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ABSTRACT 

THE ROLES OF DIFFUSION AND BULK FLOW IN NEURAL FUNCTION 
AND ALZHEIMER’S DISEASE 

 
by Wade N. Dauberman, B.S., Florida Institute of Technology 

 
Chairperson of Advisory Committee:  Shaohua Xu, Ph.D. 

 
 

Alzheimer’s disease (AD) is a neurodegenerative disorder affecting close to 

5.1 million Americans and its incidence is expected to rise with the higher number 

of people in the aging population.  A hallmark of the disease is the production of 

the amyloid-beta (Aß) peptides and eventual self-assembly of these peptides into 

fibrils and extracellular Aß plaques.  Both plaques and oligomers are proposed to 

be the direct cause of AD, but it remains unclear how these structures affect 

neuronal function and pathogenesis.  While a direct toxic effect is currently the 

favored hypothesis, biomolecule aggregation is also known to play a role in the 

pathogenesis of numerous diseases by restricting diffusion and bulk flow.  The 

same restriction could occur in the brain due to the dense amyloid plaques forming 

in the extracellular space, preventing proper flow and diffusion of essential 

nutrients and cellular waste removal.  Unfortunately, limited model systems are 

available to test this possibility, and molecular tools need to be developed for the 

analysis of diffusion and bulk flow in relation to neural function and the physical 

presence of amyloid plaques. 
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The project presented here is focused on two important areas.  The first is to 

develop a nerve fiber-based model system, coupled with molecular rotor tools, 

which will allow gel-dependent changes in diffusion to be quantified and correlated 

with the loss of neuronal function.  The second is to evaluate methods appropriate 

to measure diffusion in tissues derived from normal and AD animal models.  Using 

Xenopus laevis (African clawed frog) sciatic nerves and fibrin to simulate the 

physical presence of amyloid fibril gels, we measured a 40% reduction of the 

compound action potential when fibrin gel was formed outside frog sciatic nerve 

fiber epineurium and a 70% reduction of the action potential was recorded when 

fibrin was formed inside the epineurium.  Fibrin encapsulating individual axons 

was verified using fluorescein-labeled fibrinogen.  Measurements using the 

molecular rotor 9-(2-carboxy-2-cyanovinyl)julolidine (CCVJ) revealed a 42% 

increase in microviscosity during fibrin gelation.  Glycerol also caused a 

concentration dependent reduction of the compound action potential.  However, Aß 

(1-40) oligomers and fibrils had no effect on action potential. 

Measurements of diffusion in fixed tissue samples was performed by 

fluorescence recovery after photobleaching (FRAP), a method typically used on 

live tissues to analyze protein binding and cell membrane mechanics.  Our results 

indicate that diffusion coefficients can be determined in fixed tissues, but methods 

of sample preparation affected these values.  The successful use of FRAP on fixed 
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tissues broadens the scope of the method and potential research areas; however, 

great care must be taken during sample preparation to ensure accurate comparisons.  

Diffusion coefficients of small and large molecules were then determined 

through Aß plaques in mouse/human amyloid precursor protein and mutant human 

presenilin 1 (APP/PS1) transgenic mice and human AD brain samples.  Diffusion 

was similar through plaques compared to the surrounding tissues of APP/PS1 mice 

for small molecules like rhodamine B; however, overall tissue diffusion was 0.5-

fold faster through transgenic mice plaques and tissues than through wild-type mice 

tissues.  In human AD brain samples, rhodamine B diffused 0.5-fold faster through 

the tissue than through the plaques, suggesting significantly restricted diffusion 

through the core of the plaque.  This restriction correlates to a theoretical 17-fold 

reduction in bulk flow through the plaque compared to the surrounding tissue.  It 

remains unclear why mouse and human plaques behave differently, but physical 

differences in plaque size or structure may play a role.  A large molecule, bovine 

serum albumin conjugated with fluorescein isothiocyanate (BSA-FITC), was also 

analyzed through mouse and human plaques and tissues but diffused too slowly for 

accurate measurements.  

Plaques in tissue slices were further examined by fluorescence microscopy 

using thioflavin S (ThS) and thioflavin T (ThT), two known molecular rotors which 

increase fluorescence upon binding to Aß fibrils and plaques. These rotors were 

compared to the CCVJ rotor used for previous studies.  Tissues incubated with 
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CCVJ revealed plaque specificity when compared to ThS stained tissues; however, 

some CCVJ binding to plaques was indicated causing possible interference with 

accurate viscosity measurements.  An amyloid binding assay comparing ThT with 

CCVJ in the presence and absence of increased viscosity indicated that CCVJ did 

possess minimal binding to amyloid fibrils; however, a majority of the fluorescence 

was due to viscosity.  Since the amyloid plaques expressed a greater CCVJ 

fluorescence than the surrounding tissues, it was likely that plaques represent 

regions of higher viscosities, but the amyloid fibril binding ability of CCVJ made 

the plaque viscosity difficult to quantify using the molecular rotor method. 

The new approaches described here suggest that amyloid plaques may 

represent regions of increased viscosity, and the impact of diffusion and bulk flow 

on AD pathology should not be ignored.  Hopefully, with further refinement of this 

methodology, it will be possible to better understand the complex pathology of AD 

and to develop rational treatments that are more effective than those currently 

available.  
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CHAPTER I.   INTRODUCTION 

Obstruction of bulk flow by aggregated biomolecules is thought to play an 

important role in the pathogenesis of numerous human diseases, such as kidney 

stones, gallbladder stones, atherosclerosis, and thrombotic cardiovascular diseases 

(Wisniewski et al. 1990, Tan and Pepys 1994, Xu 2007).  These extracellular 

aggregates can restrict the diffusion and flow of fluids and molecules.  In 

Alzheimer’s disease (AD), amyloid plaques, derived from amyloid-beta (Aß) 

peptides, form oligomers, fibrils, and eventual insoluble plaque aggregations 

(Yamaguchi et al. 1990, Wisniewski and Wegiel 1995), which deposit 

extracellularly in the brain.  These plaques are also made of aggregated 

biomolecules consisting of proteins, lipids, and their calcification.  How the 

presence of plaques affects neuronal function and pathogenesis, and whether the 

plaques obstruct flow of fluids and molecules is unclear.  Compared to the 

centimeter-large atherosclerotic plaques or kidney stones, amyloid plaques are 

smaller, often less than 50 µm in diameter, making them a difficult subject to 

isolate and study.   

The AD field has shifted from studying the potential toxicity of the plaques 

to studying the toxicity of the intermediate oligomers (Hardy and Selkoe 2002).  

Some groups believe the plaques represent a non-toxic byproduct and provide a 

neuroprotective role by sequestering the oligomers (Savory et al. 2002, Caughey 
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and Lansbury 2003, Douglas et al. 2008, Morris et al. 2014).  After years of 

oligomer-focused research, numerous inconsistent results and lack of evident in 

vivo toxicity exists (Benilova et al. 2012).  New methods are needed to study the 

potential physical toxicity of the plaques in relation to diffusion and bulk flow and 

to study the physical relationship of extracellular protein aggregation to viscosity 

and neuronal function.  The cause of the massive amount of cell death found in AD 

remains unexplained so the search for an alternative toxicity is needed. 

Aggregation and transformation of misfolded proteins into amyloid fibrils is 

a commonly observed phenomenon in dozens of human diseases, ranging from 

diabetes mellitus type 2 to neurodegenerative diseases such as AD, Huntington’s 

disease, and Parkinson’s disease (Tan and Pepys 1994).  Since the human body has 

no known mechanism for removing these amyloids, patients tend to already have 

extensive amyloid deposits once diagnosed, which leads to very poor prognoses 

(Hawkins 1988).  Specifically in AD, Aβ accumulation with time leads to the 

formation of amyloid plaques (Dickson 1997).   

Currently, the pathogenesis of Alzheimer’s disease remains unknown.  Two 

leading hypotheses have been proposed:  1) amyloid plaques are pathogenic, and 

more recently, 2) the oligomer intermediates, or as we refer to them, colloids, of 

fibril formation are pathogenic.  Amyloid fibrils can further aggregate into a gel 

and there is a potential link between gelation and cellular death, as gels are known 

to eliminate bulk flow at the macroscopic level (Burnett et al. 2014).  However, 
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bulk flow at the microscopic level, under hydrostatic pressure, remains an area of 

study.  New methods need to be developed to determine if amyloid plaques 

obstruct fluid flow and the circulation of nutrients, waste, and bio-signaling 

molecules through brain tissues and extracellular space. 

