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Chapter I 

Epidemiology & Clinical Features of Alzheimer’s Disease 

 

Prevalence and Risk Factors for Alzheimer’s Disease 

Alzheimer’s disease (AD) is the leading cause of dementia and the sixth leading cause of 

death in the United States, just recently surpassing diabetes1. Currently 5.5 million 

Americans over the age of 65 are living with AD and as the aging population in America is 

increasing rapidly, the number of people with AD will also increase. By the year 2050, 

13.8 million Americans are projected to develop AD unless an effective therapeutic or 

preventative treatment is discovered2. AD is also a leading cause of morbidity, with 

patients living for years beyond diagnosis as the disease progresses. Estimated healthcare 

costs for AD-related treatment in 2018 is $277 billion. In 2017, it is estimated that unpaid 

caregivers (including friends and family members) provided 18.4 billion hours of informal 

care, an estimated economic value of $232.1 billion2. 

The most apparent and unmodifiable risk factor for developing AD is aging3. Besides 

aging, both genetic and acquired risk factors contribute risk of future development. Early-

onset AD (onset < 65 years old) is associated with an autosomal dominant inheritance 

pattern and is related to a mutation in genes with roles in amyloid precursor protein (APP) 

breakdown and cleavage including presenilin 1 (PSEN1) and presenilin 2 (PSEN2). 

Mutations in the APP gene itself can also confer greater risk of AD development4. 

Although early-onset AD is clinically identical to late-onset AD (onset ≥ 65 years old), 

early-onset usually has a more rapid rate of progression. Genetic contribution to late-onset 

is more complex as it does not follow typical mendelian inheritance. The most established 

genetic risk factor for late onset disease is associated with apolipoprotein E (APOE), which 
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is the principal cholesterol carrier protein in the brain5. The APOE gene has three common 

alleles: e2, e3, and e4; but of the three, the e4 allele was identified as a risk factor for late-

onset AD6. Most studies have shown that having one copy of the e4 allele confers a two- to 

three-fold increased risk of developing AD while having two copies confers an eight- to 

12-fold increased risk7. In addition to APOE, more than 20 other candidate genes have 

been identified to significantly increase risk of AD8–10. A family history of dementia is also 

a risk factor for future development of AD. Those with a first degree relative with dementia 

have a 3.5% increased risk in developing AD and having two first degree relatives 

increases risk by 7.5%. Relative risk of AD also increases in a family history of Down’s 

syndrome (2.7%) and Parkinson’s disease (2.4%)11.  

 

In addition to genetic risk factors, acquired risk factors also can increase risk of developing 

AD. Many of these overlap with factors associated with increased risk of vascular disease 

and as such, effective management during midlife may reduce chances of later developing 

AD12. Such factors include hypertension13–15, dyslipidemia13,16,17, and cerebrovascular 

disease18–21. Interestingly, cerebrovascular disease may also contribute to increasing BBB 

permeability, providing a shared effect between vascular dementia and AD that may 

increase overall risk of developing either or mixed dementia where both clinical and 

pathologic features of both are present18. Type 2 diabetes and obesity are also associated 

with a 1.5-fold increased risk of AD22,23. Lifetime physical activity may actually reduce 

risk of developing AD and other types of dementia. Rates of AD were 45% lower in those 

who were physically active compared to those who were more sedentary24. There also may 

be sufficient evidence to conclude that healthy dieting and lifelong learning/cognitive 
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training may also reduce the risk of cognitive decline in advanced age25.  

 

Several environmental risk factors have been shown to also increase the risk of AD. For 

example, a study in China demonstrated that second hand smoke exposure increased 

relative risk by 2.2826. Other potential risk factors for AD include both air pollution27–29 

and pesticides30,31. However, more work needs to be completed to further evaluate these 

environmental exposures.  

 

Clinical Features of Alzheimer’s Disease 

AD typically develops with advanced age as risk of dementia doubles every ten years after 

60 years of age32. The average life expectancy after diagnosis of AD ranges from three to 

1l years with a median of approximately five years, and greatly depends on the level of 

impairment at the time of diagnosis33,34. AD course is typically divided into four stages of 

disease progression: pre-dementia stage or mild cognitive impairment (MCI), mild AD, 

moderate AD, and severe AD35.  

 

Pre-dementia (mild cognitive impairment) 

In the pre-dementia stage, signs of dementia are often subtle and undetected by the patient 

but are more apparent to family or close friends. Typical features of this stage are the 

patient will have impairment in acquiring new information or skills, impaired ability to 

plan tasks, dysfunctional access to semantic memory, deficits in concentration or a person 

could present with noncognitive alterations in behavior including social withdrawal and 

depressive dysphoria35,36. Deficits can be distinguished by neuropsychiatric testing. 

Typically, patients with MCI will progress to dementia within two to four years after being 
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diagnosed, but true duration is likely much longer as most patients won’t be evaluated until 

symptoms become more severe. What separates MCI from mild dementia is that patients 

with MCI are still able to carry out activities of daily living (ADL)35. 

 

Mild Alzheimer’s disease 

The most prevalent feature of mild AD is a significant impairment in learning and memory. 

Old declarative memory and short term memory are relatively intact while there is usually 

a deficit in recent declarative memory35. This can manifest as an inability to recall major 

recent events such as a visit with a relative or close friend. A patient will have difficulty 

with planning and organizing, which interferes with ADLs such as paying bills or cooking. 

Often, a person with mild AD can live independently but will require assistance from a 

caregiver for some tasks. Verbal communication may also be impaired at this stage as 

vocabulary and fluency is diminished35. Patients are often aware of their cognitive deficits 

and will demonstrate a flattening affect and withdrawal as a means to hide their symptoms 

from others. The average duration of this stage is 1.5 years before progressing to moderate 

AD. 

 

Moderate Alzheimer’s disease 

In moderate stages of disease, recent memory is drastically compromised and logical 

reasoning, planning, and organization are also significantly impaired35. Patients will 

require assistance to complete more basic ADLs such as dressing themselves and bathing. 

They may also become incontinent36, often requiring a transition in care with either at 

home health care or transfer to an assisted living facility. There are also greater deficits in 

language including word finding difficulty and paraphasia as well as deficits in reading 
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comprehension. Patients will often have cortical visual agnosia including prosopagnosia, 

an inability to recognize faces of familiar people. Psychiatric symptoms are also common 

including delusional symptoms, loss of emotional control, restlessness, and aggression35. 

The moderate stage of AD lasts for 2.5 years on average36. 

 

Severe Alzheimer’s disease 

In severe AD, even early memories are compromised and can impair a patient’s ability to 

recognize or recall their closest friends and family. Language is dramatically reduced, and 

patients are unable to articulate basic sentences. Aggression, restlessness, apathy and 

exhaustion are more apparent and worsen progressively35. Motor deficits also occur 

including dysphagia, immobility, rigidity, and contractures in extremities. Other motor 

signs can be discerned on examination such as myoclonus and emergence of primitive 

reflexes like the Babinski plantar extensor reflex.  The most frequent cause of death is 

pneumonia resulting from aspiration due to dysphagia or from being bedridden. Patients 

also commonly develop infected decubital ulcers which can lead to fatal septicemia35,36.  

 

Clinical Diagnostic Criteria  

A definitive diagnosis of AD requires histopathologic examination33,34. However, this is 

rarely done in life and therefore diagnosis is dependent on following clinical criteria. The 

first classification scheme of AD, established in 1984, was the National Institute of 

Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and 

Related Disorders Association (NINCDS–ADRDA) criteria. These criteria would classify a 

case as probable, possible and definite AD37. Updated criteria for a probable diagnosis of 

AD were established by the National Institute on Aging and the Alzheimer's Association 
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(NIA-AA) and recently updated in 201138. This classification system provides criteria for 

the diagnosis of probable AD (Table.1-1), possible AD (Table.1-2) and MCI due to AD. 

The Diagnostic and Statistical Manual of Mental Disorders (DSM-V) criteria for AD were 

updated in 2013 and are also commonly used for clinical diagnoses39. In general, these 

criteria are very similar in that they focus on cognitive decline and its effect on a patient’s 

ability to function. However, these guidelines require that delirium and other medical 

causes of cognitive dysfunction are considered before diagnosing a patient with 

possible/probable AD or other dementia. 
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NIA-AA Core Clinical Criteria for Probable AD 

Neuropsychiatric symptoms that: 
1) Interfere with ability to function at work or at usual activities 
2) Are not explained by delirium or major psychiatric disorder 
3) Cognitive impairment established by history-taking from the patient AND a 

knowledgeable informant in addition to objective bedside mental status 
examination 

4) Cognitive impairment involving a minimum of two domains: 
a. Impaired ability to acquire and remember new information 
b. Impaired reasoning and handling of complex tasks, poor judgement 
c. Impaired visuospatial abilities 
d. Changes in personality, behavior, or comportment 

5) Insidious onset 
6) Clear-cut history of worsening symptoms 
7) Initial and most prominent deficits are in one of the following: 

a. Amnestic presentation: recent memory impairment 
b. Non-amnestic presentation: 

i. Language impairment with word-finding deficits 
ii. Visuospatial impairment with visual cognitive deficits 

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

8) No Evidence of substantial: 
a. Concomitant cerebrovascular disease 
b. Core features of Dementia with Lewy bodies 
c. Features of behavioral variant of frontotemporal dementia 
d. Features of semantic or nonfluent/agrammatic variants of primary 

progressive aphasia 
e. Other concurrent, active, neurological or non-neurological disease process 

or modification 
 
 
Table 1-1. NIA-AA Core Clinical Criteria for Probable AD38. 
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NIA-AA Core Clinical Criteria for Possible AD 

Atypical course – meets the core clinical criteria in terms of the nature of cognitive deficits 
for AD dementia, but either has a sudden onset of cognitive impairment or demonstrates 
insufficient historical detail or objective cognitive documentation of cognitive decline 
 
OR 
 
Etiologically mixed presentation – meets all core clinical criteria for AD dementia but has 
evidence of  (a) concomitant cerebrovascular disease, defined by a history of stroke 
temporally related to the onset or worsening of cognitive impairment; or the presence  of 
multiple or extensive infarcts or severe white matter hyperintensity burden; or (b) features 
of Dementia with Lewy bodies other than the dementia itself; or (c) evidence for another 
neurological disease or non-neurological medical comorbidity or medication use that could 
have a substantial effect on cognition 
 
 
Table 1-2. NIA-AA Core Clinical Criteria for Possible AD38. 
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Differential Diagnosis  

Delirium 

When evaluating a patient with cognitive impairment, it is important to first differentiate 

between delirium or dementia. Dementia is a chronic and global deterioration in cognition 

while delirium is acute and transient with fluctuating changes in attention, cognition, and 

consciousness. Unlike most causes of dementia, delirium is often reversible and rapid 

identification of the underlying etiology is critical for effective management40,41. Delirium 

is further characterized by inattention, changes in consciousness, disorganized speech and 

thinking, hallucinations, delusions, and paranoia. Onset of delirium is usually abrupt, with 

symptoms fluctuating over minutes to hours while symptoms of dementia are typically 

more consistent throughout the day and cognitive decline is progressive. The most 

common causes of delirium are drugs (particularly anticholinergics, opioids, and 

psychoactive drugs), dehydration, and infection but many other conditions are also possible 

causes and differentiation is dependent on history, physical examination and lab testing40.  

 

Vascular Dementia 

When diagnosing a patient with a specific type of dementia, AD accounts for over half of 

all dementias42 and thus is the most likely cause, especially in an elderly patient. However, 

other etiologies must also be considered and will be reviewed here. Vascular dementia 

accounts for approximately 20% of all cases of dementia42. It compromises any 

cerebrovascular etiology and is divided into two general classifications: multi-infarct 

dementia and diffuse white matter disease. Having several strokes may result in chronic 

cognitive deficits and is thus called multi-infarct dementia. Unlike the gradual deterioration 
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seen in AD, patients report episodes of sudden worsening of symptoms in a stepwise 

progression, coinciding with another stroke that may otherwise be asymptomatic. On 

neuroimaging, multiple infarcts can be seen. However, mixed dementia, a combination of 

two or more types of dementia are very common and are most often from both AD and 

vascular dementia43. In fact, AD was shown to be comorbid with vascular pathology in 

over 80% of cases based on neuropathological exam44.  Therefore, multiple infarcts on 

imaging does not preclude the possibility of AD also contributing to clinical 

symptomatology. Neuroimaging evidence of bilateral abnormalities of subcortical white 

matter is known as diffuse white matter disease and is often associated with lacunar 

infarctions, though other rarer causes are also possible. Symptoms of dementia may 

progress more slowly but can also occur stepwise similar to multi-infarct dementia. 

However, pyramidal and cerebellar signs may also be present in diffuse white matter 

disease43. Treatment focuses on preventing future cerebrovascular events by addressing 

underlying causes such as hypertension or diabetes43. 

 

Frontotemporal Dementia 

Frontotemporal dementia (FTD) is the third most common form of dementia behind AD 

and dementia with Lewy bodies (DLB)45. Similar to AD, prevalence of FTD increases with 

aging and often is diagnosed in patients 50 to 70 years of age43. Early symptoms of FTD 

are categorized into behavioral, language, and motor abnormalities and manifestation is 

dependent on the site of neurodegeneration. Unlike AD, behavioral symptoms usually 

occur early while memory is spared until later in disease progression and these key 

differentiating features are important in distinguishing the two types of dementia. Typical 

behavioral features in FTD include apathy, disinhibition, weight gain, food fetishes, 
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compulsive behaviors, and loss of empathy43. Pathologically, FTD is characterized by 

abnormal protein aggregation in brain regions which undergo neurodegenerative changes 

including the frontal lobes, anterior temporal lobes, anterior cingulate cortex, and insular 

cortex. Structural and functional neuroimaging techniques are able to visualize atrophy, 

hypoperfusion, and hypometabolism of affected brain regions in later stages of disease46,47. 

The most commonly found aggregated proteins on postmortem examination are the 

microtubule-associated protein tau (MAPT), the TAR DNA-binding protein (TDP-43), or 

fused-in-sarcoma protein (FUS)45. Though the clinical features and underlying pathology 

between FTD and AD are different, the prognosis is the same as there are no disease-

modifying therapeutics available. Patients with FTD have an average life expectancy of 

eight years after symptom onset45. 

 

Parkinson’s Disease Dementia and Dementia with Lewy Bodies 

Parkinson’s disease (PD) is classically described by characteristic motor symptoms 

including bradykinesia, muscular rigidity, resting tremor, and postural and gate 

abnormalities48. Prevalence of PD increases with age and has an average age of onset close 

to 60 years, though there are cases that can develop earlier in life even as early as 30 years 

of age49. The key pathologic feature of PD is loss of dopaminergic neurons in the 

substantia nigra pars compacta (SNpc), resulting in basal ganglia dysfunction and the 

characteristic motor symptoms. Another pathological finding in PD are intraneuronal a-

synuclein protein aggregates known as Lewy bodies50. However, neuronal loss is not 

restricted to the SNpc as other brain regions are also affected50. Total neurodegenerative 

changes likely account for non-motor symptoms also seen in PD. Of these, cognitive 

dysfunction and dementia frequently develop in PD patients. In fact, there is a six-fold 
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increase in risk of developing dementia when compared to age-matched controls without 

PD51. This is collectively known as Parkinson’s disease dementia (PDD). Dementia can 

also precede motor symptoms, and this is known as dementia with Lewy bodies (DLB). 

Thus, in the absence of motor symptoms in the early stages of DLB, differentiating from 

AD can be more challenging. However, both DLB and PDD differ from AD in that 

attention, executive, and visuo-spatial dysfunction is more prevalent  in DLB and PDD 

while language and memory deficits are less characteristic52. Additional clinical features 

including fluctuating cognition, visual hallucinations, and rapid eye movement (REM) 

behavioral sleep disorder. These features make it possible to clinically distinguish from AD 

on getting an accurate history and careful cognitive testing53. Though the motor symptoms 

of DLB and PDD dementia can be managed with levodopa or deep-brain stimulation, 

pharmacologic management of cognitive symptoms and hallucinations is difficult as many 

medications can improve one symptom while making others worse53.  

 

Creutzfeldt-Jakob Disease 

Creutzfeldt-Jakob Disease (CJD) is a spongiform encephalopathy, also known as a prion 

disease. The normal prion protein (PrPC), encoded by the prion gene (PRNP), is found in 

all mammals but it’s function is unknown54. In prion disease, the protein-only hypothesis 

states that abnormally misfolded protein (PrPSc), replicates by converting normally folded 

protein into PrPSc, thereby serving as the infectious agent. This hypothesis is supported by 

many observed characteristics of disease such as injection of PrPSc into animals induces 

prion disease, PrP knockout mice are resistant to prion infection, and PrPSc self-propagates 

in vitro through induction of misfolding in PrPC. However, the mechanism by which this 

processes causes neurodegeneration remains unknown55, though buildup of PrPSc  



 

 
13 

aggregates may have a role. CJD is heterogenous disorder and can occur sporadically, be 

transmitted, or acquired by inheritance. Of these, sporadic disease is the most common, 

accounting for 85% of cases55. Regardless of the mode of acquisition, characteristic brain 

lesions consisting of diffuse or clustered vacuolation that can range from mild to severe 

and be found in varying brain regions. The location and severity of changes is used to 

classify the disease55,56. 

 

As the location and extent of neurodegeneration is highly variable, there can also be 

significant variability in the clinical features, especially early in disease pathogenesis. 

Classically, CJD presents with rapid cognitive decline, ataxia, and myoclonus54. A rapid 

decline with death typically occurring within the first year of symptom onset is what 

typically differentiates CJD from AD and DLB, which have slower rates of 

progression57,58. However, the initial signs and symptoms can have significant overlap, 

making it difficult to differentiate in early stages especially in cases where CJD presents 

with only dementia and none of the motor deficits associated with disease58. Even when 

motor deficits and focal abnormalities are present, it may be difficult to differentiate CJD 

from DLB clinically as they share more features than what is typically seen in early AD.  

MRI is useful in differentiating CJD from other types of neurodegeneration with 

characteristic findings including cortical and/or basal ganglia hyperintensities seen in 96% 

of sporadic cases of CJD. Elevated CSF levels of specific protein biomarkers including  

14-3-3, S100b, and tau are also diagnostically useful54. Though neuroimaging and CSF 

measures can be useful in differentiating CJD, there are currently no therapeutics available 

and disease is always fatal.  
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Reversible Causes of Dementia 

Though there are limited treatments available, differentiating what neurodegenerative 

disease a patient has is important for symptomatic management as well as preparing for 

future complications. However, it is critical to first rule out reversible causes, as these may 

account for as many as 23% of patients first presenting with dementia59. Though there are 

many potential causes, the most likely include  alcohol and drug related dementia, 

depression induced cognitive impairment, CNS infections, metabolic disorders 

(hypothyroidism, hypoparathyroidism, vitamin B12 deficiency), normal pressure 

hydrocephalus, tumors, and chronic subdural hematomas59. In a routine evaluation of 

dementia, the American Academy of Neurology recommends structural neuroimaging, 

screening for depression, and serum testing including complete blood count, blood glucose, 

thyroid function tests, serum electrolytes, BUN/creatinine ratio, serum B12, and liver 

function tests to rule out most common causes of reversible dementia60. However, a 

detailed history and thorough clinical exam can be helpful in what additional testing should 

be done for other reversible causes of dementia59.   

 

Clinical Evaluation 

A possible/probable diagnosis of AD is dependent on clinical assessment when using the 

NIA-AA or DSM-V classification schemes. Although sensitivity and specificity may be 

limited38, misdiagnoses are most commonly a non-reversible cause of dementia with either 

vascular or mixed dementia being most likely, as together they account for 25-40% of 

dementia cases  while AD makes up 50-60%. An algorithm for initial evaluation of a 

patient with dementia is provided in figure 1-1. Clinical evaluations are highly dependent 

on establishing a history of onset and progressive cognitive decline. In this circumstance, 
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accounts from those close to the patient are paramount to establish a diagnosis. Beyond the 

history, interviewing the patient directly can also provide insight into cognitive function. 

Evidence of word finding difficulties, aphasia, and unusual behavior can provide evidence 

to the type of dementia. Also, if a patient appears unalert or unresponsive, it is important to 

consider drug use or delirium before further workup is done42. When interviewing a patient 

or caregiver, consider the following: symptoms at onset, progression of symptoms, impact 

on work and family, safety issues (driving, etc.), risk factors for dementia (as described 

above), and past medical history42. It is also important to account for a patient’s age as AD 

is more likely in elderly patients. In a young patient, AD should still be considered but also 

genetic and metabolic disorders are more common than in older patients and should also be 

included in the differential diagnosis42.  

 

Following history, a cognitive and neurological exam must also be completed to rule out 

other possible causes. The Mini-Mental Status Examination (MMSE) can easily be 

administered in five to ten minutes and is the most commonly used mental status 

examination used clinically. It tests various cognitive domains including memory, 

orientation to place and time, naming, reading, visuospatial orientation, writing, and the 

ability to follow commands. A patient is scored from zero to 30 and less than 24 is 

considered positive for cognitive impairment61. However, MMSE scores can vary with age 

and education level62. Thus, the MMSE is not a diagnostic test but instead a way to identify 

current cognitive deficits and can be used to show cognitive decline on repeated testing. 

The functional activity questionnaire (FAQ) does not measure mental status but instead 

reviews ADLs that may be more difficult with dementia. As a patient with dementia may 

be unaware of their functional capacity, the FAQ is answered by a family member or friend 
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who is around the patient regularly61. At first evaluation, blood tests should also be done to 

identify or rule out reversible causes of dementia. A typical panel would include complete 

blood cell count, electrolytes, glucose, renal and liver function tests, thyroid stimulating 

hormone, serological tests for syphilis, and vitamin B12 as an abnormal result in these may 

indicate a treatable cause.  

 

Structural neuroimaging may be done if other causes of dementia are suspected including 

vascular disease, normal pressure hydrocephalus, tumors, abscess, or subdural hematoma61. 

The yield for identifying a potentially reversible cause of dementia is low. However, the 

American Academy of Neurology recommends either an MRI or non-contrast CT on initial 

workup of dementia. Other neuroimaging techniques including linear or volumetric MRI or 

CT, and PET imaging are not recommended63. Following the initial evaluation, more 

formal neuropsychological testing may be done. Testing is done by either a trained 

psychologist or psychometrician to identify specific deficits in higher cognitive function 

including memory, attention, processing speed, reasoning, judgement, and problem-

solving, spatial, and language functions64. Results provide a more objective measure of 

function, may identify deficits in patients with higher cognitive function and distinguish 

between MCI and dementia61.  Neuropsychological testing may aid in determining the type 

of dementia in addition to establishing a baseline of function to track progression and may 

also provide guidance into a patient’s ability to carry out ADL such as driving or managing 

their own finances as well as determining the level of assistance they may require at that 

time65. Further evaluation can be done in suspected cases of AD using biomarker 

measurements. However, these techniques are also not recommended for routine 

diagnosing of AD and are mainly reserved for research purposes38. Both established and 
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experimental biomarkers of AD as well as neuroimaging will be discussed in more detail in 

chapter three. Genetic testing is also not done in routine evaluation except in cases of early-

onset AD or with a strong family history where mutations in APP, PSEN1, or PSEN2 may 

result in an autosomal dominant pattern of inheritance65.   
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Figure 1-1. Algorithm for initial evaluation of a patient with dementia. Reprinted with 
permission from American Academy of Family Physicians61. 
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Chapter II 

Alzheimer’s Disease Pathology, Progression, and Pharmacological Intervention 

 

Amyloid Pathology and the Amyloid Cascade Hypothesis 

Abnormal accumulation of Ab is a key pathologic feature of AD and the central principle 

of the amyloid cascade hypothesis. According to this hypothesis, under normal physiologic 

conditions, the amyloid precursor protein (APP) is sequentially cleaved by a-secretase and 

g-secretase to produce three soluble fragments which are readily cleared from the brain. 

