged by amyloid deposition. 1310
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The potential pathologies of both intracellular 1311 and extracellular 1312 crosslinking of structural
proteins in the AD brain have been only lightly investigated to date. One suggestive early study
found ~1 crosslinked residue per 10,000 residues in normal brain but 30-50 crosslinked residues
per 10,000 residues in Alzheimer’s cortex and cerebellum tissues. 1313 Beyond these few studies
and excluding crosslinking within amyloid plaques 1314 (whose removal is already described in
Section 5.2.1.1), no other specific therapeutic targets for correcting ECM crosslinking in the
progression of AD have yet been identified. 1315 Should any be found in the future, there are
multiple conventional strategies for targeting problematic ECM molecules, including
chondroitinase ABC, ECM crosslinking antibodies, anti-integrin antibodies, and ECM-degrading
enzymes such as matrix metalloproteinases, 1316 though care must be taken with these to avoid
unwanted damage to desirable ECM components. There may be drugs or molecules that can
selectively sever the crosslinks (which have very unusual chemical structures). 1317
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Alternatively, given specific targets, nanorobots should also do an excellent job of crosslink
removal. 1318
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5.3 Third Alzheimer Protocol: Neural Reconstruction
With genetic susceptibilities eliminated, accumulated damage repaired, and existing cells and
tissues rejuvenated into a relatively youthful state on a recurring schedule, we can now begin the
process of reconstructing any neural tissue that is either too damaged to repair or has been
destroyed, leaving physical gaps in the AD patient’s brain structure.
As noted by the EuroStemCell organization, 1319 the FDA, 1320 and others, the successful use of
neural stem cells to treat Alzheimer’s disease (the “biotechnology” approach) would minimally
require the ability to:
(1) provide a supply of healthy, working, autologous neural stem cells;
(2) transplant those cells safely;
(3) travel into the multiple areas of the brain where damage has occurred;
(4) produce the many different types of neurons needed to replace the damaged or lost
cells;
(5) do this in a way that enables the new neurons to integrate effectively into the brain,
making connections to replace the lost parts of a complex network;
(6) ensure that intravenous injections of stem cells don’t block capillaries, causing
embolisms and damaging brain tissue;
(7) ensure that stem cells don’t give rise to tumors, 1321 or make the wrong kind of cells or
connections in the brain, leading to side effects like chronic pain;
(8) ensure that the brain retains the ability to integrate new neurons properly, once
Alzheimer’s has taken hold; and
(9) ensure that the newly-arriving transplanted stem cells are not themselves damaged by
the ongoing amyloid and tau protein tangle buildup in the brain, which would mean that a
transplant could have only a temporary effect.1322
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Another researcher provides a similar list of requirements for the successful application of cell
replacement therapy to AD:
For effective cell replacement strategies for AD, neural stem cells would first need to migrate to
multiple areas of the brain and then differentiate and mature into multiple neuronal subtypes.
These neurons would then also need to re-innervate appropriate targets and establish
physiologically relevant afferent connectivity, in essence recapitulating much of the complex
brain circuitry that develops in utero. 1323

It will be difficult, if not impossible, to meet all of these requirements using treatments with stem
cells alone. However, we can meet all of the requirements using nanorobots.
Our proposed Third Alzheimer Protocol begins with extensive brain mapping and the compilation
of a neural repair plan (Section 5.3.1).
The next step is reconstruction of the missing neural tissue (Section 5.3.2). Reconstruction
requires manufacturing replacement neural cells (Section 5.3.2.1), debridement of neural detritus
in heavily damaged or envoided areas (Section 5.3.2.2), insertion and emplacement of
replacement cells via a nanocatheter array (Section 5.3.2.3), and incorporation of the replacement
cells into the existing neural tissues (Section 5.3.2.4).
Finally, full incorporation is elicited and guided by an intensive program of neural network
retraining (Section 5.3.3), enabling significant restoration of function to the AD patient. Network
retraining relies on the experimentally-proven beneficial effects of environmental enrichment
(Section 5.3.3.1), which includes activities designed to elicit recovery of brain memory data
(Section 5.3.3.2) and mental algorithms (Section 5.3.3.3).
Please note that while most of the tasks of the First Alzheimer Protocol might in principle be
achievable using some very advanced form of genetic engineering (perhaps derived from
CRISPR techniques), and while many of the numerous anti-aging tasks of the Second Alzheimer
Protocol might conceivably be accomplished using some future form of advanced
biotechnology, 1324 it seems unlikely that most of the tasks of the Third Alzheimer Protocol can be
achieved without resorting to the very sophisticated mapping and cell-by-cell interventions that
are uniquely enabled by medical nanorobots possessing advanced onboard communication,
navigation, computation, and manipulation capabilities, as noted in Section 4.2.5.
Please also note that the proposed treatment methodology described here is conceptually fairly
conservative and minimalist, relying as much as possible on natural biological processes to carry
neural reconstruction to completion. More aggressive techniques – e.g., mapping via
comprehensive whole-brain scans to nanometer resolution coupled with positionally-controlled
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molecule-by-molecule in situ brain tissue printing, or brain retraining using continuous real-time
in vivo action-potential monitoring 1325 during neural reconfiguration coupled with participatory
conscious feedback from the patient – are theoretically possible and may produce superior results,
but these are second-generation approaches that are beyond the scope of this initial presentation.
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5.3.1 Brain Mapping and Neural Repair Plan
Where does damage occur in the brain of an
Alzheimer’s patient, as compared to a normally aging
brain in a person who does not have Alzheimer’s
(image, right)? AD causes a larger loss in brain
weight and volume than aging, and affects some brain
regions and neuronal populations more than others.
Although AD clearly causes loss of neurons in
specific brain regions, much of the overall loss of
brain volume appears to be due to the shrinkage and
loss of neuronal processes. Studies using MRI and
PET have documented reductions in the size of
specific brain regions in people with AD as they
progressed from mild cognitive impairment to
Alzheimer’s disease, and in comparison with similar
images from healthy older adults (Figure 17). 1326
The rate of whole-brain atrophy due to normal aging is 0.2%-0.5%/yr, roughly equivalent to ~1
neuron/sec (Section 5.2.6). The whole-brain atrophy rate in Alzheimer brains can be ten times
faster. One MRI study 1327 reported a 1.9%/yr atrophy rate and rates of whole brain atrophy for
AD brains are typically reported at 2%/yr, 1328 with a range of 1%-4%/yr brain volume loss among
different populations. 1329
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Figure 17. Visual standards for brain atrophy in several stages of AD. 1330

Over a typical 5-10 year course of Alzheimer’s disease, a 2%-4%/yr atrophy rate can amount to a
20%+ loss of whole-brain volume, over and above the expected 2% brain volume loss due to
normal aging. Losses in specialized areas of the AD brain can be much higher. For example, one
study 1331 found that at time of death, AD patients with the mildest clinically detectable dementia
had 32% fewer entorhinal cortex 1332 neurons than controls (vs. 69% for severe AD brains), 40%
fewer layer IV neurons (vs. 70% for severe AD) and 60% fewer layer II neurons (vs. 90% for
severe AD). An analysis of postmortem brain samples demonstrated that the average number of
cholinergic neurons in the basal forebrain was 79% lower in AD patients when compared with
non-AD individuals. 1333
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The influential Braak work 1334 was among the first to map the physical location of amyloid
plaques and neurofibrillary tangles in the AD brain to begin the study of damage localization and
quantification of the disease.
For amyloid plaques (Figure 18), in early AD, small plaque deposits are found in basal portions
of the frontal, temporal, and occipital lobes in the isocortex. In middle-stage AD, amyloid is
present in virtually all isocortical association areas, the hippocampal formation is only mildly
involved, and the external glial layer remains devoid of amyloid. By late-stage AD, deposits exist
in all areas of the isocortex including sensory and motor core fields. The subthalamic and red
nucleus show deposits, the molecular layer of the cerebellar cortex can exhibit patches of
amyloid, but the substantia nigra (esp. pars compacta) remains virtually devoid of them.

Figure 18. Distribution pattern of amyloid deposits in early (A), middle (B), and late (C) stage
Alzheimer’s disease, with darker shading indicating increasing numbers of amyloid deposits in
several different cross-sections of the human AD brain (Braak, 1991). 1335
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For neurofibrillary tangles (Figure 19), the earliest or “transentorhinal” stage (left) is
characterized by either mild or severe alteration of the transentorhinal layer Entorhinal-Pre-α
neurons. The middle or “limbic” stage (middle) is marked by a conspicuous affection of layer
Pre-α in both transentorhinal region and proper entorhinal cortex, with mild involvement of the
first Ammon’s horn sector. By the late or “isocortical” stage (right), we see the destruction of
virtually all isocortical association areas, with considerable loss of nerve cells in layers Pre-α and
Pri-α accompanied by large numbers of ghost tangles.

Figure 19. Distribution pattern of neurofibrillary tangles in pre-clinical (A), early (B), and
middle-late (C) stage Alzheimer’s disease, with darker shading indicating more numerous tangles
in several different cross-sections of the human AD brain (Braak, 1991). 1336
A
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Since Braak’s early work, research in neural imaging has rapidly advanced. In 2006, Paul
Thompson of UCLA (now at the USC Neuroimaging and Informatics Institute) 1337 created
remarkable 3D images of the spread of damage in actual human AD brains by overlaying data
sets collected from various scanning techniques, including structural and functional MRI (Figure
20). Among the areas where significant cell death may first occur are in the hippocampus, the
seahorse-shaped brain structures behind the ears in the temporal lobes that control memory
processing. As AD progresses, this is followed by damage to other structures in the limbic
system, affecting emotions, and to the frontal lobe areas that affect decisionmaking and selfcontrol. The pattern of damage helps explain the sequence of thought and behavior problems that
commonly arise as Alzheimer’s disease becomes more severe.

Figure 20. Spread of Alzheimer’s disease in the brain over an 18-month period of observation.
Exterior views (top row) and midline views (bottom row) through the brain show healthy brain
activity as red and blue areas, and rapidly spreading areas of cell death as gray areas. 1338

Once we have a comprehensive brain neuron map of the AD patient, the map can be
computationally compared to the map of a normal elderly brain to obtain a “delta” map that
indicates where the AD patient’s brain may differ from normal aging. This tells us where damage
has occurred and to what extent, thus the locations to which AD-specific repair activities should
be directed. For example, a recent study of hippocampal damage rates in AD brains used this
subtractive technique on data from MRI scans of human patients to computationally compare AD
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damage to MCI (mild cognitive impairment) elderly brains and normal elderly brains (Figure
21). 1339 In this study the method was applied on a statistical basis to provide general insight, but
the same method could be employed to create an AD damage map (analogous to the “AD vs.
Control” images at upper right in Figure 21) to help prepare a preliminary brain repair plan for a
specific individual AD patient.

Figure 21. Left images: Significant atrophy rates for the right and left hippocampi in patients
with AD, MCI, and controls. Right images: Statistical “delta” maps showing location and
severity of hippocampal damage between compared groups. (Frankó et al, 2013)

Of course, present-day commercially-available MRI has only limited imaging resolution,
typically, e.g., ~1000 µm voxels, as in the Franko study. While not as commonly available,
somewhat higher MRI spatial resolutions have been reported in the research literature using
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ultrahigh field (7 Tesla) whole-body MRI and specialized techniques – e.g., 600 µm in
schizophrenia patients, 1340 500 µm 1341 and 195-286 µm 1342 in MS patients, and 400 µm 1343 and
120 µm 1344 spatial resolution (the best achieved so far) for normal live human subjects.
Micro-CT scanners allow non-destructive high-resolution tomography
with spatial resolution of ~ 2 µm, and state-of-the-art commerciallyavailable nano-CT scanners offer the highest spatial resolutions of 50500 nm. For instance, the Phoenix Nanotom M 1345 and the SkyScan2211 1346 provide 200-400 nm voxels for specimens the size of a human
brain, and the Xradia nanoXCT 1347 claims 50-300 nm resolution – but
unlike MRI or medical nanorobots, none of these methods can be used
for in vivo scanning of the brain of a living human AD patient. STED
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fluorescence nanoscopy has produced 70-250 nm resolution scans of the cerebral cortex of a live
gene-altered mouse whose neurons are tagged with fluorescent proteins, 1348 but this technique
would also not be generally applicable to whole-brain human AD patients.
There are other high-resolution destructive techniques that cannot be used in living patients
because the brain is destroyed in the process. For example, a structural 3D whole-brain map to
20 μm resolution has been completed, creating the first human whole-brain cytoarchitectural map
using data obtained from physical brain slices. 1349 A ~1 μm spatial resolution brain model to
capture details of single cell morphology (Figure 22) is planned for the future, and a few efforts
are underway to destructively map the whole human brain at the synaptic level of resolution in
the decades ahead. 1350 Ultramicrotome brain sections 30-100 nm thick can already be scanned by
transmission electron microscopy, or by serial block-face scanning electron microscopy, or by
optical microscopy, with automation of the collection of ultrathin serial sections for large volume
transmission electron microscope reconstructions. 1351 FIB-SEM brain tissue scans to below 10
nm resolution have been demonstrated, 1352 some with pixel size as small as 4 nm, 1353 and similar
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resolution has been demonstrated using SEM/TEM techniques. 1354 At least one possible future
path to achieve a whole human brain scan to the nanoscale resolution using conventional
scanning technologies has been proposed. 1355 But all of these methods destroy the brain and thus
could not be used on living AD patients who prefer their original physical brain to be repaired.

Figure 22. 3D reconstruction of rat hippocampal dendrite with synapses located at post-synaptic
densities or PSDs (Bourne and Harris 2008). 1356
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The current in vivo MRI radiological protocols for measuring, scoring, and diagnosing
neurodegenerative conditions at the millimeter size scale of tissues,1357 and even so-called
“molecular imaging” in which the location of tagged biomolecules are reported at a similar size
scale, 1358 will be conveniently extended to measurements at the micron size scale (individual
cells) and beyond, via nanorobotics. Here’s the technical challenge, as described by one
neuroscientist: 1359
A typical cortical pyramidal neuron may have a cell body that is only 10 microns in width but will
send out an incredibly elaborate dendritic arbor spanning a cubic millimeter in volume. The finest
branches of this dendritic arbor are thousands of dendritic spines whose tiny necks can shrink
down to just a few tens of nanometers in diameter. This neuron will also send out a long thin axon
that in places will shrink down to just a few tens of nanometers in diameter, but will travel many
millimeters before branching and arborizing to form synaptic contacts with distant neurons. Any
random cubic millimeter of cortical tissue will contain tens of thousands of neurons with
overlapping dendritic arbors and will receive tens of thousands of axonal projections whose arbors
also overlap. And within this cubic millimeter of densely tangled jungle will be on the order of a
few hundred million synaptic connections each with a tiny area of contact on the order of 500 nm
in diameter. 1360

One recent 3D electron microscopy scan of a 6 µm x 6 µm x 5 µm block of hippocampal area
CA1 in rats identified 449 synapses, 446 axons, 149 dendrites, 287 spines, and 236 spines and
presynaptic boutons that were fully contained within the volume. 1361
Ideally it would be nice to have a good map of the patient’s original undamaged connectome, 1362
including all the synaptic connections between neurons, and at least one theoretical proposal for
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nondestructively obtaining a whole-brain synaptic map using medical nanorobots has been
published. 1363 But much of the extensive arborization and synaptic interconnections within the
large blocks of missing neurons in an AD brain will have been permanently destroyed, and many
of the interconnections among the surviving neurons will be damaged or seriously degraded.
This represents massive brain information loss, possibly unrecoverable even in principle.
Rather than trying to resurrect vast regions of a destroyed connectome using incomplete or
missing information, the simplest approach for a satisfactory AD patient recovery is to employ
medical nanorobots to create a coarse cytoarchitectural brain map with ~1 µm spatial resolution.
This will not yield a detailed synapse-level connectome map because the human neocortex
consists of densely packed intertwining neuronal axons, dendrites, and synapses with feature sizes
in the 40-50 nm range or smaller. Rather, the procedure described herein will produce a spatial
map of neuron body shapes and positions, plus the locations of major neuron processes (neurites),
and possibly a crude synapse number density map with a coarse ~1 µm spatial uncertainty. This
should be sufficient to (1) identify and diagnose surviving neurons needing in situ repair and (2)
position newly arriving neural cells for induced growth into vacant spaces (Section 5.3.2) under
the directed influence of intensive neural network retraining (Section 5.3.3).
Following this approach, the basic mission will involve targeting one survey nanorobot to every
surviving neuron in the AD patient’s brain. Each survey nanorobot will record in its onboard
memory the spatial positions of the neuron cell body and major neurites, along with the locations
and timing of any synaptic activity it detects. Afterwards the nanorobots are extracted from the
patient. Their data is offloaded into an external computer and processed to create the desired
cytoarchitectural spatial map of all surviving neurons in
the AD patient’s brain. Software tools have already
been developed to automate the computational 3D
reconstruction of neuron cell bodies and axons starting
from conventional 2D scans, as illustrated by the digital
extraction of 114 rod bipolar nerve cells from scans of a
piece of mouse retina (image, right). 1364
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Software to automate the construction of a cytoarchitectural brain map can be developed to
process data supplied from nanorobot brain scans. The computational problem is crudely
analogous to the problem domain of jigsaw puzzles, which has already been applied to fields as
diverse as biology, 1365 chemistry, 1366 literature, 1367 archeology, 1368 reconstruction of historical
statues (e.g., a billion-polygon model), 1369 speech descrambling, 1370 cryptography, 1371 image
editing, 1372 and the recovery of shredded documents or photographs. 1373 Numerous automated
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jigsaw puzzle assembly algorithms have been published, 1374 including one package that can
assemble 10,000 pieces using software that is “fully automatic, requires no manually provided
hints, operates on puzzles having thousands of pieces, and does so with near perfect
performance.” 1375 More recently, another package that uses a genetic algorithm has solved a
22,834-piece puzzle in only 13.2 hr of runtime on a single modern PC and allegedly could solve
“more difficult variations of the jigsaw problem, including unknown piece orientation, missing
and excessive puzzle pieces, unknown puzzle dimensions, and three-dimensional puzzles.” 1376
Construction of a cytoarchitectural brain map also has conceptual similarities to the reverse
engineering of machines 1377 and to the growing field of computer-aided reverse engineering. 1378
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A whole-brain cellular-level wiring diagram for the mouse brain has been published, 1379 and
algorithms for automated neuronal arbor analysis 1380 and neuron classification 1381 are available,
including a gamified version called EyeWire that elicits help from human volunteers in tracing
neuron connectivity. 1382 A statistical inference technique called “maximum likelihood
estimation” 1383 might also be used to estimate the position and composition of original brain
structures, based on the position and composition of surviving partial brain structures. 1384
An initial quantitative scaling analysis of the nanorobotic data collection mission suggests the
following parameters:
Whole-Brain Scanning Time. The normal adult male human brain has up to 86.1 x 109
neurons 1385 and 2.4 x 1014 synapses, 1386 or ~2800 synapses per neuron. An ~8000 µm3 neuron
with a roughly cubic shape would have a surface area of ~2400 µm2/neuron, but ~24,000
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µm2/neuron seems more typical for the surface area of a neuronal dendritic tree, 1387 giving a mean
separation of synapses on the neuron surface of ~[(24,000 µm2/neuron) / (2800
synapses/neuron)]1/2 = 2.9 µm/synapse. Microglial cells, the immune system phagocytes in the
brain, have been observed extending and retracting their filopodia-like processes at 1-4 µm/min
(0.02-0.07 µm/sec), 1388 but fast axonal transport has been observed at 3-5 µm/sec. 1389 Assuming
a ~1 µm/sec synapse seek speed by the nanorobots, each new synapse requires (2.9 µm/synapse)/
(1 µm/sec) = 2.9 sec to find. If each nanorobot lingers near each synapse for ~3 sec (probably
long enough to ensure at least one or a few detectable electrical firings), 1390 then each synapse
requires ~6 sec to find and monitor for activity, requiring (6 sec/synapse) (2800 synapses/neuron)
= 16,800 sec/neuron. A 1 µm contact sensor moving with the nanorobot can contact (and map)
the entire neuron surface in (24,000 µm2/neuron) / [(1 µm) (1 µm/sec)] = 24,000 sec/neuron, for a
total scanning time of 40,800 sec (11.3 hr). If we allow another hour for nanorobot entry to and
exit from its target neuron, plus an hour for nanorobot entry to and exit from the patient’s brain,
then the total in vivo scan time required to collect the brain map data is 13.3 hr.
Nanorobot Onboard Data Storage. Recording spatial XYZ coordinates to ~1 µm
resolution across a ~10 cm brain dimension requires a measurement precision of 1 part per
100,000, or log(100,000)/log(2) = 17 bits/dimension or 51 bits per XYZ record at the required
precision, or (24,000 µm2/neuron) (51 bits/record) / (1 µm2/record) = 1.22 x 106 bits/neuron for
the complete neuron surface map. Recording the spatial positions of up to 2800 synapses requires
another (2800 synapses/neuron) (1 record/synapse) (51 bits/record) = 0.14 x 106 bits/neuron at 1
µm resolution. Recording time-stamped synaptic firing events may also have some diagnostic
value in assessing neuron health. A 10 millisec time resolution during each 3 sec/synapse scan
period requires a log(3 sec/0.010 sec)/log(2) = 8 bit time stamp for each record. If each synapse
can generate up to 100 spikes/sec, then the additional data requirement for this feature is (10
sec/synapse) (2800 synapses/neuron) (100 spikes/sec) (1 record/spike) (8 bits/record) = 22.4 x
106 bits/neuron. This raises the onboard data storage requirement to at least 23.76 x 106 bits.
Allowing 30 megabits/nanorobot is well within the design limits of the microbivore (50
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megabits/nanorobot of mass memory) 1391 and the chromallocyte (500 megabits/nanorobot of mass
memory). 1392
Power Consumption. If each nanorobot has a continuous 200 pW/nanorobot power
budget similar to the chromallocyte, 1393 then the maximum power demand by the entire nanorobot
mapping fleet is (86 x 109 neurons) (1 nanorobot/neuron) (200 pW/nanorobot) = 17 watts,
slightly less than the normal ~20 watt power demand of the brain and well within safe
thermogenic operating limits. 1394
Communications and Navigation. With 86 x 109 nanorobots simultaneously present in
a 1510 cm3 adult male brain, the average distance between neighboring nanorobots is [(1510
cm3/brain) / (86 x 109 nanorobots/brain)]1/3 = 26 µm and on average there will be [(100 µm) / (26
µm)]3 = 57 neighboring robots within a 100 µm radius, the customary maximum range for
convenient in vivo robot-to-robot acoustic communication/navigation inside biological tissue. 1395
Nanorobot Intrusiveness. If each of the 86
x 10 nanorobots infused into a human brain is
roughly cubical with a volume of 10 µm3/nanorobot
and an edge length of (10 µm3)1/3 = 2.15 µm, then
the total nanorobot mapping fleet volume is (86 x
109 nanorobots) (10 µm3/nanorobot) = 0.86 cm3,
which represents only (0.86 cm3) / (1510 cm3) =
0.06% of total brain volume – well within the 1%2% safety limits for brain intrusiveness.1396
9

1391

Freitas RA Jr. Microbivores: Artificial mechanical phagocytes using digest and discharge protocol. J
Evol Technol 2005;14:1-52; http://www.jetpress.org/volume14/freitas.html.
1392

Freitas RA Jr. The ideal gene delivery vector: Chromallocytes, cell repair nanorobots for chromosome
replacement therapy. J Evol Technol 2007;16:1-97; http://jetpress.org/v16/freitas.pdf.
1393

Freitas RA Jr. The ideal gene delivery vector: Chromallocytes, cell repair nanorobots for chromosome
replacement therapy. J Evol Technol 2007;16:1-97; http://jetpress.org/v16/freitas.pdf.
1394

Freitas RA Jr. Nanomedicine, Volume I: Basic Capabilities. Landes Bioscience, Georgetown, TX,
1999, Section 6.4.1 “Acoustic Power Transmission”, http://www.nanomedicine.com/NMI/6.4.1.htm, and
Section 6.5.2 “Thermogenic Limits in vivo”, http://www.nanomedicine.com/NMI/6.5.2.htm.
1395

Freitas RA Jr. Nanomedicine, Volume I: Basic Capabilities. Landes Bioscience, Georgetown, TX,
1999, Section 7.2.2.2 “Free-Tissue Acoustic Channel Capacity”,
http://www.nanomedicine.com/NMI/7.2.2.2.htm, and Section 7.3.2 “Mobile Networks”,
http://www.nanomedicine.com/NMI/7.2.2.2.htm; Hogg T, Freitas RA Jr. Acoustic communication for
medical nanorobots. Nano Commun Networks 2012 Jun; 3:83-102;
https://www.researchgate.net/profile/Tad_Hogg/publication/221661618_Acoustic_Communication_for_M
edical_Nanorobots/links/0046351757f6312846000000.pdf.
1396

Freitas RA Jr. Nanomedicine, Volume IIA: Biocompatibility. Landes Bioscience, Georgetown, TX,
2003, Section 15.6.1 “Somatic Intrusiveness”; http://www.nanomedicine.com/NMIIA/15.6.1.htm.