Although well studied, the direct physical effect of aggregation on neuronal 

function and is not entirely understood.  Possibly, essential nutrients are not 

replenished and cellular waste is not properly removed due to inhibited diffusion 

and bulk flow.  Reasonable models to test these hypotheses in settings that many 

labs could adapt are lacking.  This work aims to create and test methods to quantify 

diffusion and bulk flow through tissues and aims to remind the AD field about the 

potential physical toxicity of plaques. 
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PATHOGENESIS IN AD:  OLIGOMER VS. AMYLOID HYPOTHESES 

Aggregation and accumulation of two different protein molecules causes 

pathogenesis in AD (Figure I.2).  Tau, a protein associated with cytoskeleton 

assembly, accumulates intracellularly to form macromolecule networks called 

neurofibrillary tangles (NFTs).  Aβ, a peptide fragment, accumulates in the 

extracellular space in structures called plaques.  Virtually all neurons that 

degenerate during the development of AD have accumulation of one or both forms 

of aggregation; however, Aβ formation alone can contribute to the disease (Bouras 

et al. 1994). 

 

Figure I.1. The hallmarks of a healthy neuron and an AD affected neuron.  Image 
from the National Institute on Aging/National Institute of Health. 
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Aß PEPTIDE FORMATION 

Most of the research in AD pathogenesis relates to the toxicity of Aß.  

Under non-amyloidogenic conditions (Figure I.2), the transmembrane amyloid 

precursor protein (APP) is cleaved by α-secretase, rather than ß-secretase, forming 

a shorter peptide fragment that is less prone to aggregation (Nunan and Small 

2000).  α-secretase cleaves APP 83 amino acids away from the C-terminal end 

(C83) producing an extracellular fragment termed (s-APPα).  s-APPα remains 

soluble, provides a neuroprotective role, and potentially plays a role in memory 

formation (Meziane et al. 1998, Kojro and Fahrenholz 2005).  Interestingly, the 

concentration of s-APPα seems to decrease in AD patients and may provide a 

potential biomarker for onset or diagnosis of the disease (Lannfelt et al. 1995).  α-

secretase cleavage is then followed by intramembrane cleavage of the remaining 

APP, termed APP intracellular domain (AICD), by γ-secretase producing a short 3 

kDa Aß fragment called p3 (Haass et al. 1993).  p3 has been noted to be potentially 

toxic (Higgins et al. 1996), but it is much less prone to aggregation due to reduced 

hydrophobicity and truncated size (Dickson 1997, Nunan and Small 2000, Dulin et 

al. 2008).  Some researchers even propose p3 could have a neuroprotective role by 

sequestering inflammation (Han et al. 2011). 
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Figure I.2: The non-amyloidogenic and amyloidogenic cleavage pathways of α-, β-, 
and γ-secretase.  Image from from Zhang (2012). 

For the amyloidogenic pathway (Figure I.2), Aβ is produced by the 

enzymes ß- and γ-secretase, generating the 4 kDa Aβ42 or Aß40 peptides (Suzuki 

et al. 1994).  Differing from α-secretase, ß-secretase produces a 99 amino acid C-

terminal fragment (C99) which yields a shorter extracellular s-APPß fragment (Cai 

et al. 2001).  The s-APPß is cleaved at its functional domain and is 100-fold less 

neuroprotective than s-APPα (Furukawa et al. 1996).  When α-secretase cleaves 

APP, it does so in the middle of the Aß peptide and produces the smaller p3 peptide 

(Haass et al. 1993); however, when γ-secretase cleaves C99, it produces the 1-40 or 

1-42 amino acid Aß peptides.  Both peptides are prone to aggregation, but due to 

increased hydrophobicity, the longer peptide, Aß42, is more prone to aggregation 

and is most commonly associated with plaque formation in AD (Walsh and Selkoe 
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2007).  Aß40 also has expressed concentration-dependent neuroprotective and 

neurotoxic roles (Yankner et al. 1990) but remains less prone to form fibrils and 

aggregate.  Furthermore, a common end-product of either cleavage pathway results 

in the intracellular AICD fragment.  Much remains unknown about the function of 

AICD, and debate exists as to whether AICD contributes to AD pathophysiology or 

plays an important role in transcriptional regulatory functions and signaling 

pathways (Muller et al. 2008, Aguayo-Ortiz and Dominguez 2016). 

The mechanistic functions of the cleaved products remain an area of study, 

but it is known that some offer neuroprotection whereas others are neurotoxic 

(Nhan et al. 2015).  It would appear that either ß- or γ-secretase inhibition (see red 

box in Figure I.2) could provide a potential therapeutic treatment due to the 

inhibition of Aß40 and Aß42 cleavage.  Many groups have focused on the 

inhibition of ß-secretase, but drug development has been limited due to 

characteristics of the active site, non-specific toxicity of inhibition, and/or low 

permeability of the inhibitor (Aguayo-Ortiz and Dominguez 2016, Barao et al. 

2016).  Some of the ß-secretase inhibitors remain in clinical trials (Ghosh and Tang 

2015) with one, MK-8931, in development by Merck and is currently in phase III 

human trials (Scott et al. 2016). 

In addition, increased structural information is becoming available 

regarding γ-secretase, and advanced inhibition methods will likely follow (Aguayo-

Ortiz and Dominguez 2016).  The question also remains for the importance of the 
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AICD fragment in neuroprotection or inhibition.  If cleavage of the AICD fragment 

is inhibited by either specific or downstream inhibition from β- or γ-secretase, the 

downstream effects may be toxic to the cells.  One group inhibited AICD using a 

covalent conjugation with Nedd8 and was able to inhibit the transcriptional 

regulation (Lee et al. 2008), but long-term inhibition of this translational activity 

remains unknown.  Nevertheless, we still are years away from true progress in AD 

prevention and more research elucidating AD pathogenesis is required (Ghosh and 

Tang 2015). 

Aß OLIGOMERS AND AGGREGATION 

Once the Aß40 or Aß42 peptide is produced, the exact pathways and 

mechanisms of amyloid aggregation at the molecular level are poorly understood, 

which hinders rational pharmaceutical interventions.  Critical intermediates in this 

pathway, colloids and their linear aggregates, composed of highly ordered β-sheet 

complexes (Chiti and Dobson 2006), were discovered using atomic force 

microscopy (Xu et al. 2001), and later confirmed using transmission electron 

microscopy (Xu et al. 2010).   

Protein molecules initially aggregate into colloidal spheres of uniform size, 

which then join together linearly, forming amyloid fibrils and eventual plaques 

(Figure I.3) (Xu 2007, 2009).  These insoluble plaques are commonly associated 

with cell death (Hardy and Selkoe 2002) and may lead to progressive degeneration 

of the blood-brain barrier (BBB) (De la Torre and Mussivand 1993).  The 
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accumulation of Aβ plaques in the extracellular space of the brain may initiate a 

cascade of reactions, beginning with synaptic dysfunction and ultimately resulting 

in apoptosis of the neuron (Hardy and Selkoe 2002, Westphalen et al. 2003, 

Parameshwaran et al. 2008, Nistico et al. 2012).  The plaques may form around 

axons (Ohnishi and Takano 2004) and become associated with activated microglia 

and reactive astrocytes (Dickson 1997), which produce toxic molecules, such as 

cytokines, causing dysfunction of neuronal processes.  Cytokines increase the 

inflammation of the neuron (Aarli 2003) and increase the production of toxic 

reactive oxygen species (Dickson 1997).   

 

 

Figure I.3: Proposed mechanism of colloidal aggregation leading to amyloid fibril 
formation (Xu 2007). 

Currently, the popular amyloid cascade hypothesis (ACH), first proposed by 

Hardy and Higgins (1992), has come under question due to formation of plaques in 
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individuals who have normal cognitive function (Nordberg 2008, Villemagne et al. 

2008); however, these plaques are mostly less bioactive and diffuse (Selkoe 2011).  

Alternatively, the oligomer hypothesis suggests the colloidal intermediates, also 

known as oligomers, are the toxic component that leads to neurodegeneration 

(Walsh and Selkoe 2004, Haataja et al. 2008).  Aß Oligomers (AßOs) are either a 

step in the formation process or a byproduct of Aβ plaques (Saric et al. 2014).  The 

validity of the oligomer hypothesis depends on whether oligomers were present 

earlier than the fibrils and plaques and exercise their toxicity before substantial 

plaque formation.  As for the ACH, plaque formation may not have followed the 

proposed nucleation pathway and oligomers may be a byproduct or produced by 

other mechanisms (Saric et al. 2014).  Interestingly, a mouse model supporting the 

oligomer hypothesis displayed cognitive decline before substantial plaque 

formation (Lesne et al. 2008); however, supporting in vivo work at normal 

oligomer concentrations is lacking.  The possibility also exists that plaques provide 

a neuroprotective role (Caughey and Lansbury 2003) or are simply innocent 

bystanders in cell death.   