This is known as the non-amyloidogenic pathway66. Alternatively, in the amyloidogenic 

pathway, sequential cleavage of APP by b- and g-secretase to produce Ab peptide67,68 

(Fig.2-1). Ab then aggregates in b-sheet conformations to form insoluble Ab plaques, 

which cause microglial activation, cytokine release, reactive astrocytosis, inflammatory 

activation, and induce tau hyperphosphorylation leading to formation of neurofibrillary 

tangles (NFTs)69–72 (Fig.2-2). Ab deposition also results in synaptic loss and neuronal 

death, though the primary mechanism of toxicity is still under investigation73. Ab-induced 

pathological changes in particular brain regions, including the hippocampus, are thought to 

cause the cognitive deficits associated with AD74. The amyloid cascade hypothesis was 

further supported by studying familial cases of AD. Mutated genes identified in studying 

inherited forms of AD have been shown to increase Ab production or accumulation75. 

Also, early onset AD occurring before the age of 65 is highly prevalent in people with 

Down syndrome (DS) (trisomy 21), with most individuals developing AD in their 50s76. 

The APP gene is located on chromosome 21 and triplication of this chromosome in DS 

results in an increased gene dosage effect to accelerate Ab plaque deposition77.  
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Figure 2-1.  APP can be processed by the amyloidogenic or nonamyloidogenic pathway. In 
the nonamyloidogenic pathway, APP cleaved by a-secretase at the Ab fragment and the 
soluble APP-a (sAPP-a) fragment is released. The remaining domain is then cleaved by g-
secretase to release the APP intracellular domain (AICD) and the P3 fragment. In the 
amyloidogenic pathway, APP is instead cleaved by b-secretase to first release the soluble 
APP-b (sAPP-b) fragment then further cleaved by g-secretase to form AICD and Ab. 
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Although Ab plaque deposition is a key feature in most models of AD pathogenesis, total 

accumulation does not correlate well with clinical severity of disease78 or brain volume 

loss79. In fact, significant Ab plaque deposition can be found in cognitively normal elderly 

individuals80. The reason for poor correlation between Ab plaque deposition and 

neuropathological changes as well as with clinical severity may be explained by the 

existence of soluble Ab oligomers, which have been shown to be neurotoxic and impair 

synaptic activity81,82. Soluble Ab also correlates more closely with indices of disease 

severity78. These findings suggest that Ab exists in equilibrium between soluble and 

insoluble states and it is the soluble form that exerts some of the neurotoxic effects that 

have been previously associated with Ab plaques. However, as large insoluble protein 

aggregates are likely to be surrounded by smaller and more diffuse Ab oligomers, it 

becomes difficult to determine which is actually causing neuronal injury in vivo as most 

research into the cellular and molecular mechanisms of toxicity have been conducted in 

vitro83. For the purposes of therapeutic development, determining the contribution of 

soluble and aggregated Ab-mediated toxicity is essential as an effective therapeutic may 

preferentially target one or both. However, findings demonstrating Ab-mediated toxicity 

support the utility of targeting either soluble or insoluble Ab as a biomarker for AD.  

 

Other Pathological Features of Alzheimer’s Disease 

Neurofibrillary tangles 

Another pathologic feature of AD is NFT formation. NFTs are composed of 

hyperphosphorylated tau aggregates. Under normal conditions, tau proteins associate with 

microtubules and function in both microtubule assembly and stabilization, which are 
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critical in intracellular and axonal transport. The ability of tau to associate with 

microtubules can be modulated via phosphorylation, where hyperphosphorylation reduces 

binding affinity84. In AD, pathologic hyperphosphorylation of tau results in intracellular 

aggregation to form NFTs. This is thought to disrupt axonal transport activity and lead to 

eventual neuronal death. Although Ab has been shown to induce tau 

hyperphosphorylation72, the way by which these two pathologic features of AD are 

associated remains unclear. One proposed hypothesis is that elevated activity of glycogen 

synthase kinase 3b (GSK3b), a regulatory kinase that mediates phosphorylation at 

serine/threonine85, may play a key role in AD pathogenesis. Several studies have shown 

that GSK3b activation results in increased levels of Ab as well as phosphorylating tau, 

leading to NFT formation (Fig.2-2). The role of GSK3b in AD pathogenesis was supported 

by showing that inhibition of GSK3b led to a reduction in AD pathology and ameliorated 

cognitive decline in transgenic mouse models86–90.  It is also possible that Ab formation 

may elevate GSK3b activity91. GSK3b is also implicated in voltage-dependent anion 

channel 1 (VDAC1) phosphorylation, causing detachment of hexokinase from VDAC1 at 

the outer mitochondrial membrane92. Hexokinase is a glycolytic enzyme functioning in 

transfer of a phosphate group to hexose for the purposes of adenine triphosphate (ATP) 

synthesis. Hexokinase also inhibits apoptosis when bound to VDAC1 by preventing the 

release of cytochrome c, an electron transport chain protein which induces apoptosis when 

released from mitochondria into the cell cytoplasm91,93–95 Inhibited interaction between 

VDAC1 and hexokinase mediated by GSK3b may lead to low ATP availability in 

mitochondria via reduced glucose metabolism as well as promote neuronal apoptosis in 

AD91. However, recent evidence suggests that tau pathology may originate in the lower 
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brainstem rather than in the transentorhinal region as previously described and thus may 

precede initial cortical plaque formation96. These findings imply that both Ab oligomer and 

NFT formation must occur independently for development of AD. In addition to the 

unclear relationship between Ab oligomers and NFTs, tau aggregation is a pathologic 

feature of other neurodegenerative diseases (collectively known as tauopathies) including 

frontotemporal dementia, the most common form of dementia after AD97. The presence of 

tau aggregation in other diseases limit its use as a biomarker, particularly in 

presymptomatic stages of disease, to differentiate various types of dementia. However, 

because it is a shared pathologic feature, therapeutic targeting thus has the potential for 

application not only in AD, but for all tauopathies.  
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Figure 2-2. Glycogen synthase kinase 3b and AD pathology. Ab-induced elevated GSK3β 
activity is a key event in abnormal APP processing, increased Aβ production, and 
phosphorylation of tau and synaptic pathology in AD. GSK3β is proposed to activate 
VDAC1 phosphorylation that leads to mitochondrial dysfunction and synaptic damage in 
AD. Reprinted from BBA Molecular Basis of Disease91 with permission from Elsevier. 
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Vascular pathologies 

Recent evidence suggests there is significant overlap in patients having both 

cerebrovascular disease (CVD) and AD with further evidence suggesting an additive or 

synergistic effect on cognitive decline and development of clinically observable 

dementia98. Risk factors of cardiovascular disease prior to AD diagnosis including high 

cholesterol, elevated low-density lipoprotein (LDL), and a history of diabetes are all 

associated with a faster cognitive decline in AD patients99. AD also presents with findings 

of CVD including small vascular disease (SVD), microvascular injury, and cerebrovascular 

lesions (CVLs)98. Cerebral amyloid angiopathy (CAA) shares similar pathology to AD and 

occurs when Ab peptide aggregates in small cerebral vessels, particularly arterioles of the 

cortex, which can lead to serious complications in advanced stages including vascular 

rupture and spontaneous hemorrhage100. Sporadic CAA is present in 82% to 98% of AD 

cases, more often in patients with ApoE2 and ApoE4 alleles101 and has been suggested to 

contribute to neurodegenerative changes seen in AD102. However, other evidence supports 

that AD and CVD, including CAA, exert an additive rather than interactive effect on 

cognitive decline103.  Further studies are needed to determine the relationship between AD 

and CVD as well as the role each plays in progression from normal cognitive function to 

dementia. 

 

Current Therapies in Alzheimer’s Disease 

Currently there are only five Food and Drug Administration (FDA)-approved treatments 

available for AD, none of which are disease-modifying therapies. Instead these drugs 

provide symptomatic relief for the cognitive symptoms of AD with the goal of maintaining 

or improving quality of life and prolonging patient independence before more intensive 
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care is required in later stages of disease. Three of the approved treatments are from the 

same class, known as cholinesterase inhibitors (ChIs), which act to increase the levels of 

synaptic acetylcholine (ACh). The fourth drug, memantine, is an N-methyl-D-aspartate 

(NMDA) receptor antagonist and acts to reduce glutamate toxicity104. The fifth medication 

(Namzaric), is a combination of a single acetylcholinesterase inhibitor and memantine105. 

In addition to currently available treatments, there are experimental AD therapies in 

various stages of development, including clinical trials, targeted at reducing Ab plaque and 

NFT formation. Both FDA-approved and experimental treatments will be reviewed below. 

 

FDA Approved Therapies 

Acetylcholinesterase inhibitors 

The cholinergic hypothesis of AD states that ACh deficiency contributes to the 

neuropsychiatric symptoms seen in AD. This hypothesis is supported by the observations 

that there is a cholinergic deficiency in AD, resulting from atrophy of the nucleus basalis of 

Mynert, which produces ACh and has efferent projections throughout cortical regions106. 

AD patients develop an array of neuropsychiatric disorders including agitation, psychosis, 

mood changes, anxiety, personality changes, purposeless motor activity, and alterations of 

sleep, appetite and sexual behavior106–108. The cholinergic hypothesis is further supported 

by observations that AD patients become more hostile when given anticholinergic 

agents109, while drugs that increase ACh activity reduce agitated behaviors110,111. 

 

Therefore, increasing ACh neurotransmission should provide symptomatic relief of 

neuropsychiatric symptoms in AD. One strategy for increasing ACh in the cortex is using 

ChIs, which function by inhibiting cholinesterase, an enzyme found within synapses whose 
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function is to degrade ACh112. Tacrine (Cognex, First Horizon Pharmaceuticals) was  the 

first ChI approved for AD in 1993104. However, it was discontinued due hepatotoxicity113. 

Currently there are three ChIs available for treating AD including donepezil (Aricept, 

Pfizer), rivastigmine (Razadyne, Novartis) and galantamine (Exelon, Janssen)114. 

Rivastigmine and galantamine are approved for treatment of mild-to-moderate AD while 

donepezil is approved to treat all stages of disease105,115. ChIs are commonly used as the 

first line of treatment for AD disease as they delay a decline in cognitive function for six to 

12 months following initiation of treatment116. Early initiation of treatment shortly after 

diagnosis is preferred as early intervention conserves a patient’s ability to carry out 

activities of daily living (ADL) and maintain independence. However, beyond six to 12 

months, ChIs do not show additional therapeutic benefit. 

  

NMDA receptor antagonists 

Another FDA-approved drug, memantine (Namenda, Lundbeck) protects neurons from 

excitotoxicity damage by acting as an uncompetitive NMDA receptor antagonist to prevent 

glutamate-mediated activation104. Clinical trials using memantine demonstrated 

improvements in cognition while reducing  behavioral and psychological symptoms when 

used in AD patients with moderate-to-severe stages of disease117,118. Further work 

demonstrated when memantine is used in combination with donepezil, patients with 

moderate-to-severe AD showed improvement in cognition, ADL, and behavior than 

compared to memantine alone119–121.  

 

Experimental Therapies  

Targeting Ab plaques 
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Given that Ab plaques are a key pathologic feature and demonstrated to mediate 

characteristic neurodegenerative changes associated with AD, significant efforts are 

underway to develop drugs that prevent or reduce aggregate formation. One approach for 

this was to develop drugs that inhibit amyloid aggregation. Tramiposate (Alzhemed, 

Neurochem Inc.) is a glycosaminoglycan (GAG) mimetic that competes for the GAG-

binding to prevent fibril formation122. The drug was well tolerated in phase I and phase II 

trials, while CSF Ab levels were reduced from baseline by up to 70% after three months. 

However, there was no difference in clinical symptoms between treatment and placebo 

groups123,124. Other compounds designed to prevent Ab plaques aggregation, including 

colostrum (O-CLN, ReGen Therapeutics) and scyllo-inositol (ELND005, Transition 

Therapeutics/Elan), similarly demonstrated unsustained or no therapeutic benefit104,125.  

 

Another approach for reducing total plaque burden is in developing selective Ab42-

lowering agents. Ab42 is formed by sequential cleavage of APP by b-secretase and g-

secretase. This is known as the amyloidogenic pathway of APP processing. g-secretase can 

cleave at either amino acid position 40 or 42 of Ab  and both of these cleavage products are 

implemented in formation of senile plaques in AD. In particular, Ab42 has the greatest 

tendency to aggregate into fibrils and form plaques. Conversely, if APP is cleaved by a- 

then g-secretase, known as the non-amyloidogenic pathway, this is not associated with AD 

plaque formation104. Therefore, by increasing a-secretase activity or inhibiting either b- or 

g-secretase cleavage, Ab plaque formation will be reduced126. One promising approach was 

targeted inhibition of  b-site APP cleaving enzyme (BACE). However, inhibition of BACE 

presents a challenge for two key reasons. First, BACE functions in cleavage of many 
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different proteins and inhibition may be detrimental to other essential physiologic 

processes. Second, BACE has a large active site requiring large compounds for inhibition, 

many of which are unable to penetrate the BBB104. Despite these limitations, several 

BACE inhibitors have made it to clinical trials127. The most recent phase II/III clinical 

trials were carried out by Merck studying the BACE inhibitor verubecestat on patients with 

mild-to-moderate AD. Unfortunately, as in other trials of BACE inhibitors, verubecestat 

had no effect on the cognitive or functional decline of patients despite reducing CSF 

concentrations of Ab40 and Ab42 by over 70%. Additionally, adverse events were more 

common with verubecestat than in the placebo group128. The trial was stopped early due to 

the lack of clinical benefit and increased risk posed to patients. Similar to BACE, g-

secretase has many substrates and inhibiting cleavage could produce toxic side effects123. 

Despite this, several g-secretase inhibitors have undergone clinical trials and yielded no 

therapeutic benefit129–132. A trial involving semagacestat (LY-450139) even caused a 

decline in cognitive function likely due to accumulation of neurotoxic peptides129. Finally, 

efforts have been made to develop an a-secretase activator, with the goal of increasing 

APP processing via the non-amyloidogenic pathway to reduce Ab formation133. Several a-

secretase activators have been studied in clinical trials but further studies were either not 

pursued or findings of these trials have not yet been published134.  

 

Targeting tau aggregation 

Multiple experimental therapeutics have been identified to act as tau aggregate 

inhibitors104. One such therapeutic, methylene blue, has been previously used clinically to 

treat a variety of conditions including resistant plaque psoriasis135 and 
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methemoglobinemia136. It is also used as a stain in various procedures such as sentinel 

lymph node identification and biopsy in breast cancer137. Surprisingly, methylene blue also 

blocks tau-tau binding to prevent aggregation138. Phase II clinical trials demonstrated 

improvement in AD patients after treatment with methylene blue. However, the compound 

also turns urine blue, making true blinding in clinical trials impossible and this must be 

considered when interpreting results.  

 

A different approach would be to develop tau kinase inhibitors, that would reduce tau 

phosphorylation as hyperphosphorylated tau is what forms intracellular aggregates 

characteristic of AD. Glycogen synthase kinase 3 (GSK3), a serine/threonine protein 

kinase, is a potential therapeutic target to reduce NFT formation139. Lithium, a GSK3 

inhibitor has been shown to improve cognitive function in MCI and therefore may be used 

as a therapeutic in AD140.  

 

Active Immunotherapy 

Immunotherapy is one of the most sought after treatments for AD with both active 

(vaccination) and passive immunization (monoclonal antibodies) currently being 

pursued104.  In 1999, vaccination with Ab as an antigen was first demonstrated to attenuate 

plaque formation in AD transgenic mice overexpressing APP.  Immunizing was shown to 

be effective both in young and aged mice at varying stages of pathologic progression141.  

One of the first trials done in humans was carried out in 2001 using human Ab42 

administered with an adjuvant. Unfortunately, the trial had to be terminated after 

completion of only two to three injections due to complications including 
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meningoencephalitis in 6% of enrolled patients. Of the 300 enrolled patients, only 19.7% 

developed the predetermined antibody response142. Follow-up on patients enrolled in this 

trial including an autopsy study suggested that the immunization did in fact slow AD 

pathologic progression and cognitive function declined less rapidly in patients receiving 

the immunization143. These findings suggested that if the clinical safety of vaccination was 

improved then active immunization could be a viable approach. However, these 

conclusions were later refuted with a separate long-term follow-up study demonstrating 

that plaque reduction was highly variable in treated patients. There was no improved 

survival in immunized patients and plaque clearance did not prevent neurodegeneration144. 

Despite the inconclusive results and clinical risks associated with this approach, 

investigation into active immunization is ongoing145.   

 

Passive Immunotherapy 

An alternative approach to vaccination that is under investigation is passive 

immunotherapy through administration of monoclonal antibodies directed against various 

Ab epitopes. Vaccination approaches for tau pathology have also been considered but 

development is complicated by the fact that tau aggregates form intracellularly123. 

Bapineuzumab is one of the earliest and most well studied anti-Ab human monoclonal 

antibodies. Phase II clinical trials of this antibody, which binds to the N-terminal of Ab, 

was shown to improve cognition and reduce brain atrophy in patients lacking the ApoE4 

allele. However, some patients in the treatment group developed vasogenic edema, a 

potentially lethal complication146. Later, phase III clinical trials testing intravenous 

bapineuzumab in both ApoE4 carriers and noncarriers yielded no benefit in biomarker or 
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cognitive measures147. Three phase III clinical trials were conducted using solanezumab, a 

more recently developed humanized monoclonal antibody that binds the mid-domain of 

Ab. The results of the most recent of these clinical trials was published in January 2018. In 

all trials, solanezumab did not significantly slow cognitive decline in patients with mild 

AD148. Failures in clinical trials using both active and passive immunization along with the 

high cost of administering repeated dosing of antibodies and conducting massive clinical 

trials have deterred many pharmaceutical companies from further investigating 

immunotherapy for AD.  
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Chapter III 

Diagnostic Biomarkers of Alzheimer’s Disease 

 

The development of effective biomarkers for AD have the potential to aid in earlier 

diagnosis of patients in presymptomatic stages of disease and offer the possibility of 

initiating treatment prior to significant neurodegenerative changes. Intervening early on 

could therefore improve clinical outcomes. An effective biomarker can also allow for 

measurements of disease progression such as in the presence or absence of an experimental 

therapeutic and thus measure treatment efficacy in a quantitative manner. Efforts have been 

made using a variety of measurements and modalities to identify a reliable predictive 

biomarker of AD. These have included measurements of cerebrospinal fluid (CSF) 

proteins, plasma tests and various neuroimaging techniques. The following sections will 

review current biomarker detection methods in AD and how they are currently used.  
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Figure 3-1. Comparison of clinical, cognitive, structural, metabolic, and biochemical 
changes as a function of estimated years from expected symptom onset. The normalized 
differences between mutation carriers and noncarriers are shown versus estimated years 
from expected symptom onset and plotted with a fitted curve. The order of differences 
suggests decreasing Aβ42 in the CSF (CSF Aβ42), followed by fibrillar Aβ deposition, 
then increased tau in the CSF (CSF tau), followed by hippocampal atrophy and 
hypometabolism, with cognitive and clinical changes (as measured by the Clinical 
Dementia Rating–Sum of Boxes [CDR-SOB]) occurring later. Mild dementia (CDR 1) 
occurred an average of 3.3 years before expected symptom onset. Reproduced with 
permission from The New England Journal of Medicine149, Copyright Massachusetts 
Medical Society. 
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Cerebrospinal Fluid Biomarkers 

Biomarkers of the CSF represent one of the most direct methods of studying pathology in 

AD short of a brain biopsy. Although a lumbar puncture is an invasive procedure, CSF 

physically contacts the brain and therefore, protein composition of CSF is more likely to 

reflect that in the brain as opposed to plasma measurements, which are separated from the 

brain by the BBB150. Measures of APP metabolism (APP, Ab40/42, truncated Ab) and 

neurodegeneration (tau) in the CSF are some of the most intensely studied biomarkers for 

AD151,152.  APP levels in the CSF were thought to correlate with expression in the brain, 

which could be a potential biomarker in AD. However, studies of APP CSF have been 

inconsistent, with results showing increased153,154, decreased155,156, or unchanged levels157 

when compared between cognitively normal individuals and patients with AD158.  Since 

Ab42, a cleavage product of APP, is a major component of plaques seen in AD, many 

studies have examined CSF measures of Ab42 and other APP cleavage products as 

biomarkers of disease150. Most studies have shown that CSF Ab42 levels decrease in AD 

patients159–161. This effect is thought to result from sequestration of Ab42 in the brain due to 

plaque formation162. However, other studies have also shown CSF Ab42 remaining the 

same163 or increasing in AD patients164. Despite these inconsistencies, a reduction in CSF 

Ab42 has been correlated to increased plaque burden in the brain as demonstrated through 

positron emission tomography (PET) imaging165 and supports CSF Ab42 as a biomarker for 

AD. Interestingly, Ab40, which is a less amyloidogenic cleavage product of APP, remains 

unchanged in AD patients166. A reduction in CSF Ab42/Ab40 ratio was significantly 

decreased in patients with MCI who later progressed to AD, suggesting this measure could 

serve as a more accurate predictive biomarker for AD167. Studies comparing CSF Ab42 to 
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other APP cleavage products have demonstrated potential predictive capabilities as well168–

170. 

 

Tau is an intracellular protein and CSF measures are low in cognitively normal individuals 

but increases indicate neuronal damage and is seen following a stroke or traumatic brain 

injury171,172. Several studies have demonstrated that CSF total tau (t-tau) is increased in AD 

compared to healthy controls152,173. However, similar findings are seen in other types of 

dementia as well as other causes of neuronal damage, and thus this finding has limited 

utility as a diagnostic for AD in early or presymptomatic stages of disease152. In AD, tau 

becomes hyperphosphorylated, causing formation of NFTs and thus, this led to the 

hypothesis that measuring phosphorylated tau (p-tau) may be more specific to AD150. CSF 

measurements revealed that p-tau concentration is increased in AD and may be more 

specific to AD than t-tau152,174,175.  

 

Plasma Biomarkers  

Lumbar punctures for CSF measurements are expensive and time-consuming procedures. 