309
Map Stability. How stable is the cytoarchitectural brain map? If normal brains lose ~1
neuron/sec due to aging and AD brains lose ~10 neurons/sec during the progression of the
disease, then during the entire ~13.3 hr scan period the AD patient will lose ~500,000 neurons,
only 0.0006% of the total, implying a reasonably high map stability during the nanorobotic
scanning and treatment period. Neurogenesis is also taking place at a much slower normal pace,
with perhaps thousands of new neurons added to the adult brain every day (i.e., ~0.02
neuron/sec), 1397 with up to ~1000 new neurons added during the scan period.
After the 13.3-hr nanorobotic survey scan described above, followed by the external computer
reconstruction of the current cytoarchitectural brain map, examination of the map will reveal that
significant portions of the brain are lightly synapsified, damaged, or even missing. It is then time
to prepare the “delta” file that will guide the brain repair process. For this purpose, a smaller
group of nanorobots can be infused into the AD patient’s brain and directed to more closely
examine the damaged areas, seeking clues as to what might have been there before the damage
occurred.
For example, in AD brains many neurons with tau tangles degenerate, eventually leaving
“tombstones” or “ghost tangles” behind in the extracellular space where the host neuron has
died, 1398 usually within 3-5 years after the neuron becomes affected by neurofibrillary
pathology. 1399 These ghost tangles, 1400 aka. extracellular neurofibrillary tangles (eNFTs), appear
not to be degraded by tissue proteases along with the rest of the neuron body, but are abnormally
phosphorylated and may have been “extensively processed and irreversibly transformed into
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highly insoluble extracellular deposits.” 1401 The presence of these ghosts may indicate where
missing neurons used to reside (as there is no evidence of neuron phagocytosis near eNFTs), 1402
providing useful data that can inform our creation of the AD patient’s notional “pre-AD” brain
map. By the late or “isocortical” stage of AD, even the ghost tangles have been degraded and
replaced by glial cell accumulations, 1403 another informative landmark indicating the past
presence of a neuron. Similarly, it is believed that nerve terminal destruction occurs in the
immediate vicinity of beta-amyloid deposits. 1404 Carefully recording the positions of all betaamyloid deposits prior to their removal (Section 5.2.1.1) may provide additional clues as to which
neural structures have gone missing, and where.
After augmenting the scan map with the aforementioned indirect evidence pertaining to missing
neurons, the AD patient’s notional pre-AD brain map is then completed by digitally deleting
spurious glial cell accumulations, ghost tangles and other biomaterials occupying desired neuron
spaces and adding the inferential positions and cell types of the missing neural “cortical
columns.” There are about 0.5 million cortical columns or “hypercolumns” in the human brain,
each about 500 µm wide and 2000 µm tall, containing ~60,000 neurons; there are 100-1000
million “minicolumns” in the neocortex with 80-100 neurons each (Figure 23). 1405
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Figure 23. Top: Automated detection of neuron somata from high-resolution confocal image
stacks (left); assignment of somata to cortical “barrel” columns (center); side view of 3D
reconstruction of 6-layer cortical columns (right). 1406 Bottom: Image of a single neuron (left), a
minicolumn (middle) and a cortical column or “neural microcircuit” (right). 1407
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These will be digitally added using custom automated software that can determine the
characteristic size, cell membership, cell orientation and unit organization of the patient’s
surviving cortical columns, 1408 and can then insert additions to the pre-AD brain map that are
consistent both with the surviving portions of the patient’s brain and with generic models of
human cortical columns appropriate for the patient’s age, weight, gender, genetic profile, and
experiential background that have been obtained from other data sources (Table 3). 1409 Other
brain cells, including microglia (phagocytes) and macroglia (e.g., astrocytes, oligodendrocytes,
ependymal cells, and radial glia) can be added to the map in a statistically appropriate
distribution. The resulting map should be reviewed and adjusted as necessary by a human digital
neurologist who specializes in this activity.
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Table 3. A few representative databases and datasets containing information about
neuroanatomical connections. 1410

Database

Brain Architecture Management
System (BAMS)

Available Connectivity
Information

URL

Projections in rodent brain, curated
manually from existing
literature
Projections in macaque brain, curated
manually from existing
literature

http://brancusi.usc.edu/bkms/

Functional Anatomy of the Cerebro–
Cerebellar System
(FACCS)

3D atlas of axonal tracing data in rat
cerebro–cerebellar system

http://ocelot.uio.no/nesys/

BrainMaps.org

Tables of connections from literature
and primary data for some
tracer injections
Multiscale visualization of connectivity
data from collated literature
reports
Curated reports of connectivity studies
in postmortem human brain
tissue
Estimated connectional data between
human cortical gyral areas
Connection densities from macaque
retrograde tracer injections
mapped to surface-based atlas
Reconstructed volumes and structures
from serial section electron
microscopy
Connection data between single cells in
mammalian cortex
Probabilistic atlas of human white
matter tracts based on
diffusion tensor imaging
Probabilistic atlas of human white
matter tracts based on
postmortem studies
Full neuronal wiring data for C. elegans

http://brainmaps.org

Collations of Connectivity Data on
the Macaque Brain
(CoCoMac)

BrainPathways.org

Human Brain Connectivity Database

Internet Brain Connectivity Database
Surface Management System
DataBase (SumsDB)
SynapseWeb

Neocortical Microcircuit Database
ICBM DTI-81 Atlas

Anatomy Toolbox Fiber Tracts

WormAtlas
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http://microcircuit.epfl.ch/
http://www.loni.ucla.edu/Atlases/
Atlas_Detail.jsp?atlas_i
d=15
http://www.fzjuelich.de/ime/spm_anat
omy_toolbox
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Bohland JW, et al. A proposal for a coordinated effort for the determination of brainwide
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Another consideration is the brain vasculature, which can also be damaged
by Alzheimer’s disease and thus may require repair in some AD patients.
More specifically, cerebral amyloid angiopathy is the deposition of βamyloid in small arteries, arterioles and capillaries of the cerebral cortex and
leptomeninges, 1411 and it occurs in almost all Alzheimer’s disease patients,
with severe cases occurring in about 25% of AD patients and with greater
risk for intracerebral hemorrhage among patients (1) with the ApoE2 or
ApoE4 alleles 1412 or (2) who have received Aβ immunotherapy for AD. 1413 β-amyloid is thought
to have damaging effects on the vasculature resulting in microbleeds and symptomatic
intracerebral hemorrhage. 1414 The vascular disruption produced by β-amyloid includes
endothelial cell and smooth muscle cell damage, leukocyte adhesion and migration across arteries
and venules, and even platelet activation and thrombus formation. 1415
Apparently the antioxidant flavonoid pinocembrin (image, left) can reverse the
injurious effects of fibrillar Aβ 1-40 on human brain microvascular endothelial
cells, 1416 and both stem cell therapy 1417 and electromagnetic treatment 1418 have

1411

Viswanathan A, Greenberg SM. Cerebral amyloid angiopathy in the elderly. Ann Neurol. 2011
Dec;70(6):871-80; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4004372/. Auriel E, Greenberg SM.
The pathophysiology and clinical presentation of cerebral amyloid angiopathy. Curr Atheroscler Rep. 2012
Aug;14(4):343-50; http://www.ncbi.nlm.nih.gov/pubmed/22565298.
1412

Viswanathan A, Greenberg SM. Cerebral amyloid angiopathy in the elderly. Ann Neurol. 2011
Dec;70(6):871-80; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4004372/.
Sakai K, Boche D, Carare R, Johnston D, Holmes C, Love S, Nicoll JA. Aβ immunotherapy for
Alzheimer’s disease: effects on apoE and cerebral vasculopathy. Acta Neuropathol. 2014 Dec;128(6):77789; http://www.ncbi.nlm.nih.gov/pubmed/25195061.

1413

1414

Samarasekera N, Smith C, Al-Shahi Salman R. The association between cerebral amyloid angiopathy
and intracerebral haemorrhage: systematic review and meta-analysis. J Neurol Neurosurg Psychiatry. 2012
Mar;83(3):275-81; http://www.ncbi.nlm.nih.gov/pubmed/22056966.

1415

Thomas T, Sutton ET, Bryant MW, Rhodin JA. In vivo vascular damage, leukocyte activation and
inflammatory response induced by beta-amyloid. J Submicrosc Cytol Pathol. 1997 Jul;29(3):293-304;
http://www.ncbi.nlm.nih.gov/pubmed/9267037. Rhodin JA, Thomas TN, Clark L, Garces A, Bryant M. In
vivo cerebrovascular actions of amyloid beta-peptides and the protective effect of conjugated estrogens. J
Alzheimers Dis. 2003 Aug;5(4):275-86; http://www.ncbi.nlm.nih.gov/pubmed/14624023.
1416

Liu R, Li JZ, Song JK, Sun JL, Li YJ, Zhou SB, Zhang TT, Du GH. Pinocembrin protects human brain
microvascular endothelial cells against fibrillar amyloid-β(1-40) injury by suppressing the MAPK/NF-κB
inflammatory pathways. Biomed Res Int. 2014;2014:470393;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135138/.
1417

Borlongan CV. Recent preclinical evidence advancing cell therapy for Alzheimer’s disease. Exp
Neurol. 2012 Sep;237(1):142-6; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4082718/.

1418

Arendash GW, Mori T, Dorsey M, Gonzalez R, Tajiri N, Borlongan C. Electromagnetic treatment to
old Alzheimer’s mice reverses β-amyloid deposition, modifies cerebral blood flow, and provides selected
cognitive benefit. PLoS One. 2012;7(4):e35751; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3338462/.

315
been proposed as conventional methods for vascular repair. But before vascular repair activities
may begin, as part of the assembly of the cytoarchitectural brain map the AD patient’s wholebrain vasculature should be mapped using a moderate number of simple bloodborne nanorobots,
likely completable in a survey time on the order of ~1000 sec. 1419
Finally, the possibility of at least some nanorobot-derived neural information recovery from
perineuronal nets (Section 5.3.2.2) must also be considered, and all such recovered information
can be added to the growing data model of the AD patient’s brain as it is accumulated during the
intracranial debridement phase.
At the end of this process of computational reconstruction, augmenting any available pre- or postAlzheimer’s MRI scans of the patient’s brain with finer-grained data provided by the nanorobots,
the nanomedical therapist will possess a crude model of the patient’s best-estimate preAlzheimer’s whole-brain cytoarchitecture (Figure 24). The target pre-AD model can now be
compared to the patient’s current cytoarchitectural brain map, with the difference between the
two maps serving as the basis for the repair plan to be executed as described in Section 5.3.2.
After comparison to the patient’s current cytoarchitectural map, the estimated pre-AD map is
annotated with both the locations of existing neurons to be repaired in situ and the locations of
missing neurons to be replaced, along with the desired vectors of axon extension (e.g., spanning
an indicated cortical column) and dendrite growth (e.g., regions of below-normal synaptic
activity) that are consistent with an adult neuroanatomy. Required repair or replacement of glial
cells and related structures will be specified in accord with the extent of the damage (Figure 25).
Any necessary vascular repairs will also be highlighted, including subsections of the brain
indicating the relevant neurovascular units. 1420
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Figure 24. “Whole-brain cytoarchitecture and vascular networks. A 3D reconstruction of the
mouse brain is in the top left corner; the selected 300 μm slab at the coronal plane presents the
spatial location of the data at the center. The center shows the cytoarchitecture and vascular
network, simultaneously acquired in the brain. Blue and yellow represents the branches of the
longitudinal hippocampal vein and some thalamo-perforating arteries in thalamus, respectively,
red represents all else vessels in this data set, and gray dots represent the center of somas. The
enlarged views of the cytoarchitecture and vascular architecture of the white rectangle in cortical
region in the data at the center are in the top right corner.” 1421
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Yuan J, Gong H, Li A, Li X, Chen S, Zeng S, Luo Q. Visible rodent brain-wide networks at singleneuron resolution. Front Neuroanat. 2015 May 28;9:70;
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Figure 25. Confocal micrographs of atrophy in hippocampal astrocytes (a type of glial cell) in
mouse model of AD: (A) normal brain; (B) Alzheimer’s brain. 1422

Nearly full functionality should be restored to most surviving neurons or neural structures by
applying the First Alzheimer Protocol (Section 5.1) and the Second Alzheimer Protocol (Section
5.2).
The major therapeutic task remaining for the Third Alzheimer Protocol will be to reconstruct
missing or irreparably damaged physical structures – ranging from dendritic trees of individual
neurons and glial cells to entire cortical columns and possibly neural microvasculature (Section
5.3.2) – encouraging regrowth of missing axons, dendrites, and synapses under the directed
influence of intensive neural network retraining (Section 5.3.3).
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Verkhratsky A, Olabarria M, Noristani H, Yeh C, Rodriguez J. Astrocytes in Alzheimer’s disease.
Neurotherapeutics 2010;7(4): 399-412;
http://xa.yimg.com/kq/groups/2051587/638361111/name/Neurotherapeutics_2010_7_399_412.pdf.
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5.3.2 Reconstruction of Neural Tissues
With a stepwise neural repair plan in hand (Section 5.3.1), we are now ready to begin the process
of neural reconstruction of the patient’s AD brain.
Unlike peripheral nervous system injury, injury to the central nervous system is usually not
followed by extensive regeneration. 1423 Regeneration is limited by the inhibitory influences of
the glial and extracellular environment. The hostile, non-permissive growth environment is, in
part, created by the in-migration of myelin-associated inhibitors, astrocytes, oligodendrocytes,
oligodendrocyte precursors, and microglia. The environment within the CNS, especially
following trauma, counteracts the repair of myelin and neurons. Growth factors are not expressed
or re-expressed; for instance, the extracellular matrix is lacking laminins. Glial scars rapidly
form, and the glia actually produce factors that inhibit remyelination and axon repair. 1424 The
axons themselves also lose the potential for growth with age, in part due to a decrease in GAP 43
expression.
As a result, we will have to manually initiate regeneration using medical nanorobots. The repair
plan includes the locations of existing neurons to be repaired in situ. Ideally this will include the
great majority (>80%) of surviving neurons, and these cells will all have had Alzheimer Protocols
#1 and #2 applied to them. After that, the process of neural reconstruction described in this
Section can begin. The repair plan will also include the locations of missing neurons to be
replaced, along with the desired vectors of axon extension (e.g., spanning an indicated cortical
column) and dendrite growth (e.g., regions of below-normal synaptic activity), highlighting any
necessary vascular repairs.
Reconstruction of the missing neural tissue requires manufacturing replacement neural cells
(Section 5.3.2.1), debridement of neural detritus in heavily damaged or envoided areas (Section
5.3.2.2), insertion and emplacement of replacement cells via a nanocatheter array (Section
5.3.2.3), and incorporation of the replacement cells into the existing neural tissues by establishing
conditions that temporarily replicate much of the high neural plasticity of youth (Section 5.3.2.4).

1423
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Karnezis T, Mandemakers W, McQualter JL, Zheng B, Ho PP, Jordan KA, Murray BM, Barres B,
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5.3.2.1 Replacement Cell Manufacture
A cell mill (Section 4.2.6) is employed to fabricate all needed neural cell types, including
differentiated cells such as neurons, microglia, astrocytes, oligodendrocytes, ependymal cells, and
radial glia, but also including neural stem cells as required. The exact mix of cell types chosen
will depend on the severity and cytoarchitectural distribution of the damage, and the specific
requirements of the neural repair plan (Section 5.3.1).
Each cell of each cell type will be manufactured with genomes representing the patient’s own
neural genome and methylation pattern, and will be primed for maximum growth potential as
might be found in neonatal or juvenile human brains. Manufactured neural cells may be
pregrown with an appropriate number of generic “starter set” neurites and arborizations, together
with axons of the appropriate length as determined by the neural repair plan.
Completed manufactured whole neural cells are inspected, sorted, and transported to a collection
depot for export through a nanocatheter delivery system (Section 4.3.5). The cell mill may be
required to fabricate up to ~250 cm3 of missing grey matter, white matter, vascular and auxiliary
cells for an adult male Alzheimer’s patient if up to 20% of brain volume needs replacement in the
most severe AD cases.
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5.3.2.2 Intracranial Debridement
Nanocatheters (Section 4.3.5) will be used to insert mobile surgical nanorobots into the brain to
perform intracranial debridement, tracking the neural repair plan. These nanorobots will clear out
all unwanted irreparable neurons and other biological matter in the spaces where we want missing
neurons to be replaced. More specifically, these nanorobots can remove ghost tangles, 1425
extracellular amyloid masses, 1426 glial scars 1427 or spurious glial cell accumulations that have
replaced the degraded ghost tangles 1428 or that result from past episodes of reactive
astrogliosis, 1429 abnormally infiltrated immune cells,1430 pathological extracellular matrix
materials, 1431 blood components from a leaky AD vasculature, 1432 or other necrotic biomaterial
that may be occupying the desired replacement neuron spaces. (Gliosis and glial scarring occur
in areas surrounding the amyloid plaques which are hallmarks of Alzheimer’s disease, with
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postmortem tissues indicating a correlation between the degree of astrogliosis and cognitive
decline. 1433)
If a ~1 cm3 solid mass can be cleared from the brain in ~5 min using a fleet volume of ~1010
micron3 of nanorobots (Section 4.3.5), then a slightly larger fleet volume of ~1011 micron3 of
debridement nanorobots could debride up to ~20% of pathological brain volume (~250 cm3) in
~125 min (~2.1 hr).
The nanocatheter array should also deliver into the brain a modest number of additional support
nanorobots. These support devices might include respirocytes to maintain proper oxygenation
and nutrient flows, along with microbivores to help guarantee an infection-free environment for
the duration of the brain reconstruction process.
Or course, the process of intracranial debridement might itself stimulate an injury response,
triggering a new episode of gliosis mediated by astrocytes – specialized glial cells that
contiguously tile the entire central nervous system (CNS) and are the main component of the glial
scar. 1434 After injury (as also occurs during AD), these cells become reactive and undergo
morphological changes, extend their processes, and increase synthesis of glial fibrillary acidic
protein (GFAP). 1435 GFAP is an important intermediate filament protein that allows the
astrocytes to begin synthesizing more cytoskeletal supportive structures and extend pseudopodia.
Ultimately, reactive astrocytes will form a dense web of their plasma membrane extensions that
fills the empty space generated by the dead or dying neuronal cells (a process called reactive
astrogliosis). The heavy proliferation of astrocytes also modifies the extracellular matrix
surrounding the damaged region by secreting many molecules including laminin, fibronectin,
tenascin C, and proteoglycans. 1436 These molecules are important modulators of neuronal
outgrowth and their presence after injury contributes to the inhibition of regeneration. 1437
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Microglia (nervous system macrophages) are the second most prominent cell type present within
the glial scar, rapidly activating near the injury and secreting several cytokines, bioactive lipids,
coagulation factors, reactive oxygen intermediates, and neurotrophic factors. 1438 These
biologically active molecules recruit endothelial cells and fibroblasts into the injured area,
stimulating collagen secretion and angiogenesis that ultimately doubles the number of capillaries
extended into the affected regions after a couple of weeks. 1439 Brain-injury-activated microglia
may induce neural stem cell proliferation and promote differentiation into neurons and
oligodendrocytes. 1440
As a result, injury suppression nanorobots should be injected
alongside the debridement nanorobots to temporarily suppress any
natural injury response that might occur in the regions where rapid
nanorobot-mediated debridement is occurring. Glial scar formation
may be suppressed via the localized release (and post-operative
retrieval) of various bioactive substances by the injury suppression
nanorobots. For example, olomoucine (image, right), a purine
derivative, is a cyclin-dependent kinase (CDK) 1441 inhibitor that has been shown to reduce
neuronal cell death, suppress microglial proliferation within the glial scar, 1442 and reduce
astroglial proliferation (and therefore reduce astrogliosis), thus decreasing expression of
chondroitin sulfate proteoglycans which are major extracellular matrix molecules associated with
inhibition of neuroregeneration after trauma to the CNS. 1443
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Ribavirin (image, left), a purine nucleoside analogue generally used as
an anti-viral medication, has been shown to decrease the number of
reactive astrocytes. 1444 An antisense GFAP retrovirus (PLBskG)
reduces GFAP mRNA expression, suppresses growth, and arrests
astrocytes in the G1 phase of the cell cycle.1445 Monoclonal antibodies
raised to transforming growth factor-β2 1446 and to interleukin-6 1447 have
produced a marked reduction in angiogenesis, inflammation, matrix
deposition, the numbers of astrocytes and microglia, and glial scarring in
injured brain or spinal cord tissue. Type I interferon, 1448 granulocyte macrophage-colony
stimulating factor, 1449 pranlukast, 1450 hyaluronic acid, 1451 curcumin, 1452 and triptolide 1453
have all been found to inhibit glial scar formation.
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Another important aspect of neural debridement may be the removal of damaged 1454 or ghost
remnants 1455 of perineuronal nets (PNNs) (Figure 26). In normal healthy brains, PNNs are
specialized extracellular matrix structures composed of chondroitin sulfate proteoglycans
(CSPGs) – a mesh of proteins attached to carbohydrates – that are found sheathing certain mature
neuron cell bodies and proximal neurites in the central nervous system. PNNs comprise a
complex of extracellular matrix molecules interposed between the meshwork of glial processes
and nerve-cell surfaces. 1456 PNNs appear to be mainly present in the cortex, hippocampus,
thalamus, brainstem, and the spinal cord. Studies of the rat brain have shown that the cortex
contains high numbers of PNNs in the motor and primary sensory areas and relatively fewer in
the association and limbic cortices. 1457 In the cortex, PNNs are associated mostly with inhibitory
interneurons and are thought to be responsible for maintaining the excitatory/inhibitory balance in
the adult brain. 1458 Recent studies in mammalian systems have implicated CSPGs and PNNs in
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regulating and restricting structural plasticity – the enzymatic degradation of CSPGs or
destabilization of PNNs can allow axons to penetrate the vacated space, enhancing neuronal
activity and restoring plasticity after central nervous system injury. 1459 Disruption of existing or
degraded PNNs during neural debridement by nanorobots should similarly restore neural
plasticity (Section 5.3.2.4).