The main issue with the oligomer hypothesis is the diversity of toxicity 

(Figure I.4).  Countless articles are published which present new mechanistic 

hypotheses of AßO toxicity.  To briefly summarize, AßOs have been linked to AD 

in the following ways:  Oxidative stress and lipid peroxidation in neurons 

(Butterfield et al. 2002, Duran-Gonzalez et al. 2013, Evangelisti et al. 2013, 
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Narayan et al. 2014), toxic ion pore formation on the cell membrane (Arispe 2004, 

Jang et al. 2013), synaptic plasticity disruption (Lacor et al. 2004, Cleary et al. 

2005, Klyubin et al. 2012, Ferreira et al. 2015), astrocyte and microglia calcium 

influx (Narayan et al. 2014), selective neuronal degeneration (Kim et al. 2005), 

prion-like infectious behavior (Nussbaum et al. 2012, Duran-Gonzalez et al. 2013, 

Um and Strittmatter 2013), binding to numerous membrane proteins (Lauren et al. 

2009, Renner et al. 2010, Viola and Klein 2015, Jarosz-Griffiths et al. 2016), 

insulin resistance (De Felice et al. 2009, Bitel et al. 2012, Bomfim et al. 2012), 

calcium homeostasis disruption (Evangelisti et al. 2013, Di Scala et al. 2014), and 

tau hyperphosphorylation induction (De Felice et al. 2008).  One of the main issues 

is that AßOs lack a common description of structural toxicity and are thought of as 

“an emperor in need of clothes” since they possess numerous conformations 

ranging from monomers, to trimers, and to eventual fibrils (Benilova et al. 2012, pg 

349).  Moreover, not all oligomers promote toxicity (Chromy et al. 2003, De Felice 

et al. 2008) and “relevant Aß toxicity has barely been demonstrated” (Hardy 2009, 

pg. 1129) .  If AßOs are the toxic component, the massive cell loss, role in 

cognitive alterations, and existence in non-AD patients cannot be fully explained 

(Benilova et al. 2012).  More in vivo work using naturally occurring concentrations 

of AßOs along with other models of toxicity must be examined.  Also, if they are 

toxic at low concentrations, such as 100 nM, why is toxicity specific to neurons and 

not elsewhere in the body where AßOs are also found? 
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Figure I.4: The diverse oligomer theory.  Figure modified from Viola and Klein 
(2015). 

The failure of many clinical trials following the ACH has caused 

researchers to change focus towards the oligomer theory.  Most of the failures are 

due to the pitfalls of the transgenic mouse AD models and their inability to 

successfully correlate clinical trials to the complex human system (LaFerla and 

Green 2012, Cavanaugh et al. 2014).  Interestingly, the only FDA approved clinical 

drugs were never tested in the transgenic mouse model (LaFerla and Green 2012).  

The ACH is also very unappealing for therapeutic treatment (Teich and Arancio 

2012), since even if clearance of the plaques is successful, the surrounding neurons 
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are already dead or damaged, so cognition cannot be restored.  From a clinical 

view, attacking the oligomers appears much more appealing, and has made them 

the key drug target (Hefti et al. 2013) and the focus of recent proposals.  Clinical 

trials targeting oligomers have also failed across the board, again likely linked to 

the imperfect mouse model, however, trials have not focused on all aspects of the 

disease.  Future trials must focus on all aspects including oligomers, fibrils, 

plaques, and even tau (Rosenblum 2014).  Although some groups believe it, the 

plaques should not be considered a non-toxic byproduct, and should remain as a 

research focus based on their potential physical toxicity.  Since existing models 

have not been successful, new models and methods must be proposed to address 

the issue of plaque’s physical presence.  Much debate remains as to which 

aggregation state is toxic to the cells (Ecroyd and Carver 2008), and more work 

elucidating the physical effects of plaques within the brain must be investigated.  It 

is likely the two disease states are linked, and both play a role in toxicity. 
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EXTRACELLULAR SPACE, DIFFUSION, BULK FLOW, AND AD 

The extracellular space (ECS) defines the channel-like environment where 

interstitial fluids (ISF), consisting of nutrients, neurotransmitters, signaling 

molecules, ions, and wastes, travel through the all tissues to maintain cellular 

homeostasis and function.  The widths of the channels range from 20-40 nm and 

encompass around 20% of total brain volume (Nicholson et al. 2011, Godin et al. 

2017).  Variations of the ECS geometry and volume fraction can arise during sleep, 

development, aging, and neurological disorders, so understanding any alterations in 

function is vital for neurological research and drug delivery.  These variations can 

affect proper clearance routes, cellular uptake, diffusion, and flow of nutrients and 

waste across the BBB (Sykova and Nicholson 2008). 

DIFFUSION 

Both diffusion and bulk flow are essential processes which help to maintain 

cellular homeostasis and health in the brain.  Diffusion is the net movement of 

individual molecules down a concentration gradient due to random motion or 

thermal movement.  Diffusion was first defined by Adolf Fick (Eq. I.1) in the 19th 

century as,  

 
𝐽 = −𝐷

𝑑𝐶

𝑑𝑥
 (I.1) 
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where J is the flux through an area, D is the diffusion coefficient, dC is the change 

in concentration of material, and dx is the change in distance.  Thus, flux is 

proportional to the concentration gradient.  Diffusion through the ECS is 

determined by the volume fraction, or porosity, defined as α (Eq. I.2) and the 

tortuosity, or obstructive geometric capabilities of the environment, defined as λ 

(Eq. I.3) (Sykova and Nicholson 2008).  Volume fraction is defined as, 

 
𝛼 =

𝑉𝐸𝐶𝑆

𝑉𝑇𝑖𝑠𝑠𝑢𝑒
 (I.2) 

where VECS is the volume of the extracellular space and VTissue is the volume 

occupied by the tissue, and tortuosity is defined as, 

 
𝜆 = √

𝐷𝑓

𝐷∗
 (I.3) 

where Df is the free diffusion coefficient and D* is the effective diffusion 

coefficient, typically determined using radiotracers or fluorescent dyes.  The 

volume fraction of the ECS has been well studied using electron microscopy and 

occupies approximately 20% of total brain volume (Vanharreveld et al. 1965, 

Nicholson and Sykova 1998).  This value has been recently debated due to the 

difficulty in determining the ECS volume fraction in living tissues, where there is a 

high likelihood of ischemia; therefore, new methods, such as in vivo studies using 

quantum dots (Thorne and Nicholson 2006) and fluorescent dyes (Zhang and 

Verkman 2010), have been developed and remain an area of study.   
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Due to the physiological independence between volume fraction and 

tortuosity, it is difficult to derive a relationship between the two.  There are also 

many non-geometric factors such as ISF viscosity (discussed in bulk flow), 

molecular size, ECS channel interaction (Rusakov and Kullmann 1998), and the 

uptake of molecules by cells or across the BBB (Patlak and Fenstermacher 1975).  

The Nicholson group attempted to derive an empirical relationship using Archie’s 

law (Eq. I.4) (Archie 1942),  

 𝜆 = 𝛼−𝑛 (I.4) 

which relates sedimentary porosity and saturation.  It was determined that the 

values remained independent since the tortuosity exponent, n, is a constant variable 

according to the original law (Nicholson and Rice 1986, Kume-Kick et al. 2002). 

However, if the tortuosity exponent is variable due to the variance between regions 

of white and gray matter, the relationship displays some dependence (Pfeuffer et al. 

1998, Mota et al. 2004).  This relationship remains an important area of 

investigation when discussing diffusion throughout the brain. 

BULK FLOW 

Bulk flow is the movement of water and solutes due to a pressure gradient.  

Analysis of fluid flow through a porous matrix can be defined using a simplified 

version of Darcy’s law (Eq. I.5) which states, 

 
𝑄 =

𝐾𝑠𝛻𝑃

η
 (I.5) 
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where Q is the flux of fluid per unit area through a porous matrix, Ks is the Darcy 

permeability coefficient, ∇P is the hydrostatic pressure gradient across the matrix, 

and η is the viscosity of the ISF.  According to the equation, bulk flow is strongly 

dependent on the viscosity of the media and the permeability through a porous 

matrix.  The movement of fluids through the ECS of the brain has numerous 

implications, including cell to cell communication, drug delivery, distribution of 

molecules, waste clearance, ionic homeostasis, and immune function (Abbott 

2004).   