These limitations as well as tolerability in a demented patient population limit clinical 

utility and application of CSF biomarkers. In comparison, a plasma biomarker would be 

more practical and could be more readily implemented in an asymptomatic population for 

early detection of AD. However, biomarkers in the blood will be found in much lower 

concentrations than compared to CSF. Additionally, biomarkers of AD need to be 

quantified accurately from the plasma, which contains a vast array of other proteins that 

bind AD-related peptides and make detection more difficult176. Most studies of plasma 

biomarkers have focused on quantification of Ab using enzyme-linked immunosorbent 
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assays (ELISAs). However results have been variable, with some showing a slight increase 

in Ab40 or Ab42 in while most show no difference in AD patients compared to healthy 

controls177. Recently developed ultrasensitive measurement techniques including Immuno-

Magnetic Reduction (IMR) and Single-molecule array (Simoa) methods, are capable of 

accurately quantifying proteins in the subfemtomolar range and their emergence have 

revived work in studying plasma biomarkers for CNS disorders178. A recent study 

published in 2018 measured blood-based amyloid biomarkers by immunoprecipitation 

coupled with mass spectrometry179.  APP/Ab42 and Ab42/Ab40 ratios were measured in two 

separate patient populations (Australia and Japan), with both sets including cognitively 

normal individuals, patients with MCI, and patients with AD. All tested serum biomarkers 

demonstrated high performance for predicting plaque burden in the brain as measured 

using PET imaging and correlated well with CSF measurements. These findings suggest 

plasma Ab can accurately predict total amyloid plaque burden using a method that is 

minimally invasive and cost effective179. However, this is an early finding and further 

validation is needed. 

 

Neuroimaging and Alzheimer’s Disease 

Various imaging modalities have been applied to AD using structural techniques to identify 

gross changes in anatomy, functional techniques to visualize changes in neuroactivity, and 

molecular techniques for noninvasive visualization of AD-related pathology. These 

methods are under development of the purposes of identifying early biomarkers of AD, 

monitor progression to better understand AD pathophysiology, and to also evaluate 

efficacy of experimental treatments180. The need for clinical neuroimaging strategies in AD 
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led to the formation of the Alzheimer’s Disease Neuroimaging Initiative (ADNI), a multi-

institutional initiative established in 2004 for the validation of AD imaging biomarkers for 

use in clinical trials. After more than a decade, ADNI has led to many advances in AD 

neuroimaging including development of standardized biomarkers for clinical trials, 

standardized protocols across multiple centers, provided a model for data sharing, and 

generated considerable data to better understand the relationship between biomarkers and 

AD progression181. 

 

MRI: structural & functional 

Structural imaging is chiefly carried out using computed tomography (CT) and magnetic 

resonance imaging (MRI). Compared to MRI, CT is more readily available, less expensive, 

and imaging is much faster, which is beneficial in studying a patient population with 

dementia. However, CT is not used for diagnosing AD but rather for ruling out potentially 

reversible causes of dementia such as a subdural hemorrhage or a tumor182.  In AD, CT 

may visualize findings of cerebral atrophy including enlarged ventricles and sulci. 

Unfortunately, these will only be present in late stages of disease and are not specific to 

AD. Thus, CT cannot not be used as an early diagnostic test. 

 

MRI is preferential in many clinical applications as it offers spatial resolution of tens of 

microns, does not expose patients to ionizing radiation, and can provide insight into 

anatomical and functional changes seen in AD180. Longitudinal studies conducted on AD 

patient cohorts have identified gross anatomical changes detectable with MRI. Structural 

MRI studies have consistently shown atrophy in the entorhinal cortex and hippocampus 

(Fig.3-2); observed both in patients with MCI and AD183,184.  In fact, atrophy in either 
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region strongly predicts future cognitive decline and progression from MCI to AD185–188. 

These observations led to the development of a visual rating system, which measures 

atrophy in medial temporal lobe (MTL) structures (hippocampus, entorhinal cortex, 

perirhinal cortex). Measures of MTL atrophy are capable of identifying patients with 

probable AD and MCI as well as predict progression from either cognitively normal to 

MCI or MCI to AD189,190.  Standardized evaluation of gross anatomical changes using MRI 

can thus be applied to evaluation of experimental therapeutics through reduction in the rate 

of atrophy compared to untreated controls and imaging biomarkers can then be compared 

to clinical measures of dementia191. Further work has also demonstrated that hippocampal 

volume loss correlates with amyloid plaque burden as measured using PET imaging192,193, 

which will be discussed later in detail. The relationship between hippocampal volume and 

Ab accumulation, both soluble and insoluble, was observed in ApoE4 transgenic mouse 

models of AD as measured using MRI and Ab assessed using immunohistochemistry 

(ICH). The same study, also demonstrated that cognitive decline in these mice as measured 

using behavioral studies also correlated with hippocampal atrophy and inversely correlated 

with plaque burden194. Interestingly, several studies have also shown that hippocampal 

atrophy precedes cognitive impairment and that atrophy in select hippocampal subfields 

occurs with Ab plaque accumulation192. In fact, detectable anatomical changes in the MTL 

lobe measured using MRI can precede clinical signs of AD by at least five years195.  
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Figure 3-2. Hippocampus atrophy as shown by high-resolution structural MRI scans. 
Coronal sections shown from high-resolution structural MRI scans depicting the head of 
the hippocampus (labelled in red) in a patient with Alzheimer's disease (A) and a healthy 
age-matched control (B). Severe atrophy of the hippocampus in the patient with 
Alzheimer's disease is evident by visual comparison with the healthy control. Reprinted 
from the Lancet with permission from Elsevier 196. 
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In addition to measuring atrophy using volumetric techniques, other MRI structural 

methods have been studied including diffusion tensor imaging (DTI), which measures 

water diffusion in the brain for the purposes of measuring white matter integrity182.  DTI 

measures of white matter connectivity perturbation in AD have been observed by several 

independent studies197–199. Additional work has shown that alterations in white matter 

tracks of AD patients precede gross changes200 and that DTI may help differentiate AD 

from other types of dementia including DLB201. These findings support the utility of 

structural MRI techniques as predictive biomarker for later development of AD and for 

monitoring disease progression. However, currently their use is limited to research settings 

and are not regularly used clinically202, likely due to availability and cost. 

 

Functional MRI (fMRI) as the name suggests, is a method of measuring functional activity 

in the brain. Most fMRI studies measure changes in blood oxygen level dependent (BOLD) 

signal to show task-induced or spontaneous changes in neural activity203. BOLD signal is 

measured at baseline and then subtracted from activity measured when the subject is 

completing a specific cognitive task. Changes in signal between the two states indicate a 

change in neural activity at a select brain regions204.  Thus far, fMRI studies have 

demonstrated that AD patients have altered functional activity in hippocampus, inferior 

parietal lobes and cingulate cortex than compared to control subjets205. Functional 

connectivity within the parahippocampal gyrus may be associated with clinical severity of 

AD206 and other fMRI measures may in fact predict clinical stage of AD and effectively 

track disease progression207. Based on these studies, fMRI has the potential to detect 

functional variation in AD patients at early stages of disease. Unfortunately, like structural 

MRI, its use has been limited to research purposes. For now, MRI remains difficult in 
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cognitively impaired patients because of an inability to carry out complex cognitive tasks 

and difficulty keeping patients still during long scan times, which is essential for 

interpretable data as MRI is highly sensitive to motion artifacts202.   

 

PET imaging 

PET imaging has been used as a means to evaluate brain metabolic activity and to visualize 

pathology of AD. 18F-2fluoro-2-deoxy-D-glucose (FDG)-PET is used to measure tissue 

metabolic activity and demonstrates synaptic activity in the brain202. When comparing AD 

patients to cognitively normal controls using FDG-PET, AD patients have a dramatic 

reduction in cortical metabolic activity208. This effect was particularly evident in the 

parietal-temporal cortex, posterior cingulate cortex, and the lateral frontal cortex209. 

Although FDG-PET demonstrates changes in neural activity that account for 

symptomatology seen in AD, the technique is less able to detect changes in early stages of 

disease and thus has little utility as a diagnostic test182.  

 

Several PET tracers have been developed that bind and visualize Ab, but the most widely 

used agent is Pittsburgh Compound-B (PiB)210 (Fig.3-3). PiB is a thioflavin derivative 

labeled with the 11C positron-emitting nucleus and is highly sensitive for detecting Ab, 

with most studies showing 96% of AD patients were Ab-positive180,202. The assumption in 

this study was that Ab-negative patients received the wrong clinical diagnosis and had 

some other form of dementia or that PiB was not sensitive enough to detect pathology and 

it would become visible later in disease progression202. One caveat to these findings is that 

amyloid deposition can be observed in cognitively normal individuals using PiB (Fig.3-
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3B). This could be interpreted as PiB identifying patients in preclinical stages of AD or Ab 

pathology alone is not sufficient to cause AD. Longitudinal studies of Ab-positive and 

cognitively normal individuals are needed to determine the implications of this 

observation80. A limitation of using 11C-labeled PET tracers including PiB, is that 11C has a 

half-life of ~ 20 minutes and must therefore be used shortly after radiosynthesis180. 18F has 

a longer half-life (~110 minutes), making it easier for use in human imaging. Several 18F 

tracers have been developed for measuring amyloid burden, including florbetapir, which 

has demonstrated high sensitivity and specificity to amyloid plaques as confirmed on 

autopsy in patients who died within two years of PET imaging with florbetapir211. A recent 

meta-analysis of florbetapir and other 18F tracers (florbetaben, flutemetamol) found each 

had sensitivity and specificity of ~90%, which is comparable to PiB. However, the number 

of subjects and each study was low and thus require further validation212.   
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Figure 3-3. Elderly individuals are placed in order from left to right by use of proposed 
biomarker staging scheme. (A) A cognitively normal individual with no evidence of Aβ on 
PET amyloid imaging with PiB and no evidence of atrophy on MRI. (B) A cognitively 
normal individual who has no evidence of neurodegenerative atrophy on MRI but has 
significant Aβ deposition on PET amyloid imaging. (C) An individual who has dementia 
and a clinical diagnosis of Alzheimer’s disease, a positive PET amyloid imaging study, and 
neurodegenerative atrophy on MRI. Aβ=β-amyloid. PiB=Pittsburgh compound B. 
Reprinted from the Lancet with permission from Elsevier213.  
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Tau-specific PET tracers were also developed including 18F-labeled tau aggregate ligands 

T-807 and T-808, which have both been studied in clinical trials214,215. However, further 

work must be done to understand the utility of tau-PET tracers for diagnostic applications 

in AD as well as understanding tau’s role in AD and other tauopathies216. Although PET is 

capable of identifying whether or not a patient has AD pathology with good certainty, PET 

has poor spatial resolution on the order of 5-10 mm, which limits the ability to detect fine 

neuroanatomy features and effectively localize pathology. Additionally, unlike MRI, PET 

exposes patients to radiation and thus limits its use in longitudinal studies where multiple 

scans on a patient would be required. Finally, the use of PET imaging clinically is 

restricted due to its high cost and limited availability. Because PET agents have short half-

lives, distribution remains challenging180. As many as 11 states in the US and much of the 

rest of the world are not able to order from PETNET, the distributer of PET agents from 

Siemens Healthineers217. Efforts have been made to reduce cost and increase accessibility 

but, until that is achieved, PET use in AD will be largely restricted to research-based 

applications. 
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Chapter IV 

Blood Brain Barrier: Structure, Function and Challenges in Neuropharmacology 

 

Structure and Function 

The BBB is composed of the vasculature found within the CNS, which prevents diffusion 

of most compounds into the brain parenchyma and spinal cord. There are three main 

classes of capillaries and these include continuous nonfenestrated, continuous fenestrated, 

and discontinuous, all of which differ in their ability to regulate transfer of solutes between 

the blood and tissue parenchyma218. CNS capillaries are continuous nonfenestrated, 

preventing paracellular transport of most molecules, but they also have additional 

properties that allow for tighter regulation of transport between the blood and CNS219.  

 

The three cellular elements which compose the BBB are endothelial cells, astrocyte end-

foot processes, and pericytes220. Brain endothelial cells are connected at a junctional 

complex by tight junctions and adherens junctions221. These junctions prevent free 

diffusion of compounds between the blood and CNS with the exception of small lipid-

soluble molecules <400 Da, which can cross the BBB via lipid-mediated diffusion222. 

Endothelial cells also express the multidrug resistant transporter P-glycoprotein (P-gp), an 

ATP-dependent efflux pump which actively effluxes lipophilic metabolites from the brain, 

including many potential neurotherapeutics223,224. 

 

Astrocytes, a type of glial cell, extend processes that almost completely ensheath the 

vascular tube218. They provide a cellular link between neural circuitry and blood vessels to 

allow for the regulation of blood flow in response to neuronal activity218,225,226. Though 
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astrocytes do not structurally contribute to the BBB227, they potentially promote CNS 

endothelial formation, as demonstrated by the ability of purified astrocytes to induce 

development of BBB properties in non-CNS blood vessels in culture228. Astrocytes may 

have a role in regulating CNS vasculature permeability, but their exact function in 

controlling BBB differentiation and permeability requires further study as there have been 

conflicting findings219. Pericytes, contractile cells that wrap around endothelial cells, 

provide structural support and vasodynamic capacity220. In the CNS, pericytes also provide 

mechanical stability229 and further support through matrix deposition as well as promoting 

endothelial differentiation and quiescence via molecular signaling230. However, the 

molecular mechanism by which pericytes mediate endothelial stabilization is not well 

understood219.  

 

Implications in Neurodiagnostic and Therapeutic Development 

Highly regulated transport of substances across the BBB is essential in maintaining 

homeostasis within the CNS and preventing entry of harmful toxins or pathogens. 

However, the existence of the BBB presents an obvious problem of delivering potential 

diagnostic or therapeutic agents to the brain. In fact, the BBB excludes delivery of nearly 

100% of large-molecule neurotherapeutics and over 98% of all small-molecule drugs231. 

For a small-molecule drug to cross the BBB via passive paracellular diffusion across the 

CNS endothelium, the compound must have a  molecular mass under 400- to 500- Da and 

be highly lipid soluble232. This severely limits treatment options for CNS disorders as many 

will not respond to molecules that have those characteristics. Exceptions include affective 

disorder, chronic pain, epilepsy, and migraine headaches231.  
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By designing a molecule that is small enough and sufficiently lipid soluble to cross the 

BBB, this also increases its penetration to other tissues systemically. Because of this, larger 

dosing is required to sufficiently deliver enough of the compound to the brain and mediate 

a therapeutic effect. This is especially important to consider if the experimental compound 

exhibits toxicity at higher doses or has off-target effects that could result in side-effects 

beyond what is tolerable or safe.  

 

Although more lipid-soluble molecules should traverse the BBB, many actually have worse 

penetrance than predicted due to the presence of ATP-binding cassette (ABC) transporters 

including P-gp233. Many lipid-soluble drugs are substrates of transporters that actively 

efflux from endothelial cells, preventing delivery into the CNS. Targeted efflux provides a 

further challenge in design of neurotherapeutics as well as in comparing animal models to 

patients since ABC transporter expression varies across species223. Although P-gp’s role in 

drug efflux is well characterized, there are many other transporters expressed within the 

BBB whose roles in drug resistance are less understood. These include breast cancer 

resistant protein (BCRP), members of the of the organic anion transporting polypeptide 

(OATP) family and organic anion transporter (OAT) family223. Additionally, genetic 

variants including polymorphisms in transporters may result in inconstant targeting of 

drugs for efflux and account for some of the variability seen between patients in their 

response to the same treatment223. 
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Figure 4-1. The blood-brain barrier (BBB) is composed of brain microvascular endothelial 
cells, pericytes, astrocytes, tight junctions, neurons, and basal membrane. Ions and solutes 
utilize concentration gradients to pass the BBB by passive diffusion through the 
paracellular pathway between adjacent cells. The transcellular pathway includes different 
mechanisms such as passive diffusion, transporters and transcytosis. Efflux transporters, 
e.g., P-glycoprotein (P-gp), also influence BBB permeability. Abbreviations: BBB: blood-
brain barrier; P-gp: P-glycoprotein. Reprinted from Theranostics with permission from 
Ivyspring International Publisher234.  
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Current Methods of Neuropharmacological Drug Delivery 

Transcranial drug delivery 

Restrictions in drug delivery imposed by the BBB require development of alternative 

approaches to expand the pool of potential therapeutics beyond those that can passively 

diffuse across the brain endothelium. One method is transcranial delivery using 

neurosurgical approaches such as intracerebral implantation, intracerebroventricular (ICV) 

infusion, and convection enhanced delivery (CED). A limitation of intracerebral or ICV 

injections is the poor diffusion of compounds beyond the site of administration231. A study 

in rats showed that the concentration of a small molecule decreases by 90% when 0.5 mm 

from the injection site235. Limited diffusion within the CNS may be preferential in certain 

applications such as in administering chemotherapeutics for brain tumors, but hinders 

application in more global neurological disorders including AD. Drug penetration into the 

brain can be improved using CED, where fluid is forced through the brain following drug 

administration231. Although direct administration can be effective, these approaches have 

limited clinical application because they are invasive, expensive, and require surgical 

expertise and hospitalization. 

 

BBB disruption 

Another approach to improve drug delivery is to transiently increase BBB permeability 

pharmacologically. For example, intracarotid infusion of osmotic agents such as mannitol 

disrupt the BBB by shrinking endothelial cells236. However, this approach results in 

chronic neuropathological changes in rodents237 and can cause seizures in both rodent 

models and humans238,239. Other compounds used for BBB disruption include those for 

solvent/adjuvant-mediated disruption such as ethanol or dimethyl sulfoxide (DMSO)231,240–
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242. When drugs are prepared in either of these solvents, delivery to the brain significantly 

increases than when using a physiological buffer through destabilization of the BBB. 

Immune adjuvants are used regularly in vaccines to enhance immune response to a 

presented disease-specific peptide. An adjuvant mediates improved response by recruiting 

immune cells to the injection site. Additionally, adjuvants induce an inflammatory 

response that can increase BBB permeability231. In fact, adjuvants can disrupt the BBB 

enough such that IgG antibodies can enter the brain for weeks after an injection243. This 

property of BBB disruption is especially relevant in efforts to develop a vaccine for AD 

where antibodies must enter the brain for immune-mediated clearance of Ab. Additional 

studies have demonstrated that other pro-inflammatory substances can also change BBB 

permeability including tumor necrosis factor-a (TNF-a)244, nitric oxide (NO)245, 

prostaglandins246, and pathogen-associated molecular patterns (PAMPs) such as the 

bacterial endotoxin lipopolysaccharide (LPS)245,247,248, which I will discuss in more detail 

in chapter seven. Pretreatment or co-administration of any of these with a drug may 

therefore improve delivery to the brain but the effect of BBB disruption must be weighed 

against the potential risk of permanently damaging the brain endothelium and inducing 

systemic inflammation that could lead to aseptic shock.  

 

In addition to chemical and inflammatory mediated BBB disruption, efforts have been 

made using focused ultrasound (FUS) to enhance delivery of neurotherapeutics. In this 

approach, low frequency ultrasound waves are delivered using a noninvasive trans-cranial 

technique249,250. Using a low frequency is advantageous in that it reduces the risk of 

permanent tissue damage249. FUS can also be targeted to select brain regions when 
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employed in conjunction with MRI where BBB disruption can be observed by contrast 

extravatisation251.   These features offer a unique advantage than when compared to 

chemically-induced BBB disruption, which affects all tissues even beyond the CNS and 

comes with an inherent risk of toxicity or permanent damage especially in the context of 

chronic administration231. Many preclinical studies investigating application of FUS for 

delivery of antibodies251 and chemotherapeutics252,253 to the brain are underway as regional 

specificity could be used to target treatment to the site of a brain tumor. Furthermore, FUS 

has been used to deliver anti-Ab antibodies to the brain of AD transgenic mouse models 

and treatment resulted in rapidly reduced plaque burden254,255. Interestingly, MRI-guided 

FUS administered to AD mouse models in the absence of anti-Ab antibodies also resulted 

plaque reduction, likely through increased delivery of endogenous immunoglobulins to the 

brain and enhanced activation of glial cells, which correlated with increased internalization 

of Ab in microglia and astrocytes256. 

 

Targeting endogenous BBB transporters 

Another promising approach for delivering pharmacologic agents to the brain is by 

targeting endogenous transport systems within the CNS endothelium whose primary role is 

to shuttle nutrients, metabolites and proteins between the brain and blood257. Carrier-

mediated transport (CMT) provides a means of transporting small hydrophilic molecules 

such as glucose and amino acids258. By linking small molecule drugs to a natural CMT 

ligand, delivery to the brain can be improved259. However, targeting CMT for larger 

compounds has been unsuccessful257. Receptor-mediated transport (RMT) occurs when an 

endogenous ligand binds a receptor on the apical endothelial surface and then undergoes 
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endocytosis to form an intracellular vesicle, which migrates to the basolateral plasma 

membrane to be released into the brain parenchyma260. RMT is responsible for transport of 

many endogenous proteins including uniform proteins such as transferrin and more 

heterogenous macromolecules such as lipoproteins257,261–264. Targeting RMT for drug 

delivery involves coupling therapeutics to a receptor targeting moiety such as the 

endogenous RMT ligand, a peptide ligand mimic, or an anti-receptor antibody257. This 

approach has been successfully implemented targeting several RMT systems including the 

transferrin receptor (TfR)265, insulin receptor266,267, and low density lipoprotein 

receptors268–270.   

 

A recently designed bispecific antibody developed at Genentech targets the transferrin 

receptor for delivery of a potential AD antibody therapeutic. Transferrin (Tf) is an iron-

binding protein that transports iron to different tissues. TfRs found on endothelial cells 

facilitate transcytosis of iron-bound transferrin into the brain271. The antibody is bivalent in 

that one arm has a TfR domain while the other arm has a therapeutic domain, which binds 

and inhibits BACE1 to prevent Aβ peptide production. By having a domain to bind 

transferrin, this antibody utilizes RMT transport to reach the brain and the other domain 

then inhibits BACE1 activity to reduce Aβ production. Intravenous dosing of macaques 

with anti-TfR/BACE1 antibodies demonstrated significantly increased delivery to the brain 

than anti-BACE antibodies that lacked a TfR binding domain. The bivalent antibody also 

reduced Aβ both in cerebral spinal fluid and in brain tissue, and the degree of reduction 

correlated with the brain concentration of anti-TfR/BACE1 antibody. These results 

demonstrate that the TfR bispecific antibody platform can robustly and safely deliver 

therapeutic antibody across the BBB in the primate brain272. Although RMT transport has 



 

 
54 

had some therapeutic benefit in preclinical animal models, this approach is hindered in that 

reliance on a specific transport mechanism will require significant optimization for every 

tested compound and may not work for all potential neurotherapeutics. 