Figure 26. Perineuronal nets (PNNs) surround cells of the brain and act as inhibitors of both
growth and migration. PNNs are lattices of hyaluronic acid, proteoglycans and tenascin
molecules. 1460
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While it has long been known that synapses form through gaps in the perineuronal net, Tsien
proposed 1461 in 2013 that long-term memories might be stored in patterns of holes created within
the lattice-like structure of the PNN, rather like old-fashioned computers that encoded
information as holes in punched cards or paper tapes. In 2015, Tsien’s graduate student presented
supporting evidence 1462 that the perineuronal net is highly stable, but when synapses are
strengthened they produce a small amount of an enzyme that chews up the matrix to form a
seemingly permanent hole structure in the PNN right next to the synapse. Mice that have been
genetically engineered to lack this enzyme have normal short- and medium-term memory but
very poor long-term memory.
Since Alzheimer’s disease apparently has at most a modest degradatory effect on PNNs, longterm memory information might still exist in an AD brain even after the synapses, axons, or
neurons have become seriously damaged or nonexistent. To the greatest extent possible, this
information should be collected during debridement to augment the neural repair plan. After
debridement, we will be relying mostly on the newly inserted/emplaced (Section 5.3.2.3) and
incorporated (Section 5.3.2.4) neurons to self-assemble new PNNs in the debrided volumes as the
patient’s memories are rebuilt during the neural network retraining process (Section 5.3.3).
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5.3.2.3 Cell Insertion and Emplacement
After intracranial debridement is complete and the
debridement nanorobots have been retrieved from the brain,
nanocatheters (Section 4.3.5) will again be used to insert into
the brain a significant population of mobile surgical
“shepherd” nanorobots having two important purposes: (1) to
chaperone each newly manufactured neural cell in its journey
from the cell mill through the nanocatheter into the brain, and
(2) upon arrival in the brain, to physically reposition those
replacement neural cells as desired within brain tissue voids or
other spaces that have previously been cleared of unwanted
cellular or biomaterial detritus.
The process of cell insertion begins as each manufactured cell
is picked up by two or more shepherd nanorobots at the cell
mill export depot (Section 4.2.6) and carried into, through, and
out of a nanocatheter, inserting each prefabricated neural cell
into the neuropil in the correct location and orientation (image,
right) 1463 needed to construct the desired neurovascular units
and cortical columns in accordance with the brain repair plan.
Shepherd nanorobots are capable of locomotion through
extracellular matrix and tissue spaces, 1464 carrying a cargo.
Some basic mission quantification: A nanocatheter array for the cell insertion mission might
consist of N cath = 10,000 individually-positioned nanocatheters of diameter D cath = 100 µm
inserted in a 3D pattern throughout the brain such that the active tip of each nanocatheter is
responsible for a service volume of V service = 100 mm3 into which it alone will deliver neural cells
and shepherd nanorobots. Within this service volume, we assume that each active tip must visit
and make deliveries of cells and nanorobots into V voxel = 1 mm3 tissue voxels, each of which may
incorporate up to tens of thousands of neurons with overlapping dendritic arbors and ultimately
may also receive up to tens of thousands of axonal projections whose arbors also overlap.1465
With an average distance between neighboring voxels of d voxel = V voxel 1/3 = 1 mm/voxel, an ability
to maneuver the nanocatheter active delivery tip through the neuropil at an assumed speed of v tip
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~ 1 µm/sec (>1000-fold slower than the estimated ~2300 µm/sec nanocatheter buckling velocity;
Section 4.3.5) implies a dwell time within each voxel of t voxel = d voxel / v tip = 1000 sec/voxel (to
complete deliveries of all cells and nanorobots targeted for that one tissue voxel), and a total
service delivery time for the nanocatheter active tip to visit all voxels in its service volume of
t service = (t voxel ) (V service ) / (V voxel ) = 100,000 sec (27.8 hr).
Although 1000 sec/voxel are allotted to complete deliveries of all cells and nanorobots targeted
for each individual tissue voxel, subsequent cell repositioning and final cell emplacement does
not require the presence of the delivering nanocatheter and could take much longer if necessary,
mediated by the shepherd nanorobots, and still complete the emplacement task in all tissue voxels
within the total service volume delivery time of ~1 day as estimated above. For example, a
shepherd nanorobot that is emplacing a cell and is towing a neuron or its axonal process a
distance d voxel across an entire voxel at a tissue transit speed of v nanorobot ~ 1 µm/sec would require
a towing time of t towing = d voxel / v nanorobot = 1000 sec (0.3 hr). After task completion, a shepherd
nanorobot seeking exit from the brain tissue can migrate to a common retrieval site (e.g., the
nanocatheter’s last stop before being retracted from the brain) located at most x retrieval = V service 1/3
= 4.64 mm across the entire width of an individual nanocatheter’s service volume in a migration
time of at most t migrate = x retrieval / v nanorobot = 4640 sec (~1.3 hr).
If all 10,000 nanocatheters are inserted simultaneously and must travel an average of x depth =
0.5V brain 1/3 = 5.74 cm into the brain (taking brain volume as V brain = 1510 cm3), and
conservatively assuming the nanocatheter tips must be pushed through brain tissue at only v nanocath
~ 1 µm/sec, then the nanocatheter insertion time is t insert = x depth / v nanocath = 57,400 sec (15.9 hr),
We assume that nanorobot collection at the retrieval site and subsequent nanocatheter removal
from the brain can be done at much higher speed without causing tissue damage, e.g., t retract ~
1000 sec (0.3 hr). Thus the entire cell insertion/emplacement mission can be completed in a time
period on the order of t mission = t insert + t service + t towing + t migrate + t retract ~ 45.6 hr (1.9 days).
The nanocatheter array and nanorobot fleet are not
unduly intrusive in the brain. For areal intrusiveness,
taking the brain as roughly spherical with exterior surface
area A brain ~ (4π)1/3 (3V brain )2/3 = 636.5 cm2 with only the
top hemisphere of available for penetration by the
nanocatheter array, then the distance between adjacent
nanocatheters penetrating the surface of the brain is
d nanocath = [A brain / (2 N cath )]1/2 = 1.78 mm. That’s
equivalent to ~31 nanocatheters/cm2, much like today’s
very low-density microneedle arrays (image, right) 1466
and almost 1000 times less densely packed than the densest microneedle arrays currently
available (e.g., 18,750 microneedles/cm2; Section 4.3.5). The cross-sectional area of each
nanocatheter is A nanocath = π (D cath / 2)2 = 7853 µm2, so the fraction of exterior brain upperhemisphere surface area occupied by the entire nanocatheter array is a modest N cath A nanocath /
0.5A brain = 0.25%. Regarding volumetric intrusiveness, the volume of each nanocatheter is
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V nanocath = x depth A nanocath = 0.45 mm3, so the fraction of brain volume occupied by the entire fullyinserted nanocatheter array is only N cath V nanocath / V brain = 0.30%. If we assume that: (1)
nanorobot volume is V nanorobot = 69 µm3 (the same as chromallocytes; Section 4.2.3), (2) n bot = 2
shepherd nanorobots are required per emplaced brain cell, (3) there are N braincells = 170.7 x 109
neural cells in the adult male brain (Section 5.2.6), and (4) we must emplace f replace = 20% of all
brain cells in a severely damaged AD brain, then the mission includes N nanorobot = n bot f replace
N braincells = 68.28 x 109 shepherd nanorobots of total volume V fleet = N nanorobot V nanorobot = 4.71 cm3,
so the fraction of brain volume occupied by the entire inserted nanorobotic fleet is only V fleet /
V brain = 0.31%. All of these intrusiveness figures are well within the ~1-10% safety limits
previously estimated elsewhere. 1467
The emplacement process will be accomplished using manufacturing systems analogous to
additive 3D printing, but employing nanorobots to achieve dexterous final emplacement rather
than a static nozzle-jet. 1468 Shepherd nanorobots will unfurl and position neuron processes as
each cell arrives, packing each one into place in approximately the desired location and
orientation indicated by the repair plan (Figure 27). Non-neuron cells such as astrocytes and
microglia, along with some elements of the brain ECM, might also be included in this procedure.
The fact that microglia in the healthy brain are highly motile, actively surveying the brain
parenchyma, 1469 provides reassurance that shepherd nanorobots should be capable of similar intissue mobility even within the tightly-packed tissues of the brain.
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Figure 27. Multiscale reconstruction of generic cortical neuronal somata for mouse brain: (E)
small section of the entire cytoarchitectural map (scale bar = 7 µm); (F-N) the “parts list”
comprising the map (different scale). 1470

As an analogous proof of principle, simple bioprinting of nerve tissue has been preliminarily
explored by researchers. Large synthetic tissues must be integrated with the host nervous system,
but 3D bioprinting is already considered as a means to generate new nerve tissue or to enhance
the innervation of tissue engineered constructs.
For example, one research group printed a synthetic nerve graft
using cells alone. 1471 In this early work, isolated mouse bone
marrow stem cells and Schwann cells were cast into 500 μm
diameter tubes and then loaded into a bioprinter which extruded
discrete tubes to form a dense nerve conduit of Schwann cell
tubes surrounded by mouse bone marrow stem cell tubes for use
in animal studies (image, above). These early-stage proof-of-principle printed grafts performed
similarly to control tissues and remain promising as the methodology is refined and improved.
Another research group provided important validation on the feasibility of printing cells of the
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nervous system, showing that rat retinal ganglion cells
and glia could be used in inkjet printing systems (image,
right). 1472
3D bioprinting with stem cells has been demonstrated experimentally. 1473 Artificial tissues can be
seeded by printing stem cells, 1474 including embryonic stem cells, 1475 for further differentiation.
Extrusion-based 3D bioprinting technology has been used for biofabricating embryonic stem cells
into a 3D cell-laden construct, printing a grid-like 3D structure laden with stem cells. 1476
Another more conventional approach is an effort to create lab-grown neural networks, called
micro-tissue engineered neural networks (micro-TENNS), which are hoped to have the ability to
replace lost axonal tracks in the brains of patients with severe head injuries, strokes, or
neurodegenerative diseases while being safely delivered with minimal disruption to brain
tissue. 1477 In this experiment, “the micro-TENNS formed synaptic connections to existing neural
networks in the cerebral cortex and the thalamus – involved in sensory and motor processing –
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and maintained their axonal architecture for several weeks to structurally emulate long-distance
axon connections.”
When all neural, stem, and appurtenant cells and gross ECM brain structures have been properly
emplaced and positioned by nanorobots in the AD patient’s brain in approximately the correct
positions as specified by the neural repair plan, and when the endothelial cells lining the walls of
all leaky capillaries have been refurbished or replaced (possibly with the assistance of
vasculocytes, 1478 support nanorobots such as respirocytes, and related nanorobots capable of
controlled cell transport through vascular spaces), the shepherd nanorobots can migrate to
predetermined retrieval sites to be collected and exported out of the brain, through the
nanocatheter array. The injury suppression nanorobots are similarly removed after reversing the
effects of their suppression activities. All nanocatheters are then retracted from the brain,
completing the cell insertion and emplacement process.
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5.3.2.4 Neural Incorporation
At this point in the reconstruction process, all necessary neural, stem, and non-neural cells are
present in the patient’s brain, occupying approximately the positions and at least partial branching
structures which they either used to have, or which they plausibly might have had, before those
parts of the patient’s brain were destroyed by the advance of AD. Existing neural cells are
rejuvenated, and all new cells are primed for maximum growth potential (i.e., with the
appropriate neonatal- and juvenile-active gene circuits engaged) during their manufacture in the
cell mill. A few remaining nanorobots provide logistical support and can encourage controlled
synaptogenesis, axonal growth, and stem cell differentiation while the patient is subjected to an
intense barrage of sensory inputs representing the memories comprising the patient’s missing life
history (Section 5.3.3). This allows normal memory-reinforcing cognitive processes to provide
continuous network retraining of the newly installed neural cells, in concert with existing cells.
The key to successful neural reconstruction includes (1) synaptogenesis, (2) axonal growth and
extension, and (3) microglia and neuroplasticity, as discussed at length in this Section.

Synaptogenesis
Synaptogenesis is the formation of synapses between neurons in the nervous system. Studies of
postnatal synaptic development in human prefrontal cortex have shown that synaptic density rises
after birth, reaches a plateau in childhood, and then decreases to adult levels by late
adolescence. 1479 Postnatal cortical synaptic development is characterized by stages of “exuberant
synaptogenesis” 1480 or “synaptic exuberance”, 1481 followed by synaptic pruning during
adolescence, and finally stabilization during adulthood. Modest rates of synaptic growth persist
in adulthood, but this is counterbalanced by increasing rates of synaptic elimination, resulting in
stable synaptic number and a slow ongoing synaptic turnover in the human adult cortex. 1482
Exactly how gene expression orchestrates these stages of synaptic development is currently under
detailed investigation. 1483 Beyond their genetic determination, the major mechanism for
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generating diversity of neuronal connections and a specific wiring pattern is the activitydependent stabilization and selective elimination of the initially overproduced synapses. 1484 The
objective of the Third Alzheimer Protocol is to recapitulate this process on an accelerated basis.
Beyond artificially activated genes known to be involved in neurite and synaptic growth 1485
during neural cell manufacture in cell mills (Section 4.2.6), local application of a high
concentration (1 mM) of N-methyl-D-aspartate (NMDA) causes cortical neural cells to respond
to NMDA receptor 1486 activation with an increase in mRNA for genes (BDNF, VGF, NARP, and
IEGs such as Ania-3) known to be involved in synaptogenesis. 1487 The majority of these genes
are still upregulated after 24 hr even following a brief (10 min) activation of NMDA receptors,
indicating that a short event is enough to activate intracellular signal transduction pathways
leading to gene transcription. Another study found that exposure to 10 nM of estradiol for 48 hr
mediates subcellular changes of synaptic proteins to induce new synapses in the hippocampus (a
brain area important for learning and memory) via an estrogen-receptor-mediated process;
treatment with PPT, an estrogen-receptor-specific agonist, also induces significant increases in
synapse density that mimic treatment with estradiol. 1488 As yet another example, brain-derived
neurotrophic factor (BDNF) directly promotes synaptic plasticity, neurite growth, glutamate
dependent spine and dendritic formation and disassembly, 1489 axonal filopodia formation, 1490
synaptic growth (synaptogenesis) and possibly synaptic repair. 1491
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Networks of signaling molecules called morphogens govern the pattern of tissue development
and the positions of the various specialized cell types within a tissue, acting directly on cells to
produce specific cellular responses depending on local concentration. In particular, the secreted
glycoprotein Wingless-Int (Wnt) family of embryonic morphogens contribute to early neural
pattern formation in the developing embryo, but recent work has demonstrated that the Wnt
family has roles in the later development of synapse formation and plasticity in the central
nervous system, including the differentiation of synaptic specializations, microtubule dynamics,
architecture of synaptic protein organization, modulation of synaptic efficacy, and regulation of
gene expression. Wnt morphogens mediate the synaptic changes induced by patterned neuronal
activity or sensory experience in mature neurons, as for example:
• Axon Remodeling. In the mouse cerebellum (a brain region whose three main
neuronal cell types include Purkinje cells, granule cells and mossy fiber cells), Wnt7a regulates
axon terminal remodeling and synaptic assembly. 1492 Mossy fiber axons form terminal and enpassant synapses with cerebellar granule cell dendrites resulting in the assembly of a complex
multisynaptic structure. 1493 Axon remodeling is characterized by the formation of large growth
cones and lamellipodia in the axon shaft, a process that is linked to the formation of synaptic
boutons. Loss and gain of function studies in mice demonstrate that Wnt7a acts as a retrograde
signal to regulate the remodeling of mossy fibers and synaptic assembly. 1494 Wnt morphogens
decrease growth cone translocation but increase growth cone size and branching. 1495 Granule
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cells express Wnt7a to promote axon spreading and branching in their synaptic partner (mossy
fiber cells), and retrograde secretion of Wnt7a to mossy fiber cells causes growth cone
enlargement by spreading microtubules. 1496
• Synaptic Assembly. Wnt morphogens promote the assembly of central synapses by
stimulating the recruitment of pre and postsynaptic components, and can both destabilize
synapses and enhance synaptogenesis. 1497 Wnt7a stimulates the recruitment of synaptic vesicles,
active zone proteins and the formation of numerous presynaptic recycling sites. 1498 In addition,
other Wnt morphogens like Wnt5a preferentially stimulate postsynaptic assembly 1499 suggesting
that different Wnts might regulate synapse formation by promoting either presynaptic or
postsynaptic assembly. Adding Wnt7a to cultured cerebral granule cells (GCs) increased axonal
spreading and branching, as well as enhancing the clustering of the synaptic vesicle protein
synapsin-I, particularly in spread axonal areas or in growth cones.1500 Wnt3 is expressed in
Purkinje cells in the developing cerebellum during neurite outgrowth and synapse formation. 1501
Wnt7a retrograde signaling recruits synaptic vesicles and presynaptic proteins to the synaptic
active zone; Wnt5a performs a similar function on postsynaptic granule cells, stimulating
receptor assembly and clustering of the scaffolding protein PSD-95. 1502 Wnt7a also supports
postsynaptic function and increases the density and maturity of dendritic spines. 1503
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• Hippocampal Arborization. Wnt family members promote synapse formation in
conjunction with cell electrical activity. Wnt7b is expressed in maturing dendrites, 1504 and the
expression of the Wnt7a receptor Frizzled (Fz) increases highly with synapse formation in the
hippocampus, regulating activity-mediated synaptogenesis. 1505 NMDA glutamate receptor
activation increases Wnt2 expression, with long-term potentiation (LTP) due to NMDA activation
and subsequent Wnt expression leading to Fz5 localization at the postsynaptic active zone. 1506
Wnt7a and Wnt2 signaling after NMDA receptor mediated LTP leads to increased dendritic
arborization and regulates activity induced synaptic plasticity. 1507
• Activity-Dependent Synaptic Plasticity. Neuronal activity plays a key role in several
aspects of neuronal circuit generation by modulating synapse structure and function. A proper
balance between synapse assembly and disassembly is crucial for the formation of functional
neuronal circuits and synaptic plasticity in the adult brain. 1508 Recent studies 1509 have suggested
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that Wnt signaling is involved in synaptic plasticity. Taken together, these findings support the
idea that neuronal activity regulates Fz5 trafficking to and out of synapses, contributing to
activity-mediated synapse remodeling. Enriched-environment training (Section 5.3.3) increases
the level of Wnt7a and Wnt7b in postsynaptic CA3 pyramidal neurons and the complexity and
number of large mossy fiber terminals in the CA3 region. 1510
By exploiting nanorobotically-assisted neural cell gene activations and positional targeting of
neurotrophic factors and morphogens in living brain tissue, 1511 and perhaps other means as well,
we can artificially induce a temporary “exuberant synaptogenesis” phase into those sections of
the AD patient’s brain tissues that incorporate the newly-emplaced cell-mill-manufactured neural
cells, thus enabling easier re-learning of forgotten memories by the AD patient (Section 5.3.3)
and quicker re-establishment of neural wiring patterns that may not be too dissimilar from the
original ones that were destroyed during the neurodegenerative processes of Alzheimer’s disease.

structure and function require bidirectional Wnt signaling. Neuron. 2008 Mar 13;57(5):705-18;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2435264/. Cerpa W, Godoy JA, Alfaro I, Farías GG,
Metcalfe MJ, Fuentealba R, Bonansco C, Inestrosa NC. Wnt-7a modulates the synaptic vesicle cycle and
synaptic transmission in hippocampal neurons. J Biol Chem. 2008 Feb 29;283(9):5918-27;
http://www.jbc.org/content/283/9/5918.long. Gogolla N, Galimberti I, Deguchi Y, Caroni P. Wnt signaling
mediates experience-related regulation of synapse numbers and mossy fiber connectivities in the adult
hippocampus. Neuron. 2009 May 28;62(4):510-25;
http://www.sciencedirect.com/science/article/pii/S0896627309003468. Avila ME, Sepúlveda FJ, Burgos
CF, Moraga-Cid G, Parodi J, Moon RT, Aguayo LG, Opazo C, De Ferrari GV. Canonical Wnt3a modulates
intracellular calcium and enhances excitatory neurotransmission in hippocampal neurons. J Biol Chem.
2010 Jun 11;285(24):18939-47; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2881816/. Sahores M,
Gibb A, Salinas PC. Frizzled-5, a receptor for the synaptic organizer Wnt7a, regulates activity-mediated
synaptogenesis. Development. 2010 Jul;137(13):2215-25;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2882138/. Varela-Nallar L, Alfaro IE, Serrano FG, Parodi
J, Inestrosa NC. Wingless-type family member 5A (Wnt-5a) stimulates synaptic differentiation and
function of glutamatergic synapses. Proc Natl Acad Sci U S A. 2010 Dec 7;107(49):21164-9;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3000271/. Jensen M, Hoerndli FJ, Brockie PJ, Wang R,
Johnson E, Maxfield D, Francis MM, Madsen DM, Maricq AV. Wnt signaling regulates acetylcholine
receptor translocation and synaptic plasticity in the adult nervous system. Cell. 2012 Mar 30;149(1):17387; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3375111/. Salinas PC. Wnt signaling in the vertebrate
central nervous system: from axon guidance to synaptic function. Cold Spring Harb Perspect Biol. 2012
Feb 1;4(2). pii: a008003; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3281574/. Stamatakou E, Salinas
PC. Postsynaptic assembly: a role for Wnt signaling. Dev Neurobiol. 2014 Aug;74(8):818-27;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4237178/.
1510

Gogolla N, Galimberti I, Deguchi Y, Caroni P. Wnt signaling mediates experience-related regulation of
synapse numbers and mossy fiber connectivities in the adult hippocampus. Neuron. 2009 May
28;62(4):510-25; http://www.sciencedirect.com/science/article/pii/S0896627309003468.

1511

E.g., mature neurons, in response to disease, can produce morphogens that alter gene expression in
astrocytes, a response that could be locally elicited or altered by nanorobots. Farmer WT, et al. Neurons
diversify astrocytes in the adult brain through sonic hedgehog signaling. Science 2016 Feb 19;
351(6275):849-854; http://science.sciencemag.org/content/351/6275/849.full.

339
There is some evidence that this approach to neural restoration may have a good likelihood of
success. Recently, more has become known about how new functional neurons that are
continually produced in the adult brain 1512 are integrated into existing mature networks of older
established neurons. One study 1513 attempted to learn more by exploring mechanisms of
synaptogenesis in new neurons born into an adult mouse hippocampus. Combining data from
confocal microscopy, electron microscopy, and live imaging, the researchers found that the new
neurons, similar to mature granule neurons, became contacted by axosomatic, axodendritic and
axospinous synapses. Consistent with their putative role in synaptogenesis, dendritic filopodia 1514
were more abundant during the early stages of maturation, the tips of all
filopodia were found within 200 nm of preexisting boutons that already
synapsed on other neurons, and dendritic spines 1515 primarily synapsed on
multiple-synapse boutons, suggesting that initial contacts were
preferentially made with pre-existing boutons already involved in a
synapse. The first glutamatergic synapses were likely to appear during the
first month after the arrival of the new neuron, but full maturation of the
connectivity of new neurons was reached only after 60-180 days (image,
right; “d.p.i.” = “days post injection”).
Similar results have been obtained for new neurons introduced into surgically innervated brain
tissue. For example, transcommissural olivocerebellar axons reinnervate surgically denervated
Purkinje cells (large heavily-arborized neurons in the cerebellum) in the rat cerebellum,
reestablishing the original pattern of climbing fiber bands within a few days after lesioning, 1516
and immature Purkinje cells in the rat cerebellum can be multi-reinnervated during postlesional
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neosynaptogenesis. 1517 A study of embryonic nerve cells introduced into a relatively mature
surgically deinnervated rat cerebellum found that many morphological characteristics of
developmental synaptogenesis are recapitulated when synapse formation is induced onto a mature
Purkinje cell, including single re-innervation but not multiple innervation, 1518 which suggests that
some nanorobotically-delivered modification to the mature cells at the interface between new and
old might be required to enable full multi-innervation. Stem cells grafted into the intact
mouse/rat brains were mostly followed by their incorporation into the host parenchyma and
differentiation into functional neural lineages, stem cells exhibiting targeted migration towards
the damaged regions of lesioned brain, where they engrafted, proliferated and matured into
functional neurons. Intravenously administered neural precursor cells (NPCs) migrate into braindamaged areas and induce functional recovery, with animal models of AD providing evidence
that transplanted stem cells or NPCs survive, migrate, and differentiate into cholinergic neurons,
astrocytes, and oligodendrocytes with amelioration of learning/memory deficits. 1519
Stem cell implants (Section 3.2.14) have also given promising results. For example, human stem
cell-derived neurons can functionally integrate into rat hippocampal network and drive
endogenous neuronal network activity. 1520 Embryonic interneuron progenitor cells that were
transplanted into the hippocampal hilus of aged mice developed into mature interneurons,
functionally integrated into the hippocampal circuitry, and restored normal learning, memory and
cognitive function in two widely used AD-related mouse models. 1521 Transplanted human spinal
neural stem cells integrate into the spinal cord, forming synapses with the host neurons in rats. 1522
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Neural stem cells have regenerated lost tissue in damaged corticospinal tracts of rats, resulting in
functional benefit. 1523
Axonal Growth and Extension
The replacement neural cells should be manufactured with appropriate gene expression, 1524 and
these and existing neurons should be situated in a biochemical environment (see below)
encouraging facile axonal growth 1525 and extension. It was once thought that the adult
mammalian central nervous system was unable to regenerate axons, but it has since been shown,
for example, that adult CNS white matter can support long-distance regeneration of adult axons in
the absence of glial scarring. In one experiment using a microtransplantation technique that
minimized scarring, minute volumes of dissociated adult rat dorsal root ganglia were
atraumatically injected directly into adult rat CNS pathways, allowing considerable numbers of
regenerating adult axons immediate access to the host glial terrain, where they rapidly extended
for long distances in white matter, eventually invading grey matter.1526
Neurotrophic factors promote the initial growth and development of neurons in the central
nervous system and peripheral nervous system and can regrow damaged neurons in test tubes and
animal models. In one study of neurotrophin nerve growth factor (NGF), glial cell-line derived
neurotrophic factor (GDNF) and neuropoietic cytokine ciliary neurotrophic factor (CNTF), the
combination of 50 ng/ml NGF and 10 ng/ml each of GDNF and CNTF induced a 752% increase
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in neurite outgrowth over untreated rat dorsal root ganglion explants and increased the longest
neurite length to 2031 µm (~2 mm) compared to 916 µm (~1 mm) for untreated neurons. 1527
There are also repulsive axonal guidance molecules that inhibit axonal growth and
regeneration. 1528 Axon growth has been amplified in the presence of NGF-secreting grafts, with
axons growing best along substrates co-expressing both inhibitory and permissive molecules,
suggesting that regeneration is successful when local permissive signals balance and exceed
inhibitory signals. 1529 (Clinical trials of NGF on Alzheimer’s patients have reported some
improvement in cognitive deficits, 1530 though at present the record is mixed. 1531)
Increased intracellular cAMP levels in neurons have also been shown to induce axonal
growth. 1532 Of course, too much axonal sprouting too fast in random directions is also
undesirable, even if self-pruning occurs later. 1533 Excessive artificial neurogenesis can induce
memory loss if existing neuronal or synaptic populations are overwhelmed by the new
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arrivals. 1534 Nanorobots can help time and maintain the ideal in vivo biochemical environment
for axonal regeneration, growth, and extension consistent with optimal AD patient recovery.
Axons cannot normally regenerate beyond glial scars which consist predominately of reactive
astrocytes and proteoglycans. 1535 As already noted (Section 5.3.2.2), glial scars will be targeted
for elimination by the debridement nanorobots.
Autologous nerve grafting, aka. nerve autograft, is commonly used clinically to repair large lesion
gaps in the peripheral nervous system. Gene-therapy induced expression of neurotrophic factors
within a target muscle 1536 or muscle stem cells, 1537 or local delivery of soluble neurotrophic
factors such as IGF-1 (insulin-like growth factor), 1538 BDNF (brain-derived neurotrophic
factor), 1539 GDNF, 1540 CNTF, 1541 PSA on NCAM (neural cell adhesion molecule), 1542 or VEGF
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(vascular endothelial growth factor) 1543 – potentially by medical nanorobots – to the site of
autologous nerve grafting enhances reinnervation and axon regeneration within the graft.
Recovery after a spinal cord injury often requires that axons restore synaptic connectivity with
denervated targets located as much as several centimeters away from the site of injury.
One recent study 1544 found that systemic ARTN (artemin, aka. enovin,
neublastin; image, right) treatment promotes the robust regeneration
of large myelinated sensory axons to the brainstem after brachial
dorsal root crush in adult rats, and also promotes functional reinnervation of the appropriate target
region (the cuneate nucleus). Regeneration to the brainstem requires more than 3 months but
ARTN was delivered for just 2 weeks, suggesting that “brief trophic support may initiate intrinsic
growth programs that remain active until targets are reached.”