Bulk flow through the ECS remains a debated issue (Brinker et al. 2014).  

Flow typically occurs via osmotically balanced fluid secretion across the BBB but 

can also be generated as fluid secretion from cells (Rapoport 1978) and the choroid 

plexuses (Damkier et al. 2013).  One research group determined bulk flow only 

occurs in perivascular spaces surrounding capillaries and little to no flow occurs 

throughout the remaining ECS (Ichimura et al. 1991).  Varying flow rates were also 

found when comparing white to gray matter regions of the brain.  White matter 

regions expressed a flow rate of 10.5 µm/min towards the ventricles, but regions of 

gray matter only displayed flow under osmotic stress (Rosenberg et al. 1980).  The 

issue of diffusion also returns, since some groups believe that diffusion cannot be 

the sole clearance mechanism due to a constant rate of clearance for various sized 

molecules (Bradbury et al. 1981, Cserr et al. 1981, Szentistvanyi et al. 1984).  

However, another group that used albumin and large dextrans suggests diffusion is 
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responsible for clearance and is independent from bulk flow (Ohata and Marmarou 

1992).  As mentioned, quantitative measurements of flow rates have been made by 

injecting tracers into the brain and observing their movements (Rosenberg et al. 

1980, Pullen et al. 1987), but no work has examined direct effects of Aß plaques on 

bulk flow. 

RELATIONSHIP TO AD 

In vitro, amyloid fibrils have been found to be capable of further 

aggregation and forming gels (Burnett et al. 2014).  The amyloid fibril solution 

transforms from a free flowing, low viscosity solution, to a rigid, structured, and 

highly viscous gel.  Gels are known to eliminate bulk flow and amyloid plaques 

may behave as a gel.  A transformation of brain fluid to a gel-like state due to 

amyloid fibril formation could have drastic neurophysiological effects on viscosity-

dependent processes and increase the local tortuosity, or geometric obstructions, of 

the ECS.  This observation in vitro unveils the possibility that in vivo formation of 

amyloid fibril gels can result in the hindrance of diffusion and convective transport 

within the brain, preventing the movement of essential ions and nutrients (Figure 

I.5).   
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Figure I.5: The denied access model.  Schematic representing normal action 
potential propagation (A) and inhibition in the presence of a gel (B). 

Limited research has been conducted towards understanding how the 

formation of amyloid plaques affects diffusion.  Researchers utilizing diffusion-

weighted magnetic resonance imaging (DW-MRI) have demonstrated a reduced 

interstitial fluid diffusion in the brain of APP23 transgenic mice (Mueggler et al. 

2004) and reduced diffusivity in the white matter of patients suffering from 

sporadic Jakob-Creutzfeldt disease (Mao-Draayer et al. 2002), another 

neuroencephalopathy associated with the formation of insoluble amyloid.  Sykova 

et al. (2005) analyzed the ECS and the volume fraction and diffusion of the cerebral 
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cortex in APP23 mice using real-time tetramethylammonium (TMA) and DW-MRI 

methods.  They determined that the volume fraction increased in aged APP23 mice 

by approximately 3.0% in both female and male mice and apparent diffusion of 

TMA decreased by 7.0% in females and 1.7% in males.  Plaque load was also twice 

as high in females as it was in males.  The control group decreased their ECS 

volume fraction by approximately 7% in males and approximately 4% in females, 

and displayed a <1% increased apparent TMA diffusion in aged mice (Sykova et al. 

2005).  These results suggest that plaques may decrease diffusion by increasing 

overall brain tortuosity; however, the direct correlation remains unknown. 

Another physical impact of plaque formations may be fluid clearance from 

the brain by increasing the tortuosity, as previously noted by Sykova et al. (2005).  

Clearance is important across the BBB to prevent buildup of toxic molecules and to 

help maintain cellular homeostasis (Figure I.6A).  Clearance also prevents high 

concentrations of soluble Aβ and eventual plaque formation (Shibata et al. 2000, 

Lam et al. 2001), and an age-related imbalance of Aß release could drive the 

progression of AD (Hardy and Selkoe 2002).  The accumulation of plaques in the 

extracellular space (Figure I.6B) and drainage pathways (Figure I.6C, D) could 

reduce the clearance of high molecular weight substances by impeding the normal 

clearance routes (Nicholson and Sykova 1998, Weller 1998, Sykova and Nicholson 

2008).  Plaques can become very large, up to 150 µm in diameter (Aguzzi and 

O'Connor 2010), so it is likely that the dense plaques can restrict fluid movement 
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through the less than 0.1 µm extracellular space pathways.  Moreover, AD patients 

display a significant reduction in ISF flow (Suzuki et al. 2015), which may be 

linked to the increased plaque load.   

 

 

Figure I.6: Bulk flow and fluid clearance in the brain.  (A) Nutrients and toxins 
must be able to freely move into and out of the brain (Image from the University of 
New Hampshire).  (B)  Plaque formations can become very large, up to 150 µm in 
diameter (Aguzzi and O'Connor 2010) and can likely block the (C) less than 0.1 
µm extracellular channels and synaptic junctions (Nicholson and Sykova 1998).  
(D) Factors within the extracellular space such as charged residues, binding, and 
dead space can also affect fluid flow (Sykova and Nicholson 2008). 

The cause of the massive amount of cell death found in AD remains 

unexplained, so the search for an alternative toxicity is needed.  Future work must 

develop new methods to evaluate the effect of the physical presence of amyloid 
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plaques on neuronal function and fluid flow in brain tissue.  Previous studies, like 

the ones mentioned above, analyze flow and diffusion over whole brain regions in 

mouse and human models, yet the reason for the reduction in flow or diffusion 

remains unknown.  The methods must advance to study the effects of this physical 

aggregation on neuronal function, such as action potential propagation, and 

diffusion and bulk flow through individual plaques.  The study of diffusion also 

poses many issues, since it is such a dynamic process.  Any alterations in the tissue 

environment could have drastic effects on the diffusion; therefore, great care must 

be taken in method developments.   



23 
 

 

 

TECHNIQUES TO STUDY AMYLOID PLAQUES ON NEURONAL 

FUNCTION 

We identified four new methods that need to be developed to study if and 

how the amyloid plaque affects the neuronal function.  Specifically, these methods 

will be used to analyze the following: 

FIBRIN AS AN Aß PLAQUE PROXY 

To study the effect of amyloid plaque on neuronal function, we need to 

have the plaque prepared in the presence of functional neurons, under physiological 

conditions, and within seconds to minutes.  The constraints of the physiological 

condition and the short time period force us to look for a proxy of amyloid fibril gel 

as they take hours to days to produce, often under nonphysiological conditions. 

VOLUME FRACTION AND PORE SIZE.  Ideally, the use of Aβ is preferred, but 

time, attainability, and practicality must be considered.  Fortunately, amyloid fibrils 

are not the only example of a fibrous network created by proteins.  The hindrance 

of diffusion and convective transport are also elementary properties of wound 

healing, a process that relies on blood clotting due to the formation of a fibrin gel 

network.  Fibrin gels are formed within a few minutes between the interactions of 

the protein fibrinogen, from blood plasma, and the activating enzyme thrombin 

(Janmey 1982).  Thrombin cleaves fibrinopeptides located in the middle of 
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fibrinogen, producing a fibrin monomer and subsequent protofibril formation 

(Weisel 2007).  Compared to amyloid gels, fibrin is easily attainable, found within 

the body, and forms rapidly under physiological conditions (Janmey 1982).  

Amyloid gels, on the other hand, require hours or even days to form in vitro.  

Importantly, fibrin is physically similar to amyloid gels and provides an ideal 

proxy.  With these factors considered, a convenient analog to study the physical 

effects of toxicity must be used.  This would allow for rapid and feasible studies of 

protein aggregation in cellular environments.  

Fibrin provides an ideal analog for studying the physical effects of amyloid 

plaques or gels and the potentially abolished bulk flow on neuronal function; 

however, the gel must have the appropriate porosity to simulate the amyloid 

plaque.  To qualify, fibrin gel must have higher porosity compatible to amyloid gel.  

If the porosity of fibrin is smaller, it could have a greater effect on diffusion and 

flow compared to the plaque.  Scanning electron microscopy (SEM) (Figure I.7A) 

and atomic force microscopy (AFM) (Figure I.7B) images reveal a dense fibrous 

network with pore sizes less than 1 μm, which are comparable to Aβ (Figure I.7C).   
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Figure I.7: Scanning electron micrograph of fibrin (A), atomic force micrograph of 
fibrin (B), and atomic force micrograph of amyloid-beta (1-40) (C).  Fibrin was 
generated using a 10:1 ratio of fibrinogen (20 mg/ml in 0.9% NaCl) and thrombin 
(50 U/ml in 0.1% BSA, pH 7.4).  Amyloid fibril formation of 10 µM Aβ40 fibrils 
incubated at 37 °C. 