 

Intranasal administration 

Intranasal administration of drugs is a promising approach as a non-invasive method for 

direct delivery of both small and large molecule neurotherapeutics to the brain273–278. The 

exact mechanism of delivery by intranasally administered compounds to the CNS is not 

well understood. However, there are several routes of transport that are thought to 

contribute. Molecules are able to cross the olfactory epithelium via transcellular or 

paracellular pathways. In transcellular transport, a compound can be taken up either by the 

olfactory or trigeminal cranial nerve, both of which innervate the nasal cavity, and are 

transported  to the CNS by receptor, carrier-mediated or  vesicular transport273,279. As 

transcellular transport is dependent on cellular processes for uptake and delivery of 

compounds, delivery is saturable and can take hours to days for delivery to the brain280. 

Conversely, paracellular transport involves rapid transport of molecules between olfactory 

epithelial cells. Olfactory receptor neurons (ORNs) are chiefly responsible for mediating 

smell by conveying sensory information to the CNS. However, because ORNs are directly 

exposed to potential neurotoxins in the environment, they will regenerate every three to 

four weeks281. This constant cellular turnover is thought to make the olfactory epithelium 

“leaky” and allow for transport directly to the CNS277,282. Specialized Schwann cells called 

olfactory ensheathing cells (OECs) are responsible for ensheathing ORN axons. 

Interestingly, OEC channels remain intact while ORNs are undergoing regeneration, 

creating passageways that may facilitate rapid transport from the nasal cavity to the 
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brain283. In fact, paracellular transport of intranasally administered molecules to the brain 

can occur in 30 minutes or less282. Improved delivery to the brain through intranasal 

administration has been demonstrated for both currently available and experimental AD 

therapeutics including benzodiazepines284,285, vaccine antigens278,286, Aβ immunogens287–

290, insulin291–298 and cholinesterase inhibitors299–307. Targeting olfactory uptake of 

diagnostic and therapeutic agents could allow for noninvasive and safe delivery of 

compounds that previously had limited clinical application due to poor BBB permeability. 

Direct uptake also avoids systemic extraction or alteration and improved delivery to the 

brain would permit the use of lower doses to reduce peripheral toxicity. This delivery 

mechanism could also theoretically target specific brain regions through selective transport 

along the olfactory nerve via direct uptake and delivery or bulk flow mechanisms such as 

perivascular transport277. The entorhinal cortex receives afferent input from the olfactory 

nerve but is also immediately adjacent to and sends projections to the hippocampus. Both 

brain regions demonstrate high pathologic burden in AD and thus selectively targeting 

these regions through intranasal administration could improve therapeutic efficacy276,308. 

 

Blood Brain Barrier Changes in Alzheimer’s Disease 

Extensive studies have demonstrated that the BBB is in fact disrupted in various conditions 

including physical trauma309, ischemia310 and CNS infections such as bacterial meningitis 

and human immunodeficiency virus (HIV)311–313. Similarly, the BBB is also disrupted in 

other neurological diseases including multiple sclerosis, CNS tumors, Parkinson’s disease 

and AD313,314. Enhanced BBB permeability in pathologic states is thought to result from 

either opening of endothelial tight junctions to permit paracellular transport or increased 

pinocytosis activity and formation of transendothelial channels, both of which allow 
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transcellular transport315.  BBB dysfunction leads to increased transport of blood-borne 

molecules to the brain as well as cellular infiltration from trans-endothelial migration314. 

Early postmortem studies in patients with known cases of AD demonstrated various 

changes within the brain endothelium including decreased number of mitochondria, 

increased pinocytosis vesicles, collagen accumulation in the basal lamina and necrosis316. 

Clinical studies on AD patients confirmed BBB dysfunction by gadolinium-enhanced MRI 

and measuring CSF/blood albumin ratio317. Influx of Ab peptide into the brain is facilitated 

by the receptor for advanced glycosylation products (RAGE) while efflux of Ab is the 

result of lipoprotein receptor protein (LRP)-1. Under normal conditions, these transport 

mechanisms work in tandem to regulate Ab levels in the brain to prevent excess 

accumulation and aggregation. However, age-dependent impairment of LRP-1 activity and 

increased RAGE expression leads to Ab accumulation and formation of neurotoxic senile 

plaques314. Early studies identified IgG and complement protein aggregates in close 

proximity to Ab plaques within the brain parenchyma, suggesting plaque formation causes 

focal changes in BBB permeability318. In fact, neuroinflammation is a characteristic feature 

of AD and thought to be essential in AD progression, possibly through BBB disruption313. 

Some research has shown that treatment of AD transgenic mouse models with nonsteroidal 

anti-inflammatory drugs (NSAIDs) including COX-2 inhibitors may be neuroprotective319. 

However, another study demonstrated COX-2 inhibition actually led to hippocampal cell 

death320, suggesting further work must be done investigating therapeutic applications of 

ant-inflammatory drugs in AD.  
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Though BBB compromise in AD may allow proinflammatory molecules and toxins to get 

into the brain, increased permeability offers a unique opportunity for improved 

bioavailability of potential therapeutics. Active immunization with Ab immunogens or 

passive immunization with anti-Ab antibodies may have reduced plaque burden effectively 

in animal models321 at least partially due to improved antibody transport into the brain 

resulting from disease-mediated BBB disruption of endothelial tight junctions in addition 

to RMT mechanisms313,322. Interestingly, if the BBB is selectively disrupted in areas with 

AD-related pathologic change, more targeted delivery of therapeutics to affected brain 

regions can be achieved313 and reduce the risk of off-target neurological effects. 
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Chapter V 

Alzheimer’s Disease and the Eye 

Although vision is difficult to study in a patient population with dementia, a range of visual 

deficits have been reported in patients with AD. In particular, higher order visual 

processing such as object and face recognition appear to be affected while there is dispute 

as to whether lower order visual processing, including color vision and visual acuity are 

also impaired as a result of AD-related pathology323,324. Similarly, pathologic changes in 

the optic nerve fiber, hypothalamus,  and visual cortex are well studied while evidence of 

pathology in the eye itself, including the retina and lens, are controversial323. However, as 

evidence of ocular changes in AD grows, efforts to evaluate these changes as potential 

biomarkers of disease are underway.  

 

Cholinergic Deficits and Pupillary Response in Alzheimer’s Disease Patients 

Acetylcholine deficiency is a known feature of AD, resulting from loss of presynaptic 

cholinergic pyramidal neurons325. This observation is supported by the clinical efficacy of 

acetylcholinesterase inhibitors, which improve cognition and global function in AD 

patients326. An interesting early observation demonstrated that patients already diagnosed 

with AD exhibited marked hypersensitivity to tropicamide, a cholinergic antagonist used 

for pupillary dilation. Using tropicamide, variations in pupillary dilation were capable of 

accurately differentiating patients with AD or suspected AD from cognitively normal 

controls327. Pupillary constriction is regulated by the Edinger-Westphal nucleus, which 

provides preganglionic parasympathetic innervation to the eye. Treatment with tropicamide 

inhibits terminal signaling in this pathway and causes pupillary dilation. Exaggerated pupil 

dilation with cholinergic antagonist treatment in AD patients results from selective 
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targeting of the Edinger-Westphal nucleus by AD pathology and reduced parasympathetic 

cholinergic signaling to the pupil328. Neuronal loss and AD pathology were also observed 

in the Edinger-Westphal nucleus of some samples from cognitively normal patients on 

postmortem examination. This observation may explain why some elderly subjects with 

normal cognition also exhibit pupillary hypersensitivity to tropicamide329.  However, 

testing with tropicamide can elicit a similar hypersensitivity response in patients with 

vascular dementia and Parkinson’s disease330,331. Additionally, other studies evaluating the 

use of tropicamide as a diagnostic test for AD showed no significant difference in pupillary 

response between AD patients and healthy controls330. As a result of these inconsistent 

findings, tropicamide testing cannot be used as a diagnostic test for AD.  

 

Evidence of Ab in the Lens  

In an effort to find a noninvasive method for detecting plaques, studies have focused on 

identification of Ab in the lenses of affected individuals. However, results from these 

studies have produced conflicting results. Goldstein et al. were the first to identify Ab 

deposition in lens specimens from individuals diagnosed with AD332. They identified Ab40 

and Ab42 in lenses of both people with and without AD. Concentrations of both species 

were comparable to those seen in the cerebral cortex. On slit-lamp surveys in the same 

study, supranuclear cataracts were seen in all AD samples but not in the controls. 

Supranuclear cataracts are an uncommon presentation333 and are potentially unique to 

AD334. Histological analysis of these lenses demonstrated colocalization of supranuclear 

cataracts with Ab immunoreactivity, suggesting regionally-specific Ab aggregation in AD 

patients332. Comparable findings were seen in a study evaluating lenses from people with 
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DS335. The APP gene is located on chromosome 21 and triplication of this chromosome in 

DS results in overexpression. Ab accumulation occurs rapidly in those with DS336 and 

results in early-onset AD in this population337. Those with DS also characteristically 

develop cerulean “blue dot” cataracts of unknown composition338. Moncaster et al. 

reported supranuclear cerulean cataracts in the lenses of DS patients that developed in an 

age-dependent manner335. Anti-Ab immunoreactivity was observed and further localized to 

the cytoplasm of supranuclear fiber cells in the lens. These results suggest a common 

molecular origin between the increased prevalence of specific cataract phenotypes and 

increased prevalence of early-onset AD in people with DS and sporadic AD332,335. Cataract 

formation is also observed in transgenic mouse models of both DS and AD339,340. 

Interestingly, Melov et al. demonstrated that treating a transgenic mouse model of AD with 

the antioxidant EUK-189 resulted in significantly fewer severe cataracts compared to the 

untreated group339. This finding suggests that cataracts seen in AD form through an 

oxidative mechanism, which is also implicated in Ab-related pathogenesis seen in the 

brain. Taken together, these results support common pathology existing in both the brain 

and lens in AD, particularly localized to supranuclear cataracts. Concentrations of Ab in 

the lens were comparable to those seen in the brain341 and Ab-containing cataracts 

developed in an age-dependent manner in those with DS335. Based on these findings, 

plaque deposition in the lens reflects that seen in the brain and measuring Ab 

concentrations in the lens could therefore serve as a biomarker for AD.  

 

Other groups have failed to replicate the findings originally reported by Goldstein et al. in 

2003. In a similarly designed study, Michael et al. examined lenses from patients 
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diagnosed with AD, several of which had pronounced cortical lens opacities342. Lenses 

from AD donors and age-matched controls with some also containing lens opacities were 

stained using Congo red, thioflavin, and immunohistochemical staining but Ab was not 

detected in any lenses. This led to the conclusion that Ab is not present in either AD or 

control cataracts342. The same group later published further negative results when 

examining the lenses of AD patients using confocal Raman microspectroscopy343.  Using 

this technique, they are able to measure b-sheet content in different tissues. Comparing 

measurements between lenses from those with AD to age-matched controls, they were 

unable to detect any difference in b-sheet levels within the lens even in the presence of 

opacities. As a control, Michael et al. measured b-sheets present in hippocampus samples 

from AD donors and were able to detect an increase in b-sheet levels, supporting the use of 

confocal Raman microspectroscopy in examining the lenses. Their findings were further 

supported by negative results in repeat staining analysis using Congo red, thioflavin, and 

immunostaining for both Ab and tau343. Ho et al. were also unable to identify Ab in the 

lens when stained with Congo red or immunostaining344.  

 

It is possible that the discrepancies between these studies were caused by differences in 

sample preparation. The lens is a particularly challenging structure to work with as it is 

more difficult to preserve than brain tissue, which was used as a positive control in the 

described studies. Since there was a longer postmortem interval in Michaels et al.342, this 

may have reduced their ability to detect Ab plaques. Additionally, Michaels et al. had to 

rely on a clinical diagnosis of AD for their lens samples as postmortem brain studies were 

not always possible342,343. There were also differences in the sample preparation and 
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staining protocols used, which may account for some variation. However, since there is no 

definitive positive control for Ab plaque detection in the lens, it is nearly impossible to 

show which differences in sample preparation could account for discrepancies in the 

presented studies. In addition, because confocal Raman microspectroscopy was used to 

measure the b-sheet content of a tissue, it could be argued that Ab in the lens has not 

formed b-sheet fibrils and may instead be present as soluble oligomers. This would also 

explain the lack of findings when staining with Congo red and thioflavin. However, 

absence of fibrils in the lens would not explain why Ab is not detected with specific 

immunostaining343. In summation, with such discrepancy in Ab detection within the lens, it 

is controversial whether it can be considered a reliable biomarker for AD at this time.   

 

Lens Pathology as an Ocular Biomarker of Disease 

Although there are discrepancies in findings for whether or not Ab is truly present in the 

lens of AD patients, efforts are underway to study Ab in the lens as a biomarker for AD. 

One such effort, led by Lee Goldstein, is to utilize a custom-built quasi-elastic light 

scattering (QLS) instrument for noninvasive in vivo detection of Ab plaques. It was 

previously shown that synthetic Ab incubated with human lens protein extract potentiated 

aggregation and increased backscatter light intensity on QLS analysis335. These findings 

suggest that QLS analysis may be used to quantitatively assess lenses in vivo for AD 

pathology. Since then, QLS has been applied to noninvasively detect AD lens pathology in 

subjects with DS345. Kebege et al. have applied the SAPPHIRE system, a fluorescent 

ligand in combination with a laser scanning device, to detect Ab in the human lens in 

vivo346. In this study, an ointment is prepared containing a fluorescent naphthalene-based 
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ligand, which has been shown to bind aggregated Ab peptide (Fig.5-1)347. The ointment 

was applied to a subject’s eye and the lens was analyzed using a laser scanning device. 

Five subjects were included in the AD cohort and the cognitively normal control group. 

Fluorescent signal intensity from the Ab-targeting ligand was higher in the supranuclear 

regions among AD patients when compared to controls346. These results complement the 

initial findings observed by Goldstein et al. that supranuclear opacifications in lenses from 

AD patients contained Ab plaques332. Of note, one control subject determined normal by 

cognitive testing exhibited fluorescent measurements higher than other control subjects and 

may be interpreted as a false positive. This patient, though cognitively normal, had the 

ApoE4variant. Having the ApoE4 gene variant increases risk of developing late-onset AD6 

and therefore, the identified control subject has an increased risk of developing AD in the 

future. The clinical study had no serious adverse effects and results were promising that the 

SAPPHIRE System could in fact differentiate between those with AD and control 

subjects346. Future studies using this technique must include larger sample sizes and 

include longitudinal studies of subjects who are cognitively normal or with mild cognitive 

impairment to see if the SAPPHIRE System can be used as a screening method to predict 

who will later develop AD.  
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Figure 5-1. Naphthalene-based probe capable of binding pre-aggregated and aggregated 
Ab. Binding results in a 76 nm red shift and is accompanied by a 9.3-fold fluorescence 
intensity increase347. The probe was applied as a gel to the eyes of AD patients and 
cognitively normal individuals to noninvasively detect and evaluate Ab in the lens as a 
biomarker for AD346. 
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Evidence of Ab in the Retina 

Other research has focused on determining whether Ab plaques form in the retina of AD 

patients and if detection of these could be utilized as an early diagnostic tool. The retina is 

a part of the central nervous system with a high density of neurons and thus may exhibit 

comparable Ab accumulation as that seen in the brain.  Retinal abnormalities have 

previously been described in AD patients including ganglion cell loss348,349. Ganglion cell 

death was also reported in a transgenic mouse model of AD350. However, ganglion cell 

death is not a feature specific to AD351 and thus detection may not serve as an effective 

biomarker for early diagnosis of AD if seen in other types of dementia. Ab deposition has 

been observed in the retinas of postmortem eyes from AD patients as well as in suspected 

early cases using immunostaining but were not seen in age-matched controls351. Ab and 

APP immunoreactivity has also been observed in the retinas of several different transgenic 

mouse models of familial AD352–355. This deposition was shown to occur within multiple 

layers of the retina and in an age-dependent manner352. Retinal Ab deposition in transgenic 

mice was shown to closely correlate with total plaque burden in the brain351 and cause 

retinal degeneration as well as retinal functional impairment352,355. Importantly, Ab was 

detected in the retinas of transgenic mice prior to cognitive decline as demonstrated with 

behavioral testing and was also detected in postmortem retinal samples from people 

suspected to be in early stages of AD351. These findings suggest that an ophthalmic test 

designed to detect retinal Ab could identify plaques early in AD progression and be used as 

an early diagnostic tool. Liu et al. also demonstrated that administration of Ab vaccinations 

resulted in reduction of both brain and retinal plaque deposition in transgenic mouse 

models of AD354, suggesting that noninvasive monitoring of retinal plaques could serve as 
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a surrogate measure for changes in total plaque burden during therapeutic trials. However, 

vaccination also led to an increase in Ab in retinal vasculature354. Taken together, the 

presented studies in both human postmortem retinas and transgenic mouse models of AD 

provide evidence that detection of retinal Ab could be used as an early diagnostic for AD 

and potentially to monitor therapeutic efficacy over the course of a clinical trial. The lack 

of published studies refuting Ab in the retina as was seen within the lens suggest that 

detection in the retina may be a more reliable measure and pursuit of a noninvasive 

detection method is warranted. However, the postmortem study which identified retinal Ab 

plaques in AD patients was done only for eight cases351. Therefore, Ab plaques in retinas 

from AD patients should be demonstrated using a larger sample size to provide more 

justification for pursuit of a noninvasive retinal detection test. It is also important to 

consider that Ab has recently been reported in the retinas of those with age-related macular 

degeneration (AMD) and Ab levels correlated with AMD progression355. Thus, since Ab is 

present in the retina for both AMD and AD, retinal detection of Ab in patients could 

potentially lead to either diagnoses and must be paired with clinical features to effectively 

differentiate between them, especially in early stages of disease. Despite these caveats, it is 

imperative that an in vivo method of detection be developed to evaluate retinal Ab plaque 

deposition and its utility as a biomarker for AD. 

 

In vivo Retinal Imaging in Alzheimer’s Disease 

Previous efforts have attempted to identify retinal abnormalities that may be used as a 

diagnostic indicator of AD. In one such study, a scanning laser ophthalmoscope (SLO), 

used to evaluate patients with glaucoma, was used to study the optic nerve head in those 



 

 
67 

with AD. It was demonstrated that patients with AD had a significant reduction in optic 

nerve fibers compared to control subjects356. Another technique used to noninvasively 

evaluate retinal changes in AD is optical coherence tomography (OCT), which allows for 

cross-sectional imaging of the retina357. In vivo studies using OCT has shown that 

peripapillary retinal nerve fiber layer thickness was significantly decreased in patients with 

AD356,358–363 and mild cognitive impairment359 than that seen in cognitively normal 

controls. This suggests that retinal nerve fiber layer thinning may occur early in AD 

progression and may serve as a potential diagnostic measure. However, retinal ganglion 

cell death as identified using OCT has also been observed in other disorders including 

glaucoma364,365 making it less specific for early detection of AD. Measurements of retinal 

nerve fiber layer thickness using OCT in patients with AD did not correlate with either 

Alzheimer’s specific CSF measurements or mini-mental status exam scores, suggesting 

retinal nerve fiber layer thickness may not correlate with disease progression or severity366. 

The same study by Jentsch et al. also investigated a newly developed technique of 

fluorescence lifetime imaging ophthalmoscopy (FLIO), which measures global changes of 

retinal autofluorescence. Fluorophore composition within the retina will change as a result 

of disease-specific accumulations and FLIO attempts to identify these changes to be used 

for early diagnoses and monitoring of disease progression. Jentsch et al. demonstrated that 

changes in FLIO parameters in AD patients compared to controls do in fact correlate with 

measures of AD severity366. However, the identified FLIO parameters may not be specific 

to AD. Other diseases affecting the retina must also be studied to see if measured 

parameters vary. Future studies using FLIO should also include patients with mild 

cognitive impairment who later develop AD to evaluate whether FLIO can identify 

changes in the retina early in disease progression. A separate study sought to identify 
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retinal vascular biomarkers of AD by comparing retinal photographs between AD patients 

and healthy controls. Several retinal vascular parameters were altered in AD patients or 

healthy controls who demonstrated high Ab cortical plaque burden as identified using PET 

imaging. These results suggest that analysis of retinal vasculature could potentially be used 

for detection of AD or for monitoring AD progression367. However, none of the described 

techniques targeting the retina are directly measuring pathology specific to AD. 

 

Efforts are underway to develop a method of  imaging retinal Ab plaques noninvasively in 

vivo351. One such approach is through use of curcumin, a component of turmeric that is 

capable of crossing the BBB and binding cortical Ab plaques upon intravenous injection or 

oral administration368. Additionally, curcumin’s natural fluorescence allows it to be readily 

identified when associated with Ab plaques. Following intravenous administration, 

dissected retinas from AD transgenic mouse models were found to have plaques labeled 

with curcumin as determined by fluorescence and colocalization with Ab-specific 

immunostaining. Plaques were not detected in wild-type mice receiving the same curcumin 

injection. These findings indicate that curcumin is capable of crossing the blood-retinal 

barrier and associating with retinal Ab plaques. Preliminary in vivo imaging of AD 

transgenic mice injected with curcumin using a rodent retinal imaging microscope showed 

that plaques can be identified by detecting curcumin fluorescence. Ex vivo results 

confirmed curcumin specificity seen using in vivo retinal imaging. Additionally, 

immunotherapy treatment known to reduce cortical plaque burden was also shown to 

reduce curcumin-visualized retinal plaques compared to non-immunized transgenic mice. 

Results from this study demonstrate that intravenously-administered curcumin can label 
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Ab plaques and be detected noninvasively351. This technique could potentially be used to 

detect Ab plaques in patients for diagnosing AD or to monitor therapeutic efficacy in 

clinical trials as curcumin is known to have low toxicity even at high concentrations or 

with frequent dosing369. However, curcumin’s amphiphilic properties require high levels of 

detergents for it to dissolve, causing the formulation to be too viscous for peripheral 

intravenous injection in humans370 and thus would need to be administered via other means 

in clinical trials. Frost et al. reported preliminary results from a clinical trial testing the 

efficacy of curcumin to detect retinal Ab plaques in AD patients. Curcumin was given 

orally to subjects with AD and cognitively normal controls. Retinal imaging was done to 

quantify curcumin fluorescence and compared to PET amyloid imaging as a measure of 

cortical plaque burden. Results found that curcumin retinal testing could differentiate AD 

patients from controls with 100% sensitivity and 80.6% specificity. The full study was 

expected to be completed in 2014371 but results have not yet been published. It is important 

to consider that curcumin has poor bioavailability due to poor absorption, rapid 

metabolism, and rapid systemic elimination372,373. This may reduce its efficacy in retinal 

Ab detection when administered orally to humans. Recent studies have reported methods 

for improving curcumin’s bioavailability373 and could potentially be applied to improving 

noninvasive retinal plaque detection in humans.  
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Chapter VI 

Introduction to Specific Aims 

As outlined in the previous chapters, there currently lies a major deficit in the field of AD 

in development of effective disease modifying therapeutics. Two major contributing 

factors are (1) the BBB severely restricts the breadth of experimental treatments that can be 

tested as it prevents passage of most compounds from peripheral circulation to the brain 

and (2) it is likely that significant neurodegenerative changes have already occurred at the 

time of diagnosis and thus, treatment is initiated too late in disease progression to inhibit 

further cognitive decline. To address both challenges, we sought to identify ways to 

improve delivery of compounds to the brain parenchyma that could be used clinically for 

either novel diagnostic testing or therapeutic applications. We are also developing a 

noninvasive method of detecting AD pathology that could potentially be readily 

implemented clinically to identify patients presymptomatic stages of AD such that therapy 

can be initiated earlier and potentially improve clinical outcomes. 