Microglia and Neuroplasticity
The formation and removal of the physical connections between neurons is a critical part of
maintaining a healthy brain. The process of creating new pathways and networks among brain
cells enables us to absorb, learn, and memorize new information. This constant reorganization of
neural networks is called neuroplasticity. It is already known that microglia (motile cells
normally associated with protecting the brain from infection and injury) dynamically interact with
neuronal circuits, making direct contacts with synaptic elements in a way that is modulated by
experience-dependent changes in neuronal activity. 1545 Microglia actively shape maturing
neuronal networks within the first few weeks of life in the mouse via the complement and
fractalkine systems. 1546 But microglial contributions to network maintenance and plasticity at
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12;112(19):6170-5; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4434726/.
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later developmental stages, including the basic mechanisms by which connections between brain
cells are made and broken, have remained poorly understood.
Recent research 1547 now suggests that microglia play an even more important direct role in
rewiring the connections between adult nerve cells:
Performing experiments in mice, the researchers employed a well-established model of measuring
neuroplasticity by observing how cells reorganize their connections when visual information
received by the brain is reduced from two eyes to one.
The researchers found that in the mice’s brains microglia responded rapidly to changes in neuronal
activity as the brain adapted to processing information from only one eye. They observed that the
microglia targeted the synaptic cleft – the business end of the connection that transmits signals
between neurons. The microglia “pulled up” the appropriate connections, physically
disconnecting one neuron from another, while leaving other important connections intact.
This is similar to what occurs during an infection or injury, in which microglia are activated,
quickly navigate towards the injured site, and remove dead or diseased tissue while leaving
healthy tissue untouched.
The researchers also pinpointed one of the key molecular mechanisms in this process and observed
that when a single receptor – called P2Y12 – was turned off the microglia ceased removing the
connections between neurons. It is possible that when the microglia’s synapse pruning function is
interrupted or when the cells mistakenly remove the wrong connections – perhaps due to genetic
factors or because the cells are too occupied elsewhere fighting an infection or injury – the result
is impaired signaling between brain cells. 1548

Immunohistochemical and electron microscopic studies had long revealed that activated
microglia closely appose neurons. The role of microglia has been investigated in the removal of
synapses that occurs after nerve axotomy and during development, 1549 and astrocyte-microglia

microglia signaling results in impaired functional brain connectivity and social behavior. Nat Neurosci.
2014 Mar;17(3):400-6; http://www.vyssotski.ch/Publications/NatNeurosci2014.pdf.
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http://www.springerlink.com/index/P148MN3604241036.pdf. Bruce-Keller AJ. Microglial-neuronal
interactions in synaptic damage and recovery. J Neurosci Res. 1999 Oct 1;58(1):191-201;
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communication may dictate which synaptic elements should be pruned during thalamo-cortical
network refinement. 1550 But Sipe et al. 1551 have demonstrated that “microglia react rapidly to
changes in cortical activity, increasing process arborization, reducing process motility and
increasing their interactions with synaptic elements. These findings implicate microglia as key
players in the execution of plastic changes in cortical networks during experience-driven
plasticity, and have implications for the understanding of microglial contributions to cognitive
disorders where such functions are compromised.”
Microglia manufactured in cell mills can be emplaced in reconstructed brain tissue in the
locations and numbers required to ensure maximum neuroplasticity consistent with a successful
regeneration outcome, thus preparing the AD patient for the neural network retraining regimen
that is next to come (Section 5.3.3).

https://www.researchgate.net/profile/Richard_Ransohoff2/publication/6661586_Evidence_for_synaptic_str
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microglial networks of the brain and their role in neuronal network plasticity after lesion. Brain Res Rev.
2007 Aug;55(1):89-96; http://www.ncbi.nlm.nih.gov/pubmed/17509690.
Bialas AR, Stevens B. TGF-β signaling regulates neuronal C1q expression and developmental synaptic
refinement. Nat Neurosci. 2013 Dec;16(12):1773-82;
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5.3.3 Neural Network Retraining
With brain mapping completed, the neural repair plan compiled, and the neural tissue repaired or
reconstructed and placed in a receptive state of high mental plasticity over a minimum physical
treatment time of 4-6 days (Table 4), the AD patient can now be retrained to strengthen existing
memories or to reacquire missing memories over a period of weeks or months using aggressive
“environmental enrichment” (Section 5.3.3.1). Axonal growth, dendritic re-arborization, and
exuberant synaptogenesis can be elicited and then guided by an intensive program of mental and
physical activities, allowing normal memory-reinforcing cognitive processes to provide
continuous neural network retraining with significant restoration of function to the AD patient.

Table 4. Nanorobot count and treatment time to execute nanorobotic tasks
for all three Alzheimer Protocols.

Nanorobotic Protocol Task
Alzheimer Protocol 1: Genetic Derisking
1A. Genotyping
1B. Chromosome manufacture
1Ca. Genetic derisking (brain)
1Cb. Genetic derisking (whole body)
Alzheimer Protocol 2: Tissue Rejuvenation
2A. Remove amyloid/glutamate
2B. Remove tau
2C. Remove lipofuscin
2D. Remove α-synuclein
2E. Correct cancer, mutations
2F. Mutant mitochondria
2G. Senescent cells
2H. Lost cells
Alzheimer Protocol 3: Neural Reconstruction
3A. Brain mapping
3B. Compile neural repair plan
Damaged area close inspection
3C. Manufacture replacement cells
3D. Intracranial debridement
Debridement
Support
Injury suppression
3E. Cell emplacement/incorporation
Shepherd
Support
TOTALS

# of Nanorobots

Treatment Time

external computers
external computers
86 billion
1000 billion x 10 cycles

1 hr
1 hr
7 hr
48 hr

86 billion
86 billion
86 billion
86 billion
(done in 1C)
86 billion
(done in 1C)
(done in 3E)

1 hr
1 hr
1 hr
1 hr

86 billion
external computers
20 billion
external cell mill

13 hr
24 hr

7 hr

1 hr
2 hr

10-100 billion
1000 billion
86 billion
46 hr
68 billion
86 billion
1958-3048 billion

106-154 hr
(4.4-6.4 days)
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There are two sorts of information that are stored as memories in the human brain and must be
restored in the AD patient – data (the facts of someone’s life; Section 5.3.3.2) and algorithms
(the way someone processes those facts; Section 5.3.3.3). This is crudely analogous to the role
of data and software in a computer memory.
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5.3.3.1 Environmental Enrichment
It has long been established that a rich sensory and cognitive environment will maximally
stimulate additional synaptogenesis. Rats raised with “environmental enrichment” have 3%-7%
thicker cerebral cortices and 25% more synapses than controls. 1552 This effect occurs whether a
more stimulating environment is experienced immediately following birth,1553 after weaning, 1554
or during maturity (with increased synapse numbers in adults remaining high even after leaving
the enriched environment for 30 days). 1555 Environmental stimulation increases synaptogenesis
upon both pyramidal neurons (the main projecting neurons in the cerebral cortex) and stellate
neurons, 1556 and in the hippocampus, 1557 as well as in retinal neurons outside of the brain (long
considered less plastic than cortex or hippocampus, the very sites of experience-dependent
plasticity). 1558 Animals placed in enriched environments show evidence of larger synapses, 1559
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increased synapse activation, 1560 and larger-amplitude “gamma oscillations” 1561 in the
hippocampus. 1562 Environmental enrichment that includes motor skills practiced for 7-10 days
also raises synapse numbers in rats. 1563
Exposure to “enriched environment” conditions can lead to increases in cortical brain weight, 1564
in cortical thickness, 1565 in dendritic branching and synaptic density (including the complexity
and length of the dendrite arbors upon which synapses form), 1566 in the number of synaptic
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Sirevaag AM, Greenough WT. Differential rearing effects on rat visual cortex synapses. III. Neuronal
and glial nuclei, boutons, dendrites, and capillaries. Brain Res. 1987 Oct 27;424(2):320-32;
https://www.ncbi.nlm.nih.gov/pubmed/3676831.
Gamma rhythms at 25-140 Hz serve to synchronize neurons and form cell assemblies in mammalian
cortical structures.

1561

1562

Shinohara Y, Hosoya A, Hirase H. Experience enhances gamma oscillations and interhemispheric
asymmetry in the hippocampus. Nat Commun. 2013;4:1652;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3644069/.
1563

Black JE, Isaacs KR, Anderson BJ, Alcantara AA, Greenough WT. Learning causes synaptogenesis,
whereas motor activity causes angiogenesis, in cerebellar cortex of adult rats. Proc Natl Acad Sci U S A.
1990 Jul;87(14):5568-72; https://www.ncbi.nlm.nih.gov/pmc/articles/PMC54366/. Kleim JA, Hogg TM,
VandenBerg PM, Cooper NR, Bruneau R, Remple M. Cortical synaptogenesis and motor map
reorganization occur during late, but not early, phase of motor skill learning. J Neurosci. 2004 Jan
21;24(3):628-33; http://www.jneurosci.org/content/24/3/628.long.
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contacts, 1567 in higher-order dendrite branch complexity 1568 and the length of distal branches, 1569
and in neurogenesis, 1570 plus changes in the regulation of neural plasticity 1571 along with
improved memory and learning. 1572
More specifically, enriched environments have been observed to cause 12%-14% increase in glial
cells per neuron, 1573 19% expansion of glial cell direct appositional area, 1574 37% higher volume
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of glial cell nuclei per synapse (63% higher per neuron) and 20% higher mitochondrial mean
volume per neuron, 1575 and wider capillaries (4.35 µm vs. 4.15 µm) along with increased capillary
density with shorter maximum distance from neuropil to nearest capillary (27.6 µm vs. 34.6
µm). 1576
There is also some preliminary evidence for neurological rehabilitation. Environmental
enrichment has enhanced and partially repaired memory deficits in Alzheimer’s-model mice
between the ages of 2-7 months. 1577 Environmental enrichment for 7 weeks efficiently
ameliorates early hippocampal-dependent spatial learning and memory deficits in Alzheimer’smodel mice. 1578 Multiple studies have reported that environmental enrichment for adult mice
helps relieve neuronal death, beneficial for Parkinson’s disease. 1579 In Parkinson’s,
environmental enrichment affects the nigrostriatal pathway, which is important for managing
dopamine and acetylcholine levels that are critical for motor deficits. 1580 Environmental
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enrichment also increases neurogenesis in aged rodents (that are exhibiting decreased
hippocampal neurogenesis) by potentiating neuronal differentiation and new cell survival, giving
the old rodents a superior ability to retain existing levels of spatial and learning memory. 1581 Of
course, nanorobotic intracranial debridement and cell insertion/emplacement might stimulate an
injury response (Section 5.3.2.2) that must be suppressed – reactive synaptogenesis induced by
ordinary lesions can subsequently preclude the beneficial effects of environmental enrichment. 1582
While environmental enrichment research has been done mostly on rodents, comparable effects
are known to occur in primates 1583 and appear likely to affect the human brain similarly. 1584
Collectively, these results suggest that an adult brain into which new neurons have been
introduced might successfully form new synapses, expand neural network connections, and create
fresh memories (potentially of similar content to the lost old memories) among AD patients who
are subjected to a sensorily-intensive retraining environment over a therapeutic retraining period
of several months. Environmental enrichment appears to stimulate neural regrowth to roughly the
same percentage extent as the percentage declines that are observed in the brains of AD patients.
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5.3.3.2 Brain Memory: Data Recovery
Data are the facts of one’s life – the names of friends and loved ones, the dates of birthdays, the
details of the patient’s favorite sports team, the multiplication tables memorized in grade school,
and so forth. The treatment specified in the first two Alzheimer Protocols ensures that memories
still possessed by the AD patient at the time of treatment will not be lost, and some memories that
are on the brink of being lost will be recovered due to redundancy. If neuron losses due to aging
are more or less randomly distributed and do not exceed the 10% figure mentioned in Section
5.2.6, then it seems unlikely that surviving connectivity networks will have become so thoroughly
disrupted by aging alone as to produce complete information loss, assuming that estimates of
from 10-fold to 1000-fold redundancy in human neocortical memory patterns 1585 are essentially
correct.
It may also be the case that some memories lost to conscious awareness will still retain enough
physical traces to be recoverable by the experientially-stimulated regrowth of a few dendrites or
synapses guided by the remains of the perineuronal net – a possibility that should constrain and
guide the extent of the debridement procedure (Section 5.3.2.2).
But what about the data that is completely lost? With the neural reconstruction completed as
described in Section 5.3.2, the new neurons now present in the AD patient’s brain should be
almost as plastic as when the patient was a child – voracious for information and forgetting
almost nothing that seems interesting. The majority of the patient’s mature original brain is still
present even in cases of advanced AD, and these surviving (rejuvenated) neurons and their
connections can help guide the process of data reacquisition, possibly assisted by other means. 1586
For example, the patient might recall that they have children, but not the exact number, their
names, faces, or birthdays. This is just data, and it can be presented to the patient as text or
audiovisual information during rehabilitation, allowing the brain to rapidly “fill in the blanks”.
Such personal data can be gathered and presented intensively to the patient – indeed, this is what
the first course of retraining should entail. Other memory stimulators may include long talks with
friends and relatives who visit the patient and repeat the traditional family stories or who can
recount childhood experiences of the patient, or may include looking through family photo
albums and watching old films or videos featuring the patient and his friends, family, and former
associates, and significant events in the patient’s life. Patients can travel to places or buildings
that once were meaningful to them (e.g., a favorite beach retreat, the old family farm, a favorite
bar or restaurant in the city), and can be re-exposed to their personal collections of favorite music,
plays, videos, movies, TV shows, books, poems, articles, diaries, recollections of pets, boxes of
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https://www.quora.com/Is-there-any-redundancy-in-human-memory.
1586
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memorabilia, 1587 and other personal effects. With input from friends and relatives, the patient
could be exposed to virtual reality movies depicting key events in the patient’s life, recreated
using automated digital cinematographic techniques and featuring virtual actors1588 who look like
the patient and his family or associates. The patient should also read or view anything they
themselves wrote, sang, performed, or created, as well as their own CVs, resumes, LinkedIn and
Facebook pages, including their Wikipedia entry or articles and biographies written describing
them or their activities, to restore the patient’s memories of their own personal history and
accomplishments. Of course, friends and relatives who are no longer alive cannot directly offer
information to the recovering patient, but recordings of the departed can at least provide some
personal data that might help the patient recreate lost memories. Early adulthood
autobiographical memories are important in retaining one’s sense of personal identity. 1589
Memory recovery can be further enhanced if the patient has proactively attempted to actively
record important elements of their life history. Many people may have saved decades of personal
emails and other correspondence, but only a few have taken this even
further into the realm of complete life recording or “lifelogging”. 1590
For example, for several decades Steven Mann has worn a video
camera (image, left) 1591 that records everything he sees and hears.
Gordon Bell’s MyLifeBits project 1592 accumulates about 1
gigabyte/month while recording all the physical events of a person’s
daily life using the Microsoft SenseCam, 1593 creating a “digital diary or e-memory
continuously.” 1594 The LifeNaut project 1595 allows people to (1) upload biographical pictures,
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SenseCam is a badge-sized wearable camera that captures up to 2000 VGA images per day into 128
MB flash memory. Sensor data such as movement, light level and temperature is recorded every second,
similar to an aircraft “black box” accident recorder but miniaturized for the human body. This could help
with memory recall (e.g., where did I leave my spectacles or keys? Who did I meet last week?) by allowing
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videos, and documents to a digital archive that will be preserved for generations; (2) organize
through geo-mapping, timelines, and tagging, a rich portrait of information about themselves,
including the places they’ve been and the people they’ve met; and (3) create a computer-based
avatar to interact and respond with their attitudes, values, mannerisms and beliefs. The
foresighted patient who creates these kinds of records in advance of need stands a much better
chance of extensive memory recovery than one who does not.
The SenseCam has already been used to assist dementia patients with serious autobiographical
memory defects. For example, in the case of one patient who could only recall ~2% of events
that happened the previous week, using the SenseCam dramatically improved her memory,
allowing her to recall ~80% percent of events six weeks after they happened. 1596 According to
one of the study authors: “Not only does SenseCam allow people to recall memories while they
are looking at the images, but after an initial period of consolidation, it appears to lead to longterm retention of memories over many months, without the need to view the images repeatedly.”
One interesting issue is the restoration of unpleasant memories. Memories of being a victim of
violence or other crimes, or of being cheated by a business partner or spouse, or of undergoing
very painful medical procedures or even the death of a loved one, might be very painful to
remember but undoubtedly contribute significantly to the patient’s personality. Perhaps such
memories, if forgotten, should be offered to the patient upon request and with informed consent,
with full knowledge than a person with an edited memory is a different person than someone with
all of their memories intact. Less troublesome are conflicting but non-painful memories 1597 –
these also make the pre-AD patient the unique person who they were, and should be restored if
possible.
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This exciting effect has formed the basis of a great deal of research around the world using SenseCam and
the device is now available to buy as the Vicon Revue. http://research.microsoft.com/enus/um/cambridge/projects/sensecam/.
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The availability of detailed records of these types by the AD patient or his associates will likely
improve the patient’s memory data recovery efforts. More specifically, this intensive retraining
may allow the reconstitution of the patient’s brain network configuration 1598 to a state closely
resembling its original functional state.