Chemically, fibrin is different from Aβ, and although fibrin is not a true 

amyloid, its regulation is similar to the enzymatic control of peptide hormone 

aggregation (Greenwald and Riek 2010).  Fibrin has a high β-sheet content of 40% 

(Bramanti et al. 1997) and binds Congo red (Kranenburg et al. 2002), an amyloid-

specific stain.  Kranenburg et al. (2002) believe fibrin can form cross-β structures 

and amyloid fibrils, and that these β-sheet structures function as the scaffold to 

activate plasmin (2002), which eventually cleaves aggregated fibrin.  This 

dissertation aims to compare fibrin to Aß fibrils and plaques from APP/PS1 

transgenic mice and human AD samples.  This would provide verification that 

fibrin can serve as an Aβ proxy. 

VISCOSITY OF GELS USING MOLECULAR ROTORS.   Increased viscosity is 

also thought to play a role in the pathogeneses of AD linked to amyloid plaque 
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formation.  De la Torre and Mussivand (1993) hypothesized that blood viscosity 

can increase due to amyloid deposits causing degeneration of brain capillaries at the 

BBB; however, the link between increased local viscosity and degeneration has 

remained elusive.  Protein aggregation into a gel, as seen in vitro, possibly also 

occurs in vivo. 

Bulk viscosity is known to be different from molecular viscosity. For fibrin 

to be qualified as an amyloid fibril gel proxy for diffusivity study, the viscosity of 

fibrin gel, at the molecular level, needs to be comparable or lower than that of 

amyloid fibril gel.  If the viscosity of fibrin is too large or too small, it may not 

correlate as an accurate comparison.  To study ion or molecule diffusion across the 

amyloid plaque, the molecular viscosity is of interest.  A successful technique used 

to study viscosity applies fluorescent molecules known as molecular rotors.  Rotors 

are able to alter their fluorescence by changing the rate of an aromatic 

conformational change between grounded planar and twisted states (Grabowski et 

al. 2003, Akers et al. 2005).  This is dependent on the microviscosity of the 

environment, which decreases bond rotation and increases fluorescence yield 

(Haidekker and Theodorakis 2010).  Previous work in the lab used 9-(2-carboxy-2-

cyanovinyl)julolidine (CCVJ) as the molecular rotor to determine how the 

formation of fibrin altered environmental viscosity (Breit 2013).  Results were 

compared to varying concentrations of glycerol, a known viscous solution, where 

increasing concentrations amplified the fluorescence intensity.  In 20 mg/ml fibrin 
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formation, fluorescence intensity increased during gelation with the greatest 

increase occurring within the first 60 seconds (Figure I.8).  Only a small increase 

occurred in 10 mg/ml fibrin formation (Figure I.8), suggesting 20 mg/ml would be 

an optimal concentration to study gelation in a time dependent manner.  The study 

also established that gelation resulted in an increased environmental microviscosity 

and will be further expanded in this dissertation. 

 

Figure I.8: Relative fluorescence intensity of 5 μM CCVJ in two different fibrin 
gels.  One gel was composed of 20 mg/mL fibrinogen (●), and the other was 
composed of 10 mg/mL fibrinogen (□). Thrombin concentration was kept constant 
(10-75 U/mL). 

SCIATIC NERVE AS A CNS PROXY 

A goal of this work is to determine whether the physical presence of 

plaques causes toxicity.  Since in vivo experiments using mice or human models are 
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difficult to perform, an ideal analog is the sciatic nerve from frogs, such as the 

Xenopus laevis, as it has long been successfully employed in studying numerous 

physiological properties of axons and is well characterized.  The sciatic nerve is a 

large bundle of many axons surrounded by an epineurium membrane (Figure I.9A).  

The individual axons are structurally supported with collagen, known as the 

endoneurium, and encompassed with myelin containing nodes of Ranvier (Figure 

I.9B, C), which allows for rapid conduction of action potentials.   

 

Figure I.9: SEM images of Xenopus laevis sciatic nerve.  (A) The sciatic nerve 
image was generated by fixing the nerve bundle in 3% glutaraldehyde, washing in 
0.1% PBS, staining in 1% osmium tetroxide/0.1% PBS, dehydrating in increasing 
concentrations of ethanol and ethyl-acetate, and critical point drying.  Cryostat 
sections were also prepared in the cross sectional (C) and longitudinal (D) 
directions at 20 μm thickness. 

In AD, white matter atrophy due to plaque formation may be as important 

as gray matter atrophy.  Plaques are more numerous in associative regions of the 

brain higher in gray matter content, such as the extracellular matrix of the 

hippocampus where learning and memory take place (Rogers and Morrison 1985) 

and where the most severe neuropathological changes occur (Nistico et al. 2012); 
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however, plaques are also found in myelinated white matter regions such as the 

cortex.  The question arises as to whether the myelinated sciatic nerve would serve 

as an appropriate proxy for neurodegenerative studies.  Although the gray matter 

regions are more intensely studied, white matter atrophy occurs in AD (Balthazar et 

al. 2009) and is found in roughly 60% of AD cases (Brun and Englund 1986).  

White matter atrophy is often considered secondary to gray matter damage (Roher 

et al. 2002), but recent developments determined white matter damage occurs in 

pre-AD stages and cannot be linked to gray matter atrophy (Sachdev et al. 2013, 

Amlien and Fjell 2014).  Furthermore, studies analyzing white matter attributed the 

damage to cognitive decline (Serra et al. 2012) and discovered higher levels of 

soluble Aβ in AD patients (Collins-Praino et al. 2014).   

Many physiological experiments using the frog sciatic nerve have been 

conducted examining the compound action potential (CAP) and the biochemical 

effects that may cause degeneration.  One group examined the time-dependent 

effects acrylamide had on the antioxidative stress in rat nerve tissues.  With 

increased concentrations injected into rats over a few weeks, decreases were found 

in both CAP duration and CAP amplitude (Zhu et al. 2008).  Furthermore, Zhu et 

al. (2008) determined that acrylamide may be associated with an increase in lipid 

peroxidation and reduction of the antioxidative capacity.  Another experiment 

examined the direct effects of polyethylene glycol (PEG) on isolated rabbit sciatic 

nerves (Benzon et al. 1987).  They found 40% PEG abolished the compound action 
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potential within an hour due to increased osmotic pressures creating a hypertonic 

environment and shrinkage of the axon.  These structural changes may lead to 

reduced ion permeability, neuronal stress, and eventually death (Benzon et al. 

1987).  These results suggest the frog sciatic nerve may be an ideal tissue for 

neurophysiology experimentation to test the effect of viscosity on neuronal 

function.  Completing these experiments on gray matter would be extremely 

difficult; whereas, the sciatic nerve is easy to dissect and shares common 

physiological features as central nervous system neurons (Morse and Evans 2003).  

If plaques are the culprit for neuronal loss, similar reasons for toxicity may be seen 

in both white and gray matter. 

QUANITFYING DIFFUSION THROUGH PLAQUES AND BRAIN TISSUE 

How amyloid plaques affect the circulation of nutrients, wastes, and 

biosignaling molecules in brain tissue remains unknown.  Molecules move through 

a matrix either by diffusion driven by Brownian motion, or carried by fluid 

movement or bulk flow.  Thus, methods are needed to analyze diffusion and bulk 

flow.  FRAP is a straightforward technique developed to study molecular diffusion 

in media (Peters et al. 1974).  Using a confocal laser scanning microscope (CLSM), 

a user-defined region of interest is selected and bleached, leaving the surrounding 

area unbleached (Braeckmans et al. 2003).  With time, the unbleached molecules 

diffuse into the bleached area and exchange with the bleached molecules (Axelrod 

et al. 1976, Soumpasis 1983).  Using one of many possible fluorescent dyes, such 
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as rhodamine B (RhoB) or fluorescently tagged proteins, a fluorescent recovery 

curve can be generated and a diffusion coefficient of the dye through the sample 

can be calculated (Seiffert and Oppermann 2005, Miyawaki 2011). 

Protocols and data analysis of FRAP experiments differ between 

laboratories causing the existing body of data to be incomparable (Trembecka et al. 