 

This work has three primary specific aims:  

Specific aim 1: To evaluate lipopolysaccharide-mediated opening of the blood brain 

barrier for improved theranostic delivery in Alzheimer’s Disease. We hypothesize that 

controlled induction of a systemic inflammatory response can increase permeability of the 

BBB and improve delivery of both small molecules and larger agents, including 

nanoparticles, that previously had limited clinical applications due to poor BBB 

permeability. As this approach is not dependent on specific trans-endothelial transport 

mechanisms, it could be used to improve delivery of a variety of agents for both diagnostic 

and therapeutic purposes. 
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Specific aim 2: To demonstrate that aerosolized thioflavin S can bypass the blood 

brain barrier and bind Ab plaques in vivo. In addition to increasing BBB permeability, 

we are also investigating aerosol administration to target olfactory-mediated transport to 

the brain and thus completely bypassing the BBB. Similar to specific aim 1, this approach 

also generalizable to a variety of compounds and has the added advantage of not directly 

altering the BBB, which is accompanied by inherent risks of exposing the brain to a host of 

circulating pathogens or toxins. For this study, we are using thioflavin S, a fluorescent Ab-

binding agent with poor BBB permeability.  

 

Specific aim 3: To demonstrate that aerosolized fluorescent probes can bind retinal 

Ab plaques and be detected noninvasively. Using aerosol administration, we hypothesize 

that thioflavin S and curcumin can bind retinal Ab plaques and be detected using 

noninvasive retinal imaging. If successful, this approach could be used to evaluate retinal 

plaque burden as a biomarker and early diagnostic for future development of AD.  
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Chapter VII 

Immune-Mediated Blood Brain Barrier Opening for Improved Reagent Delivery in 

Alzheimer’s Disease 

 

Introduction 

The exact mechanism of neuronal degeneration in AD remains unknown; however, the 

cytopathological hallmarks of the disease appear to be the formation of extracellular Ab 

plaques, which leads ultimately to profound neuron toxicity and atrophy characteristic of 

disease374. Since the formation of Ab plaques is one of the underlying mechanisms 

implicated in AD, detection and eventual disruption of their formation, particularly at the 

onset of the disease and prior to significant neurodegeneration, would be an ultimate goal 

in treating AD.  

 

Toward that end, experimental therapeutics, including small molecules375,376 and 

antibodies377 that target Ab were developed. Although these approaches demonstrated 

significant promise and widespread appeal, as discussed in chapter two, many 

demonstrated little or no therapeutic benefit during clinical trials. Several limitations exist 

in the development of drugs intended for the brain. For instance, a variety of criteria must 

be considered in all related initiatives, such as the drug’s ability to cross the BBB and bind 

Ab.  In fact, AD clinical trials using antibodies may have largely been unsuccessful 

because they are unable to traverse the brain endothelium under normal physiologic 

conditions and thus not be effectively delivered to mediate a therapeutic benefit. As basic 

neurological research continues to reveal novel targets for AD therapy, the necessity to 
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deliver therapeutic agents across the BBB becomes of paramount importance. The 

improved bioavailability of drugs or imaging probes in the brain for the detection/treatment 

of AD produces a prolonged therapeutic effect and, as a consequence, reduces toxicity, 

cost, and importantly is expected to eradicate the disease210,378–380.  

 

Unfortunately, drug delivery across the BBB is still a significant challenge and lags behind 

other areas in molecular neuroscience, because of the difficulties posed by this barrier381. 

The brain contains blood capillaries that are different from the blood capillaries in other 

tissues. Peripheral capillaries have open interendothelial junction spaces and active 

pinocytosis, which forms a paracellular route and a transcellular route, respectively, for the 

free diffusion of molecules from the blood to the organ interstitium. However, brain 

capillaries are lined with a unique layer of endothelial cells that lack fenestrations and are 

sealed with intercellular tight junctions that effectively prevent diffusion through 

paracellular pathways. Furthermore, these cells have minimal pinocytosis that eliminates 

the nonspecific transcellular route of molecular transport from blood to brain382. This is 

exacerbated by the fact that brain capillaries are also reinforced to eliminate nonspecific 

molecular transport into the brain with a matrix of astrocyte foot processes and P-gp active 

drug efflux transporter proteins in the luminal membrane of the cerebral capillary 

endothelium383,384. Due to these unique properties of vertebrate brain capillaries, the 

distribution of molecules from blood to the brain interstitial space is facilitated mainly via 

two mechanisms, namely, lipid-mediated free diffusion of small molecules and catalyzed 

transport of small or large molecules381. Certain large molecules such as peptides can be 

transported across the BBB via RMT systems257. To facilitate the delivery of drugs, which 

do not belong to the aforementioned categories or in special circumstances, a number of 
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active techniques have been developed, such as intracranial injection385, electroporation or 

incorporation of a drug into cationic liposomes386,387, dendrimers388 or bacterial 

toxins389,390, focused ultrasound252,391, pulsed electric field392 and intracerebroventricular 

injection methods using convection-enhanced delivery393 and intraventricular catheters to 

bypass the BBB394. It has been known that the BBB also can be compromised during 

disease conditions, such as meningitis, encephalitis, sepsis and local and systemic 

infections395. Even in AD itself, increased inflammatory activity may be responsible for 

inducing BBB dysfunction313,316,396,397. Inflammation has also long been known for 

disrupting the BBB398–400. For example, lipopolysaccharide (LPS), a bacterial endotoxin 

has been shown to affect the permeability of the BBB in animal models247. LPS is a 

molecular motif structurally similar amongst gram-negative bacteria that is recognized by 

the innate immune system and results in pro-inflammatory cytokine release mediated by 

the transmembrane protein, toll-like receptor 4 (TLR-4)401. Vascular changes occur as a 

result of this inflammatory state, including increased expression of leukocyte adhesion 

molecules, cytokine release and increased permeability, which are all seen in brain 

endothelium as well402–404. Previous studies have shown that LPS can alter BBB 

permeability405,406, increase absorptive endocytosis and immune cell 

adhesion/trafficking403,407,408, and direct application of LPS to brain endothelial cells 

increases intracellular leakage409. However, innate immune response to LPS mediated by 

leukocyte recruitment and activation410–416 can become maladaptive in severe localized and 

systemic infections, leading to septic shock due to rapid cytokine release417. 

 

Given the complexity of the biological and immunological events that emerge after treating 

animals with LPS, questions arise over the relative benefits and pernicious effects of LPS. 



 

 
75 

In this work, we want to examine the toxicity threshold, kinetics of BBB opening and the 

benefit of LPS-induced opening of the BBB on a transgenic mouse model of AD. The data 

suggest that the BBB in 5XFAD mice remains intact even when the animals are old, 

however, it is prone to be compromised by LPS compared to the wild type counterpart. We 

conclude that LPS has gravitas as a BBB opener, albeit careful dosing is necessary to avoid 

potential toxicity.  
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Materials and Methods 

Materials 

Thioflavin S and LPS were obtained from Sigma Aldrich (St Louis, MO) and 

superparamagnetic iron oxide nanoparticles (SPIO) were developed in-house as previously 

described418. All reagents and solvents were of analytical grade and used as received from 

the commercial source without further purifications.  

 

Animals 

5XFAD and control C57BL/6J mice were maintained at Vanderbilt University under 

standard conditions, in a 12 hr light/dark cycle and with free access to food and water. The 

5XFAD mice over express both mutant human amyloid precursor protein (APP) and 

presenilin 1 (PS1), correlating with high burden and accelerated accumulation of the Ab. A 

colony of 5XFAD transgenic mice obtained from Jackson Laboratories was maintained by 

crossing 5XFAD mice with a wild-type (wt) C57BL/6J strain. The mice were genotyped by 

a standard polymerase chain reaction using DNA isolated from tail tips with the following 

primers: PSEN1 forward, 5’–TCATGACTATCCTCCTGGTGG-3’ and reverse, 5’-

CGTTATAGGTTTTAAACACTTCCCC-3’. For APP, forward, 5’ -

AGGACTGACCACTCGACCAG-3’ and reverse, 5’-CGGGGGTCTAGTTCTGCAT-3’. 

We also genotyped mice for the presence of retinal degeneration Pde6brd1 mutation using 

forward, 5’-AAGCTAGCTGCAGTAACGCCATTT-3’ and reverse, 5’-

ACCTGCATGTGAACCCAGTATTCTATC-3’. After polymerase chain reaction 

amplification, the DNA product of each reaction was analyzed by size fractionation 

through a 1% agarose gel; with Pde6b mutant=560 bp, APP transgene= 377 bp and PSEN1 
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transgene=608 bp. The 5XFAD mice were maintained as heterozygous. Animal 

experiments were conducted per the guidelines established by Vanderbilt University’s 

Institutional Animal Care and Use Committee. At the end of the study, animals were 

euthanized by cervical dislocation after sedation with 2.5% isoflurane. Clinical signs were 

used to verify euthanasia, including heartbeats and reflection to toe-pinching. Further, if 

animals showed signs of illness (weight loss, food withdrawal, or infection) they were 

sacrificed before the endpoints. All experimental procedures in this study were approved 

by the Vanderbilt University IACUC panel. 

 

LPS Dose Thresholds 

In a series of pilot studies, the maximal dose with which LPS, derived from Escherichia 

coli O111:B4 (Sigma Aldrich, St Louis, MO), could be administered was determined to be 

3mg/kg. Additional pilot studies supported previously published results402 that LPS-

mediated BBB permeation can be observed 24 hr after administration. To illustrate the 

dosage-dependent effect of LPS on BBB opening, LPS was administered via tail vein 

injection at varying doses (0.01mg/kg, 0.1mg/kg, 1mg/kg, 3mg/kg) on sedated mice, which 

received 2.5% isoflurane mixed with 2 liter/minute of oxygen. Approximately 24 hr later, 

LPS-treated mice (3-5-month-old or 13-15-month-old) were treated with either i.v. 

thioflavin S (5XFAD n=3) or SPIO nanoparticles [5XFAD n=6 (3 young, 3 old mice), wt 

n=10 (3 young, 7 old mice) age-matched]. Brain specimens were harvested 8 hr following 

this final injection using the cardiac perfusion protocol (described below).  

 

Thioflavin S/SPIO formulation and administration 

Thioflavin S was prepared in sterile saline and filtered using 45µm Luer-Lok syringe 
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filters. During preparation, samples were wrapped in foil to prevent photodegradation. A 2 

mg/kg dose of thioflavin S was administered to each animal. 10 mg/kg SPIO nanoparticles 

were given to respective mouse cohorts. SPIO was stored in 1x PBS but diluted in sterile 

saline prior to administration. Intravenous injection of both thioflavin S and SPIO solutions 

were accomplished through the caudal tail vein in mice anesthetized with 2.5% isoflurane. 

While anesthetized, hot water in a standard latex glove was applied to the tail to induce 

dilation of the caudal tail vein. A catheter prepared from an insulin syringe and capillary 

tubing was filled with saline and inserted into the tail vein. To ensure intravenous delivery, 

catheter position was confirmed by observing blood back-filling the catheter. The 

experimental compound was then injected, and the catheter was flushed with saline. 

Following administration, mice were observed until they regained consciousness and 

returned to the mouse facility for recovery.  

 

Cardiac perfusion procedure   

Following exposure or treatment, mice were anesthetized with isoflurane and laid on a bed 

of ice after which the thoracic cavity was accessed via a sharp transverse incision into the 

abdomen. This was followed by a series of longitudinal cuts with surgical scissors to open 

the thoracic cavity by cutting the sternum to the right of the xyphoid process, which then 

was stabilized with a thoracic retractor to expose the heart. Perfusion was performed with a 

25-gauge syringe containing ice-cold PBS (30 mL, pH 7.4) inserted into the apex of the 

heart through the left ventricle and injected slowly into the ascending aorta. Upon initiation 

of perfusion, the right atrium was snipped using micro scissors to facilitate drainage of the 

systemic venous return. Immediately following PBS perfusion, 30 mL of 4% 

paraformaldehyde (PFA) (pH 7.4) was perfused. With perfusion completed, the animals 
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were decapitated, and their brains quickly harvested. Brains were removed by making 

incisions from the cervical spine to the auditory canal. A shallow incision was made at the 

interparietal and parietal bone junction. Surgical scissors were inserted into the incision in 

the skull and a cut was made along the sagittal suture, being careful not to damage the 

brain. The skull was then removed in pieces using forceps. Cranial nerves and the olfactory 

bulbs were cut to free the brain from the skull. After removal, brains were fixed in 4% PFA 

overnight at 4°C. Brains to be immuno-stained were cryoprotected for two days in 10% 

sucrose at 4°C. Cryoprotected brains were then embedded in Tissue-Tek optimum cutting 

temperature (OCT) compound for cryosectioning and stored at -80°C until sectioned. All 

other fixed tissue was embedded in paraffin by the histology core for sectioning.  

 

Immunohistochemistry 

Brains embedded in OCT were cut into sagittal sections (10 µm) using a Tissue-Tek 

cryostat and mounted onto Fisher Premium plain, charged glass slides (Fisher Scientific). 

Prior to staining, slides were washed with PBS for 5 min before being subjected to a citrate 

buffer antigen retrieval protocol. Slide mounted sections were incubated for 30 min in a 

100°C bath of sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and 

allowed to cool for 20 min before being washed in PBS for another 5 min. Sections were 

blocked in 3% bovine serum albumin (BSA) in PBS with 0.05% Tween-20 (PBST) for 1 hr 

at room temperature. Treated sections were then incubated overnight at 4°C with primary 

antibodies: beta amyloid 17-24 (4G8) mouse monoclonal antibody (1:200 dilution, 

Biolegend, San Diego, CA, USA) diluted in blocking solution. Following two 5 min 

washes with PBST, the sections were subsequently incubated with secondary antibodies 

goat anti-mouse Alexa 647-conjugated IgG (1:200, ThermoFisher Scientific, Pittsburgh, 
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PA, USA) for 1 hr at room temperature. The sections were then washed with PBS and 

coverslipped with a fluorescent-specific antifade mounting medium (Vector Laboratories, 

Burlingame, CA) and allowed to dry in the dark at room temperature overnight.  

 

Perls’ staining for SPIO nanoparticle detection 

Brains were manually cut into 2 mm coronal sections using a mouse brain matrix and all 

sections were embedded into a single paraffin block. Splenic tissue taken exclusively from 

untreated wt mice were also embedded in each paraffin block and sectioned. Because 

spleens naturally contain a high level of iron, it serves as an internal positive control for 

Perls’ Prussian Blue staining on each slide. 5 µm coronal sections were cut on a microtome 

and mounted onto charged glass slides. Paraffin sections were deparaffinized in xylene and 

rehydrated in a series of ethanol baths. Following rehydration, slides were incubated in 

freshly prepared Perls’ Prussian Blue solution (1:1 potassium ferrocyanide and 

hydrochloric acid) for detection of ferric iron, including SPIO nanoparticles found in tissue 

parenchyma. After washing in water, slides were counterstained in nuclear fast red solution 

for 5 min. Finally, sections were washed, dehydrated in a series of ethanol baths, cleared in 

xylene, and mounted using Organo/Limonene mount (Sigma Aldrich, St Louis, MO). After 

mounting, slides were allowed to dry at room temperature overnight.  

 

Assessment of the distribution of the probes via stereological analysis 

High-resolution digital images of whole slides in brightfield at 20x magnification to a 

resolution of 0.5 µm/pixel were produced using the Leica SCN400 Slide Scanner (Fig.7-1). 

Images were then analyzed in a web-based digital slide-viewing environment called the 
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Digital Imaging Hub (Leica Biosystems) using Tissue Image Analysis (TIA) tools. A color 

definition file was made to identify positive Perls’ Prussian Blue stain in mouse spleen 

tissue, which naturally contains a high level of iron and serves as a positive control tissue 

(Fig.7-1B). Regions of interests (ROIs) manually drawn for individual brain sections were 

then analyzed for total tissue area and positive stained area as determined by the color 

definition profile. These values were used to calculate percent positive tissue area, which 

represented SPIO nanoparticle delivery to the brain.  
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Figure 7-1.  Digital image of mouse brain and spleen. (A) ROIs were drawn around each 
brain section and spleen (shown with arrow). (B) High magnification of spleen with 
positive Perls’ staining (blue). 
 

A 
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Confocal microscopy 

Whole section fluorescence imaging was performed on mounted slides from LPS-treated 

and untreated mouse cohorts with i.v. injection of thioflavin S to assess the BBB 

permeability for small molecules. Imaging was performed on spinning disk confocal 

system equipped with a Nikon Eclipse Ti microscope, a Yokogawa CSU-X1 spinning disk 

head, and Andor DU-897 EMCCD camera. The sections were visualized by montage scan 

with 10x Plan Apo (air) 0.45 NA WD 4.0 mm objective, with or without 1.5x intermediate 

magnification, with 488 nm and 647 nm laser lines to excite thioflavin S and Alexa Fluor 

647 respectively, and appropriate emission filters 525 nm (+/- 18 nm), and 641nm (+/- 75 

nm) were used. All slides were imaged with identical settings utilizing NIS-Elements 

imaging software for acquisition and analysis. 

 

Statistical analysis 

All statistical analysis was performed using Graphpad Prism 7.0 (Graphpad Software, 

Inc.). Error bars represent the standard error of the mean (SEM). To assess differences in 

survival at 24 hr post LPS treatment between 5XFAD and wt mice receiving the same 

treatment, a chi-square test was used.  Comparison of means of more than two groups was 

done using one-way analysis of variance (ANOVA) followed by the Newman-Keuls post-

test.  
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Results 

Maximal tolerable dose of LPS in wt mice 

To assess the extent to which LPS could induce effective BBB opening without causing 

severe side effects or lethality, animals were treated with a series of concentrations of LPS 

via i.v. injection. Previous studies reported that i.p. injection of 3 mg/kg LPS is safe and 

significantly increased BBB permeability 24 hr post injection in a mouse model248,402. In 

this work, we want to compare the same dose using wt mice albeit with i.v. injection. In the 

first approach to assess the dose-toxicity relationship, mice (n=2) were treated with 3 doses 

of 3 mg/kg LPS, with each injection 5 hr apart. Immediately after injection, all animals 

were recovered from anesthesia and appeared healthy, nevertheless, the slow but probably 

strong inflammation419 caused by repeated doses resulted in 100% fatality (Table 7-1). 

When the injection frequency was reduced to two doses (n=3) of 3 mg/kg LPS, 5 hr apart, 

treatment was still highly lethal at 24 hr post LPS injection. Similar to the previous report 

for i.p. injections, we found that i.v. injection of a single dose of 3 mg/kg of LPS was well 

tolerated with approximately 90% survival in wt mice (n=18), albeit 5XFAD mouse (n=21) 

survival using the same dose is much lower, at 57% (p<0.05, chi-squared test). There is a 

small chance of death in mice if combined with large injection volume. However, if the 

injection volume was reduced from 120 µL to less than 100 µL, the animals were able to 

tolerate the treatment. At low LPS doses ranging from 0.01-1 mg/kg, there was 100% 

survival in wt mice (n=4, each).  
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Table 7-1. Effect of LPS dose on lethality of wt and 5XFAD mice. From 0.01-3 mg/kg of 
LPS was injected i.v. via the tail vein of mice in a volume <100 µL. Double (x2) or triple 
doses (x3) were injected 5 hr apart. Data for 5XFAD mice is shown only for 3 mg/kg dose, 
in parentheses. Reprinted from Journal of Alzheimer’s Disease with permission from IOS 
Press420. 
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LPS-induced blood brain barrier opening in 5XFAD mice for thioflavin S 

Next, we assessed BBB permeability on 5XFAD mice using the highest tolerable dose of 3 

mg/kg LPS as described in the toxicity study above. To facilitate the detection and 

visualize the distribution of the delivered molecules upon BBB compromise, we used 

thioflavin S, since not only does it have high affinity for Ab but it cannot cross the BBB 

under normal physiological conditions421. Further, thioflavin S is a fluorophore that can 

readily be detected in tissue sections. As shown in Fig.7-2A, ex vivo treatment of a 5XFAD 

mouse brain section with thioflavin S resulted in robust staining of Ab in the hippocampus, 

cortex and subiculum. This finding is expected as thioflavin S is currently used for amyloid 

staining. However, due to its inability to penetrate the BBB, i.v. injection of 2 mg/kg 

thioflavin S to 5XFAD mice does not show signal in the brain (Fig.7-2B).  
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Figure 7-2. Assessment of BBB penetration capability and Ab specificity of thioflavin S on 
5XFAD mice. (A) ex vivo thioflavin S staining of the brain slide depicting the hippocampal 
region; (B) i.v. injection of 2 mg/kg thioflavin S resulted in no fluorescence signal in the 
hippocampus or cortex (CTX = cortex, SUB = subiculum, DG = dentate gyrus). Reprinted 
from Journal of Alzheimer’s Disease with permission from IOS Press420. 
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In the next experiment, as depicted in the timeline of Fig.7-3, aged 5XFAD mice (13-15 

month-old) were injected i.v. with 3 mg/kg LPS, then 24 hr later the same LPS-treated 

animals were injected with i.v. thioflavin S (2 mg/kg). This optimized BBB opening 

timeframe was previously reported402. 8 hrs later, animals were cardiac perfused, sacrificed 

and brain sections were prepared for imaging. As shown in Fig.7-4A, if 5XFAD mice were 

treated with thioflavin S alone, this resulted in no fluorescence signal in the brain, albeit 

remarkable Ab amyloid expression was detected via immunohistochemistry (Fig.7-4B&C). 