1598
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2015 Jun 23;7:117; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4477154/.
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5.3.3.3 Brain Memory: Algorithm Recovery
The more difficult area for AD patient recovery is the reconstruction of lost algorithms. An
algorithm is what a person’s brain does with the data it knows. An algorithm is also a piece of
data, but it is data that describes or embodies a procedure for processing data, as distinct from the
data upon which the process acts. 1599 Of course, there may exist multiple redundant external
sources for data (e.g., photographs, videos, books, or testimonials from living people) that survive
outside of the AD patient’s own mind, and thus can be retrieved from the external world. In the
case of algorithms, a difficulty arises when there are no external sources of the patient’s internal
algorithms available to be retrieved. There will often, perhaps even usually, be no external
records of the specific mental processes that the patient once employed in his internal mental life.
Algorithms pertaining to physical activities (e.g., playing tennis or football, repairing a car or
piloting an airplane, dancing or having sex, painting or knitting, singing or affixing a signature to
a document, or even simple activities like using a knife and fork to eat, etc.) might be recovered
by repeating the relevant physical activities, especially in the company of a colleague or partner
who once shared the same activities with the patient. If the patient has forgotten the relevant
mental processes, the missing algorithms can only be partially inferred and recreated by
examining the patient’s “output” and then attempting to reconstruct what internal mental
processes the patient must have used to proceed from the known input data (i.e., his factual
memories and experiential knowledge base) to his output (i.e., his writings, utterances, and
deeds). Unfortunately there will usually be many ways to obtain a given output from a given set
of inputs, so any such reconstructed algorithm, while perhaps accurate for the data at hand, might
differ significantly from the lost original. These inferences are in principle possible with enough
data, sufficient external computational capacity, and an exact knowledge of brain structure, but it
is likely to be a difficult task and still may produce at best an approximation of the patient’s
original internal algorithms.
If the patient has taken psychological tests such as personality tests,1600 personality
inventories, 1601 the Myers-Briggs test, 1602 or aptitude tests such as for mechanical aptitude, 1603
financial aptitude, 1604 language-learning ability, 1605 or vocational interest inventories, 1606 this may
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provide some useful algorithmic information although such tests are often considered to have
poor reliability by psychological professionals. One hopeful sign is that because the majority of
the AD patient’s brain is still physically intact, and because memory is highly redundant and what
remains has by this time been thoroughly rejuvenated, it should be possible for the patient to
guide the process of reconstructing his internal algorithms in a direction that “feels” natural or at
least vaguely correct.
One useful exercise along these lines might be to present the patient with a song, poem, speech,
painting, article, book, or other artistic object that they created in the past, let them study it for
awhile, then ask them to independently duplicate it without looking at it again. The duplicated
work can then be compared to the recorded original, providing insights to the patient as to what
elements of his internal algorithms might still be missing or be slightly altered. Repeating this
admittedly labor-intensive process on multiple example tasks might allow the patient to more
closely approximate his original process algorithms. Similar processes could be used to test and
recover missing skills such as mathematical analysis, poker playing, or foreign languages.
In some cases, close enough might be good enough. For example, if the AD patient has lost the
ability to read, an attempt could be made to re-teach literacy as closely as possible to the way the
patient was originally taught. However, it may not be possible to use the same books and
teaching methods that the patient experienced when they were a child, and the exact childhood
environment in which those lessons were originally learned will be nearly impossible to precisely
recreate. To the extent that the particular way the patient originally learned to speak and write
made a significant difference in the expression of their literacy, and to the extent this learning was
further shaped and modified by unique experiences over the patient’s many decades of life, the
resulting complex expression of these abilities might be lost forever. In such cases a substitute
teaching method may have to suffice.
Another minor area that might provide challenging is the recovery of unique sensory associations.
For example, many people might associate a particular sound (e.g., a song), taste or smell with
certain important life events like a death, a birth, or a first kiss. If these associations are still
vaguely remembered by the patient, or if they are at least partially physiologically based, or if
there is a reliable witness still alive who can recall them, then it might be possible to recreate or
re-strengthen the association – either by experiential means or by direct physical intervention in
the brain. But if the patient has forgotten and there is no reliable external record or physiological
basis for a particular association, then it is probably unrecoverable.
There is already some mainstream interest in neuroplasticity-enhanced learning as a means to
enhance the speed of learning new cognitive skills. In 2016, DARPA launched a new research
program called Targeted Neuroplasticity Training (TNT). 1607 TNT “seeks to advance the pace
and effectiveness of a specific kind of learning – cognitive skills training – through the precise
activation of peripheral nerves that can in turn promote and strengthen neuronal connections in
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the brain. TNT will pursue development of a platform technology to enhance learning of a wide
range of cognitive skills. If successful, TNT could accelerate learning and reduce the time
needed to train foreign language specialists, intelligence analysts, cryptographers, and others.”
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Chapter 6. Treating Parkinson’s and Related Neurodegenerative
Conditions
Alzheimer’s disease is perhaps the most challenging neurodegenerative condition known to
modern medicine. With a nanorobotic cure for AD in hand (Chapter 5), other less-challenging
neurodegenerative diseases can most likely be completely reversed and cured using an
appropriate subset of the methods developed for treating Alzheimer’s disease.
In this Chapter, we review the nature and current treatment status of Parkinson’s disease (Section
6.1) and a number of related neurodegenerative diseases (Section 6.2), providing, in each case, a
brief summary of the nanorobotic approach for curing these conditions.
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6.1 Parkinson’s Disease
Parkinson’s disease (PD) is a progressive and neurodegenerative brain disorder that leads to
motor symptoms such as shaking (tremors) and difficulty with walking, movement, and
coordination, and often many non-motor symptoms such as changes in mood or cognition,
constipation, incontinence, sexual dysfunction, sleep disorders, visual changes, depression,
anxiety, and skin changes. The precise causes of PD remain unknown, and there is currently no
cure for Parkinson’s disease. 1608
PD is the second most common neurodegenerative disorder after Alzheimer’s disease, affecting
approximately seven million people globally and one million people in the United States.1609 The
prevalence of PD in industrialized countries is ~0.3% of the entire population and ~1% in people
over 60 years of age, 1610 rising to 4% of the population over age 80. 1611 The mean age of onset is
around 60 years, although 5-10% of cases, classified as young-onset PD, begin between the ages
of 20-50 years. 1612 The costs of PD to society are high, probably around $10,000 per patient per
year in the U.S. with an estimated total national burden around $23 billion in 2007. 1613 The
largest share of direct cost comes from inpatient care and nursing homes with a much lower share
from medications, but indirect costs are high due to reduced productivity, the burden on
caregivers, and the reduced quality of life of PD patients.
In this Section we review some genetic causes of Parkinson’s disease (Section 6.1.1), a few
details of the PD neuropathology (Section 6.1.2), and current treatments for PD (Section 6.1.3).
The proposed nanorobotic treatment for Parkinson’s disease is then outlined in Section 6.1.4.
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6.1.1 Genetic Causes of Parkinson’s Disease
Most people with PD have “idiopathic” Parkinson’s disease (having no specific known cause). 1614
Environmental toxins, herbicides, pesticides, and fungicides have been associated with the risk of
developing PD, but no causal relationships have been definitively proven. 1615 Traditionally,
Parkinson’s was considered a non-genetic disorder. However, ~15% of individuals with PD have
a first-degree relative who has the disease, 1616 and at least 5-15% of cases are known to occur
because of a mutation in one of several specific genes, transmitted in either an autosomaldominant or autosomal-recessive pattern. 1617
Mutations in a few specific genes have been conclusively shown to cause Parkinson’s disease.
Genes which have been implicated in autosomal-dominant PD include PARK1 and PARK4,
PARK5, PARK8, PARK11 and GIGYF2 and PARK13 which code for SNCA (α-synuclein),
UCHL1, LRRK2 (leucine-rich repeat kinase 2, aka. the protein dardarin), and Htra2. 1618 Genes
such as PARK2, PARK6, PARK7 and PARK9 – which code for PRKN (parkin), PINK1 (PTENinduced putative kinase 1), DJ-1 and ATP13A2, respectively – have been implicated in the
development of autosomal-recessive PD. 1619
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Mutations in genes including those that code for SNCA, LRRK2 and GBA (glucocerebrosidase)
have been found to be risk factors for sporadic PD. 1620 In most cases, people with these
mutations will develop PD, though with the exception of LRRK2 they account for only a small
minority of cases of PD. 1621
LRRK2 is perhaps the most extensively studied PD-related gene. Mutations in PARK8 (LRRK2)
are the most common known cause of familial and sporadic PD, accounting for ~5% of
individuals with a family history of the disease and 3% of sporadic cases. Several Parkinsonrelated genes – including PARK8 (LRRK2) – are involved in the function of lysosomes, and their
mutations might lead to lysosomal dysfunctions that reduce the ability of cells to break down αsynuclein. 1622
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6.1.2 Some Details of the Neuropathology
Dopamine (image, left) is one of the major neurotransmitter molecules in
the brain, chemically mediating signals between neurons involved in motor
control, hormone release, and reward-motivated behavior. The motor
symptoms of Parkinson’s disease result from the death of dopaminegenerating cells in the basal ganglia (a group of brain structures innervated by the dopaminergic
system) in the human midbrain. 1623 The main pathological characteristic of PD is cell death in the
substantia nigra (image, right) and, more specifically, the
ventral or front part of the pars compacta of the substantia
nigra, affecting up to 70% of the cells by the time death
occurs. 1624 The histopathology (microscopic anatomy) of
the substantia nigra and several other brain regions shows
neuronal loss and Lewy bodies (Section 5.2.2.3) in the
cytoplasm of many of the remaining nerve cells, with
thread-like proteinaceous inclusions within neurites (Lewy
neurites). 1625 Neuronal loss is accompanied by the death
of astrocytes (star-shaped glial cells) and activation of the
microglia (another type of glial cell). Lewy bodies are a
key pathological feature of PD. 1626
There is speculation on multiple molecular mechanisms by which the brain cells could be lost,
including the accumulation of aberrant or misfolded proteins, 1627 ubiquitin-proteasome and
lysosomal system dysfunction, 1628 reduced or impaired mitochondrial function, 1629 oxidative and
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nitrosative stress, 1630 glutamate receptor mediated excitotoxicity and inflammation, 1631 the
misregulation of calcium and potassium ion channels, 1632 excess lipofuscin, 1633 and aging. 1634
Perhaps the most popular proposed specific mechanism is the abnormal accumulation of the
protein α-synuclein bound to ubiquitin in the damaged cells. This insoluble protein accumulates
inside neurons, forming inclusions called Lewy bodies. 1635 According to the Braak staging, a
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classification of Parkinson’s disease based on pathological findings, Lewy bodies (image, below)
first appear in the olfactory bulb, medulla oblongata and pontine tegmentum, with these patients
still asymptomatic. As the disease progresses, Lewy bodies develop in the substantia nigra, areas
of the midbrain and basal forebrain, and finally in the neocortex. 1636 These brain sites are the
main locales of neuronal degeneration in PD – although, like amyloid plaques in AD, Lewy
bodies may not themselves cause cell death and might even be protective. 1637 In people with
dementia, a generalized presence of Lewy bodies is common in cortical areas.
Lewy body dementia
(LBD), aka. dementia with
Lewy bodies (DLB),
diffuse Lewy body disease,
cortical Lewy body
disease, or senile dementia
of Lewy type, is a type of
progressive
neurodegenerative
dementia closely associated
with Parkinson’s disease
primarily affecting older adults, whose primary feature is cognitive decline. 1638 Lewy body
dementia is the third-most-common form of dementia (15% of all cases) after Alzheimer’s
disease (50%-70%) and vascular dementia (25%) in older adults. 1639 The prognosis, molecular
details, and palliative treatment options for LBD are very similar to PD and will not be discussed
further here.
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6.1.3 Current Treatments for Parkinson’s Disease
There is no known cure for Parkinson’s disease. However, PD is one of the few
neurodegenerative disorders with an effective pharmaceutical treatment that can at least
temporarily halt the symptoms.
Most notably, in PD the neurons that supply the brain with dopamine
neurotransmitter degenerate. So patients can be given a pill containing
levodopa (aka. L-DOPA, L-3,4-dihydroxyphenylalanine; image,
right; 1640 also sold as Atamet, Carbilev, or Sinemet when combined
with the enzyme inhibitor carbidopa 1641), a drug that can be converted into the missing dopamine
in the brain. This “dopamine replacement therapy” treats only the symptoms of Parkinson’s – the
tremors, the stiffness, and the slowness of movements – but not its root causes. Even with the
drug, the death of dopaminergic neurons continues. The levodopa pills typically become
ineffective after ~7 years, half the patients experience occasional relapses of symptoms despite
taking the drug, and there are unwanted side effects (e.g., nausea) to deal with. Dopamine
agonists (Pramipexole, Ropinerole, Bromocriptine) bind to dopaminergic post-synaptic receptors
in the brain and have similar effects to levodopa, but are not as reliable for symptom control 1642
and may lead to pathological behaviors. 1643
MAO-B inhibitors such as rasagiline (aka. Azilect, TVP-1012, N-propargyl1(R)-aminoindan; image, left) increase the level of dopamine in the basal ganglia
by blocking its metabolism 1644 but produce more adverse effects and are less
effective than levodopa. COMT inhibitors (Entacapone/Comtan,
Tolcapone/Tasmar) mildly prolong the effect of levodopa therapy by blocking an
enzyme that breaks down dopamine. 1645 Neurotransmitters other than dopamine, such as
norepinephrine, 5-hydroxytryptamine, glutamate, adenosine and acetylcholine also contribute to
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PD symptomatology, so non-dopaminergic therapies have attracted interest, especially
caffeine 1646 and adenosine A2A antagonists such as tozadenant, PBF-509, ST1535, ST4206,
V81444, and istradefylline (now licensed as an anti-Parkinsonian drug in Japan). 1647
In some cases, surgery may be appropriate for PD patients whose disease no longer responds well
to drugs. The most common procedure, called deep brain stimulation (DBS), 1648 is FDAapproved and involves implanting electrodes in the brain and sending high frequency electrical
impulses into specific areas of the organ to mitigate symptoms, 1649 though adverse effects have
been reported. 1650 More recently, transcranial direct current stimulation (tDTS) using a
headband-type device with two electrodes is being investigated as a noninvasive variant of this
approach, 1651 and a gyroscopically-stabilized glove is claimed to halt symptomatic hand tremors

1646

Prediger RD. Effects of caffeine in Parkinson’s disease: from neuroprotection to the management of
motor and non-motor symptoms. J Alzheimers Dis. 2010;20 Suppl 1:S205-20;
https://www.researchgate.net/profile/Rui_Prediger/publication/41562326_Effects_of_Caffeine_in_Parkinso
n’s_Disease_From_Neuroprotection_to_the_Management_of_Motor_and_NonMotor_Symptoms/links/5628c21508aef25a243d2004.pdf. Petzer JP, Petzer A. Caffeine as a lead
compound for the design of therapeutic agents for the treatment of Parkinson’s disease. Curr Med Chem.
2015;22(8):975-88; http://www.ncbi.nlm.nih.gov/pubmed/25544641. Nehlig A. Effects of coffee/caffeine
on brain health and disease: What should I tell my patients? Pract Neurol. 2015 Dec 16;
http://www.ncbi.nlm.nih.gov/pubmed/26677204.
1647

Pinna A. Adenosine A2A receptor antagonists in Parkinson’s disease: progress in clinical trials from
the newly approved istradefylline to drugs in early development and those already discontinued. CNS
Drugs. 2014 May;28(5):455-74; http://www.ncbi.nlm.nih.gov/pubmed/24687255.

1648

Perlmutter JS, Mink JW. Deep brain stimulation. Annu Rev Neurosci. 2006;29:229-57;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4518728/. Lyons MK. Deep brain stimulation: current and
future clinical applications. Mayo Clin Proc. 2011 Jul;86(7):662-72;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3127561/.
1649

deSouza RM, Moro E, Lang AE, Schapira AH. Timing of deep brain stimulation in Parkinson disease:
a need for reappraisal? Ann Neurol. 2013 May;73(5):565-75;
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4065356/.
1650

Smeding HM, Speelman JD, Koning-Haanstra M, Schuurman PR, Nijssen P, van Laar T, Schmand B.
Neuropsychological effects of bilateral STN stimulation in Parkinson disease: a controlled study.
Neurology 2006;66(12):1830-6; http://europepmc.org/abstract/med/16801645.
1651

Broeder S, Nackaerts E, Heremans E, Vervoort G, Meesen R, Verheyden G, Nieuwboer A.
Transcranial direct current stimulation in Parkinson’s disease: Neurophysiological mechanisms and
behavioral effects. Neurosci Biobehav Rev. 2015 Oct;57:105-17;
https://www.researchgate.net/profile/Sanne_Broeder/publication/281166331_Title_Transcranial_direct_cur
rent_stimulation_in_Parkinsons_disease_Neurophysiological_mechanisms_and_behavioral_effects/links/5
5e082ae08ae2fac471bc8df.pdf. Ferrucci R, Cortese F, Bianchi M, Pittera D, Turrone R, Bocci T, Borroni
B, Vergari M, Cogiamanian F, Ardolino G, Di Fonzo A, Padovani A, Priori A. Cerebellar and motor
cortical transcranial stimulation decrease levodopa-induced dyskinesias in Parkinson’s disease. Cerebellum.
2016 Feb;15(1):43-7;
https://www.researchgate.net/profile/Roberta_Ferrucci/publication/283540310_Cerebellar_and_Motor_Cor

370
in PD patients. 1652 Ultrasound thermal lesioning of selected brain tissue 1653 is another form of
non-invasive surgery now in clinical trials for treating Parkinson’s symptoms, 1654 a modernized
version of the old ablative thalamotomy procedures for PD. 1655
The prospect for future cures for Parkinson’s disease is much the same as for Alzheimer’s
disease: many potential conventional approaches are being tried, 1656 but nothing is working yet
and a genuine complete cure still looks a long way off. 1657 The dim prospects for a true PD cure
– much as we saw in the case of Alzheimer’s disease (e.g., comments by Whitehouse; Chapter 1)
– have led at least a few researchers to question the value of large investments in seeking a cure,
while urging that resources should be directed toward improved palliative treatments.1658
The following is a brief and non-comprehensive summary of current efforts to find a PD cure.
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Both active and passive immunization strategies against α-synuclein are being investigated, 1659 so
far without conclusive success, but are continuing. 1660 In 2015 at least three biotech companies –
AFFiRiS, Prothena, and Biogen – were running competing trials of immunotherapy against αsynuclein targets for PD. 1661
The search for neuroprotective agents (to delay or halt cell death) is of high priority among PD
researchers, but no proven neuroprotective agents or treatments are currently available.
Numerous drug molecules have been proposed and are being investigated as potential treatments
– including anti-apoptotics (omigapil, CEP-1347), anti-glutamatergics, monoamine oxidase
inhibitors (selegiline, rasagiline), pro-mitochondrials (coenzyme Q10, creatine),
immunosuppressants (tacrolimus/FK506), 1662 calcium channel blockers (isradipine), anticonvulsants (zonisamide), 1663 anti-inflammatory agents (CU-CPT22, 1664 aspirin, 1665 NSAIDs 1666),
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anti-malarials (chloroquine, amodiaquine), 1667 LRRK2 kinase inhibitors (MLi-2), 1668 cholesterol
medications (simvastatin), 1669 respiratory drugs (ambroxol) and diabetes drugs (exenatide), 1670
nicotine, 1671 and growth factors (GDNF). 1672 None of these has been conclusively demonstrated
to reduce degeneration in PD. 1673

1666

Gagne JJ, Power MC. Anti-inflammatory drugs and risk of Parkinson disease: a meta-analysis.
Neurology. 2010 Mar 23;74(12):995-1002; https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2848103/.
1667

Kim CH, Han BS, Moon J, Kim DJ, Shin J, Rajan S, Nguyen QT, Sohn M, Kim WG, Han M, Jeong I,
Kim KS, Lee EH, Tu Y, Naffin-Olivos JL, Park CH, Ringe D, Yoon HS, Petsko GA, Kim KS. Nuclear
receptor Nurr1 agonists enhance its dual functions and improve behavioral deficits in an animal model of
Parkinson’s disease. Proc Natl Acad Sci U S A. 2015 Jul 14;112(28):8756-61;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4507186/.
1668

Fell MJ, Mirescu C, Basu K, Cheewatrakoolpong B, DeMong DE, Ellis JM, Hyde LA, Lin Y, Markgraf
CG, Mei H, Miller M, Poulet FM, Scott JD, Smith MD, Yin Z, Zhou X, Parker EM, Kennedy ME, Morrow
JA. MLi-2, a Potent, Selective, and Centrally Active Compound for Exploring the Therapeutic Potential
and Safety of LRRK2 Kinase Inhibition. J Pharmacol Exp Ther. 2015 Dec;355(3):397-409;
http://www.ncbi.nlm.nih.gov/pubmed/26407721.
1669

“Cholesterol Medication Simvastatin Tested As Potential Treatment For Parkinson’s Disease In New
Clinical Trial,” Medical Daily, 12 Jan 2016; http://www.medicaldaily.com/cholesterol-medicationsimvastatin-tested-potential-treatment-parkinsons-disease-new-369008.
1670

“New clinical trial focuses on respiratory drug ambroxol for treatment of Parkinson’s disease,”
Parkinson’s News, 23 Feb 2016; https://nwpf.org/stay-informed/news/2016/02/new-clinical-trial-focuseson-respiratory-drug-ambroxol-for-treatment-of-parkinsons-disease/.
1671

Quik M, Zhang D, McGregor M, Bordia T. Alpha7 nicotinic receptors as therapeutic targets for
Parkinson’s disease. Biochem Pharmacol. 2015 Oct 15;97(4):399-407;
https://www.researchgate.net/profile/Tanuja_Bordia/publication/278743589_Alpha7_nicotinic_receptors_a
s_therapeutic_targets_for_Parkinson%27s_disease/links/56aa8fd808ae8f3865664233.pdf?origin=publicatio
n_detail&ev=pub_int_prw_xdl&msrp=MpJqcYY2TxjdVmSgCdOCgB8as9Yfqo9DSs1UVkCM8HSn25O
NwvdzvzsgbpbOdvTf8qkmz6rekQwb_sVtsHL9A.MW0VsLhJ7eEm2PazJRcAGpI1ry3JnJs1DhO7I4PIaA64r2EVeEzKAJpIMX0kEyAo2r4XlZzT9zt7V_n3L8ynQ.04XZuVNGTuGF5GmOTtCl3bRBCpk_26g9_ihRQYPI3UtCpeV3G2GXHDpv6R_OrAyvCzaDEWLIjEIPAPU0aE1FQ.
1672

d’Anglemont de Tassigny X, Pascual A, López-Barneo J. GDNF-based therapies, GDNF-producing
interneurons, and trophic support of the dopaminergic nigrostriatal pathway. Implications for Parkinson’s
disease. Front Neuroanat. 2015 Feb 13;9:10; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4327623/.
Fan CH, Ting CY, Lin CY, Chan HL, Chang YC, Chen YY, Liu HL, Yeh CK. Noninvasive, targeted, and
non-viral ultrasound-mediated GDNF-plasmid delivery for treatment of Parkinson’s disease. Sci Rep. 2016
Jan 20;6:19579; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4726227/. NsGene;
http://nsgene.dk/NsGene-447.aspx.
1673

Obeso JA, Rodriguez-Oroz MC, Goetz CG, Marin C, Kordower JH, Rodriguez M, Hirsch EC, Farrer
M, Schapira AH, Halliday G. Missing pieces in the Parkinson’s disease puzzle. Nat Med. 2010
Jun;16(6):653-61; http://www.its.caltech.edu/~bio156/Papers/PDFs/PD%20rev%2010%20copy.pdf.