2010).  Many finite factors affect diffusion, suggesting that each lab must perfect 

their own calibrations and controls.  Numerous studies using this technique and a 

variety of fluorophores have been completed; however, one vital element of 

experimental approach arises, fixation of the tissue.  This dissertation aims to 

elucidate whether FRAP can be completed on fixed tissues.  Most FRAP 

experiments analyze real-time protein movement and interactions requiring live 

tissue samples and cell cultures.  If the methods advance for fixed tissue use, 

countless studies could be completed and experimental procedures would be much 

simpler.   

EFFECT OF PLAQUES ON BULK FLOW  

The physical presence of amyloid plaques may hinder brain clearance and 

deter the movement of nutrients and wastes in the brain.  At the tissue level, 

experiments injecting molecular tracers (Rosenberg et al. 1980, Pullen et al. 1987) 

and studies using positron emission tomography (Suzuki et al. 2015) have 

evaluated bulk flow, but they are difficult to perform for standard laboratories.  

These experiments were focused on movement into and out of the brain rather than 
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through specific regions.  Other experiments also focused on either CSF or ISF 

production rates in relation to bulk flow (Hladky and Barrand 2014) or used 

computer based modeling to analyze flow (Buishas et al. 2014).  Although not 

directly addressed in this work, feasible, reliable, and straightforward techniques 

are needed to study fluid movement at the cellular level and to study the 

relationship of flow due to individual plaques.  The goal of this work is to quantify 

diffusion through individual plaques.  Knowing the diffusion coefficient through 

the plaque will allow the tortuosity and void volume fraction of the plaque to be 

estimated.  That information can then be used to estimate Darcy’s permeability 

through the plaque and the effect on bulk flow compared to normal flow through 

the ECS.  The theoretical effect of bulk flow due to individual plaques has never 

been calculated.  
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RESEARCH OBJECTIVES 

This dissertation evaluates potential new methods and tools to study the effect 

of protein aggregation (i.e. gelation) on neuronal function.  Aggregation has been 

linked to numerous diseases by restricting flow and diffusion of nutrients, but the 

link has not been made with respect to amyloid plaque deposits found in AD due to 

roadblocks in current methods.  Specifically, we will examine compound action 

potential propagation during protein gelation, develop methods to quantify 

diffusion and estimate bulk flow through individual plaques, and investigate the use 

of molecular rotors as an imaging tool to differentiate plaques in tissue slices. 

Objective 1:  Evaluate the effect of protein gelation on compound action potential 

propagation in Xenopus laevis, African clawed frog, sciatic nerves. 

1. Can fibrin gels be used as a proxy to mimic the physical presence of Aß 

plaque formation around axons with respect to structure and viscosity 

change, and can the frog sciatic nerve be used as a model to study action 

potential propagation in the central nervous system? 

2. Does fibrin gelation around axons reduce the compound action potential of 

frog sciatic nerves in relation to time-dependent protein aggregation, and 

does the fibrin successfully form around the axons?  
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3. Do increased glycerol concentrations, which mimic an increased viscosity, 

reduce the compound action potential?   

4. Do Aß oligomers and fibrils reduce the compound action potential at a 

relevant in vivo concentration?  

Objective 2:  Develop methods to study diffusion in fixed tissue samples and 

quantify diffusion through individual plaques of AD transgenic mice and human 

AD samples.  

1. Can fluorescence recovery after photobleaching (FRAP) accurately quantify 

diffusion in fixed tissue slices?   

2. Does diffusion differ through individual amyloid plaques compared to the 

surrounding tissue in both mouse and human models, and does diffusion of 

different size molecules differ?  

3. Can the diffusion coefficient be used to theoretically calculate the effect of 

individual plaques on bulk flow if the void volume fraction, tortuosity, pore 

radius, and Darcy permeability are estimated? 
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Objective 3:  Evaluate the use of a molecular rotor as a fluorescence imaging tool 

to differentiate plaques based on increased viscosity. 

1. Can the molecular rotor, CCVJ, be used to differentiate plaques using 

fluorescence microscopy? 

2. Is the fluorescence intensity of CCVJ based on binding to amyloid fibrils or 

increased viscosity? 
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DISSERTATION STRUCTURE 

Chapter I is an introductory chapter that covers the background of AD, the 

relation to diffusion and bulk flow in the brain, the research questions, and the 

rationale behind this work.  It also goes into detail about some of the techniques 

needed to study these phenomena which are important with respect to this 

dissertation.  Chapter II studies the compound action potential in Xenopus laevis, 

African clawed frog, sciatic nerves when incubated with fibrin, glycerol, and Aß 

oligomers and fibrils.  Chapter III determines if FRAP can be used on fixed tissue 

samples.  This work laid the groundwork for Chapter IV which determines the 

diffusion coefficients of RhoB and BSA-FITC through wild-type mouse tissue, 

APP/PS1 transgenic tissue, transgenic mouse plaques, human AD tissue, and 

human AD plaques.  Chapter IV determines whether the plaques restrict the 

diffusion of molecules in comparison to surrounding tissues and calculates an 

estimated void volume fraction and effect on bulk flow of the plaques.  Chapter V 

uses a molecular rotor, CCVJ, as a fluorescence imaging tool to differentiate 

plaques and analyzes its amyloid fibril binding and photophysical properties in 

viscous solutions.  The final chapter, Chapter VI, provides a conclusion of the 

dissertation and directions for future work. 
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CHAPTER II.   COMPOUND ACTION POTENTIAL 

THE EFFECT OF PROTEIN GELATION ON COMPOUND ACTION 

POTENTIAL PROPAGATION IN XENOPUS LAEVIS SCIATIC NERVES 

 

ABSTRACT 

Self-assembly of amyloid-beta peptide and the formation of fibrils and 

plaques in extracellular space of the brain is a characteristic of Alzheimer’s disease.  

Whether and how fibrils and plaques cause neurodegeneration remains unclear.  It 

is known that proteins and amyloid fibrils can further aggregate and form gels.  

Gels are known to eliminate bulk flow which is required for the circulation of ions 

and molecules essential for neuronal function, and the obstruction of flow is the 

hallmark of many protein aggregate diseases.  To understand how restriction of 

ions or molecules affects neurons, we examined the gels’ role in the propagation of 

nerve fibers’ action potential.  Unlike amyloid fibrils, fibrin, which forms gels fast, 

within a couple of minutes, was used to simulate amyloid fibril gels.  We found a 

40% reduction of the compound action potential when fibrin gel was formed 

outside frog sciatic nerve fiber epineurium, a porous membrane wrapping around 

axon bundles.  A 70% reduction of the action potential was recorded when fibrin 

was formed inside the epineurium.  Fibrin encapsulating individual axons was 

verified using fluorescein-labeled fibrinogen.  Gelation also changes viscosity, 
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which affects the diffusion of ions and molecules.  An approximate 42% increase 

of microviscosity during fibrin gelation was revealed using a molecular rotor.  

Glycerol caused a concentration dependent reduction of the compound action 

potential.  Finally, amyloid-beta (1-40) oligomers and fibrils had no effect on 

action potential.  These results imply that the formation of amyloid plaques 

surrounding neuronal processes initially disrupt the propagation of action potential 

and then trigger the cascade of events leading to neuronal death seen in 

Alzheimer’s disease.  As illustrated in Darcy’s law, gels restrict fluid flow and then 

the circulation of ions and molecules, which might underlie the pathogenesis of 

Alzheimer’s disease.
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 INTRODUCTION 

Protein self-assembly and formation of amyloid fibrils is an early event of 

numerous human diseases, including Alzheimer’s disease (AD) and Parkinson’s 

disease (Wisniewski et al. 1990, Tan and Pepys 1994, Xu 2007).  In AD, amyloid-

beta (Aβ) peptides aggregate and form fibrils which then either bundle or randomly 

tangle together and deposit extracellularly in the form of plaques (Yamaguchi et al. 

1990, Wisniewski and Wegiel 1995).  These insoluble plaques bury around a large 

number of degenerating neurites, and are commonly associated with synapse loss 

and neuronal death (Dickson 1997).  Numerous protein aggregate disease states 

such as Huntington’s disease, Parkinson’s disease, prion disease, and type 2 

diabetes are toxic due to the physical presence of the aggregations reducing 

diffusion and flow (Aguzzi and O'Connor 2010); however, the AD field has shifted 

focus away from amyloid plaques as the toxic component.  How and whether the 

plaques or the aggregation intermediates are responsible for the cellular damage 

remain unclear.  The search for a new model system is required to better examine 

the effect of protein gelation on diffusion and neuronal function. 