In contrast, when 5XFAD mice were i.v. injected with the same thioflavin S dose after 

BBB compromise by LPS, the compound now can reach the brain and bind to Ab plaques 

at regions of high plaque burden, such as the cortex (Fig.7-4D) and the data correlate with 

Ab immunostaining on consecutive slides (Fig.7-4E&F). Thioflavin S distribution to the 

other areas in the brain, including subiculum, CA1, CA2 regions is shown in Fig.7-5. 
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Figure 7-3. Timeline and procedures to test LPS-mediated opening the BBB in transgenic 
and wt mice using small and large materials. Reprinted from Journal of Alzheimer’s Disease 
with permission from IOS Press420. 
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Figure 7-4. Effect of LPS on BBB opening in cortex. 5XFAD mice were injected i.v. with 
2 mg/kg thioflavin S alone, (A) thioflavin S channel (green), (B) anti-Ab antibody channel 
(red), and (C) merged data on the same section or pretreated with LPS 24 hr before 
thioflavin S injection (D) thioflavin S channel (green), (E) anti-Ab antibody channel (red) 
and (F) merged data on the same section. Reprinted from Journal of Alzheimer’s Disease with 
permission from IOS Press420. 
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Figure 7-5. Effect of LPS on BBB opening in cortex and hippocampus. 5XFAD mice were 
injected i.v. with 2 mg/kg thioflavin S alone (A) thioflavin S channel (green), (B) anti-Ab 
channel (red), and (C) merged data on the same section or pretreated with LPS 24 hr before 
thioflavin S injection (D) thioflavin S channel (green), (E) anti-Ab antibody channel (red) 
and (F) merged data on the same section. Reprinted from Journal of Alzheimer’s Disease with 
permission from IOS Press420. 
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LPS-induced blood brain barrier opening for large materials 

Next, we determined whether LPS pretreatment makes the BBB permeable to large 

materials for future delivery applications of not only small molecules but also large 

vehicles, such as antibodies or nanoparticles. In this work, 30 nm SPIO nanoparticles (10 

mg/kg) were injected i.v. into wt and 5XFAD mice 24 hr post LPS treatment (3 mg/kg) 

also via i.v. injection (Fig.7-3). Brains were collected 8 hr later following transcardial 

perfusion, and prepared sections were stained for iron using our previously described 

protocols418,422. When young (3-5 month-old) wt and 5XFAD mice were pretreated with 

LPS, they showed similar results of minimal positive Perls’ stain in the brain, at the 

detection threshold, suggesting limited nanoparticle delivery to the brain (Fig.7-6G). 

However, when these procedures were repeated on aged 5XFAD mice (13-15 month-old) 

with LPS before SPIO injection, significant SPIO positive stain was detected in the brain 

parenchyma (Fig.7-6CDEF). Aged 5XFAD mice injected with SPIO but not LPS showed 

little stain, suggesting that with advanced age and disease progression, the BBB is intact 

enough to limit SPIO delivery to the brain in the absence of LPS pretreatment (Fig. 7-6B). 

Overall, the data suggest that even at advanced stages of disease in our model of AD, the 

BBB is still partially intact but more susceptible to increased BBB permeability mediated 

by LPS to allow delivery of nanoparticles as large as 30 nm to the brain. 

 

Finally, we sought to determine whether LPS-mediated BBB opening is due to AD 

pathology or through normal aging processes. Aged wt animals (13-15-month-old, n=7) 

were treated with LPS and SPIO in identical dose and process as mentioned with other 

cohorts. As shown in Fig.7-6G, there is no significant difference in the SPIO permeability 

in the aged wt mice versus the young, 3-month-old counterparts. Taken together, the data 
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suggest that LPS-induced opening of the BBB is due to AD pathology and not aging alone. 
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Figure 7-6. LPS-induced BBB opening allows delivery of large molecules. (A) Timeline of 
the study with a figure showing caudal tail vein injection; (B) Mouse brain section 
receiving SPIO injection but no LPS pretreatment; (C & D) Detection of SPIO 
nanoparticles (arrows) in the brain parenchyma of 5XFAD mice after i.v. injection; (E & F) 
are default color of (C & D) for analysis; (G) quantitative analysis of SPIO distribution in 
the brain of 5XFAD vs wt mice of different ages after the animals were pretreated with or 
without LPS, aged mice were 13-15 month-old while young mice were 3-5 month-old; 
*p<0.05. Reprinted from Journal of Alzheimer’s Disease with permission from IOS Press420. 
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Discussion 

The natural paradox of the BBB is that it serves as a formidable barrier to protect the brain 

from being harmed by exogenous and foreign materials. On the other hand, it also excludes 

many drugs intended for therapy231. The endothelial cells of the BBB provide an important 

interface between the brain and other tissue environments and possess tight junctions of 

severely limited permeability423. Actively induced opening of the BBB faces the reality of 

the impact of the material on the body as a whole, as the effect may not be targeted to only 

brain endothelium. Although it has been demonstrated that bacterial products such as LPS 

could be used to induce BBB opening via robust inflammation424, the toxicity caused by 

the agent is conspicuous because of LPS production of different inflammatory mediators 

including IL-1b, IL-6, TNF-a, nitric oxide, MMP-2 and prostaglandins425–427. Specifically, 

IL-1b is implicated in failure of  the BBB428,429.  Our data suggest that the maximal 

tolerable i.v. dose of LPS for wt mice is 3 mg/kg without co-administration of anti-

inflammatory drugs. When this threshold dose is combined with large injection volume or 

with repeated doses, even at an extended interval between injections, the combination can 

cause fatality. However, the same dosing in 5XFAD mice was approximately 30% more 

lethal (p<0.05, chi-squared test), suggesting that the disease model is more susceptible to 

LPS-mediated toxicity.  

 

To test the BBB of aged 5XFAD mice, a transgenic model of AD, one of the candidate 

compounds we studied is thioflavin S. It is a small molecule, but its possession of a charge 

moiety prevents it from penetrating the BBB421. Another advantage for this particular study 

is that thioflavin S is a fluorescent dye, suitable for characterization of BBB compromise 
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via direct visualization using microscopic imaging and histology. Further, thioflavin S is an 

Ab-binding molecule and we demonstrated that if the BBB is compromised by LPS, 

thioflavin S not only will cross the barrier but it will report the expression of Ab in the 

areas of interest, such as the subiculum, CA1, CA3, dentate gyrus (Fig.7-5) and cortex 

(Fig.7-4D&F), all known to have high plaque burden in 5XFAD mice. The data also 

showed that the BBB in aged 5XFAD mice (13-15 month-old) is somewhat intact as 

thioflavin S fluorescence is not detected in the brain without LPS treatment (Fig.7-4A&C), 

suggesting that even at advanced ages, AD-related pathology has not disrupted the BBB 

significantly enough to allow thioflavin S to enter the brain parenchyma and target Ab 

plaques. Further, the results suggested that aside from small molecules, the LPS-

compromised BBB in aged 5XFAD mice is also permeable to large structures such as 

SPIO nanoparticles. These data provide useful information for future applications of 

antibodies and nanoparticles as therapeutics for AD.  The SPIO nanoparticles used in this 

work are 30 nm in size, much larger than any tested anti-Ab antibodies in clinical trials and 

could cross the BBB to enter the brain parenchyma in aged 5XFAD mice with LPS 

pretreatment. Interestingly, the degree of SPIO detected in 5XFAD mice was 4-fold higher 

than that found in wt mice (both 3-5 and 13-15-month-old cohorts) receiving the same LPS 

pretreatment (Fig.7-6G), alluding that AD pathology and not aging-related changes play a 

role in susceptibility to BBB compromise after LPS treatment. A caveat worth mentioning 

is that regardless of the route of distribution, our i.v. injection data corroborates earlier 

studies using i.p. injections402 that all tested doses of LPS, even a very small amount, 

causes significant body weight loss (Fig.7-7). Animals treated with LPS experienced 

significant weight loss within 24 hr following i.v. injection of any LPS dose described 
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above. All doses of LPS produced a significant decrease in body weight compared to 

untreated controls, even at a very low dose, such as 0.01 mg/kg LPS, where 8% weight loss 

occurred. If comparing the effect across the tested doses, there is an increase in weight loss 

of animals receiving a dose of 3 mg/kg LPS compared to those that received 0.01 mg/kg. In 

conclusion, we have demonstrated that the BBB of aging 5XFAD mice is intact, albeit 

more vulnerable than wt counterparts 24 hr after i.v. injection of LPS. Theoretically, LPS-

induced opening of the BBB can potentially be used to deliver antibodies or large materials 

for therapy or diagnostic application, but for future clinical translation, the use of LPS 

should be administered with great circumspection. As demonstrated in this work, LPS dose 

will likely need to be reduced to prevent toxicity. Another caveat worth mentioning is that 

even at low doses of LPS, weight loss of treated subject is inevitable. Therefore, clinical 

implementation of LPS-induced BBB opening, particularly for AD patients would require 

ways to overcome the weight loss and increased lethality seen in our preclinical study 

either through the use of a different pro-inflammatory compound, different dosing, or even 

pairing with an anti-inflammatory agent that reduced unintended effects while not 

inhibiting BBB opening. 
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Figure 7-7. Effect of LPS on weight loss 24h after wt mice were injected i.v. with different 
doses of LPS ranging from 0.01-3mg/kg; * p£ 0.05, ** p £ 0.01, *** p £ 0.001. Reprinted 
from Journal of Alzheimer’s Disease with permission from IOS Press420. 
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LPS-mediated opening of the BBB offers exciting new avenues of research in the 

development of diagnostic and therapeutic agents for AD and other neurodegenerative 

disorders. In future studies, as improved nanoparticle delivery is achieved, SPIO 

nanoparticles can be targeted to bind Ab plaques by coating with amyloid binding motifs. 

Nanoparticles can then be detected noninvasively by MRI imaging techniques430,431. This 

can be achieved by conjugating nanoparticles with monoclonal antibodies or any other 

receptor with high plaque affinity. Further, Ab-binding agents with poor BBB permeability 

can now be studied for therapeutic efficacy upon pretreatment or co-administration with 

low dose LPS. As an example, thioflavin S has never been studied as therapeutic for AD 

due to its inability to traverse the brain endothelium421. However, our results clearly show 

using that we can now effectively deliver thioflavin S to the brain and target Ab. 

Investigation into the longitudinal effects of LPS/thioflavin S on AD pathology could 

demonstrate therapeutic efficacy not otherwise seen with thioflavin S. A similar study 

could also be done using anti-Ab antibodies to show that LPS pretreatment not only 

increases antibody delivery to the brain but also improves therapeutic efficacy as 

demonstrated through plaque reduction.  

 

As previously mentioned, there are several caveats for use of LPS clinically, especially in 

an AD patient population. Our results show that our AD transgenic mouse model was not 

only more susceptible to LPS-mediated BBB opening but also more susceptible to the 

negative effects of inducing systemic inflammatory activation, as demonstrated by 

increased lethality when compared to wt mice receiving the same dose. Additionally, even 

low dose LPS treatment resulted in significant weight loss, which would hinder its use in 
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AD patients, who already exhibit clinically substantial weight loss432. In future studies, we 

plan to characterize specific immune response to LPS in 5XFAD mice by measuring 

changes in cytokine expression, studying immune cell mobilization and activation, and 

how each factor affects BBB permeability through selective upregulation or direct 

administration of endogenous immune mediators. By isolating a specific immune-mediated 

mechanism of BBB opening, targeted activation could be accomplished by co-

administering LPS with an anti-inflammatory such that immunologic factors affecting BBB 

opening are preferentially upregulated. Additionally, other immunogenic compounds 

besides LPS could be used. If we are able to selectively target mechanisms affecting BBB 

permeability, we could potentially reduce the negative systemic effects of LPS treatment 

including increased lethality and weight loss, making immune-mediated opening of the 

BBB a viable approach for improved therapeutic delivery in AD and other 

neurodegenerative disorders.  
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Chapter VIII 

Aerosolized Thioflavin S Bypasses the Blood Brain Barrier and Binds Ab Plaques in 

5XFAD Mice 

 

Introduction 

Ab peptide can aggregate to form insoluble Ab plaques extracellularly and these have been 

shown to be neurotoxic, though the exact mechanism of toxicity is still under 

investigation73. Although how Ab mediates neurodegenerative changes is uncertain, 

development of therapeutics to prevent Ab formation or promote clearance are being 

studied. Many compounds are available that can bind Ab but have limited clinical efficacy 

either as a diagnostic or therapeutic agent due to limited BBB penetrance. In fact, the BBB 

excludes 98% of small molecule drugs and, with few exceptions, ~100% of large molecule 

drugs231. Attempts to target specific transport mechanisms including RMT265–270, although 

can be effective, is not a generalizable approach and requires extensive optimization for 

each compound. Other methods of drug delivery, including transient pharmacologic 

opening of the BBB and direct intracerebroventricular or intraparenchymal injections, are 

unsafe and could lead to permanent neurological damage.  

 

Recent work from our lab demonstrated that FMeC1, a curcumin analogue that binds Ab, 

displayed improved delivery to the hippocampus when delivered as an aerosol than 

compared to intravenous injection370, and we hypothesize that delivery is enhanced through 

improved bioavailability through uptake in the lungs as well as olfactory-mediated 

transport. Improved delivery through intranasal administration to the brain has been 
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demonstrated for a variety of experimental AD therapeutics including 

benzodiazepines284,285, vaccine antigens278,286, Aβ immunogens287–289,433, insulin291–298 and 

cholinesterase inhibitors299–307. One study demonstrated enhanced and more rapid delivery 

of intranasally administered curcumin to the hippocampus as compared to intraperitoneal 

injection276, which corroborated our findings with FMeC1370. Multiple pathways mediate 

transport from the nasal cavity including vascular and lymphatic uptake, which contribute 

to peripheral distribution of compounds. Surprisingly, some molecules have been shown 

pass through the olfactory epithelium either through intracellular or extracellular transport 

and travel along the olfactory and trigeminal nerves, which connect the nasal passage to the 

brain273 (Fig.8-1). It is this mechanism that is thought to allow fast and improved transport 

to the brain by bypassing the BBB. Targeting olfactory uptake with diagnostic and 

therapeutic agents could allow for noninvasive and safe delivery of compounds that 

previously had limited clinical application due to poor BBB permeability. Direct uptake 

also avoids systemic extraction or alteration and improved delivery to the brain would 

permit the use of lower doses to reduce peripheral toxicity. This delivery mechanism could 

also allow for targeting of specific brain regions through selective transport along the 

olfactory nerve through direct uptake and delivery or bulk flow mechanisms such as 

perivascular transport277. The entorhinal cortex receives afferent input from the olfactory 

nerve but is also immediately adjacent to and sends projections to the hippocampus. Both 

brain regions demonstrate high pathologic burden in AD and thus selectively targeting 

olfactory uptake could improve therapeutic efficacy.  
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Figure 8-1. Pathways of drug distribution in the nasal cavity and central nervous system. 
Following intranasal administration, drugs (blue circles) come into contact with the nasal 
mucosa, which is innervated by olfactory and trigeminal nerves. (A) In the respiratory 
region, ciliated epithelial cells and mucous secreting goblet cells in the epithelium form the 
basis of mucociliary clearance mechanisms that remove foreign substances from the 
mucous layer towards the nasopharynx for elimination. Trigeminal nerve endings residing 
in the respiratory and olfactory epithelium convey chemosensory information to the CNS. 
In the olfactory region, olfactory receptor neurons are interspersed among supporting cells 
and basal cells to form the olfactory epithelium. Drugs can be transported through the nasal 
mucosa to the CNS by entering perivascular channels (dashed lines surrounding blood 
vessels) in the lamina propria or via extracellular or intracellular mechanisms involving 
olfactory and trigeminal nerves (dashed arrows). The blood supply to the respiratory 
epithelium is relatively greater compared to the olfactory epithelium, making it an ideal site 
for systemic absorption of nasally applied drugs. (B) After reaching the lamina propria, 
drugs can enter channels created by olfactory ensheathing cells surrounding the olfactory 
nerves, where they can access the cerebrospinal fluid (CSF) and olfactory bulbs (dashed 
arrows). (C) From the CSF, drugs can be distributed via bulk flow mechanisms and mix 
with brain interstitial fluid throughout the brain (dashed arrows). Drugs can also enter 
perivascular spaces after reaching the brain to be rapidly distributed throughout the CNS. 
Drugs that entered perivascular spaces from the nasal mucosa can also exit these spaces in 
the brain. These same pathways in the reverse direction are involved in the clearance of 
solutes from the CNS to the periphery. Reprinted from Journal of Pharmaceutical 
Sciences277 with permission from Elsevier. 
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The overarching goal of this work is to reexamine Aβ-binding molecules that have BBB 

penetrance limitations and repurpose them for in vivo applications through use of improved 

delivery methods. One of such compounds is thioflavin S. It is a benzothiazole dye that 

exhibits enhanced fluorescence upon binding to amyloid, including those seen in peripheral 

amyloidosis and AD434,435. Also, it has been used in optical imaging studies to visualize Aβ 

plaques and track their formation longitudinally in transgenic mouse models of AD421. 

However, as demonstrated in chapter seven, thioflavin S has little to no BBB permeability 

since it is a charged molecule (Fig.7-2B). It is also targeted by ABC transporters and 

actively efluxed from the CNS383. When used in optical imaging, direct application of 

thioflavin S to the cortical surface is required436. Our findings suggest that when 

aerosolized thioflavin S is administered to 5XFAD transgenic mouse models of AD, 

thioflavin S can be delivered to the brain and is retained in a plaque-dependent manner. 

Delivery is likely mediated by the olfactory epithelium and thus bypassing limitations 

conventionally imposed by the BBB on peripheral administration. Overcoming this barrier 

enables us to repurpose thioflavin S and other Aβ-binding compounds that previously had 

limited in vivo application due to poor BBB permeability for either diagnostic or 

therapeutic applications. Also, utilizing thioflavin S’ natural fluorescence, we can better 

understand the mechanism of delivery through the olfactory epithelium by direct 

visualization of transport and how targeting olfactory uptake may be utilized in treating 

AD, as well as other neurodegenerative diseases.  
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Materials and Methods 

Materials  

Thioflavin S was obtained from Sigma Aldrich (St Louis, MO). All reagents and solvents 

were of analytical grade and used as received from the commercial source without further 

purifications.  

 

Animals 

5XFAD and control C57BL/6J mice were maintained at Vanderbilt University under 

standard conditions, in a 12 hr light/dark cycle and with free access to food and water. The 

5XFAD mice over express both mutant human APP and PS1, correlating with high burden 

and accelerated accumulation of the Ab. A colony of 5XFAD transgenic mice obtained 

from Jackson Laboratories was maintained by crossing 5XFAD mice with a wild-type (wt) 

C57BL/6J strain. The mice were genotyped by a standard polymerase chain reaction using 

DNA isolated from tail tips with the following primers: PSEN1 forward, 5’–

TCATGACTATCCTCCTGGTGG-3’ and reverse, 5’-

CGTTATAGGTTTTAAACACTTCCCC-3’. For APP, forward, 5’ -

AGGACTGACCACTCGACCAG-3’ and reverse, 5’-CGGGGGTCTAGTTCTGCAT-3’. 

We also genotyped mice for the presence of retinal degeneration Pde6brd1 mutation using 

forward, 5’-AAGCTAGCTGCAGTAACGCCATTT-3’ and reverse, 5’-

ACCTGCATGTGAACCCAGTATTCTATC-3’. After polymerase chain reaction 

amplification, the DNA product of each reaction was analyzed by size fractionation 

through a 1% agarose gel; with Pde6b mutant=560bp, APP transgene=377bp and PSEN1 

transgene=608bp. The 5XFAD mice were maintained as heterozygous. Animal 

experiments were conducted per the guidelines established by Vanderbilt University’s 
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Institutional Animal Care and Use Committee. At the end of the study, animals were 

euthanized by cervical dislocation after sedation with isoflurane. Clinical signs were used 

to verify euthanasia, including heartbeats and reflection to toe-pinching. Further, if animals 

showed signs of illness (weight loss, food withdrawal, or infection) they were sacrificed 

before the endpoints. All experimental procedures in this study were approved by the 

Vanderbilt University IACUC panel. 

 

Thioflavin S formulation and treatment 

Mice were treated with 2% thioflavin S solution in ddH2O (w/v) that was filtered with 45 

µm Luer-Lok syringe filters using an atomizer developed within our laboratory and 

described below. Thioflavin S was injected into the nebulizer at steady rate over 3.5 hrs to 

aerosolize 6-7 mL solution. The treatment protocol was repeated for two consecutive days 

and mice were cardiac perfused 2 hr after the final treatment. Brains were fixed in 4% PFA 

for at least one day, cryoprotected in 10% sucrose for two days at 4°C and stored for 

sectioning and staining. 

 

Inhalation Exposure and Compound Atomization 

The atomizer system is comprised of a polyvinylidene fluoride polymer cross-flow 

atomizer (Single Pass Atomizer, SPA), an L-shaped conveyer, three inhalation ports, inlets 

for pressurized gas and liquid and a control unit to regulate aerosol generator air (Fig.8-2). 

Because of the rapid flow of air across the capillary tip, the airflow shears thioflavin S-

containing solution into micron sized droplets that are diluted with a stream of air delivered 

by an adjacent source. Together, these processes generate the thioflavin S aerosol. Delivery 

of the generated aerosol to cohorts of experimental animals is facilitated via a delivery 
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trumpet assembled within each inhalation chamber. Similarly, exhaled aerosol is conveyed 

to an exhaust outlet via escape channels just below the connector cone. In its current 

configuration, the stainless-steel inhalation chamber is fitted with multiple ports and 

protected septum seals that enable the simultaneous respiratory exposure of three animals. 

The system can be expanded to accommodate up to five animals. 
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Figure 8-2. Overall design of an innovative, prototype benchtop aerosol generator that 
produces curcumin aerosols for inhalation therapy. It produces polydisperse aerosols by 
atomizing a solution. The aerosol particle concentration can be adjusted by changing the 
flow of the compressed air on the control unit. The air is then expanded through the 
atomizer nozzle and produces a high-velocity jet. As a result of the decreased static 
pressure under Bernoulli’s law, the liquid solution is drawn from the precision pump. 
Instantaneously, a high-velocity airflow sheers the solution into a droplet aerosol, which 
then is conveyed into a chamber. With the current design, the chamber can accommodate 
five animals, which inhale the aerosols via tapered nose cones attached inside the restraint 
holder. The chamber has another channel that redirects exhaled air to the system’s exhaust, 
thus rebreathing of exhaled air is prevented. Reprinted from Journal of Alzheimer’s 
Disease with permission from IOS Press437. 
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Cardiac perfusion procedure   

Following exposure or treatment, mice were anesthetized with isoflurane and laid on a bed 

of ice after which the thoracic cavity was accessed via a sharp transverse incision into the 

abdomen. This was followed by a series of longitudinal cuts with surgical scissors to open 

the thoracic cavity by cutting the sternum to the right of the xyphoid process, which then 

was stabilized with a thoracic retractor to expose the heart. Perfusion was performed with a 

25-gauge syringe containing ice-cold PBS (30 mL, pH 7.4) inserted into the apex of the 

heart through the left ventricle and injected slowly into the ascending aorta. Upon initiation 

of perfusion, the right atrium was snipped using micro scissors to facilitate drainage of the 

systemic venous return. Immediately following PBS perfusion, 30 mL of 4% 

paraformaldehyde (PFA) (pH 7.4) was perfused. With perfusion completed, the animals 

were decapitated, and their brains quickly harvested. Brains were removed by making 

incisions from the cervical spine to the auditory canal. A shallow incision was made at the 

interparietal and parietal bone junction. Surgical scissors were inserted into the incision in 

the skull and a cut was made along the sagittal suture, being careful not to damage the 

brain. The skull was then removed in pieces using forceps. Cranial nerves and the olfactory 

bulbs were cut to free the brain from the skull. After removal, brains were fixed in 4% PFA 

overnight at 4°C. Brains to be immuno-stained were cryoprotected for two days in 10% 

sucrose at 4°C. Cryoprotected brains were then embedded in Tissue-Tek optimum cutting 

temperature (OCT) compound for cryosectioning and stored at -80°C until sectioned. All 

other fixed tissue was embedded in paraffin by the histology core for sectioning.  
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Immunohistochemistry 

Brains embedded in OCT were cut into sagittal sections (10 µm) using a Tissue-Tek 

cryostat and mounted onto Fisher Premium plain, charged glass slides (Fisher Scientific). 