373
A small trial of a cancer drug called nilotinib (aka. AMN107,
Tasigna; image, right), has shown promise for PD, 1674 but the effects
don’t last (when volunteers are taken off the drug, deterioration
resumes), the drug costs $10,000/month, and there are many adverse
side effects as is typical of most cancer drugs. 1675
Microparticle-, nanoparticle-, and implant-based drug delivery systems are being investigated. 1676
“Natural” remedies (e.g., mucuna seed powder, bacopa monnieri herb, creatine monohydrate,
coca flavonols, fish oil, anthocyanins, CoQ10, etc.), 1677 herbal medicines, 1678 and cannabis 1679 are
as yet of unproven benefit, and purely diet-based approaches to PD have shown uncertain
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results. 1680 Gene therapy approaches to PD1681 over the last 10 years have provided useful
information with as yet no useful treatment outcomes, 1682 but trials continue. 1683
Cell transplant therapy 1684 and stem cell therapies 1685 are also being investigated, and companies
have been formed to pursue this approach. 1686 A few early cell transplant experiments, once
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thought to be negative 1687 but later recognized as more positive, 1688 have resumed with clinical
trials expected to begin in 2017.
Most recently on the stem cell front, International Stem Cell Corporation, a California-based
biotechnology company, is starting a Phase I trial in which neural stem cells will be injected
directly into the brains of 12 Australian sufferers with moderate to severe Parkinson’s. 1689 The
trial, to be run by the company’s Australian subsidiary (Cyto Therapeutics) and conducted at
Royal Melbourne Hospital, will evaluate three different doses of stem cells that can transform
into dopamine-producing neurons. (Following trials on rats and monkeys that appeared
promising, 1690 the company is using “parthenogenetic” stem cells obtained from unfertilized
human eggs, reducing the risk of rejection and avoiding the ethical complications of embryonic
stem cells.) If the Phase I trial is successful, larger Phase II trials will begin in 2017 or 2018 in
Australia, Europe and the US.
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6.1.4 Nanorobotic Treatment for Parkinson’s Disease
In general, the nanorobotic treatment for Parkinson’s disease closely mirrors the previously
described treatment protocols for Alzheimer’s disease (Chapter 5), but with the genetics, tissues
and cell types altered appropriately for the PD target.
For asymptomatic PD patients without Lewy bodies but having some genetic risk factor, an
application of PD-modified nanorobotic Alzheimer Protocol #1 (Section 5.1) should suffice to
reduce that individual’s propensity for PD to the much lower probability typical of the general
population. In the PD-modified nanorobotic Alzheimer Protocol #1, all genes with undesirable
mutations, including PARK1 (SNCA), PARK8 (LRRK2), and the rest of the PARK genes
(Section 6.1), will be replaced throughout the PD patient’s body with unmutated versions and
correct numbers of these genes.
For asymptomatic PD patients with or without Lewy bodies, PD-modified Alzheimer Protocol #1
will eliminate any genetic risk and Alzheimer Protocol #2 (Section 5.2) will eliminate excess αsynuclein and Lewy bodies (Section 5.2.2.3) and restore most neural cells to youthful vigor,
essentially reducing to zero the probability of the patient progressing to symptomatic PD.
Pathological tau oligomers may be present along with the α-synuclein 1691 and will be cleaned out
at the same time using a similar process (Section 5.2.2.1). Even if asymptomatic, the cautious PD
patient might nonetheless wish to apply the neuron replacement procedures of a PD-modified
Alzheimer Protocol #3 (Section 5.3), since substantial dopaminergic neuron damage and cell
death can occur before the symptoms of PD appear. 1692
For PD patients who are already exhibiting symptoms of the disease, the application of PDmodified Alzheimer Protocol #1 and Alzheimer Protocol #2 should halt the progress of neural
damage and should reverse PD-related pathologies for neural cells that are not yet damaged
beyond the point of rejuvenatable self-repair.
For dopamine-producing cells in the substantia nigra (and elsewhere) that are so damaged as to
preclude self-repair even after attempted rejuvenation, these cells may be remanufactured in a cell
mill (Section 4.2.6) and replaced in the affected tissue in much the same way as for missing
neural tissues in AD, using a PD-modified application of the more aggressive Alzheimer
Protocol #3. There are only 400,000-600,000 dopaminergic neurons in the entire human brain,
although their axons project into ~1000 times this number of postsynaptic neurons in the striatum,
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cortex, amygdala, and other structures, 1693 possibly including the claustrum. 1694 The
dopaminergic neurons and their processes are mostly located in two areas of the brain: the
substantia nigra, where dopamine neurons live, and the main brain area where these neurons
release their dopamine – called the striatum or putamen.
Because the substantia nigra is relatively small in volume, the neural reconstruction task in PD
patients should be considerably less challenging than in AD brains where potentially tens of
billions of neurons might need to be replaced, requiring tens of billions of shepherd nanorobots
and related devices. By comparison, at the onset of PD symptoms when ≥50% of substantia nigra
neurons are gone, only ~425,000 missing neurons will need to be replaced (e.g., the substantia
nigra has 810,000 neurons in controls vs. 385,000 neurons in PD patients, according to one
study), 1695 possibly rising to as many as ~570,000 missing neurons if there is 70% neuron loss in
the substantia nigra just prior to PD death. Replacing so few neurons might require thousands of
times fewer nanorobots than would be needed for AD repair.
The task of replacement should also be somewhat easier for Parkinson’s than for Alzheimer’s
patients because in PD the missing axonal and synaptic connections are more readily inferred
from the larger amount of surviving tissue, and because replicating the precise original
connectivity may be less important for PD patients than in AD where actual memory data may
have become unrecoverable. For reversal of PD, it might suffice to re-establish “typical”
connectivity using previously assembled comprehensive maps of nigral neuronal processes and
their connections in normal brains.
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6.2 Other Neurodegenerative Conditions
Other presently-incurable neurodegenerative diseases appear amenable to treatment and cure
using our previously-described nanorobot-based protocols (Chapter 5). Specific examples
include:
• trinucleotide repeat disorders (e.g., Huntington’s disease, spinocerebellar ataxia,
Kennedy’s disease, Naito-Oyanagi disease, fragile X-associated tremor/ataxia syndrome, and
Friedreich’s ataxia; Section 6.2.1),
• amyotrophic lateral sclerosis (Section 6.2.2),
• vascular dementia (Section 6.2.3),
• cerebral amyloidosis (e.g., cerebral amyloid angiopathy, prion disease, CreutzfeldtJakob disease, and familial amyloid polyneuropathy; Section 6.2.4),
• neurodegenerative tauopathies (e.g., Pick’s disease, corticobasal degeneration,
progressive supranuclear palsy, and chronic traumatic encephalopathy; Section 6.2.5),
• neuronal ceroid lipofuscinoses (Section 6.2.6),
• neural autoimmune disorders (Section 6.2.7), and
• multiple system atrophy (Section 6.2.8).
A very few neurodegenerative conditions already have effective conventional treatments today.
For example, neurosyphilis 1696 is a neurodegenerative infection of the brain or spinal cord caused
by the spirochete Treponema pallidum, usually occurring in people who have had chronic,
untreated syphilis 10-20 years after first infection and developing in about 25%-40% of persons
who are not treated with penicillin (which is an effective cure).1697
Normal pressure hydrocephalus (NPH), aka. symptomatic hydrocephalus, is a type of brain
malfunction caused by decreased absorption of cerebrospinal fluid (CSF), with typical symptoms
of gait disturbance, urinary incontinence, and dementia or mental decline. 1698 It can be treated by
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installing a shunt to drain excess CSF into another part of the body, reversing the symptoms and
restoring normal functioning in 86% of all patients. 1699
In low-pressure hydrocephalus (LPH), brain ventricles are enlarged and the patient experiences
severe dementia, inability to walk, and incontinence despite very low intracranial pressure
(apparently a more acute form of normal pressure hydrocephalus). 1700 LPH is a rare clinical
condition that can also be treated using an external ventricular drain. 1701
Other usually reversible causes of neurodegeneration currently include encephalitis, 1702 GuillainBarré syndrome (GBS), 1703 Lyme disease, 1704 various polyneuropathies, 1705 progressive
inflammatory neuropathy, 1706 vitamin B12 deficiency, 1707 and Whipple’s disease. 1708
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6.2.1 Trinucleotide Repeat Disorders (including Huntington’s Disease)
Trinucleotide repeat disorders (also known as trinucleotide repeat expansion disorders, triplet
repeat expansion disorders, codon reiteration disorders, and polyglutamine disease 1709) are a set of
at least 9 genetic neurodegenerative disorders caused by trinucleotide repeat expansion, a special
mutation where the number of trinucleotide repeats in certain genes exceeds the normal stable
threshold, which differs per gene. Here are a few examples of such disorders.
Huntington’s disease, 1710 aka. Huntington’s chorea, is a neurodegenerative genetic
disorder that affects muscle coordination and leads to mental decline and behavioral
symptoms. 1711 All humans have two copies of the Huntingtin gene (HTT), which codes for the
protein Huntingtin (Htt). 1712 Part of this gene is a repeated section of the nucleotides CAG, called
a trinucleotide repeat (e.g., ...CAGCAGCAG...), which varies in length between individuals. If
the CAG repeat is present in a healthy gene, a dynamic mutation may increase the repeat count
and result in a defective gene. When the length of this repeated section exceeds a threshold of
36-40 copies, it produces an altered form of the protein, called mutant Huntingtin protein (mHtt).
The mHtt molecule strands can make hydrogen bonds with one another, forming a protein
aggregate rather than folding into functional proteins. Over time, the aggregates accumulate,
misfold and coalesce in a process called protein aggregation, forming
neuronal intranuclear inclusion bodies called “aggresomes” 1713 within
cells that interfere with neuron function. 1714 Inclusion bodies are found in
both cell nucleus and cytoplasm, ultimately leading to a loss of
GABAergic neurons in a part of the basal ganglia called the neostriatum
(purple area in image, left) with atrophy of the caudate nucleus and
putamen. Other areas affected include the substantia nigra, layers 3, 5 and 6 of the cerebral
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cortex, the hippocampus, Purkinje cells in the cerebellum, lateral tuberal nuclei of the
hypothalamus and parts of the thalamus. 1715 HD also causes an abnormal increase in astrocytes
and activation of microglia, the brain’s immune cells. 1716
There is no cure for HD, but there are treatments available to reduce the
severity of some of its symptoms, 1717 including tetrabenazine (image,
right), neuroleptics and benzodiazepines that help to reduce the symptoms
of chorea (abnormal involuntary writhing movements).
Spinocerebellar ataxia, 1718 aka. spinocerebellar atrophy (SCA) or spinocerebellar
degeneration, is a progressive and irreversible degenerative genetic disease with multiple (~60)
types, characterized by degeneration of the spinal cord and cerebellum, with slowly progressive
incoordination of gait often associated with poor coordination of hands, speech, and eye
movements. 1719 Like Huntington’s disease, the repeated codon is CAG which codes for
glutamine (Q) – the reason why these diseases are commonly referred to as polyglutamine (or
PolyQ) diseases. The threshold for symptoms in most forms of SCA is around 35 copies of CAG.
Like Huntington’s disease, there is no cure for spinocerebellar ataxia although research continues
on possible future treatment directions. 1720
Kennedy’s disease, aka. spinal and bulbar muscular atrophy (SBMA), 1721 spinobulbar
muscular atrophy, bulbo-spinal atrophy, X-linked bulbospinal neuropathy (XBSN), or X-linked
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spinal muscular atrophy type 1 (SMAX1), 1722 is another debilitating neurodegenerative disorder
resulting in muscle cramps and progressive weakness due to degeneration of motor neurons in the
brain stem and spinal cord. The condition is associated with mutation of the androgen receptor
gene and is inherited in an X-linked recessive manner. 1723 SBMA is caused by expansion of a
CAG repeat (i.e., trinucleotide repeats) in the first exon of the androgen receptor gene. 1724 The
CAG repeat encodes a polyglutamine tract in the androgen receptor protein – the greater the
expansion of the CAG repeat, the earlier the disease onset and the more severe the manifestation
of the disease. Neuromuscular management is supportive – the disease progresses very slowly
but can eventually lead to extreme disability, and there is currently no treatment or cure for this
disease. 1725
Naito-Oyanagi disease, 1726 aka. Haw River syndrome or dentatorubral-pallidoluysian
atrophy (DRPLA), 1727 is an autosomal dominant spinocerebellar degeneration caused by an
expansion of a CAG repeat encoding a polyglutamine tract in the atrophin-1 protein. 1728 NaitoOyanagi is characterized clinically by involuntary muscle twitching, epilepsy, loss of voluntary
coordination of muscle movements including gait abnormality and choreoathetosis (twisting and
writhing), generalized brain atrophy, and dementia. There are also neuronal intranuclear
inclusions in both neurons and glial cells in the striatum, pontine nuclei, inferior olive, cerebellar
cortex and dentate nucleus, 1729 though the incidence of neurons with such inclusions is only 1-
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3%. 1730 These inclusions are non-membrane-bound spherical eosinophilic structures of various
sizes, composed of both granular and filamentous structures that are ubiquitinated and often
paired or in doublet form within the nucleus. 1731 Filamentous atrophin-1-positive inclusions are
also observed exclusively in the cytoplasm of the dentate nucleus, which are extremely similar to
the inclusions observed in the motor neurons in amyotrophic lateral sclerosis. 1732 Seizures can be
treated with anticonvulsants and psychiatric disturbances can be treated with psychotropic
medications, 1733 but there is currently no known cure for this disease.
Fragile X-associated tremor/ataxia syndrome (FXTAS) 1734 is a late-onset
neurodegenerative disorder associated with problems of movement, memory, and the autonomic
nervous system. 1735 As distinct from fragile X syndrome, in FXTAS the fragile X mental
retardation 1 gene, FMR1, is overexpressed and interferes with brain function, due to a
trinucleotide (CGG) repeat expansion in FMR1. The physical symptoms of FXTAS 1736 include
an intention tremor, ataxia, and Parkinsonism with small shuffling steps, muscle rigidity, slowed
speech, and neuropathic symptoms. In advanced stages, FXTAS patients are also at risk of
autonomic dysfunction including hypertension, bowel and bladder dysfunction, and impotence.
Psychological symptoms may include a decrease in cognition (with diminishing short-term
memory and executive function skills) and declining math, spelling, and decision-making
abilities. FXTAS may also cause personality changes due to limbic alterations in the brain,
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including increased irritability, angry outbursts, and impulsive behavior. 1737 There is no cure for
FXTAS, but several of the symptoms can be managed with medication.1738
Friedreich’s ataxia (FA) 1739 is another example of a “trinucleotide repeat expansion”
wherein the FXN gene on Chromosome 9, which encodes the mitochondrial matrix protein
frataxin, develops multiple (>27) repeats of the nucleotide triplet GAA in the first intron. 1740 FA
is an autosomal recessive inherited disease that causes progressive damage to the nervous system,
manifesting initially as poor coordination such as gait disturbance, progressing to scoliosis, heart
disease and diabetes until a wheelchair is required for mobility, though without affecting
cognitive function. The particular genetic mutation leads to reduced expression of frataxin, a
deficiency that over time causes the aforementioned damage along with frequent fatigue due to
effects on cellular metabolism. 1741 There is currently no cure for FA. 1742
For all six diseases described in this Section, the condition can be cured by first applying
nanorobotic Alzheimer Protocol #1 (Section 5.1) to the nucleus of every cell in the patient’s body
to reduce the number of CAG, CGG, or GAA repeats to the minimum 6-12 normal number, thus
eliminating all genetic propensity for the disease. Suitably modified simplified versions of
Alzheimer Protocol #2 (Section 5.2) and Alzheimer Protocol #3 (Section 5.3) can then be applied
to extract intranuclear and cytoplasmic inclusion bodies, rejuvenate surviving neurons, and to
replace missing neurons.
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6.2.2 Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS), 1743 aka. Lou Gehrig’s disease or Charcot disease, is the most
common form of motor neuron disease, resulting in progressive weakness and loss of motor
strength, death of the neurons that control voluntary muscles, wasting of the muscles of the face,
limbs and diaphragm, paralysis, and eventual death of the patient. Dementia, usually of the
frontotemporal lobar type, may occur in some ALS cases. There is no known cure for ALS and
the cause is not known in 90%-95% of cases. 1744
About 5%-10% of cases are inherited from parents and may involve any of hundreds of mutations
in at least a couple of dozen genes. The main feature of ALS is the death of both upper and lower
motor neurons in the motor cortex of the brain, the brain stem, and the spinal cord. 1745 Prior to
their destruction, motor neurons develop protein-rich inclusions in their cell bodies and axons,
possibly in part due to defects in protein degradation. 1746 These inclusions often contain
ubiquitin, and generally incorporate one of the ALS-associated proteins: SOD1 (superoxide
dismutase 1), 1747 TARDBP (TAR DNA binding protein or TDP-43), 1748 and FUS (fused in
sarcoma) protein. 1749 There is some evidence of mutations in these genes in astrocytes, which
might then exhibit toxic effects on the motor neurons. 1750 The cause of neuronal cell death is
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uncertain but may involve genetic and environmental factors including excessive oxidation
damage, generation of free radicals, neurofilament accumulation, excitotoxicity and
mitochondrial membrane dysfunction. 1751
There is no known cure for ALS. 1752 A medication called riluzole (image,
left) may extend life expectancy by about two to three months. 1753 A
ketogenic diet 1754 might offer some neuroprotection, and non-invasive
ventilation may provide improved quality and length of life. 1755 Peak age at onset is 58-63 years
for sporadic disease and 47-52 years for familial disease, and the lifetime risk of ALS is 1:400 for
women and 1:350 for men. 1756 The average survival from onset to death is 3-4 years, though
about 10% survive longer than 10 years.
Application of suitably-modified Alzheimer Protocol #1 (Section 5.1) can eliminate the ALS
genetic risk factors. Alzheimer Protocol #2 (Section 5.2) may rejuvenate surviving neurons by
extracting the protein-rich intracellular inclusions containing ubiquitin and ALS-associated
proteins, and also by removing any problematic lipofuscin 1757 (Section 5.2.2.2). Alzheimer
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Protocol #3 (Section 5.3) replaces any missing neurons, thus reversing and curing ALS using
medical nanorobotics.
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6.2.3 Vascular Dementia
Vascular dementia (VaD), 1758 aka. multi-infarct dementia (MID) or vascular cognitive
impairment (VCI) – and closely related to Binwanger’s disease 1759 and what used to be called
“cerebral arteriosclerosis” – is dementia caused by problems in the supply of blood to the brain,
typically a series of minor strokes leading to stepwise cognitive decline. 1760
VaD is a syndrome involving a complex interaction of cerebrovascular
disease and risk factors that lead to changes in brain structure due to strokes
and lesions, with resulting changes in cognition. 1761 A brain with VaD may
have noticeable lesions and damage to blood vessels, and accumulation of
lipid deposits and clotted blood may appear in microscopic views. White
matter shows noticeable atrophy (tissue loss) with calcification of the
arteries in VaD, along with microinfarcts in the gray matter (cerebral
cortex), sometimes in large numbers, and atheroma of the major cerebral arteries (though smaller
vessels and arterioles are mainly affected). Vascular dementia is the second-most-common form
of dementia (25% of all cases) after Alzheimer’s disease (50%-70%) in older adults. 1762 The
prevalence of the illness is 1.5% in Western countries and 2.2% in Japan – it accounts for 50% of
all dementias in Japan, 20%-40% in Europe, and 15% in Latin America.
There are no medications that have been approved specifically for the prevention or treatment of
vascular dementia. Alzheimer’s medications such as cholinesterase inhibitors and memantine
have yielded only small improvements of cognition in vascular dementia. In short, there is
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currently no specific treatment or cure for VaD, 1763 and existing treatments aim at merely
improving symptomatology. 1764
Nanorobotic treatment using the Alzheimer Protocols (Chapter 5) can effectuate blood vessel
repair, then reconstitute the missing white matter and repair all infarcts in the grey matter,
rejuvenating surviving neurons and replacing missing neurons, thus curing VaD.
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6.2.4 Cerebral Amyloidosis
A number of neurodegenerative diseases other than Alzheimer’s (Section 2.4.1) involve the
buildup of misfolded proteins known as amyloids. About 60 amyloid proteins have been
identified so far, 1765 of which at least 36 are associated with a human disease, 1766 many of them
neurodegenerative. Here are a few examples of such disorders.
Cerebral amyloid angiopathy (CAA), 1767 aka. congophilic
angiopathy, 1768 is a disorder in which amyloid deposits form in the
walls of the blood vessels of the brain (image, right), often causing
bleeding within the brain though usually confined to a particular
lobe. Under normal physiology Aβ is cleared from the brain by four
pathways: (1) endocytosis by astrocytes and microglial cells, (2)
enzymatic degradation by neprilysin or insulysin, (3) clearance by the blood-brain barrier, or (4)
drained along periarterial spaces. 1769 Abnormalities in each of these identified clearance
pathways have been linked to CAA.
Transmissible spongiform encephalopathy (TSE), 1770 aka. prion disease, scrapie and
“mad cow disease,” are a group of progressive conditions that affect the brain (encephalopathies)
and nervous system of many animals, including humans. According to the most widespread
hypothesis, they are transmitted by prions, with possible involvement of a Spiroplasma
infection. 1771 Prions are misfolded proteins that replicate by converting their properly folded
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counterparts, in their host, to the same misfolded structure that they possess. Mental and physical
abilities deteriorate and myriad tiny holes appear in the cortex causing it to appear like a sponge
(hence spongiform) when afflicted brain tissue obtained at autopsy is examined under a
microscope. The degenerative tissue damage caused by human prion diseases includes
spongiform change, neuronal loss, astrocytosis, and amyloid plaque formation. 1772 The disorders
cause impairment of brain function, including memory changes, personality changes and
problems with movement that worsen over time. Prion diseases of humans include CreutzfeldtJakob disease (see below), Gerstmann-Sträussler-Scheinker syndrome, fatal familial insomnia,
and kuru. No validated treatments exist for TSE or prion diseases but the search continues. 1773
Creutzfeldt-Jakob disease (CJD) is a degenerative
neurological disease that is incurable and invariably fatal. 1774 The
symptoms of CJD are caused by the progressive death of the brain’s
nerve cells, which is associated with the build-up of abnormal prion
proteins forming amyloids. The classic histologic appearance is
spongiform change in the gray matter: the presence of many round
vacuoles from 1-50 µm in the neuropil (image, right), 1775 in all six
cortical layers in the cerebral cortex or with diffuse involvement of
the cerebellar molecular layer. These vacuoles appear glassy or
eosinophilic and may coalesce. Neuronal loss and gliosis are also seen. 1776 People can also
acquire CJD genetically through a mutation of the gene that codes for the prion protein, but this
occurs in only ~8% of all CJD cases, with 87% of cases sporadic and 5% iatrogenic. 1777 There is
currently no specific treatment or cure for CJD. 1778
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Familial amyloid polyneuropathy (FAP), aka. transthyretin-related hereditary
amyloidosis, 1779 transthyretin amyloidosis (ATTR) or TTR amyloidosis, 1780 or Corino de
Andrade’s disease, 1781 is an autosomal dominant fatal neurodegenerative disease.1782 Usually
manifesting between 20-40 years of age, it is characterized by pain, paresthesia, muscular
weakness and autonomic dysfunction, with kidneys and heart affected in its terminal state. FAP
is characterized by the systemic deposition of amyloidogenic variants of the
transthyretin protein (TTR; image, left), especially in the peripheral nervous
system, causing a progressive sensory and motor polyneuropathy. FAP is
caused by a mutation of the TTR gene on human Chromosome 18, encoding the
tetrameric transthyretin protein. The tetramer dissociates into misfolded
monomers and then aggregates into a variety of structures including amyloid
fibrils. 1783 Liver transplantation, although invasive, can sometimes halt the
progression of the neuropathy in early-onset patients, and several disease-modifying treatments
are now available or in clinical development, but there are as yet no cures for FAP. 1784