Oligomers, or what we call colloidal spheres, are produced when proteins 

aggregate and form amyloid fibrils.  These fibrils and colloids are proposed by 

different groups to be responsible for neuronal death (Viola and Klein 2015).  We 

found it problematic to name either the fibrils or the colloids as the culprit.  It is 
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difficult to propose a plausible mechanism for how amyloid fibrils damage cells, 

when fibrils by other proteins such as collagen are everywhere in the body.  

Compared to the fibrils, the colloids as the pathogen are broadly investigated over 

the last decade, but their cellular effect appears to be dependent on the experimental 

system used by different laboratories (Benilova et al. 2012).  Also, some consider 

the colloids a “far cry” for being responsible for the massive neuronal loss found in 

AD (Hardy 2009).  Additionally, these colloids are soluble and can be cleared out 

of the brain’s interstitial fluid by the perivascular drainage system (Iliff et al. 2012, 

Carare et al. 2013).  As molecular self-assembly exists in equilibrium, healthy 

individuals with plaques should also possess the colloidal spheres made by Aβ.  

With all those concerns surrounding colloids as the culprit, and instead of focusing 

on a “sterile debate,” some consider the toxic species to be unidentified (Hardy 

2009).  Existing evidence “barely demonstrates” soluble Aβ toxicity (Hardy 2009), 

and other potential pathogens must not be overlooked.  A search for additional 

protein aggregation state(s) seems desirable, and such an unidentified new 

structural feature may be responsible for the neuronal death. 

In vitro, amyloid fibrils have been found to be capable of further 

aggregating and forming gels (Burnett et al. 2014, Woodard et al. 2014).  Can 

amyloid plaques in AD be gels consisting of a porous matrix?  TEM images of 

amyloid plaques either in AD tissue or isolated by density gradient centrifugation 

reveal these plaques may be biogels with a dense fibril network (Wisniewski et al. 
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1990, Yamaguchi et al. 1990, Woodard et al. 2014).  Gels are known to be capable 

of eliminating bulk flow and reduce diffusion.  Darcy’s law (see Eq. I.5, pg. 16) has 

been developed for the analysis of fluid flow under pressure through a porous 

matrix, such as gels.  It states that flux is strongly dependent on the Darcy’s 

permeability and the viscosity of the media.  The question remains as to how 

gelation affects Ks and η. 

To quantify the media viscosity change, η, during gelation, we monitored 

the viscosity change during protein gelation, using a molecular rotor 9-(2-carboxy-

2-cyanovinyl)julolidine (CCVJ) (Figure II.1).  The quantum fluorescence yield of 

CCVJ is dependent on the rotation of two chemical groups around a single bond 

(Figure II.1, see arrow) (Haidekker and Theodorakis 2010), which is affected by 

the viscosity of the media.  Viscous media restricts the free rotation of the two 

chemical groups and increases CCVJ’s fluorescence intensity (Grabowski et al. 

2003, Akers et al. 2005). 
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Figure II.1. Structure of CCVJ.  The arrow identifies the single carbon-carbon bond 
responsible for rotation between the twisted and planar conformations. 

We hypothesize that gel formation around axons may inhibit the heart-

pulse-driven fluid flow and then the circulation of nutrients and ions around the 

axon and affect the propagation of the action potential.  In this paper, protein gels 

of fibrin were examined for their effect on the compound action potential (CAP) of 

Xenopus laevis (water frog) sciatic nerves.  The sciatic nerve is easy to isolate and 

shares common physiological features of neurons in the central nervous system 

(Morse and Evans 2003).  The nerve fibers remain functional for four hours in 

Ringer’s solution, which is long enough to test gelation effect on action potential.  

The limited lifetime of four hours for an isolated nerve fiber prevents our use of 

amyloid fibril gels for the study of gels’ effect on CAP.  It takes over three days for 

amyloid fibrils to form gels and only one minute for fibrin gelation.  Amyloid fibril 

gel has a smaller porosity and likely a smaller Darcy’s permeability coefficient, Ks, 

than fibrin gel (Woodard et al. 2014). 
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Specifically, we examined the effect of fibrin gel and the elimination of 

bulk flow on action potential propagation.  Fibrin was both incubated around the 

nerve epineurium and injected into the epineurium before the CAP was measured.  

We also used CCVJ and measured the viscosity increase during fibrin gelation and 

analyzed the effect of viscosity on the CAP of the sciatic nerves by applying 

different concentrations of glycerol.  Lastly, we examined oligomeric and fibrillar 

forms of amyloid-beta (1-40) (Aβ40).  Results were compared to the presence of 

lidocaine, a sodium channel blocker.  The procedure provided in this paper is the 

first of such kind in the study of gelation’s effect on action potential and has the 

potential to become a classical protocol for others to follow. 
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MATERIALS AND METHODS 

MICROVISCOSITY MEASUREMENTS USING CCVJ 

A viscosity-sensitive fluorescent molecular rotor, 9-(2-Carboxy-2-

cyanovinyl)julolidine (CCVJ; Sigma-Aldrich, St. Louis, MO), was initially 

dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich)  at a stock concentration 

of 1 mM, and the working solution concentration for CCVJ was 5 μM in 0.1 M 

phosphate buffer (PBS), pH 7.4.  Excitation and emission wavelengths for CCVJ 

are 440 nm and 500 nm, respectively.  For all samples and control solutions, 95 μL 

of the sample was added to 5 μL of 100 μM CCVJ.  All measurements were 

conducted using a microplate reader (BioTek SynergyTM2, Winooski, VT) at room 

temperature (23.2 °C).  The gel solutions with no molecular rotor were used as 

fluorescence blanks and the solutions (no catalyst or substrate) plus the molecular 

rotor were used as a negative control.  To account for small differences in rotor 

concentration, a normalized fluorescence was calculated as described by Haidekker 

and Theodorakis (2007). 

Viscosity change during gelation was determined using either 10 mg/ml or 

20 mg/ml fibrinogen and 50 U/ml thrombin at a 10:1 volume-to-volume (v/v) ratio, 

respectively.  As a reference for CCVJ’s response to viscosity changes, 

fluorescence intensities were measured with CCVJ added to solutions of glycerol, 
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ranging from 0% glycerol to 95% glycerol (v/v).  Glycerol, with no CCVJ added, 

was used as a blank.  Statistics were performed using a paired student t-test. 

Effects of light scattering due to fibrin formation were also determined.  

Using the microplate reader absorbance spectrums and fluorescence changes were 

obtained for 0.9% NaCl buffer, 20 mg/ml fibrinogen, 10-to-1 ratio of 0.9% NaCl 

buffer to 50 U/ml thrombin, and 20 mg/ml fibrin after 15 minutes of gel formation 

with thrombin.  All tests were in the absence of CCVJ.  Excitation/Emission 

fluorescence was determined at 440/500 nm.  Final absorbance spectrums and 

fluorescence intensities were presented as fibrinogen versus fibrin and included 

corrections due to buffer and thrombin.  Statistics were performed using a paired 

student t-test.  

Aß KINETICS ASSAY FOR FIBRIL FORMATION AND AFM IMAGING 

Fibril formation was analyzed using CCVJ and Thioflavin T (ThT).  CCVJ 

was used to analyze the viscosity of the microenvironment and ThT was used to 

analyze fibril formation.  Working solutions of both 100 µM CCVJ and ThT were 

prepared in 0.1 M PBS, pH 7.4.  Final sample concentrations containing Aß, 

prepared in 10 mM HCl and 150 mM NaCl, were 0.43 mg/ml Aß and 10 µM CCVJ 

or ThT.  Using a microplate reader, fluorescence was observed every 15 minutes 

for 24 hours.  CCVJ used an excitation/emission of 440/500 nm and ThT used an 
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excitation/emission of 440/485 nm.  Samples were read in triplicate and compared 

to buffers lacking Aß but contained either CCVJ or ThT. 

AFM imaging was also completed on the Aß40 samples after 24 hours of 

fibril formation.  Mica was pretreated using 1.0 M HCl for 30 seconds and then 

rinsed with a few drops of ultrapure water.  Aß40 samples, diluted 10-fold in 

ultrapure water, were immediately placed onto the mica and incubated for 3 

minutes.  The mica was then rinsed with 3 drops of water and allowed to dry in a 

dust proof container overnight.  AFM analysis was performed in air using a 

Molecular Imaging Pico SPM II 5500 and Pico Scan 5 software (Molecular 

Imaging, Santa Clara, CA) with a long narrow silicon nitride cantilever tip (Bruker, 

Billerica, MA). 