Prior to staining, slides were washed with PBS for 5min before being subjected to a citrate 

buffer antigen retrieval protocol. Slide mounted sections were incubated for 30 min in a 

100°C bath of sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and 

allowed to cool for 20 min before being washed in PBS for another 5min. Sections were 

blocked in 3% bovine serum albumin (BSA) in PBS with 0.05% Tween-20 (PBST) for 1hr 

at room temperature. Treated sections were then incubated overnight at 4°C with primary 

antibodies: beta amyloid 17-24 (4G8) mouse monoclonal antibody (1:200 dilution, 

Biolegend, San Diego, CA, USA) diluted in blocking solution. Following two 5min washes 

with PBST, the sections were subsequently incubated with secondary antibodies goat anti-

mouse Alexa 647-conjugated IgG (1:200, ThermoFisher Scientific, Pittsburgh, PA, USA) 

for 1hr at room temperature. The sections were then washed with PBS and coverslipped 

with a fluorescent-specific antifade mounting medium (Vector Laboratories, Burlingame, 

CA) and allowed to dry in the dark at room temperature overnight.  

 

Fluorescence microscopy  

To localize the distribution of thioflavin S in the brains of treated mice and corroborate its 

intrinsic fluorescence signal with that of the fluorescently labeled Aβ antibodies, dual 

channel fluorescence microscopy was employed. For all fluorescence imaging, a GFP-BP 

filter (excitation filter 450–490 nm; dichroic mirror 495 nm; emission filter 510–560 nm) 

was used to image thioflavin S fluorescence. A Texas Red filter (excitation filter 540–580 

nm; dichroic mirror 595 nm; emission filter 600–660 nm) was utilized to visualize Alexa 
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647-conjugated secondary antibodies for amyloid plaque detection. All images were 

acquired using a CCD camera and data were analyzed using Nuance 2.6 software. 

 

Vascular labelling with Lycopersicon esculentum (tomato) lectin 

Mice were anesthetized with isoflurane and 100 uL of undiluted Dylight 649 labeled 

tomato lectin (1mg/mL, Vector Laboratories) was intravenously injected into the caudal 

tail vein. Mice were removed from anesthesia and allowed to recover for 20 min before 

being sedated and cardiac perfused using the CLARITY tissue clearing protocol described 

below. 

 

CLARITY tissue clearing 

Tissue clearing was performed using Clear Lipid-exchanged Acrylamide-hybridized Rigid 

Imaging/Immunostaining/In situ hybridization-compatible Tissue-hYdrogel (CLARITY) 

protocol as previously described438. Briefly, hydrogel solution [4% acrylamide (40%), 

0.25% VA-044 initiator, 4% PFA, 1x PBS] was prepared on ice and stored at -20°C. Prior 

to use, hydrogel solution was thawed on ice. Mice were cardiac perfused with 20 mL 1x 

PBS, followed by 20 mL hydrogel following the previously described profusion procedure. 

The brain was removed and placed in a 50 mL canonical tube with thawed hydrogel 

solution and incubated at 4°C for two days to allow for further diffusion of the hydrogel 

solution into the tissue. Following incubation, the canonical tube lid was placed in a 40°C 

water bath and the cap was replaced with a vacuum tube adaptor connected to a nitrogen 

tank and vacuum. The sample was degassed using a fume hood vacuum line and air 

replaced with nitrogen, then placed on a tube rotator and incubated at 40°C. Incubation was 

done for 3 hr or until hydrogel solution polymerized. Tissue is then washed with clearing 
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solution [200mM boric acid, 4% sodium dodecyl sulfate (SDS), dH2O, NaOH to pH 8.5] in 

45°C water bath with shaker for 24 hr to dialyze out PFA, initiator, and hydrogel 

monomer. Following initial washing, tissue was continuously incubated at 45°C until 

clearing was achieved, replacing tissue clearing solution every two days for two weeks. 

 

Thioflavin S/immunostaining of CLARITY-processed brain 

For thioflavin S staining of cleared 5XFAD mouse brains, 1% thioflavin S (w/v) was 

prepared in CLARITY clearing solution and filtered using 45 µm Luer-Lok syringe filters. 

Tissue was immersed in solution and incubated at 40°C overnight while shaking. Then, 

samples were washed for two days in tissue clearing solution at 40°C, replacing the 

solution four times.  

 

Immunostaining of cleared mouse brains was done following the System-Wide control of 

Interaction Time and kinetics of CHemicals (SWITCH) protocol439. 5XFAD mouse brains 

were hemisected for faster and better penetrance of antibodies and equilibrated in antibody-

OFF solution (0.5mM SDS, 1x PBS) overnight at 37°C. Samples were then placed in fresh 

antibody-OFF solution with just enough to cover tissue and primary antibody (beta 

amyloid 17-24 (4G8) mouse monoclonal antibody) was added to achieve a 1:200 dilution, 

then incubated at 37°C with gentle shaking for three days. Samples were moved to 

antibody-ON solution [0.1% Triton-X (v/v), 0.02% sodium azide (w/v), 1x PBS] and 

incubated at 37°C for two days to initiate antibody binding and wash out unbound 

antibodies. Samples were then incubated in fresh antibody-ON solution with secondary 

antibody (goat anti-mouse Alexa 568, 1:200 dilution) at 37°C with gentle shaking for three 

days. Finally, cleared tissue was incubated in fresh antibody-ON solution at 37°C for two 
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days with gentle shaking.  

 

Light sheet microscope imaging  

Following thioflavin S staining of CLARITY-cleared brains, samples  were incubated in 

refractive index matching solution (RIMS) [88% Sigma D2158 (Histodenz) (w/), 0.1% 

tween-20, 0.01% sodium azide, in 0.02 M PBS, pH 7.5] overnight at room temperature in 

the dark to prevent photobleaching. RIMS solution improves imaging of thick tissue be 

reducing refractive index within a sample to reduce light scattering. Samples were then 

analyzed using a Zeiss Lightsheet Z.1 microscope, with imaging overseen by Zeiss 

representatives and Vaibhav Janve as part of a microscope demonstration at Vanderbilt 

University. 
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Results 

Aerosolized thioflavin S binds Ab in 5XFAD mouse brain and retention is plaque 

dependent 

To study olfactory-mediated delivery of small molecule Ab-binding agents via 

aerosolization, thioflavin S was chosen since it has a high affinity for Ab and cannot cross 

the BBB under normal physiological conditions as demonstrated in chapter 7 (Fig.7-2B). 

Aged 5XFAD mice (>8 months old, n=4) were treated with aerosolized thioflavin S for 

two consecutive days. Following the second treatment, brains were sectioned and 

immunostained for Ab plaques. Fluorescent imaging revealed that thioflavin S is in fact 

detected in brains of 5XFAD mice, particularly in regions of high plaque burden including 

the subiculum and hippocampus (Fig.8-3D&G) while areas with low plaque burden 

exhibited minimal thioflavin S signal (Fig.8-3A). Immunostaining revealed that thioflavin 

S fluorescence colocalizes with Ab plaques well (Fig.8-3C,F&G). While many plaques are 

thioflavin S and anti-Ab antibody positive, some plaques were only visualized with 

immunostaining, suggesting that aerosolized thioflavin S binds some but not all plaques. In 

particular, thioflavin S appears to be associated with smaller plaques rather than larger 

ones. Together, these findings suggest that when delivered as an aerosol, thioflavin S enters 

the brain through an alternative uptake mechanism since it is unable to cross the BBB 

when administered via peripheral intravenous injection as demonstrated in our previous 

study (Fig.7-2B). When thioflavin S reaches the brain, it can bind and be used to visualize 

plaques. However, it appears that thioflavin S can bind smaller plaques in regions with 

higher plaque density more effectively than larger plaques in the same region (Fig.8-3I). 
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Next, we sought to determine whether Ab plaques must be present for aerosolized 

thioflavin S to be retained. For this study, wt mice (n=3) were treated using the same 

thioflavin S aerosolization protocol as described above. As expected, staining of wt mouse 

brains with anti-Ab antibodies confirmed these mice do not have Ab plaques (Fig.8-

4B&E). Interestingly, no thioflavin S fluorescence could be detected in treated wt mice 

(Fig.8-4A&D). Taken together, this suggests Ab plaques must be present in order for 

thioflavin S to be retained in the brain. 
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Figure 8-3. Fluorescent imaging on brain sections from aged 5XFAD mouse treated with 
aerosolized thioflavin S (green) and stained with anti-Ab antibodies (red) for plaque 
detection. Merged images show colocalization of thioflavin S and Ab plaques (yellow). 
Minimal thioflavin S fluorescence is observed in the cortex (A) and the same region had 
low plaque burden (B). The plaques that were present were not also bound by thioflavin S 
(C). Enlarged view of the hippocampus revealed thioflavin S (D) and plaques (E) with 
excellent colocalization (F).  In particular, the subiculum also showed greater thioflavin S 
retention (G) and high plaque burden (H). Thioflavin S appears to colocalize better with 
smaller plaques than larger ones seen in the same region (I).  
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Figure 8-4. Fluorescent imaging on brain sections from wt mouse treated with aerosolized 
thioflavin S (green) and stained with anti-Ab antibodies (red) for plaque detection. No 
thioflavin S fluorescence is observed in the cortex (A) or hippocampus (D). As expected 
anti-Ab antibody staining demonstrated an absence of plaque formation in wt mice (B&E). 
Merged images the cortex and hippocampus are also shown (C&F). 
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Thioflavin S uptake and distribution analysis using tissue clearing 

Next, we sought to directly visualize aerosolized thioflavin S uptake in the brain using the 

CLARITY tissue clearing protocol. The CLARITY protocol removes lipids from tissue to 

make it transparent while retaining structure by first perfusing mice with a hydrogel 

solution that is then polymerized. Cleared tissue allows for staining and imaging of larger 

brain sections or an entire mouse brain using either confocal or light sheet microscopy. 

With this approach, our goal is to visualize thioflavin S throughout the entire brain to better 

elucidate the mechanism of uptake as well as compare distribution with Ab plaques as 

visualized through antibody staining of the cleared brains. 

 

To evaluate the tissue clearing protocol and develop imaging parameters, an aged 5XFAD 

mouse brain (12 months-old) was cleared using the CLARITY protocol (Fig.8-5). 

Additionally, prior to perfusion with hydrogel solution, the 5XFAD mouse was treated 

with i.v. tomato-lectin, which labels rodent blood vessel walls. Following tissue clearing, 

the 5XFAD mouse brain was stained with thioflavin S (Fig.8-5B) and imaged using light-

sheet microscopy (Fig.8-6), which allowed for visualization of thioflavin-labeled plaques 

throughout the brain. Vasculature was also effectively labeled and visualized with i.v. 

tomato-lectin.  
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Figure 8-5. 5XFAD mouse brain processed using CLARITY tissue clearing protocol. (A) 
Brain hemisection after being immersed in tissue clearing solution for five days with 
observable clearing on the edges. (B) After clearing for two weeks, the same brain 
hemisection was mostly transparent and stained with thioflavin S, giving it a yellow 
coloration. 
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Figure 8-6. Light-sheet microscopy image of CLARITY-cleared brain stained from an aged 
5XFAD mouse stained with thioflavin S (green). Mice were also perfused with Dylight 649 
labeled tomato lectin (purple) prior to tissue clearing. (A) Medial hippocampus. (B) Lateral 
cortical region in same mouse brain. 
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Finally, Ab was detected by immunostaining of a CLARITY-cleared 5XFAD mouse brain 

section that had already been stained with thioflavin S. Fluorescent signal from both 

thioflavin S (blue) and Alexa 568 secondary antibodies (green) used in conjunction with 

primary anti-Ab antibodies (Fig.8-7B) were detected using a confocal microscope. 

Vasculature is also still detectable from tomato lectin perfusion prior to tissue clearing 

(red). When compared to a wt mouse brain from an animal receiving the same treatment 

(i.e. tomato lectin perfusion, tissue clearing, thioflavin S & antibody staining), vasculature 

was still effectively labeled but thioflavin S was not detected, suggesting that thioflavin S 

binding in cleared tissue is still specific to plaques (Fig.8-7A). However, florescence 

associated with anti-Ab immunostaining is also observed in the wt mouse. Based on the 

morphology, it appears that this signal is associated with white matter tracks, suggesting 

off-target binding of either the primary or secondary antibody to an epitope present in wt 

mice.  It is unlikely that the antibodies (either primary or secondary) would bind myelin or 

any other white matter marker since both have been used previously and effectively 

visualized plaques. However, we have not used either antibody in cleared specimens before 

and thus, further work is required to elucidate the source of this staining and to develop an 

effective and specific immunostaining protocol for plaque identification in cleared tissue 

samples.  
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Figure 8-7. CLARITY-cleared brain sections from both wt (A) and 5XFAD mice (B). Both 
animals were intravenously injected with a vascular marker (red) prior to perfusion. 
Following tissue clearing, brains were stained with thioflavin S (blue) and anti-Ab 
antibodies (red). Antibody associated fluorescence was detected in wt samples that appears 
to be associated with white matter tracks (examples labeled with *).  
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Discussion 

A major limitation in the development of diagnostic and therapeutic agents for all 

neurological disorders is the BBB, which prevents delivery of many small molecules and 

nearly all large molecule compounds231. Even when a compound has some BBB 

permeability, often high doses are required to achieve a concentration in the CNS that 

would mediate any therapeutic benefit, which can result in adverse effects due to off-target 

interactions throughout the body277. Many studies, including our work using LPS described 

in chapter seven, has sought to transiently disrupt the BBB as a means to improve drug 

delivery231,236,240–248. However, in many neurodegenerative disorders, including AD, 

evidence suggests that BBB disruption may itself contribute to or even accelerate disease 

progression273 and thus further disruption could have detrimental effects even in the 

context of administering a therapeutic, though further work must be done to address this 

concern.  

 

Here we investigate an alternative delivery method of olfactory-mediated transport to the 

brain as a means of bypassing the BBB. For this work, we utilized aerosol administration 

that, when compared to standard intranasal administration, allows for exposure of the nasal 

cavity to a compound over an extended period of time. Also, exposing the nasal for a 

longer duration reduces risks of reduced transport by saturating olfactory transport 

mechanisms that may hinder delivery in a single intranasal treatment paradigm277. 

Targeting olfactory uptake offers the potential to be a safe and noninvasive approach that 

could target drugs more directly to the CNS and thus reduce risk of peripheral toxicity by 

limiting systemic absorption273. Also, since delivery is not dependent on a specific cellular 
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transport mechanism, a large array of diagnostic and therapeutic agents can be targeted to 

the brain using this approach, including those with limited BBB permeability. 

 

In this work, we sought to study olfactory uptake in an AD transgenic mouse model using 

thioflavin S, a fluorescent Ab-binding compound that cannot cross the BBB when 

administered under normal physiologic conditions421 (Fig.7-2B). Thioflavin S was 

administered as an aerosol over three to four hours for two consecutive days to mice, which 

are obligate nose breathers, to enhance targeting of olfactory-mediated transport and 

increase the likelihood that it could be detected within the brain parenchyma with 

fluorescence microscopy.  

 

5XFAD mice were treated with aerosolized thioflavin S and brains sections were then 

stained with anti-Ab antibodies. Thioflavin S fluorescence was detectable within the brain 

parenchyma and found particularly in regions of high plaque burden, including the 

hippocampus and subiculum (Fig.8-3D&G). Additionally, thioflavin S fluorescence 

colocalized with Ab plaques with the caveat that smaller plaques were better targeted than 

larger ones (Fig.8-3F&I). It is possible that aerosolized thioflavin S is less able to permeate 

larger plaques with more dense cores than when used as an ex vivo stain. This could 

potentially be improved by increasing the duration of thioflavin S treatment or by changes 

in aerosol formulation to improve delivery. Wt mice receiving the same treatment had no 

detectable thioflavin S fluorescence (Fig.8-4A&D), suggesting that retention is dependent 

on plaques being present within the brain. It is also important to consider that intranasal 

delivery in 5XFAD mice may be contingent on a disease-related change in physiology. 
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However, this seems less likely as intranasal delivery has been studied and implicated in 

improved delivery to the brain using many other transgenic mouse lines273,276,440.  

 

To study thioflavin S uptake and distribution, we investigated the CLARITY tissue 

clearing protocol as a means to directly visualize transport and dispersion through the brain 

following aerosol administration. First, we demonstrated that CLARITY successfully 

cleared 5XFAD mouse brains (Fig.8-5). Also, cleared brains stained ex vivo with thioflavin 

S (Fig.8-6B) were imaged using light sheet microscopy and effectively visualized Ab 

plaques throughout the brain. Mice were also given i.v. tomato-lectin prior to perfusion and 

tissue clearing, which effectively stained brain vasculature. Immunostaining of the cleared 

tissue identified Ab plaques also stained with thioflavin S (Fig.8-7B). However, when 

using the same immunostaining protocol on cleared wt mouse brain sections, it appears that 

white matter tracks were also stained. Thus, further work needs to be done to optimize the 

specificity of anti-Ab staining in cleared tissue. In future work, brains of 5XFAD mice 

treated with aerosolized thioflavin S will be cleared and imaged using the same protocol to 

visualize thioflavin S distribution throughout the brain. Additional studies using this 

approach could further support that delivery is in fact mediated by olfactory uptake. For 

example, if aerosolized thioflavin S is preferentially delivered to brain regions receiving 

afferent innervation from the olfactory bulb, this would support the hypothesis that 

delivery and distribution within the brain is in fact mediated by olfactory receptor neurons. 

Furthermore, it is possible transport of thioflavin S the olfactory epithelium into the 

olfactory could be observed directly and confirm the mechanism of delivery following 

aerosol administration. We are also currently investigating alternative methods of tissue 
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clearing including VISIKOL, which has shorter tissue processing times441. Furthermore, 

rather than removing lipids, VISIKOL acts by treating tissue with reagents that match the 

refractive index throughout a target tissue to make it transparent. This approach requires 

less tissue manipulation and is less likely to remove aerosolized thioflavin S during 

processing. 

 

In conclusion, we have demonstrated that thioflavin S, a compound with poor BBB 

permeability, can be effectively delivered to the brain of 5XFAD transgenic mice when 

administered as an aerosol. Delivery is likely mediated via direct uptake through the 

olfactory epithelium and thus bypasses the BBB. Further work is required to confirm the 

mechanism of delivery and we are investigating the use of tissue clearing protocols to 

directly visualize uptake and transport from the nasal cavity to the brain. Since intranasal 

uptake is not dependent on any specific transport mechanism, this approach has the 

potential to be applied to a variety of drug classes and thus could significantly increase 

diagnostic and therapeutic agents available for many neurological disorders including AD.  
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Chapter IX 

Aerosol Delivery of Fluorescent Ab-Binding Compounds for Noninvasive Detection of 

Retinal Plaques 

 

Introduction  

One reason for failure of AD clinical trials is at the time of treatment, significant and 

irreversible neurodegenerative changes have already occurred such that a therapeutic 

benefit cannot be achieved. Therapeutic efficacy could potentially be improved if initiated 

in early symptomatic or preclinical stages of disease. However, techniques to detect AD 

pathology are expensive or invasive and thus, cannot be readily implemented as a 

screening test in an asymptomatic population. Recent studies have shown that Ab plaques 

can also be found in the retinas of AD patients and that Aβ plaque burden in the retina 

correlates with total plaque burden within the brain351. Retinal Ab deposition also occurs in 

transgenic mouse models of AD353–355,442 and was shown to closely correlate with total 

plaque burden in the brain351. Importantly, Ab was detected in the retinas of transgenic 

mice prior to cognitive decline as measured using behavioral testing and plaques were also 

observed in postmortem retinal samples from people suspected to be in early stages of 

AD351. Based on these findings, accurate detection and quantification of retinal plaques 

could serve as a surrogate measure for total plaque burden within the brain and identify 

those with AD pathology prior to symptom onset.  

 

As such, we are developing a noninvasive method of retinal plaque detection using 

fluorescent Ab-binding compounds, curcumin and thioflavin S, delivered via 
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aerosolization. Curcumin, a natural product found in turmeric, has been extensively studied 

as a potential therapeutic in a number of disease models including inflammation443–448, 

cancer449–455, and neurodegenerative disorders including AD370,456–458. However, 

curcumin’s amphiphilic properties severely limit its BBB permeability. Previously, our lab 

has shown that when administered as an aerosol to 5XFAD mice, curcumin not only can 

bind Aβ in the brain but also reduce plaque burden and improve cognitive function437. 

Thioflavin S, as previously described, has poor BBB permeability and thus we suspect it 

also has limited penetration across the BRB, a similar endothelium in which transport 

across it is heavily regulated459. However, as we have demonstrated in chapter 8, aerosol 

administration of thioflavin S significantly improves thioflavin S delivery to the brain and 

effectively binds Aβ in. Thus, we propose this delivery method may similarly be able to 

overcome BRB limitations. Based on these observations with both curcumin and thioflavin 

S, our current study is to investigate aerosol administration of both compounds for 

detection of Aβ plaques in the retina using noninvasive fluorescent retinal imaging.  

 

Wt and 5XFAD mice, a transgenic model of AD, were treated with aerosolized curcumin 

or thioflavin S. Retinal tissue whole-mounts and transverse sections were prepared and 

analyzed using confocal microscopy. Curcumin and thioflavin S fluorescence were found 

to be closely associated with ganglion cell bodies in the same retinal layer where Ab 

plaques were detected in non-treated 5XFAD retinas stained with anti-Aβ antibodies, 

though thioflavin S fluorescence was more readily detected and thus will be used for future 

studies. Importantly, neither thioflavin S nor curcumin fluorescence was detected in treated 

wt retinas. These findings demonstrate that retention of both compounds is disease-

dependent. In future work, retinas from thioflavin S treated 5XFAD mice will be co-
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stained for Aβ to confirm thioflavin S is bound to plaques. Treated mice will also be 

imaged using a retinal imaging microscope to determine fluorescence associated with 

retinal plaques can be detected noninvasively. If successful, aerosolization of a fluorescent 

Aβ-binding compound could be used to evaluate retinal Aβ plaques as a predictive 

biomarker for future development of AD and facilitate early intervention to improve 

therapeutic outcomes. 
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Materials & Methods  

Materials 

Thioflavin S and curcumin were obtained from Sigma Aldrich (St Louis, MO). All 

reagents and solvents were of analytical grade and used as received from the commercial 

source without further purifications.  