Our nanorobotic approach to the cerebral amyloidosis disorders: An appropriately-modified
Alzheimer Protocol #1 (Section 5.1) can be applied to eliminate any genetic susceptibility to
FAP. Alzheimer Protocol #2 (Section 5.2) can effectuate blood vessel repair in CAA, extract
misfolded prion proteins from cells in TSE and CJD, remove amyloid deposits, plaques and
fibrils (Section 5.2.1.1) and rejuvenate surviving brain cells in all cases. Alzheimer Protocol #3
(Section 5.3) is then used to replace missing neural tissue in TSE and CJD, and to replace missing
astrocytes and microglial cells in CAA or TSE, completing the nanorobotic cure.
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6.2.5 Neurodegenerative Tauopathies
Besides Alzheimer’s disease, a number of other neurodegenerative conditions are caused by
excessive tau protein or tau aggregation, including Pick’s disease, corticobasal degeneration,
progressive supranuclear palsy, and chronic traumatic encephalopathy, as briefly described
below.
Pick’s disease (PiD), 1785 aka. frontotemporal dementia
(FTD), frontal lobe dementia, or frontotemporal lobar degeneration
(FTLD), is a rare neurodegenerative disease that causes progressive
destruction of nerve cells in the brain. PiD usually strikes adults
between the ages of 40-60 years, producing symptoms including
dementia and loss of language (aphasia). While some of the
symptoms can initially be alleviated, the disease progresses and
patients often die within 2-10 years after diagnosis. It is not yet clear if classical Pick’s disease
pathology has a direct genetic link or runs in families or certain ethnic or gender specific
subgroups, but mutations in the tau gene (MAPT) have been associated with this disease. 1786
The disease often produces a build-up of tau proteins in neurons, accumulating into spherical
aggregations of tau and ubiquitin known as Pick bodies 1787 that are almost universally present in
patients with PiD, 1788 and by insoluble tau proteins with predominantly three microtubulebinding repeat tau isoforms. 1789 Proteins associated with Pick’s disease are present in all nerve
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cells, but patients with the disease have an abnormal amount. PiD brains, which have tau protein
tangles (Section 2.4.2) present in many affected neurons, contain only one or (rarely) two of the
six isoforms of the tau protein, 1790 all of which result from alternative splicing of the same
gene. 1791 (In Alzheimer’s disease, all six tau isoforms are abnormally phosphorylated and
aggregate into paired helical filaments.) Pick bodies with tangles have predominantly isoform
3R-tau protein and a characteristically round-body shape, often with an indentation in the area
facing the cell nucleus. 1792 Less than half of FTD cases are tauopathies, the majority having been
discovered to have a TDP-43 and FUS proteinopathy, shared with ALS. 1793
Pick bodies (images, left) 1794 are almost always
found in several places in the PiD brain, including
the dentate gyrus, the pyramidal cells of the CA1
sector and subiculum of the hippocampus, and the
neocortex as well as a plurality of other nuclei.
Other involved regions include the caudate and
hypothalamic lateral tuberal nucleus (both
severely affected), the dorsomedial region of the putamen, the globus pallidus, and locus
coeruleus.1795 In the neocortex, Pick bodies reside in the II and IV layers (which send neurons
within the cortex and to thalamic synapses, respectively). Layers III and V have very few if any
Pick bodies but show extreme neuronal loss that can, in some cases, be so severe as to leave a
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void in the brain altogether. Myelinated fibers in the white matter (severely atrophied) as well as
cerebral neurons are primarily affected in Pick’s disease. 1796 There is currently no cure for PiD.
Corticobasal degeneration (CBD), aka. corticobasal ganglionic degeneration (CBGD),
is a rare progressive neurodegenerative disease involving the cerebral cortex and the basal
ganglia. 1797 CBD symptoms typically begin at 50-70 years of age (average duration 6 years) and
include marked disorders in movement and cognitive dysfunction. The micropathology includes
astroglial inclusions and excessive tau protein. 1798 Astroglial inclusions in CBD are identified as
astrocytic plaques, which present as annular displays of blurry outgrowths from the astrocyte.
CBD produces a high density of astrocytic plaques in the anterior portion of the frontal lobe and
in the premotor area of the cerebral cortex.1799 Unnaturally high-level expression of tau protein in
astrocytes and glial cells appears responsible for the astrocytic plaques prominently noted in
histological CBD examinations, although their precise effect in the progress of CBD remains a
mystery. 1800 4R-tau isoforms aggregate into twisted filaments in CBD. 1801 There is currently no
treatment for CBD.
Progressive supranuclear palsy (PSP), 1802 aka. Steele-Richardson-Olszewski
syndrome, 1803 is a degenerative tauopathy 1804 involving the gradual deterioration and death of
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specific volumes of the brain. About 6 people per 100,000 population have PSP. Early
symptoms are loss of balance, lunging forward when mobilizing, fast walking, bumping into
objects or people, and falls, followed later by dementia (esp. loss of inhibition and lost ability to
organize information), slurring of speech, difficulty swallowing, and difficulty moving the eyes.
The average age at onset is 63 years and an average survival time of 7 years with a wide variance,
and pneumonia is a frequent cause of death. 1805
A variant in the gene for tau protein called the H1 haplotype, located on Chromosome 17, has
been linked to PSP, but the H1 haplotype appears to be necessary but not sufficient to cause
PSP. 1806 Both neurons and glial cells are affected. PSP neurons display neurofibrillary tangles of
tau protein which may be structurally similar to those seen in Alzheimer’s disease when they
occur in the cerebral cortex. 1807 The chemical composition of PSP tangles is usually different
from AD, more similar to that of tangles seen in corticobasal degeneration with only 4R-tau
isoforms aggregating into straight filaments in PSP. 1808 Tufts of tau protein in astrocytes, or
tufted astrocytes, are also considered diagnostic and may be more widespread in the cortex. 1809
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There is currently no effective treatment or cure for PSP, although some of the symptoms can
respond to nonspecific measures. 1810
Chronic traumatic encephalopathy (CTE), 1811 aka. dementia pugilistica (DP) or “punch
drunk,” is a form of tauopathy and a progressive degenerative disease found in people who have
suffered a severe blow to the head. 1812 CTE is most commonly found in professional athletes
participating in American football, association football, boxing, ice hockey, professional
wrestling, stunt performing, bull riding, bicycle motocross, rodeo, and other contact sports who
have experienced repeated concussions or other brain trauma. The primary physical
manifestations of CTE include a reduction in brain weight, associated with atrophy of the frontal
and temporal cortices and medial temporal lobe. The lateral ventricles and the third ventricle are
often enlarged, with rare instances of dilation of the fourth ventricle.1813 As CTE progresses,
there may be marked atrophy of the hippocampus, entorhinal cortex, and amygdala. 1814 The
micropathology of CTE includes neuronal loss, tau deposition, TDP-43 (TAR DNA-binding
protein 43) immunoreactive inclusions, white matter changes, and other abnormalities. 1815 The
tau deposition occurs as dense neurofibrillary tangles (NFT), neurites, and glial tangles, which are
made up of astrocytes and other glial cells. 1816 There is currently no treatment or cure for CTE,
beyond simple prevention. 1817
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Our nanorobotic approach to the neurodegenerative tauopathies: Application of a suitablymodified Alzheimer Protocol #1 (Section 5.1) can eliminate tau gene mutations in PiD, replace
the H1 haplotype tau protein gene variant in PSP, and correct any other genetic abnormalities that
may lead to neurodegenerative tauopathy. Surviving neurons and glial cells can be rejuvenated
using Alzheimer Protocol #2 by extracting Pick bodies in PiD, TDP-43 inclusions in CTE,
astroglial inclusions and astrocytic plaques in CBD, and excess tau proteins and neurofibrillary
tangles in nearly all cases (Section 5.2.2.1). Alzheimer Protocol #3 (Section 5.3) is used to
replace missing neurons and glial cells, fully reversing and curing these neurodegenerative
conditions.
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6.2.6 Neuronal Ceroid Lipofuscinoses
Neuronal ceroid lipofuscinoses (NCL) 1818 is the collective name for a family of at least eight
genetically separate neurodegenerative lysosomal storage disorders (e.g., Batten disease 1819) that
result from excessive accumulation of lipopigments (e.g., lipofuscin) in the body’s tissues. 1820
These lipofuscin materials (Section 2.4.7) build up mainly in neuronal cells and to a lesser extent
in other organs including the liver, spleen, myocardium, and kidneys. Between 1.3% and 10% of
cases are the adult variant NCL (ANCL, aka. Kuf’s disease) 1821 with symptoms typically
appearing around 30 years of age and death occurring ~10 years later. Symptoms include the
progressive permanent loss of motor and psychological ability, and a shortened life expectancy.
The autosomal dominant ANCL disorder may be caused by a single nucleotide variation
(c.344T>G) in the DNAJC5 gene on Chromosome 20, and over the last 20 years at least 300
mutations in 10 genes have been associated with NCLs. 1822
Seizures may be controlled or reduced with use of anti-epileptic drugs. Physical, speech, and
occupational palliative therapies may help affected patients retain functioning for awhile. But
currently there is no widely accepted treatment that can cure or halt the progress of NCL.
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Nanorobots may effectuate a complete cure by starting with Alzheimer Protocol #1 (Section 5.1)
to eliminate all causative genetic mutations by replacing these mutations with normal nucleotide
sequences in the chromosomes of every cell in the patient’s body. Alzheimer Protocol #2
(Section 5.2) is then applied to rejuvenate all affected cells, with a special focus on removing
lipofuscin granules from all cells (Section 5.2.2.2). Alzheimer Protocol #3 (Section 5.3) is used
to replace any missing neurons, completing the cure.
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6.2.7 Neural Autoimmune Disorders
Multiple sclerosis (MS) 1823 is the most common autoimmune disorder 1824 of the central nervous
system. 1825 As of 2010, the number of people with MS was 2-2.5 million (approximately 30 per
100,000) globally, with rates varying widely in different regions. 1826 MS is an inflammatorymediated demyelinating disease in which the insulating covers of nerve cells in the brain and
spinal cord are damaged, disrupting the ability of parts of the nervous system to communicate.
The symptoms of MS can include double vision, blindness in one eye, muscle weakness, trouble
with sensation, or trouble with coordination, and over time the pathological changes become
dominated by widespread microglial activation associated with extensive and chronic
neurodegeneration. 1827 The pathology begins when T cells gain entry into the brain via
disruptions in the blood-brain barrier (BBB; Section 4.3.1), recognize myelin as foreign, and
attack it. The myelin attack initiates inflammatory processes, which trigger other immune cells
and the release of soluble factors like cytokines and antibodies. Further BBB breakdown elicits
other damaging effects such as swelling, activation of macrophages, and more activation of
cytokines and other destructive proteins.
The clinical course of multiple sclerosis usually starts with reversible episodes of neurological
disability in the third or fourth decade of life, transforming into a disease of continuous and
irreversible neurological decline by the sixth or seventh decade. MS is not considered a
hereditary disease but several genetic variations have been shown to increase the risk. 1828 There
are many treatment approaches and a significant number of disease-modifying therapies and
drugs exist, 1829 with aggressive immunoablation methods showing good hope in at least one
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recent small-scale clinical trial. 1830 But no treatment has yet been proven to change the course of
primary progressive MS1831 and there is still no known cure for MS.
Other neural autoimmune disorders are much rarer, and include acute disseminated
encephalomyelitis (aka. acute demyelinating encephalomyelitis),1832 acute motor axonal
neuropathy (aka. Chinese paralytic syndrome), 1833 anti-NMDA receptor encephalitis (aka.
NMDA receptor antibody encephalitis), 1834 autoimmune encephalitis, 1835 Balo concentric
sclerosis, 1836 chronic inflammatory demyelinating polyneuropathy, 1837 diffuse myelinoclastic
sclerosis (aka. Schilder’s disease), 1838 Lambert-Eaton myasthenic syndrome, 1839 Morvan’s
fibrillary chorea (aka. Morvan’s syndrome), 1840 myasthenia gravis, 1841 neuromyelitis optica
(aka. Devic’s syndrome), 1842 neuromyotonia, 1843 progressive encephalomyelitis, 1844
Sydenham’s chorea (aka. chorea minor, St. Vitus dance), 1845 and transverse myelitis. 1846
Alzheimer Protocol #1 (Section 5.1) can eliminate the minor genetic risks of MS and related
conditions. Alzheimer Protocol #2 (Section 5.2) can be used to eliminate autoreactive immune
cells (Section 5.2.5) – in particular, autoimmune T and B cells can be selectively deleted by
medical nanorobots, somewhat analogously to clonal deletion. 1847 Serious tissue degradation can
be repaired with Alzheimer Protocol #3 (Section 5.3).
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6.2.8 Multiple System Atrophy
Multiple system atrophy (MSA) 1848 is a degenerative neurological disorder associated with the
degeneration of nerve cells in specific areas of the brain, affecting an estimated 3-4 per 100,000
individuals. 1849 This cell degeneration causes problems with movement, balance, and autonomic
functions of the body such as bladder control or blood-pressure regulation, with additional
symptoms including constipation, impotence, dysphagia, and sleep disorders. 1850 The cause of
MSA is unclear and no specific risk factors have been identified, although research indicates that
a misfolded prion form of the α-synuclein protein could be the cause of the disease. 1851 Oxidative
stress, proteasomal and mitochondrial dysfunction, excitotoxicity, neuroinflammation, metabolic
changes, and energy failure may also be important contributors to the pathogenesis of MSA. 1852
Multiple system atrophy can be explained as cell loss and gliosis or a
proliferation of astrocytes in damaged areas of the central nervous
system, forming a glial scar. 1853 The presence of these glial cytoplasmic
inclusions (also known as GCIs or Papp-Lantos bodies; image, left) in
the movement, balance, and autonomic-control centers of the brain are
the defining histopathologic hallmark of MSA. 1854 Recent studies have
shown that the major filamentous component of glial and neuronal
cytoplasmic inclusions is hyperphosphorylated α-synuclein, ubiquitin,
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LRRK2, and many other proteins. 1855 Tau proteins have also been found in some glial
cytoplasmic inclusions. 1856 Genetic variants of the α-synuclein gene, SNCA, may play a role in
the disease. 1857
Current treatment options are very limited and are mainly focused on symptomatic relief, whereas
disease modifying options are lacking. Despite extensive testing, no neuroprotective drug
treatment for MSA has been identified up to now. 1858 There is currently no cure for MSA. 1859
Nanorobotic treatment using Alzheimer Protocol #1 (Section 5.1) can correct any genetic variants
of the SNCA gene. Alzheimer Protocol #2 (Section 5.2) extracts all misfolded α-synuclein
proteins and Papp-Lantos bodies (Section 5.2.2.3), rejuvenating surviving neurons and
eliminating cellular oxidative stress, proteasomal and mitochondrial dysfunction, excitotoxicity,
neuroinflammation, and pathological metabolic changes. Alzheimer Protocol #3 (Section 5.3)
removes glial scars and replaces missing neurons and glial cells, thus effecting a complete cure
for MSA.
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Chapter 7. Conclusions
The advent of the nanofactory – a proposed new technology for atomically precise manufacturing
– will make possible a revolutionary new paradigm in human health care: medical nanorobotics.
Using atomically precise manufacturing, nanofactories the size of a desktop appliance will
fabricate kilogram-per-day batches of medical nanorobots at a raw manufacturing cost of $1-$10
per treatment dose (a few cm3). These nanorobots will be bacterium-scale artificial mechanical
devices with onboard sensors, manipulators, pumps, motility mechanisms, communication
facilities, programmable computers, and biocompatible external hulls, tasked with medical
missions of diagnosis and therapy. These devices will make it possible to treat and to cure
previously untreatable and incurable diseases.
Alzheimer’s disease (AD), along with many other neurodegenerative disorders, is presently
incurable despite many decades of research and many billions of dollars invested in the effort.
Future developments of conventional technologies now on the long-term R&D horizon –
including pharmaceuticals, nanoparticles, gene therapies, stem cells, and anti-aging drugs – will
require huge investments, many decades of further development, and (if history is a guide) seem
highly likely still to fail to provide a complete cure. A 2015 survey of the neuropharmaceuticals
industry reported that treatments for Alzheimer’s with a big impact “are unlikely anytime soon”
and that the situation has grown so bleak that the research community is now considering
“targeting Alzheimer’s symptoms but not trying to reverse the disease.”
Alzheimer’s disease is the Mount Everest of medical challenges that will require a mature
nanotechnology to surmount. AD is a highly complex, highly multifactorial disorder with dense
causal networks that will probably resist any attempt to find a single “magic bullet” drug or
simple curative treatment. In AD there are many pathologies happening simultaneously at many
different sites within the brain. It is likely impossible to correct them all without using medical
nanorobots – the ultimate “big hammer” in the 21st century medical technology toolkit.
Medical nanorobotics will provide a single powerful general-purpose therapeutic platform that
can simultaneously address many different kinds of biological malfunctions, using platform
variants specifically and efficiently targeted to each of the multifactorial pathologies comprising
Alzheimer’s disease. For example, one class of medical nanorobots will target genetic risk
factors, replacing mutant genes that present a high risk for AD with normal genes that present no
elevated risk for AD. Other variants of the same nanorobotic therapeutic platform could bind and
remove extracellular amyloid plaques or intracellular tau protein tangles, correct cancer-prone
mutant genes, replace dysfunctional mitochondria, eliminate toxic cells, and rejuvenate surviving
but damaged neural tissues. Still other variants of the same nanorobotic platform would perform
in vivo brain mapping at subcellular resolution, conduct intracranial debridement of diseased
neural tissue, manufacture replacement biological neural cells, and incorporate these replacement
neural cells into the patient’s brain where the ravages of Alzheimer’s disease have left large cellfree gaps within the tissues. Medical nanorobots can also be used as research tools to further
study the cellular and biochemical details of the disease, and to refine and perfect the therapeutic
protocols described in Chapter 5 of this book.
The nanorobotic treatment for AD proposed here, called the Alzheimer Protocols, can be
conceptually summarized as a series of three specific protocols aimed at three distinct clinical
objectives: (1) genetic derisking, (2) tissue rejuvenation, and (3) neural reconstruction. The
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outcome of these simultaneous nanomedical interventions, perhaps performed over a period of
about one week using a few trillion nanorobots in an appropriate clinical setting, will be a halt to
the continuing damage of AD and a reversal of existing damage caused by AD, resulting in an
effective cure for Alzheimer’s disease. Even more advanced protocols can later be developed.
What has been presented here is a conservative proof-of-concept “first generation” approach that
will likely improve as we gain practical experience with nanorobots and their precise behavior
inside the human body, and can test and refine the protocols using real robots and real patients.
Finally, with a nanorobotic cure for AD in hand, other less-challenging neurodegenerative
diseases – such as Parkinson’s disease, Huntington’s disease, ALS, prion diseases, and multiple
sclerosis – can likely also be completely reversed and cured using an appropriate subset of the
methods developed for defeating Alzheimer’s disease.
Our key final conclusion:
Medical nanorobotics will almost certainly provide a complete cure for Alzheimer’s disease
and related neurodegenerative conditions. All that remains is to execute the technical plan
for implementation.
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Appendix A. Normal Physiological Roles of Amyloid Beta (Aβ)
It is now over three decades since amyloid β (Aβ), a 39-43 residue polypeptide or small protein,
was first sequenced and recognized as a potential marker of Alzheimer’s disease. 1860 Aβ is a
cleavage product of a large, transmembrane protein, termed APP (amyloid precursor protein).
APP can undergo cleavage down one of at least two major pathways. In the first pathway,
cleavage by the enzyme α-secretase prevents Aβ formation, and instead produces the
neuroprotective sAPPα fragment. However, if sequential cleavage by β- and then γ-secretases
predominates, Aβ is formed.
While the historical “amyloid hypothesis” implicated Aβ in the progression of Alzheimer’s
disease, it is now recognized that both cleavage pathways represent normal physiological
processes. The physiological activities of Aβ are numerous and are yet to be fully elucidated.
What is emerging from recent studies is a steadily growing body of data suggesting that normal
levels of Aβ have important physiological functions and may even be crucial for neuronal cell
survival. 1861
As a consequence, Aβ should only be regarded as toxic when its natural production and
degradation processes become imbalanced, allowing Aβ concentrations to rise abnormally high.
For quantification, abnormally high extracellular levels of Aβ are neurotoxic in monomers, in
oligomers, 1862 and in fibrils, 1863 with Aβ 1-40 (aka. “Aβ 40 ”) dimers ~3-fold more toxic than Aβ 1-40
monomers and Aβ 1-40 tetramers ~13-fold more toxic than Aβ 1-40 monomers, with a range of EC 50
(50% maximum toxicity) for Aβ 1-40 of ~ 20-67 µM in these three cases. 1864 Extracellular Aβ 1-42
(aka. “Aβ 42 ”) is about twice as neurotoxic as Aβ 1-40 . 1865 The normal extracellular Aβ 1-40
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monomer concentration in AD patient cerebrospinal fluid is 0.013 μM, the same as in normal
brain, but 0.0024 μM for Aβ 1-42 in AD patient cerebrospinal fluid and 0.0033 μM in normal
brain. 1866 The toxicity of intracellular Aβ 1-42 is perhaps 100,000 times greater than for
extracellular Aβ 1-42 . Directly microinjecting as little as 1-100 pM (0.005-0.5 ng/ml) of
intracellular Aβ 1-42 induces 50% (1 pM) to 90% (100 pM) cell death in some cultured human
neurons; yet these neurons do not undergo cell death even up to a 10 μM (4500 ng/ml) dose of
extracellular Aβ 1-42 . 1867
Given the presence of specific enzymatic pathways for the constitutive generation of Aβ, coupled
with the existence of selective uptake, breakdown and clearance pathways for its removal, it
seems clear that Aβ has a role to play in the normal function of the nervous system, including
essential modulation of synaptic activity and neuronal survival. Thus Aβ cannot be regarded
simplistically as a neurotoxic factor that requires eradication from the brain to avoid dementia. A
large number of natural and normal physiological roles for Aβ, many of which lie outside the
brain and distributed throughout the human body (Table 5), are now known or suspected. A few
of these functions are summarized below the Table.
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Table 5. Distribution of Aβ in the human body, ages 57-85 years
(AD = Alzheimer’s disease). 1868

Human Fluid or Tissue

Average
Aβ 1-40 Component

Average
Aβ 1-42 Component

Blood plasma
Blood plasma (AD)

185-629 pg/ml
218-702 pg/ml

61-177 pg/ml
107-310 pg/ml

Brain – gray matter
Brain – gray matter (AD)

209 ng/gm
608 ng/gm

784 ng/gm
6096 ng/gm

Brain – white matter
Brain – white matter (AD)

111 ng/gm
1069 ng/gm

418 ng/gm
1135 ng/gm

Platelets (quiescent)
Platelets (activated)

83.8 ng/gm
56.8 ng/gm

1.7 ng/gm
1.6 ng/gm

Aorta (minimal lesions)
Aorta (severe lesions)

31.4 ng/gm
75.3 ng/gm

1.0 ng/gm
0.7 ng/gm

Leptomenigeal arteries (minimal lesions)
Leptomenigeal arteries (severe lesions)

17.3 ng/gm
113.1 ng/gm

5.3 ng/gm
28.0 ng/gm

Skeletal muscle
Skeletal muscle (AD)

29.8 ng/gm
37.8 ng/gm

10.2 ng/gm
15.7 ng/gm

Liver
Liver (AD)

67.5 ng/gm
8.6 ng/gm

15.5 ng/gm
1.7 ng/gm

Known or suspected roles physiological roles for Aβ:
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Seward JD, Beach TG, Sabbagh MN. Amyloid beta peptides in human plasma and tissues and their
significance for Alzheimer’s disease. Alzheimers Dement. 2009 Jan;5(1):18-29;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2663406/.
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* Regulation of angiogenesis (Aβ 1-42 )

Aβ monomers stimulate angiogenesis, regulating blood vessel branching in tissues as
varied as human umbilical vein, human endothelial cells, and zebrafish hindbrain. High
physiological concentration of Aβ monomer induces angiogenesis by a conserved mechanism,
establishing that the underlying mechanism has remained largely unchanged since amphibians
diverged from bony fishes approximately 350 million years ago. 1869
* Regulation of platelet activation during hemostasis (Aβ 1-40 , Aβ 1-42 , Aβ 25-35 )
Platelets express amyloid precursor protein APP751 and APP770, as well as all the
enzymes for APP proteolysis through amyloidogenic and non-amyloidogenic pathways. 1870 In
addition, a considerable amount of amyloidogenic Aβ 1-40 and Aβ 1-42 is stored in platelet αgranules and is secreted upon platelet stimulation. 1871 Once released in the blood plasma, Aβ
peptides are able to induce platelet activation, establishing a positive feedback to potentiate cell
activation. 1872 Amyloid Aβ peptides present in the bloodstream mainly derive from circulating
platelets. 1873
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* Anti-microbial activity (Aβ 1-40 , Aβ 1-42 )
Synthetic Aβ peptides have demonstrated antibiotic activity against Gram-negative and
Gram-positive bacteria and the yeast C. albicans, 1874 suggesting that Aβ may function in vivo as
an antimicrobial peptide, 1875 and thus may play a role as an effector molecule of innate immunity.
* Binding to DNA in chromatin (Aβ 1-40 , Aβ 1-42 )
Structural studies have indicated that Aβ 1-42 binds DNA in vitro. 1876 Binding of Aβ to
DNA in vitro would be moot if the peptide did not exist intracellularly and interact with
chromatin. While Aβ is normally a secreted peptide, oxidative stress can induce intracellular
localization of the peptide. Investigation of chromatin-protein interaction within live cells
suggests that the Aβ peptide interacts with the chromatin of SK–N–SH human neuroblastoma
cells, strongly supporting the intranuclear localization of Aβ 1-40 as suggested by live-cell imaging
data. 1877 It was later reported that a novel chaperone protein, Aβ-related death-inducing protein
(Aβ-DIP), regulates nuclear localization of intracellular Aβ 1-42 . 1878
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* Transcriptional activation (Aβ 1-28 , Aβ 25-35 , Aβ 1-40 , Aβ 1-42 )
Intracellular Aβ 1-42 can act as a heat-shock transcription factor in directing p53-activated
neuron apoptosis. 1879 In cell culture, Aβ 1-42 regulates the transcription factors Mash1 and OLIG2
– two basic helix-loop-helix transcription factors involved in initiating neurogenesis and
oligodendrogenesis in the central nervous system. 1880 Low concentrations of Aβ 1-40 play a role in
translationally regulating the maturation of rat cerebellar granule neurons.1881
Aβ may also regulate its own production through feedback on expression of its precursor
protein and the β-secretase enzyme, 1882 in particular, the upregulation of native BACE1 (betasecretase) gene transcription as observed in cell culture by the addition of Aβ 1-42 . 1883 Such
activity has also been demonstrated specifically with the Aβ 25-35 peptide for the SLC38A1
gene. 1884 Aβ 1-42 also mediates the overexpression of BACE1 with stimulation of BACE1 RNA
transcription. 1885

1879

Ohyagi Y, Asahara H, Chui DH, Tsuruta Y, Sakae N, Miyoshi K, Yamada T, Kikuchi H, Taniwaki T,
Murai H, Ikezoe K, Furuya H, Kawarabayashi T, Shoji M, Checler F, Iwaki T, Makifuchi T, Takeda K,
Kira J, Tabira T. Intracellular Abeta42 activates p53 promoter: a pathway to neurodegeneration in
Alzheimer’s disease. FASEB J. 2005 Feb;19(2):255-7;
http://www.fasebj.org/content/early/2005/01/27/fj.04-2637fje.long.
1880

Uchida Y, Nakano S, Gomi F, Takahashi H. Differential regulation of basic helix-loop-helix factors
Mash1 and Olig2 by beta-amyloid accelerates both differentiation and death of cultured neural
stem/progenitor cells. J Biol Chem. 2007 Jul 6;282(27):19700-9;
http://www.jbc.org/content/282/27/19700.long.
Zhan XQ, Yao JJ, Liu DD, Ma Q, Mei YA. Aβ40 modulates GABA(A) receptor α6 subunit expression
and rat cerebellar granule neuron maturation through the ERK/mTOR pathway. J Neurochem. 2014
Feb;128(3):350-62; http://www.ncbi.nlm.nih.gov/pubmed/24118019.

1881

Bailey JA, Maloney B, Ge YW, Lahiri DK. Functional activity of the novel Alzheimer’s amyloid βpeptide interacting domain (AβID) in the APP and BACE1 promoter sequences and implications in
activating apoptotic genes and in amyloidogenesis. Gene. 2011 Nov 15;488(1-2):13-22;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3372404/. Marsden IT, Minamide LS, Bamburg JR.
Amyloid-β-induced amyloid-β secretion: a possible feed-forward mechanism in Alzheimer’s Disease. J
Alzheimers Dis. 2011;24(4):681-91; http://www.ncbi.nlm.nih.gov/pubmed/21297255.
1882

1883

Tamagno E, Guglielmotto M, Giliberto L, Vitali A, Borghi R, Autelli R, Danni O, Tabaton M. JNK and
ERK1/2 pathways have a dual opposite effect on the expression of BACE1. Neurobiol Aging. 2009
Oct;30(10):1563-73; http://www.ncbi.nlm.nih.gov/pubmed/18255190.

1884

Buntup D, Skare O, Solbu TT, Chaudhry FA, Storm-Mathisen J, Thangnipon W. Beta-amyloid 25-35
peptide reduces the expression of glutamine transporter SAT1 in cultured cortical neurons. Neurochem Res.
2008 Feb;33(2):248-56; http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2226019/.

1885

Giliberto L, Borghi R, Piccini A, Mangerini R, Sorbi S, Cirmena G, Garuti A, Ghetti B, Tagliavini F,
Mughal MR, Mattson MP, Zhu X, Wang X, Guglielmotto M, Tamagno E, Tabaton M. Mutant presenilin 1
increases the expression and activity of BACE1. J Biol Chem. 2009 Apr 3;284(14):9027-38;
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2666551/.

413
* Regulation of cholesterol transport and synthesis (Aβ 1–40 , Aβ 1–42 , Aβ 12–28 )
One of the physiological functions of Aβ and APP may be to control cholesterol transport
and homeostasis. 1886 Cholesterol binds to the α-secretase cleavage site of APP and blocks the
action of the enzyme, which results in the generation of Aβ 1–40 rather than Aβ 17–40 . Aβ 1–40 affects
neither the ApoE-mediated cholesterol efflux, which is elevated because of increased ApoE
levels, nor the binding of cholesterol to ApoE. However, Aβ 1–40 blocks the amount of cholesterol
bound and transported by LDL into the cells, leading to decreased intracellular cholesterol levels.
Accumulation of extracellular or membrane free cholesterol will result in neuronal dysfunction.
Thus, the presence of excessive levels of cholesterol lead to increased production of Aβ, which
binds cholesterol and in turn competes against and blocks the LDL-mediated cholesterol influx.
It has been shown that Aβ binds to ApoE (a protein that transports lipoproteins, vitamins,
and cholesterol in the blood). 1887 The binding of cholesterol to ApoE or LDL (low-density
lipoproteins) is abolished completely in the presence of Aβ 1–42 . Increased extracellular free
cholesterol levels are toxic to neurons. This toxicity is prevented by specific lipoproteins, such as
high-density lipoproteins, which maintain their ability to bind cholesterol in the presence of
Aβ. 1888
Aβ 1-42 directly activates neutral SMase (sphingomyelinases) and downregulates SM
(sphingomyelin) levels, whereas Aβ 1-40 reduces cholesterol de novo synthesis by inhibition of
HMGR (hydroxymethylglutaryl-CoA reductase) activity. 1889 Aβ 1-42 increases ApoE protein
levels in astrocytes which could affect cholesterol trafficking. 1890 Aβ 1-42 also reduces caveolin-1
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levels in the plasma membrane and increases its abundance in the Golgi complex. 1891 These
results add to the growing body of data demonstrating that cholesterol carrier proteins are targets
of Aβ.
* Altered expression and activity of neuron K+ channels (Aβ 1-40 , Aβ 1-42 )
Voltage-gated potassium (Kv) channels (transmembrane proteins composed of multiple
subunits) are prominent in the repolarization phase of the neuroelectric action potential, and the
expression and activity of these channels can be modulated by endogenous Aβ in primary
cultures of central neurons. A-type K+ ion currents, along with Kv4.2 and Kv4.3 subunit
expression, are transiently increased in cerebellar granule neurons by the extracellular
administration of 100 nM concentrations of Aβ 40 and Aβ 42 over a 2-24 hour period. 1892 Both
protein expression and trafficking processes were altered by Aβ, which is apparently an important
physiological regulator of ion channel expression and hence neuronal excitability.
Inhibition of endogenous Aβ production (by exposure to inhibitors either of β- or γsecretases) or immunodepletion of Aβ causes neuronal cell death, but neurons can be restored by
addition of physiological (picomolar) levels of Aβ. Aβ 1-40 is the most effective in this regard,
with significant effects at concentrations as low as 10 pM; Aβ 1-42 affords only limited protection,
and the Aβ 25-35 fragment (which retains many of the toxic properties of Aβ) has very little
protective effect. 1893 The underlying mechanism was believed to involve altered expression of K+
channels, in part because they govern excitability and hence the excitotoxicity of released
glutamate, 1894 but also because intracellular K+ is a key determinant of apoptosis. 1895
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* Altered expression and activity of neuron Ca2+ channels (Aβ 1-40 , Aβ 9-42 , Aβ 17-42 )
A 24-hour pretreatment with 1 μM of unaggregated Aβ 1-40 stimulates an increase in
voltage-dependent Ca2+ channel current activity (both N- and P-type current), whereas the same
pretreatment with aggregated Aβ 1-40 reduces Ca2+ channel current density in cortical neurons via
action on N-type Ca2+ current, revealing another normal functional role for amyloid peptides in
the central nervous system. 1896
Interestingly, non-amyloidogenic Aβ 9-42 and Aβ 17-42 fragments self-assemble into ion
channels with loosely attached subunits that elicit single-channel conductances, allowing calcium
uptake in amyloid precursor protein-deficient cells. 1897 Atomic force microscopy (AFM) images
of Aβ peptides reconstituted in lipid bilayers show heteromeric (rectangular to hexagonal) ion
channel-like structures with a ∼2.0-nm central pore and 8- to 12-nm outer diameters.

* Modulation of synaptic activity (Aβ 1-40 , Aβ 1-42 , Aβ 25-35 )
Aβ 1-42 has high affinity for neuronal nicotinic acetylcholine receptors.1898 An
extracellularly-applied 100 nM concentration of Aβ 1-42 alters glutamatergic (glutamate-mediated)
neurotransmission in the rat basal forebrain. 1899 It has also been shown that neuronal activity
modulates the production and secretion of Aβ. 1900 In turn, Aβ can depress this neuronal activity,
via glutamatergic receptors, creating a negative feedback loop 1901 that may act as a sort of
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synaptic homeostasis mechanism, preventing excitotoxicity. Thus Aβ may have a normal
negative feedback function: increased neuronal activity produces more Aβ, the enhanced Aβ
production then depresses synaptic function, and the depressed synaptic function then decreases
neuronal activity.

* Alteration of glucose metabolism to reduce cellular Reactive Oxygen Species (Aβ 1-42 )
Aβ may provide direct neuroprotection in aging neurons. 1902 The ability of Aβ to
increase glycolysis, increase HMS (hexose monophosphate shunt) activity to produce the natural
antioxidant NADPH, and increase antioxidant defenses may explain the observation that low
levels of Aβ are neuroprotective against the pro-oxidant conditions of tissue culture, while higher
concentrations are toxic. 1903
* Neuroprotection against metal-induced oxidative damage (Aβ 1-40 , Aβ 1-42 )
Monomeric Aβ 1-40 and Aβ 1-42 function as natural antioxidant molecules that prevent
neuronal death caused by transition metal-induced oxidative damage, probably by quenching
metal-inducible oxygen radical generation and thereby inhibiting neurotoxicity. Oligomeric and
aggregated Aβ 1-40 and Aβ 1-42 were thought to lose their neuroprotective activity because they
were believed to be oxygen radical generators. 1904 However, a later study found that Aβ 1-40 ,
either monomeric or aggregated and at either nanomolar or micromolar concentrations, is a highly
potent antioxidant in cell-free oxidative systems, acting mainly as a radical scavenger. 1905
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* Aβ 40 may provide neuroprotection from Aβ 42 (Aβ 1-40 )
Aβ 1-40 may protect neurons from the deleterious effects of Aβ 1-42 . 1906 The reduction in
the Aβ 1-40 / Aβ 1-42 ratio in the AD brain correlates with the severity of neurodegeneration. 1907
* Possible blood-brain barrier vascular sealant (Aβ 1-40 , Aβ 1-42 )
Unlike the transgenic mouse brain and vasculature, where amyloid-β deposition is simply
a result of the overexpression of amyloid-β protein precursor, amyloid-β deposition during adult
life is normally associated with injury. It has been hypothesized that this deposition of amyloid-β
could be a neuroprotective response to injury. 1908 Given the extensive vasculature of the brain
and that peripheral mechanisms of preventing hemorrhage (i.e., platelet closure) would prevent
nourishment of neurons, other mechanisms may have evolved to rapidly seal vascular ruptures
without activating the coagulation cascade. One proposal is that amyloid-β is just such a sealant,
given its physiochemical properties that allow it to aggregate under inflammatory conditions 1909
and form an intracranial “scab,” thereby maintaining structural integrity of the blood-brain
barrier. Such a notion would explain the acute phase generation and rapid cortical deposition of
amyloid-β in stroke and after head trauma 1910 and its resolution after recovery, 1911 important
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physiological responses that would limit the loss of terminally differentiated neurons. Removal
of such a seal would lead to hemorrhage and an inflammatory immune response. 1912
There are also several well-known pathological functions of Aβ:
* Cellular damage (Aβ 1-42 )
Excessive intracellular Aβ accumulation, which may commence long before extracellular
accumulation, seems to be involved in various types of cellular damage such as mitochondrial
toxicity, proteasome impairment, and synaptic damage. 1913 For example, Aβ 1-42 binds to the
neural cell adhesion molecule NCAM2, inducing its removal from synapses in AD hippocampus
and thus may contribute to synapse loss. 1914 Aβ 1-42 also induces activation of primary rat
astrocyte cultures, as measured by changes in morphology and an increase in IL-1β mRNA, in a
time- and dose-dependent manner. 1915
* Neurotoxic Aβ 43 oligomers and plaques (Aβ 1-43 )
Longer Aβ isoforms like Aβ 1-43 are gaining attention for their higher propensity to
aggregate into neurotoxic oligomers. Although the total levels of Aβ 1-43 in human brain are low
compared to Aβ 1-40 and Aβ 1-42 , it is possible that Aβ 1-43 could initiate the formation of oligomers
and amyloid plaques and thereby be crucial to AD pathogenesis. 1916
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Recent data have raised the possibility that Aβ 1-43 peptides might be instrumental in AD
pathogenesis because they are frequently observed in both dense and diffuse amyloid plaques
from human AD brains and are highly amyloidogenic in vitro. Aβ 1-43 peptides are mainly
insoluble, highly toxic in vivo, and can trigger the aggregation of the typically soluble Aβ 1-40
leading to synergistic toxic effects – supporting the idea that Aβ 1-43 contributes to the
pathological events leading to neurodegeneration in AD. 1917
* Vascular damage (Aβ 1-40 , Aβ 1-42 )
Aβ peptides are also present in small arteries and capillaries of leptomeninges and
cerebral cortex, causing cerebral amyloid angiopathy (CAA), 1918 which is the deposition of Aβ in
the blood vessels of the brain. CAA may be the basis of the inflammatory response that halted a
Phase IIa trial of active Aβ 1-42 immunization in AD. 1919 Differences in Aβ 1-40 and Aβ 1-42 levels
between healthy elderly subjects and patients with either AD or CAA have been investigated. 1920
Whereas concentrations of Aβ 1-42 were reduced in both the AD and the CAA groups, Aβ 1-40
levels were also lower in CAA compared to both the healthy controls and the AD subjects. These
results are consistent with the hypothesis that the large component of Aβ 1-40 deposited in vessels
in advanced CAA would deplete this peptide from CSF in an analogous manner to AD-associated
reductions in CSF Aβ 1-42 .
Aβ peptides are also involved in the inflammatory pathology of atherosclerotic vascular
disease. 1921
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* Skeletal muscle inflammation (Aβ 1-42 , Aβ 1-44 , Aβ 1-45 )
The cholinergic neuromuscular junctions of skeletal muscle are a rich source of Aβ
peptides, 1922 the production of which is exacerbated in inclusion body myositis, the most common
skeletal muscle inflammatory disease among the elderly. 1923 The significant differences in Aβ 42
between normal and AD populations suggests that AD might have systemic manifestations.
Skeletal muscle also generates even longer Aβ peptides ending at residues 44 and 45. The
potential contribution of skeletal muscle Aβ to the circulating pool should be considered since the
total muscle mass represents about one third of body weight.

* Aβ fragment activity (Aβ 17-20 , Aβ 17-21 , Aβ 25-35 , Aβ 25-40 , Aβ 26-35 , Aβ 30-35 , Aβ 41-42 )
Shen, 1924 Canobbio, 1925 and others have demonstrated that the ability of Aβ 1-40 to promote
platelet activation and to potentiate the effect of weak agonists is completely conserved by the
smaller Aβ 25-35 peptide, a core fragment of 11 amino acids corresponding to the intermembrane
segment of the entire Aβ peptide. Apparently Aβ 25-35 reproduces all the biological functions of
Aβ peptides, and it retains the cytotoxicity and neurodegenerative properties of the entire peptides
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and is able to aggregate innately in fibrils with β-structure. 1926 Aβ 25-35 is also physiologically
present in elderly people, suggesting its possible importance in the pathogenesis of AD. 1927
Using different Aβ fragments or truncated Aβ peptides, several sequence regions
including residues Aβ 25-40 and Aβ 26-35 , 1928 Aβ 17-21 and Aβ 41-42 , 1929 and Aβ 17-20 and Aβ 30-35 , 1930
have been shown to play roles in protein conformation and toxicity with possible relevance to
AD.
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Appendix B. Alzheimer’s Drugs in Development as of 2013 1931
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“Medicines in Development: Alzheimer’s Disease,” Pharmaceutical Research and Manufacturers of
America, Washington DC, 2013; http://www.phrma.org/sites/default/files/Alzheimer%27s%202013.pdf.
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Appendix C. Molecular Sorting Rotors
Molecular filters can consist of a barrier or wall penetrated by one or more nanomechanical
devices that act as molecule-specific pumps, analogous to the transporter pumps found on the
surfaces of living biological cells. One simple such pump is a nanomechanical device called a
“molecular sorting rotor” that is capable of selectively binding molecules from solution and then
transporting these bound molecules
against concentration gradients (image,
left), moving only the molecules of a
specific type (such as CO 2 ) from one
side of the wall to the other. Each pump
mechanically transports individual
molecules, one by one, through the
barrier.
The classical sorting rotor illustrated above 1932 is
a disk about 10 nm in diameter and about 3 nm
thick having 12 binding site “pockets” along the rim that are exposed alternately to the source
fluid at left and the receiving chamber at right by the clockwise axial rotation of the disk. (Other
designs may have more, or fewer, pockets.) Each pocket selectively binds a specific molecule
when exposed to the source fluid at left. The rotor turns clockwise, moving the pocket containing
the bound molecule through the wall from left to right. Once the binding site
has rotated far enough to expose it to the receiving chamber at right, the
bound molecules are forcibly ejected by rods (e.g., polyynes) thrust outward
by the cam surface. Note that short polyyne sections (C 10 H 2 ) have been
synthesized experimentally inside carbon nanotubes (image, right), 1933 longer
polyyne chains have been assembled inside double-walled
carbon nanotubes (image, left), 1934 and isolated 44-carbon-atom polyyne
chains (stabilized with end caps) also appear to be stable. 1935 Of course, other
means, whether mechanical or electronic, could also be used to reversibly alter
the binding site affinity for the transported molecule during the transport
process.
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Sons, New York, 1992, Section 13.2.1(a).
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Nishide D, Dohi H, Wakabayashi T, Nishibori E, Aoyagi S, Ishida M, Kikuchi S, Kitaura R, Sugai T,
Sakata M, Shinohara H. Single-wall carbon nanotubes encaging linear chain C10H2 polyyne molecules
inside. Chem Phys Lett. 2006 Sep 20;428(4-6):356-360;
http://www.sciencedirect.com/science/article/pii/S0009261406010256.
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Zhao C, Kitaura R, Hara H, Irle S, Shinohara H. Growth of linear carbon chains inside thin double-wall
carbon nanotubes. J Phys Chem. 2011 Jun 7;115(27):13166-13170;
http://pubs.acs.org/doi/abs/10.1021/jp201647m.
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Chalifoux WA, Tykwinski RR. Synthesis of polyynes to model the sp-carbon allotrope carbyne. Nat
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429

atmosphere

A

B

retract
the rod

reservoir wall

C

internal
reservoir

D

E

A specific sequence, focusing on a single binding pocket, is illustrated above. Such molecular
pumps generally operate in a four-phase sequence: (1) recognition (and binding) by the
transporter of the target molecule from a variety of molecules presented to the pump in the source
fluid; (2) translocation of the target molecule through a wall, into the interior of the transporter
mechanism; (3) release of the molecule by the transporter mechanism; and (4) return of the
transporter to its original condition, outside the wall, so that it is ready to accept another target
molecule. Molecular transporters that rely on protein conformational changes are ubiquitous in
biological systems.
Mechanical molecular sorting rotors (including the newer “revolver” motif;
image, right) can be designed from about 100,000 atoms, comprising
~20,000 atoms for the rotor mechanism with binding sites plus another
~80,000 atoms for the rotor housing and pro rata share of the mechanical
drive system. Each complete rotor mechanism might measure roughly 7 nm
(wide) x 14 nm (tall) x 14 nm (deep) in size with a mass of about 2 x 10-21 kg
if composed mostly of diamondoid structure. The classic sorting rotor can turn at up to ~86,000
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rev/sec which exposes 1 million binding sites per second to the source fluid, giving a conservative
rim speed of 2.7 mm/sec, sorting and transporting small molecules at a rate of up to 106
molecules/sec assuming laminar flow as in the case of an aqueous source fluid.
As noted elsewhere, 1936 the minimum energy required to pump 1937 uncharged molecules is the
change in free energy ΔG c (joules) in transporting the species from one environment having
concentration c 1 to a second environment having concentration c 2 , given by: 1938
ΔG c = k B T ln(c 2 /c 1 )

(1)

where k B = 0.01381 zJ/K (Boltzmann constant) and T = temperature in kelvins. 1939 For example,
transport of one uncharged molecule from a low concentration to a high concentration
environment across a c 2 /c 1 = 1000 gradient (typical in biology) costs ΔG c ~ 30 zJ/molecule at
300 K. Pumping against a more aggressive c 2 /c 1 = 106 concentration gradient costs ΔG c ~ 60
zJ/molecule.
Besides the compression energy ΔG c , there is also less disorder (lower entropy) in the world
when two gases are separated than when they share a common volume, and the entropy of the
world can only be decreased by the expenditure of energy. Thermodynamics predicts the
minimum amount of energy ΔG S needed to achieve such a separation, a value that depends on the
absolute temperature and the initial and final concentrations and pressures. If X CO2 is the mole
fraction of carbon dioxide, and if all of the captured CO 2 is pure and all of the CO 2 in the original
mixture is removed, then the minimum energy per unit mass of CO 2 removed is given by: 1940
ΔG S = – k B T [X CO2 ln(X CO2 ) + (1–X CO2 ) ln(1–X CO2 )] / X CO2

(2)

For example, in the simple case of ambient air capture of CO 2 at T = 300 K, X CO2 = 0.0004 (400
ppm) and ΔG S = 36.6 zJ/molecule CO 2 . The total energy of CO 2 compression and separation
would then be:
ΔG CO2 = ΔG c + ΔG S .

(3)
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IMM Report No. 45, Dec 2015; http://www.imm.org/Reports/rep045.pdf.
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If molecules are allowed to flow in the reverse direction from higher concentration to lower
concentration, then the sorting rotor becomes a pressure-driven motor, selectively transporting just the
target molecular species from right to left while generating power rather than consuming it.
1938

Lackner KS. Capture of carbon dioxide from ambient air. Eur. Phys. J. Special Topics 176(2009):93106, Eqn. (1), p. 95; http://death.ocf.berkeley.edu/~step/Journal_Club/paper4_02092010.pdf.
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“Direct Air Capture of CO2 with Chemicals,” American Physical Society, 1 Jun 2011;
http://www.aps.org/policy/reports/assessments/upload/dac2011.pdf.
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If we plausibly assume the use of incommensurate-surfaced molecular bearings
(image, left) exhibiting superlubricity1941 inside the rotor mechanism, then the primary
source of mechanical energy loss is speed-dependent viscous drag of the rotor surface
as it moves through the fluid environment on either side of the barrier wall. For a fluid
environment having the approximate viscosity of water (~10-3 kg/m-sec at 20 oC) on
both sides of the wall, the sorting rotor described and operated as above has an
estimated continuous drag power loss of 10-16 W while transporting 106 molecules/sec, 1942 or ~0.1
zJ/molecule transported. At low speeds, drag power scales linearly with viscosity, so rotors
turning in air at STP (viscosity ~ 0.02 x 10-3 kg/m-sec) for the purpose of O 2 or CO 2 extraction
from the atmosphere would dissipate ~0.002 zJ/molecule transported. This is 10-2 to 10-4 of the
required ΔG CO2 transport energy, hence this source of energy loss may be regarded as negligible
for the in vivo medical device application.
The strength of the binding of the target molecule to the artificial receptor site can be designed to
be sufficient to achieve high occupancy of all pockets (e.g., 99%) at the given relatively low
speeds of rotor rotation. The mechanical energy consumed to force the target molecule out of its
binding site into the receiving chamber is delivered from the cam to the rods, but this energy is
largely returned with minimal losses to the cam on the source side by the compression of the rods
during the binding of the target molecule to the receptor, a process that regenerates mechanical
energy. The artificial receptors are best designed for high affinity binding in the presence of a
dominant background of quite different molecules. Analogies with antibodies suggest that a rotor
with binding pockets of this type could deliver a product stream with impurity fractions on the
order of 10-4 to 10-9 (i.e., 99.99% purity or better) depending on affinities, specificities, and the
concentrations of the effectively competing ligands.1943 A
detailed computational modeling and simulation effort will
be required to create ideal selective binding site designs for
CO 2 and also for other specific molecules of medical interest
including O 2 , H 2 O, glucose, and so forth.
However, even an extremely simple binding site may be
surprisingly effective. The image at right 1944 shows an
example of a very simple 420-atom binding site (C = black,
H = white, O = red) that does not employ strong covalent
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Superlubricity of graphite. Phys. Rev. Lett. 2004; 92:126101. Erdemir A, Martin J-M, eds., Superlubricity,
Elsevier, 2007; http://www.sciencedirect.com/science/book/9780444527721. Liu Z, Yang J, Grey F, Liu
JZ, Liu Y, Wang Y, Yang Y, Cheng Y, Zheng Q. Observation of superlubricity in microscale graphite.
Phys. Rev. Lett. 2012; 108:205503.
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Drexler KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation. John Wiley &
Sons, New York, 1992, Section 13.2.1(e).
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Drexler KE. Nanosystems: Molecular Machinery, Manufacturing, and Computation. John Wiley &
Sons, New York, 1992, Section 13.2.2(b).
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Design by Ralph C. Merkle; personal communication, 2015.
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bonds between the site and the target molecule (CO 2 ). To design this binding site, we took a thin
sheet of hydrogen-terminated diamond with the C(111) lattice on the top and bottom horizontal
faces, cut out a hexagonal perimeter with the C(100) lattice on all six vertical sides, punched a
small hole in the center, and hydrogenated the inner walls of the pore, making a 420-atom
(C 240 H 180 ) all-hydrocarbon binding site. Such a structure could readily be nanofabricated as a
solid block using a specific sequence of positionally-controlled tip-based mechanosynthetic
reactions. 1945 The image above shows a single CO 2 molecule nestled snugly inside the hydrogenterminated pore, which employs only van der Waals attractions to provide the necessary binding
interaction.
To assess the performance of our simple binding site for capture CO 2 from normal sea-level
atmosphere, we first list 38 major and trace atmospheric constituents typically found in non-urban
air along with their fractional molar concentration, 1946 then employ molecular mechanics methods
using the AMBER99 force field 1947 (known to be highly parameterized for nonbonded
interactions, using the computational tools of quantum chemistry) to estimate the binding energy
(E b ) of the pore for each molecular species (Table C1). This is calculated as the difference
between the total energy of the binding site with the molecule bound inside it and the sum of the
total energies of the empty binding site and the isolated molecule. The fractional binding site
occupancy of a molecular species, or exp(-E b /k B T) where k B = 8.625 x 10-5 eV/molecule-K and
ambient temperature T = 300 K, is then multiplied by the fractional atmospheric molar
concentration (f air ) of that molecule, then renormalized to obtain the percentage of each molecular
species likely to pass through the binding site filtration mechanism in the first pass. Our simple
binding site pore has very high affinity for CO 2 and even higher affinity for eight other
molecules, but those other eight molecules are present in normal air at such low concentrations
that the resulting gaseous filtrate is ~99% pure CO 2 , with just ~1% of O 2 and N 2 and mere traces
of everything else.
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Filtrate purity will vary slightly with ambient environmental temperature (e.g., the mechanism
passes 99.26% CO 2 at 290 K, 98.49% CO 2 at 310 K).

Table C1. Gas molecule concentration in ambient U.S. dry atmosphere, their binding energy
in a simple pore of a molecular filter, and their concentration in the resulting filtrate.
Atmospheric
Molecular
Component

Fractional
Atmospheric
Concentration

Nitrogen (N 2 )
Oxygen (O 2 )
Water vapor (H 2 O)
Argon (Ar)
Carbon Dioxide (CO 2 )
Neon (Ne)
Helium (He)
Methane (CH 4 )
Krypton (Kr)
Hydrogen (H 2 )
Nitrous Oxide (N 2 O)
Carbon Monoxide (CO)
Xenon (Xe)
Ozone (O 3 )
Formaldehyde (H 2 CO)
Ethane (C 2 H 6 )
Hydrogen Chloride (HCl)
Methyl Chloride (CH 3 Cl)
Carbonyl Sulfide (OCS)
Acetylene (C 2 H 2 )
Sulfur Dioxide (SO 2 )
Nitric Oxide (NO)
Hydrogen Peroxide (H 2 O 2 )
Hydrogen Cyanide (HCN)
Nitric Acid (HNO 3 )
Ammonia (NH 3 )
Nitrogen Dioxide (NO 2 )
Hypochlorous Acid (HOCl)
Hydrogen Iodide (HI)
Hydrogen Bromide (HBr)
Hydroxyl radical (OH-)
Hydrogen Fluoride (HF)
Chlorine Monoxide (ClO)
Formic Acid (HCOOH)
Carbonyl Fluoride (COF 2 )
Sulfur Hexafluoride (SF 6 )
Hydrogen Sulfide (H 2 S)
Phosphine (PH 3 )

7.80840 x 10-1
2.09460 x 10-1
~1.00 x 10-2
9.340 x 10-3
3.870 x 10-4
1.818 x 10-5
5.24 x 10-6
1.79 x 10-6
1.14 x 10-6
5.50 x 10-7
3.20 x 10-7
1.50 x 10-7
8.70 x 10-8
2.66 x 10-8
2.4 x 10-9
2.0 x 10-9
1.0 x 10-9
7.0 x 10-10
6.0 x 10-10
3.0 x 10-10
3.0 x 10-10
3.0 x 10-10
2.0 x 10-10
1.7 x 10-10
5.0 x 10-11
5.0 x 10-11
2.3 x 10-11
7.7 x 10-12
3.0 x 10-12
1.7 x 10-12
4.4 x 10-14
1.0 x 10-14
1.0 x 10-14
1.0 x 10-14
1.0 x 10-14
1.0 x 10-14
1.0 x 10-14
1.0 x 10-20

(f air )

Amber99 Binding Energy
of Molecular Component
in Simple Binding Site
(E b )
-0.2521 eV
-0.3336 eV
-0.2936 eV
-0.0586 eV
-0.6190 eV
-0.1021 eV
-0.0535 eV
-0.3210 eV
-0.0904 eV
-0.0461 eV
-0.4611 eV
-0.2999 eV
-0.1028 eV
-0.6287 eV
-0.5542 eV
-0.6816 eV
-0.3833 eV
-0.6842 eV
-0.7324 eV
-0.5079 eV
-0.7650 eV
-0.3052 eV
-0.4974 eV
-0.5523 eV
-0.4311 eV
-0.1887 eV
-0.5395 eV
-0.5970 eV
-0.4993 eV
-0.4707 eV
-0.3443 eV
-0.2439 eV
-0.6515 eV
-0.7281 eV
-0.3756 eV
0.3578 eV
-0.3699 eV
-0.4062 eV

% Concentration
of Air Component
in Gas Filtrate
0.1386%
0.8665%
0.0088%
< 1 ppm
98.9341%
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
0.0002%
< 1 ppm
< 1 ppm
0.0099%
0.0001%
0.0058%
< 1 ppm
0.0022%
0.0123%
< 1 ppm
0.0216%
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm
< 1 ppm

434