 

Thioflavin S and curcumin formulation and treatment 

Mice were treated with freshly prepared 2% thioflavin S solution in ddH2O (w/v) that was 

filtered using 45µm Luer-Lok syringe filters. 1% curcumin solution was also prepared 

fresh in ddH2O (w/v) and tween-20 (10%). The mixture was further heated up to 70°C in a 

water bath and mixed using a stir plate to facilitate the solubility. Both curcumin and 

thioflavin S were covered with aluminum foil to prevent photobleaching before and during 

treatment. A syringe was filled with 30 mL of either compound and injected in the 

nebulizer at a steady rate over three hrs. Flow through was collected and reinjected during 

that time until at least 6-7 mL of solution was aerosolized. The treatment protocol was 

repeated for two consecutive days and mice were cardiac perfused 2 hrs after the final 

treatment using the same protocol described in chapter six. In addition to collecting brains, 

mouse eyes were enucleated and fixed in 4% PFA overnight, then cryoprotected in 10% 

sucrose for at least two days at 4°C. One eye was embedded in OCT and stored at -80°C 

until sectioning and staining while the contralateral eye was prepared as a retinal 

wholemount and described below. 

 

 

 



 

 
131 

Retinal tissue preparation (transverse section & wholemount) 

Eyes embedded in OCT were cut into transverse sections (10 µm) using a Tissue-

Tek cryostat and mounted onto charged glass slides. For retinal wholemounts, eyes were 

enucleated and the anterior eye cup (cornea, lens) were removed. The posterior eye cup 

was fixed for 1 hr in 4% PFA at room temperature. Tissue was washed in 1x PBS and the 

retina was separated from the sclera, with careful removal of excess vitreous humor using a 

paintbrush. Isolated retinas were sequentially cryoprotected in 10%, 20%, and then 30% 

sucrose solutions at 4°C. Retinas were transferred to the next solution once tissue sank to 

the bottom of the tube (typically hours to overnight for each). Both slides and wholemounts 

were washed with 1x PBS before being subjected to a citrate buffer antigen retrieval 

protocol. Tissue was incubated for 30 min in a 100°C bath of sodium citrate buffer 

(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and allowed to cool for 20 min in the 

solution before washing with 1x PBS. Both retinal sections and whole mounts were 

incubated in blocking solution. Retinal sections were blocked in 3% BSA and PBS with 

0.05% Tween-20 (PBST) for 1 hr at room temperature. Whole mounts were blocked in 5% 

BSA in PBS with 0.1% Triton-X 100 and incubated for 2 hrs at room temperature with 

gentle shaking.  Treated sections were then incubated overnight at 4°C with primary 

antibodies: beta amyloid 17-24 (4G8) mouse monoclonal antibody (1:200 

dilution, Biolegend, San Diego, CA, USA). Wholemounts were incubated for 1-3 days also 

at 4°C while shaking. Following PBS washes after primary antibody incubation, sections 

were subsequently incubated with secondary antibodies goat anti-mouse Alexa 594-

conjugated IgG (1:200, ThermoFisher Scientific, Pittsburgh, PA, USA) for 1 hr at room  
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temperature while wholemounts were incubated overnight again at 4°C while shaking. 

Tissues were then washed with PBS and coverslipped with an antifade mounting medium 

containing DAPI nuclear stain (Vector Laboratories, Burlingame, CA). 

 

MALDI-IMS sample preparation 

Eyes were enucleated and rapidly frozen on dry ice. Frozen eyes were embedded in 2.6% 

carboxymethylcellulose (CMC). Using a cryostat, 12 µm transverse retinal sections were 

cut and mounted onto a gold plate. Samples were then immersed in the following solutions 

for fixation and lipid removal: 70% ethanol for 30 seconds, 100% ethanal for 30 seconds, 

Carnoy’s solution (60% ethanol, 30% chloroform, 10% glacial acetic acid) for 2 min, 

100% ethanol for 30 seconds, ddH2O for 30 seconds, and 100% ethanol for 30 seconds. 

The samples were rehydrated and coated with 2, 6-dihydroxyacetophenone (DHA) as the 

matrix solution using a TM-sprayer. Once coated, gold plates were placed in a time-of-

flight (TOF) mass spectrometer for analysis of the retinal Ab plaque distribution based on 

known m/z ratios for APP cleavage products460.  

 

In vivo retinal imaging 

Mice were sedated with intraperitoneally injected ketamine/xylazine (100/10 mg/kg) and 

pupils dilated with 2.5% phenylephrine hydrochloride and 0.5% tropicamide. Retinas were 

imaged in vivo using a Micron IV Retinal Imaging microscope (Phoenix Research 

Laboratories, USA). Consisting of a xenon light source and a 3-chip CCD camera, the 

microscope has a retinal imaging resolution of 3 µm in mice and is capable of in vivo 

brightfield, angiography and fluorescent imaging of commonly used fluorophores. 
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Anesthetized mice were placed on a positioning stage following pupil dilation and 2.5% 

hypromellose ophthalmic demulcent solution (AKORN, USA) was used as a wetting and 

coupling agent. Multiple brightfield and fluorescent images using a FITC filter were taken 

in rapid succession to ensure in focused image acquisition as mouse respiration made this 

challenging. Following imaging, mice were returned to their home cage and observed until 

regaining consciousness (~30 minutes).   
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Results 

Ab Plaques found in 5XFAD mouse retina  

Retinal Ab plaques have been reported in various transgenic mouse models of AD166,461,462. 

Previous work using enzyme-linked immunosorbent assay (ELISA) and Western analysis 

showed Ab40/42 peptides are found in 5XFAD mouse retinas by 1.5 months of age463 but 

retinal plaque formation had not been previously demonstrated. To facilitate visualization 

of Ab plaques, retinal transverse sections were prepared from aged 5XFAD mice (greater 

than 12-months old) and wt mice. Sections were then stained with anti-Ab antibodies for 

retinal plaque identification. After optimization of the staining protocol and retinal 

imaging, Ab plaques were seen in 5XFAD mouse retinas (Fig.9-1A), specifically in the 

inner plexiform layer (IPL) and ganglion cell layer (GCL) layer. Interestingly, Ab appears 

to be found within ganglion cell bodies. Wt mice displayed minimal positive stain though 

significantly less than that seen in 5XFAD mice (Fig.9-1B). Additionally, background 

levels of Ab have been previously observed in non-transgenic control and even normal 

C57Bl/6 retinal samples by our collaborator, Dr. Joanne Matsubara, and thus antibody-

positive Ab may be present at low levels even in control retinal samples.  

 

To further confirm our observations of retinal Ab, 5XFAD mouse retinas were analyzed 

using matrix assisted laser desorption-imaging mass spectrometry (MALDI-IMS), which is 

capable of reporting the location of a specific molecular product within a sample based on 

measurements of ionization products across a tissue section. Following MALDI-IMS 

analysis, we detected an ionization product (m/z 4649) in 5XFAD mouse retinal samples 

that may be an APP cleavage species within the retina, though it does not match previously 
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described m/z ratios expected from APP cleavage products including Ab40 or Ab42 

(Fig.9-2)464. However, we suspect this signal (m/z 4649) is in fact an APP cleavage product 

but its weight may be altered due to an alternative cleavage site or the presence of different 

functional groups than that seen in MALDI measurements done on purified peptide as 

opposed to ionization directly from a tissue section. Yet, due to the limited spatial 

resolution of MALDI-IMS and an inability to visualize retinal layers, this technique will 

not be used for further characterization of retinal plaque development. 
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Figure 9-1. Transverse retinal sections from aged 5XFAD (A) and wt mice (B). Sections 
were stained with anti-Ab antibodies (red) and DAPI nuclear stain (blue). Significantly 
more Ab was detected in 5XFAD mouse retinal samples than in wt tissue (arrows). 
Fluorescence is seen in the photoreceptor cell layer though this is typical autofluorescence 
seen in retinal samples. Nerve fiber layer (NFL), ganglion cell layer (GCL), inner 
plexiform layer (IPL), inner nuclear layer (INL), inner plexiform layer (INL), outer nuclear 
layer (ONL), photoreceptor cell layer (PCL).  
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Figure 9-2. MALDI-IMS image of 5XFAD mouse retina. Optical image of section 
mounted on gold plate (A) with overlay of optical image and MALDI-IMS spectrum for 
ionization product m/z 4649, suspected to be a cleavage product of APP (B). MALDI-IMS 
spectrum without optical image overlay (C). Heat map is indicative of the relative 
concentration of the ionization product as measured at that point on the tissue. Localized 
signal is indicative of retinal plaque formation. 
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Aerosolized thioflavin S and curcumin fluorescence detected in retina 

Next, in order to determine if aerosolized thioflavin S or curcumin could in fact be used to 

noninvasively visualize retinal Ab plaques, we first needed to show if either compound can 

be successfully delivered to the retina. In our first study, 5XFAD and wt mice were treated 

with aerosolized thioflavin S for two consecutive days. Retinal wholemounts were 

prepared and analyzed using confocal microscopy (Fig.9-3A). High magnification of 

retinal regions within the wholemount tissue preparations demonstrated that localized 

thioflavin S fluorescence is seen in the 5XFAD mouse retina (Fig.9-3BCD). On closer 

examination, it appears that thioflavin S is in fact labeling retinal ganglion cells based on 

the location within the retina as well as cell morphology. Retinal wholemount preparations 

from wt mice receiving the same thioflavin S treatment had no such labeling, suggesting 

retention of thioflavin S within the retina is in fact dependent on disease related processes, 

likely the presence of retinal Ab plaques (Fig.9-4). Transverse retinal sections were also 

prepared using the contralateral eye from the same mice and confirmed our findings in the 

retinal whole mounts that thioflavin S fluorescence is found in retinal ganglion cell 

cytoplasm (Fig.9-5A&B). No thioflavin S fluorescence was seen in retinal ganglion cells of 

wt mice receiving the same treatment (Fig.9-5C&D). Enhanced fluorescence seen in the 

photoreceptor cell layer for both 5XFAD and wt retinal samples is due to background or 

nonspecific staining characteristic to this retinal region. These results suggest that 

thioflavin S is retained in 5XFAD mouse retinas, particularly in layers where Ab plaques 

were identified with antibody labeling. 
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Figure 9-3. (A) Retinal wholemount preparation from aged 5XFAD mouse treated with 
aerosolized thioflavin S. (C-D) Higher magnification of retina demonstrated localized 
thioflavin S, which appears to be associated with retinal ganglion cells (arrows).  
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Figure 9-4. (A) Retinal wholemount preparation from wt mouse treated with aerosolized 
thioflavin S. (C-D) High magnification of select retinal regions demonstrate localized 
thioflavin S fluorescence that was seen in 5XFAD mouse retina.  
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Figure 9-5. Transverse retinal sections from aged 5XFAD (A&B) and wt mice (C&D) 
treated with aerosolized thioflavin S (green). Sections were stained with DAPI nuclear 
stain (blue). Thioflavin S fluorescence is localized to retinal ganglion cell cytoplasm in 
5XFAD mice (arrow). Wt retinal samples had almost no thioflavin S fluorescence as most 
signal appears to be due to background signal. High background fluorescence associated 
with the photoreceptor cell layer is common in retinal sample preparations.  Ganglion cell 
layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer nuclear layer 
(ONL), outer segment (OS) and inner segment (IS) of photoreceptor cell layer. 
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In addition to thioflavin S, we also treated a separate cohort of 5XFAD mice with 

aerosolized curcumin, which our lab recently demonstrated that plaque burden reduced 

significantly in young 5XFAD mice treated with aerosolized curcumin for an extended 

period of time437. Similar to thioflavin S, in transverse retinal sections of 5XFAD mice 

treated with aerosolized curcumin for two consecutive days, curcumin fluorescence was 

predominantly in the GCL and IPL of the retina (Fig.9-6A). Retinal whole mount 

preparations from the contralateral eye also demonstrated curcumin fluorescence to be 

closely associated with retinal ganglion cells (Fig.9-6B). Both preparations localized 

curcumin to the same regions as where Ab plaques were detected via immunostaining 

(Fig.9-6C). In wt mice receiving the same treatment, curcumin was not detected in either 

transverse sections or retinal wholemounts (Fig.9-6D&E respectively). In comparison to 

Ab plaques found in 5XFAD mouse cortices (Fig.9-6F), retinal plaques are smaller and 

appear to have less variation in size. Overall, these findings confirm that, similar to 

thioflavin S, aerosolized delivery can effectively target curcumin to the retina and retention 

is plaque dependent, as curcumin is found preferentially in retinal layers where plaques are 

also observed, and curcumin is not detected in wt mice receiving the same treatment. 

However, of the two Ab-binding fluorescent compounds, thioflavin S appears to be a more 

robust stain of the two by exhibiting greater fluorescence and therefore is a better candidate 

for use in noninvasive retinal plaque detection. 
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Figure 9-6. Retinal preparations from 5XFAD and wt mice treated with aerosolized 
curcumin. (A) The distribution of aerosolized curcumin in a transverse retinal section. 
Curcumin was detected in the inner plexiform layer (IPL) (yellow arrows), outer plexiform 
layer (OPL) (red arrows), and the nerve fiber layer (NFL) (green arrows). (B) In retinal 
wholemounts, curcumin is associated with ganglion cells (yellow arrows). (C) Ab 
expression in the retinas was confirmed by anti-Ab antibodies (white arrow heads). 
Transverse (D) and wholemount (E) preparations from wt mice had no detectable curcumin 
fluorescence. (F) Ab expression in the cerebral cortex of 5XFAD mice whose ocular tissue 
shown in (ABC) demonstrates variation in plaque morphology between the retina and 
brain.  Ganglion cell layer (GCL), outer nuclear layer (ONL), DAPI nuclear stain (blue). 
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In vivo retinal imaging of curcumin-nebulized 5XFAD mice 

Finally, mouse retinas were analyzed in vivo using the Phoenix Micron IV rodent retinal 

imaging microscope. Initial studies were done using aged 5XFAD mice treated with 

aerosolized curcumin. Mice treated for two days and mice were imaged the same day 

following the second treatment. During imaging, mice were sedated with 

ketamine/xylazine and their pupils were dilated by direct application of phenylephrine and 

tropicamide. Upon imaging, no apparent plaques or gross pathologic changes were seen 

under standard brightfield imaging. When using a GFP filter to detect curcumin 

fluorescence, there was no observable signal. Though unsuccessful at detecting retinal 

plaques noninvasively, this was our first attempt and effective detection may require 

further optimization of our treatment protocol or of the imaging parameters used on the 

retinal imaging microscope. Additionally, use of other fluorescent Ab-binding agents, such 

as thioflavin S, has the potential to improve noninvasive detection.  A similar study will be 

done on 5XFAD mice following treatment with thioflavin S once retinal plaque formation 

is further characterized ex vivo. This may provide better findings as thioflavin S 

fluorescence was more readily detected on histological retinal analysis following aerosol 

administration as previously described above.  
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Figure 9-7. In vivo retinal images of 5XFAD mouse treated with aerosolized curcumin 
using the Phoenix Micron IV retinal imaging microscope. No gross pathologic changes 
were observed on brightfield imaging (A) and curcumin fluorescence was also not 
observable when using a FITC filter (B).  
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Discussion 

Detection and quantification of retinal Ab plaques have the potential to serve as a surrogate 

biomarker for total plaque burden in the brain for patients and transgenic mouse models of 

AD. This approach has been validated through comparison of retinal plaque burden to that 

in the CNS in transgenic mouse models of  disease465,466. Clinical studies also suggest AD 

disease-related retinal changes, including retinal plaques, may in fact correlate with CNS 

markers of disease or clinical measures of cognitive impairment351,467. However, to 

evaluate retinal plaques clinically, a method of detection is necessary that can be used to 

longitudinally track formation and compare progression of development to already 

validated AD biomarkers as well as clinical measures. Also, if retinal plaques are shown to 

form in presymptomatic stages of disease, then detection and quantification could be used 

as a means to screen for future risk of developing AD. Current methods of tracking AD 

biomarker progression including PET imaging or CSF biomarker detection are limited in 

their clinical application because they are too invasive and expensive to be applied to a 

large asymptomatic population. Efforts targeting ocular biomarkers of AD, including lens 

and retinal pathology, are in early stages of development and have their own caveats such 

as dependence on instrumentation that was custom built or not readily available, detection 

of pathologic changes not specific to AD, use of compounds with low retinal 

bioavailability due to poor BRB penetration, or inconsistent findings between 

studies335,345,346,356,358–361,363,367,468. Moreover, many of these approaches have only been 

studied in preclinical models of disease and thus further validation is required.  

 

In this work, we sought to develop a test for detecting retinal Ab plaques that could safely 
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and readily be implemented clinically to evaluate retinal pathology as a biomarker for AD 

and potentially be used to screen for the same pathology in an asymptomatic population. 

To accomplish this, fluorescent Ab-binding compounds, curcumin and thioflavin S, were 

administered as an aerosol to 5XFAD mice, serving as a model system for AD. Retinal 

samples from aged 5XFAD mice were stained with anti-Ab antibodies to first confirm that 

retinal plaques form in our transgenic model of AD. Results demonstrated plaques were 

found in the IPL and GCL of the retina (Fig.9-1A). APP cleavage products were also 

detectable using MALDI-IMS (Fig.9-2), though spatial resolution was low and thus future 

work was focused on fluorescence-based methods of detection.  

 

After we had confirmed the presence of retinal plaques, we then tested if aerosolized 

thioflavin S and curcumin could not only be delivered to the retina but also bind retinal 

plaques. 5XFAD mice treated over two consecutive days showed that in fact, when 

delivered as an aerosol, both thioflavin S (Fig.9-3, Fig.9-4A&B) and curcumin (Fig.9-

6A&B) can be effectively delivered to the retina. Moreover, both compounds are found 

particularly in the GCL and may in fact be in ganglion cell cytoplasm. Ab plaques were 

also preferentially found in the GCL and thus it appears retention of either compound is 

dependent on plaques being present. This is further supported by demonstrating thioflavin 

S and curcumin are not retained in wt mouse retinas following aerosol administration 

(Fig.9-4, Fig.9-5C&D, Fig.9-6D&E). Preliminary in vivo retinal imaging was conducted on 

5XFAD mice treated with aerosolized curcumin and resulted in no detectable fluorescence 

signal. When comparing retinal section preparations from both treatments, thioflavin S 

retention was more prevalent than curcumin and thus, may provide better results in 
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noninvasive retinal imaging as well. However, before this, further work will be done to 

better characterize thioflavin S labeling of retinal ganglion cells in 5XFAD mice.   

 

If thioflavin S fluorescence can be detected noninvasively through retinal imaging, this 

approach could potentially be used to evaluate retinal Ab as a biomarker for AD in both 

preclinical animal models and clinical studies. Aerosol and intranasal administration not 

only allow for easy administration in clinical settings but has also been shown to increase 

bioavailability in the brain and exhibits faster delivery kinetics than compared to standard 

peripheral administration techniques276. This was further supported by our work outlined in 

chapter seven, showing that aerosolized thioflavin S is capable of bypassing the BBB and 

binding Ab plaques 5XFAD mice. Based on these findings, we proposed that aerosol 

administration may improve delivery across the BRB and detect retinal Ab pathology using 

fluorescence microscopy. Further, if thioflavin S or curcumin fluorescence effectively 

targets retinal Ab, its fluorescence could potentially be detected noninvasively using 

imaging modalities already available in most research and clinical settings, thus making 

future clinical validation easier to implement. For clinical testing, longitudinal studies 

comparing retinal plaque formation to established measures of AD progression including 

cognitive testing and neuroimaging or CSF biomarkers could demonstrate the efficacy of 

monitoring retinal pathology. Additionally, retinal plaque detection using thioflavin S or 

any other fluorescent Ab-binding agent has the potential to be both noninvasive and 

inexpensive, such that it could be more readily implemented in an asymptomatic 

population and identify those with AD pathology in preclinical stages of disease if retinal 

pathology forms in early stages of AD. This offers the opportunity to not only conduct 
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more longitudinal and frequent measures in AD patients, but also to initiate experimental 

therapeutics prior to significant neurodegenerative changes if retinal pathology is detected 

in presymptomatic stages of disease, which may improve clinical outcomes. Based on our 

findings, retinal Ab plaque detection using fluorescent reporter molecules has the potential 

to be a noninvasive and inexpensive measure that could be readily implemented for studies 

as a diagnostic test and to monitor AD progression in experimental therapeutic studies both 

in transgenic models and clinical trials. 

 

Final Thoughts and Future Directions 

Based on the described work, we have concluded that inflammatory-mediated opening of 

the BBB improves delivery of a variety of compounds from small molecule to large 

theranostic agents as demonstrated using thioflavin S and 30 nm SPIO nanoparticles. 

Though LPS pretreatment effectively improved delivery of both, this came with the caveats 

that increased lethality was observed in our 5XFAD transgenic mice when compared to wt 

mice receiving the same treatment. Additionally, weight loss was observed in all mice 24 

hrs following LPS pretreatment with any dosage420. Because of these limitations, it is 

unlikely that this approach for improving drug delivery could be applied clinically, 

especially in a diseased patient population. However, using a different pro-inflammatory 

molecule or pairing LPS with a selective anti-inflammatory could potentially achieve a 

similar effect on increasing BBB permeability while reducing the unwanted side-effects 

and is thus an area of research we are considering.  

 

Though increasing BBB permeability is an effective approach for improved theranostic 

delivery, event transient opening comes with inherent risks including leaving the brain 



 

 
150 

susceptible to peripherally circulating neurotoxins and increased chance of developing 

CNS infections. As such, we investigated aerosol administration for improved delivery of 

compounds to the brain parenchyma. We have demonstrated this approach to be effective 

and, as it is not dependent on altering BBB permeability, may be more applicable in a 

clinical setting. Future work using this approach will seek to better understand the 

mechanism of uptake, hypothesized to be from olfactory-mediated transport, and see if a 

similar approach can be applied for improved delivery and therapeutic efficacy of other 

experimental treatments including anti-Ab antibodies.  

 

We have also shown that retinal pathology is found in our 5XFAD transgenic mice and that 

fluorescent Ab-binding agents are a potential method of noninvasively evaluating retinal 

plaques as a predictive biomarker for AD. To further investigate this approach, we must 

determine whether fluorescence can effectively report retinal Ab formation in a preclinical 

mouse model of disease and if it can be used to longitudinally track pathology formation. 

Also, once successful, we will determine if retinal pathology can be used to effectively 

predict plaque development in the brain under normal disease progression and in the 

context of administering a therapeutic targeted at reducing Ab plaque burden. Finally, we 

will conduct appropriate toxicity studies such that our approach can be tested in a clinical 

setting to first evaluate retinal pathology in patients with known cases of effective AD and 

later to determine if pathology in the retina precedes clinically appreciable cognitive 

decline. If successful, such a test could thus identify patients at risk for future development 

of AD and therapeutics could be administered earlier in disease progression. By improving 

drug delivery across the BBB and initiating treatment earlier, therapeutic efficacy could be 
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enhanced significantly for both already developed and novel experimental treatments to 

achieve improved clinical outcomes in AD.  
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