SCIATIC NERVE PREPARATION 

Xenopus laevis (Xenopus Express, Brooksville, FL) were housed and 

euthanized according to IACUC approved procedures and accompanying CITI 

Program training for working with amphibians.  Prior to dissection, frogs were 

placed on ice for 30 minutes, guillotined, and immediately pithed.  Throughout the 

dissection, amphibian Ringer’s solution (111 mM NaCl, 1.9 mM KCl, 1.06 mM 

CaCl, 1.0 mM trizma base, 5.55 mM glucose, pH 7.6) was used to moisten the 

dissection area and nerve.  The sciatic nerves were then isolated following standard 
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dissection procedures and placed into a dish of Ringer’s solution (Katsuki et al. 

2006). 

ELECTROPHYSIOLOGY PREPARATION 

Isolated sciatic nerves were placed in an iWorx nerve chamber (iWorx, 

Dover, NH), and glass rods were used to ensure the nerve touched the electrodes of 

the chamber.  A small capsule, created by cutting off the top 80% of a 

microcentrifuge tube, was placed after the stimulating, but in front of the recording, 

electrodes for extraneural recordings (Figure II.2A, see arrow).  Intraneural 

recordings were prepared the same way except the reagent was injected where the 

capsule was located (Figure II.2B).  Then using the NA-100 Neuroamp 

Extracellular Amplifier (iWorx), the nerve was stimulated at 0.25 V, and the CAP 

was monitored.  Once the CAP was stable (Benzon et al. 1987), testing solutions 

were applied to the capsule and CAP was recorded every 30 seconds for 15 

minutes.  The recorded CAP was analyzed using LabScribe 2 software (iWorx).  

Fibrin was used as an analog for amyloid plaque and glycerol for a change in local 

viscosity.  Aβ40 was prepared according Stine et al. (2011).  In brief, Aβ40 

peptides were solubilized in 1,1,1,3,3,3-hexafluoro-2-proponal (HFIP) at 1 mM, 

and stored as 5 mM stocks in dimethyl sulfoxide (DMSO) at -20 °C.  Oligomeric 

Aβ40 was prepared by incubating the peptide at 100 µM in Ham’s F-12, phenol 

red-free with L-glutamine, cell culture media at 4 °C for 24 hours.  Fibrillar Aβ40 

was prepared by incubating the peptide 100 μM in 10 mM HCl at 37 °C for 24 
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hours.  Lidocaine (200 mg/ml; Sigma-Aldrich), a sodium channel inhibitor, 

represented a positive control, while Ringer’s solution represented a negative 

control.  All statistics were performed using a paired student t-test. 

 

Figure II.2. The iWorx nerve chamber, with a dissected nerved placed over the 
electrodes showing the (A) extraneural and (B) intraneural methods.  Wires are 
labeled based on their purpose:  S (stimulating, +/-), G (ground), R (recording, +/-).  
An arrow points to the capsule located between the G and R- electrodes.  

EXTRANEURAL INCUBATIONS.  Gel forming solutions and other reagents 

were initially applied outside of the epineurium membrane, which is known to have 

pores allowing proteins and small molecules to diffuse across and to act on axons 

inside the membrane. The fibrin gel was made by mixing a fibrinogen solution (20 

mg/mL in 0.9% NaCl, Sigma-Aldrich) with a thrombin solution (50 U/mL in 0.1% 

BSA, Sigma-Aldrich) in a 10:1 fibrinogen-to-thrombin ratio (v/v) in the incubation 

chamber (100 µl).  This ratio allowed complete gel formation within a minute.  In 

addition, the individual components, fibrinogen and thrombin, were tested 
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separately as controls, and Ringer’s solution was for a baseline.  Glycerol (Sigma-

Aldrich) was prepared in concentrations of 0% and 50% in 1X Ringer’s solution. 

INTRANEURAL INCUBATIONS.  The presence of various solutions and the 

effect of fibrin gelation inside the epineurium membrane, extracellularly around the 

axons, was also tested for effects on the CAP.  A one ml syringe with a 30 gauge 

needle was placed into a micromanipulator.  Using a dissection scope for 

visualization, the needle was inserted into the nerve at an angle of 20-30° (See 

Figure II.2B).  For fibrin, to ensure gelation occurred within the nerve, thrombin 

was first added to the syringe and the needle was inserted into the nerve.  An initial 

stimulation was recorded and then the fibrinogen was added to the syringe.  

Immediately, about 20 μl of the mixed solution was injected into the nerve.  A 

longitudinal nerve expansion of about 5 mm was visualized.  Controls included 

Ringer's solution, lidocaine, thrombin, and fibrinogen.  In addition, the same 

process was performed using different concentrations of glycerol and Aβ40.  Prior 

to injection, Aβ40 samples were first diluted to 100 nM using Ringer’s solution. 

Respective incubation buffers were also diluted in Ringer’s solution accordingly.  

FIBRINOGEN-FITC CONJUGATION 

Fluorescein isothiocyanate (FITC) (Sigma-Aldrich), 1 mg/ml in DMSO, 

and fibrinogen, 20 mg/ml in 0.1 M sodium carbonate buffer, pH 9.0 were prepared 

fresh.  For every 1 ml of fibrinogen solution, 50 µl of FITC solution was added 
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slowly while stirring and incubated in the dark for 8 hours at 4 °C.  After addition 

of ammonium chloride, final concentration 50 mM, the mixture was incubated for 2 

hours at 4 °C.  Then bromophenol blue and glycerol, final concentrations of 0.1% 

and 5%, were added to assist with the subsequent separation step.  Conjugated 

fibrinogen (Fg-FITC) was separated using Sephadex G-25 (Sigma-Aldrich), eluted 

with 0.1 M PBS, pH 7.4, and stored at 4 °C.  The protein concentration was 

determined using Bradford assay.  The Fg-FITC concentration was adjusted to 20 

mg/ml with non-conjugated fibrinogen. 

CONFOCAL IMAGING OF INJECTED FG-FITC 

The Fg-FITC was mixed in a 10:1 ratio (v/v) with thrombin and injected 

into the sciatic nerve.  After gelation, nerves were washed (3x) in 0.1 M PBS, pH 

7.4, for 15 minutes, transferred to 4% formaldehyde, 0.1 M PBS solution, and 

incubated for 72 hours in the dark at 4 °C.  After fixation, samples were incubated 

in 0.1 M PBS for 2 hours, followed by 25% sucrose in 0.1 M PBS solution at 4 °C 

for 24 hours prior to cryosectioning.  Nerves were sectioned longitudinally and 

cross-sectionally at 50 µm with a Leica CM1850 cryotome at -20 °C and harvested 

onto gelatin coated glass slides.  The slides were dried overnight at 4 °C and stored 

in a slide box until use. 

Gelatin coated slides were prepared by washing in 70% ethanol, drying 

overnight, and dipping 3-5 times for 5 seconds each in a 0.5% gelatin, 0.05% 
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chromium potassium sulfate solution.  Slides were then dried for 48 hours and 

stored at 4 °C in slide boxes. 

Sectioned samples were rehydrated by two ten-minute incubations in 0.1 M 

PBS, pH 7.4, at 4 °C.  A molecular tracer, rhodamine B (RhoB) (479.01 g/mol, 200 

µl, 10 µM), prepared in 0.1 M PBS, was applied to the sample twice in the dark, for 

1.5 hours each.  A well was created around the tissue on the slide using nail polish. 

An additional 200 μl of RhoB was then added to the slide before a rectangle glass 

coverslip was placed onto the well, covering the sample.  The slides were then 

sealed with nail polish, dried, and imaged using confocal microscopy (Nikon 

Confocal Microscope C1 with EZ-CI software).  Images were collected using a 

Plan Apo 0.45 objective, medium pinhole (60 µm), 1.68 µs pixel dwell, 561 nm 

laser set to 5%, and 488 nm laser set to 10%.  

SEM IMAGING OF FIBRIN AND SCIATIC NERVE 

Fibrin gel was prepared using a 10:1 ratio (v/v) of fibrinogen (20 mg/ml in 

0.9% NaCl) and thrombin (50 U/ml in 0.1% BSA, pH 7.4).  The fibrin and isolated 

sciatic nerve were fixed in 3% glutaraldehyde for 72 hours, washed in 0.1% PBS, 

stained in 1% osmium tetroxide/0.1% PBS, dehydrated in increasing concentrations 

of ethanol and ethyl-acetate, critical point dried using a Denton DCP-1 critical 

point dryer, and imaged using a JEOL JSM-6380LV scanning electron microscope. 
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RESULTS 

The compound action potential was measured in the presence and absence 

of fibrin gels formed around the sciatic nerve fibers. The fibrin gel was found to 

have an inhibitory effect on the propagation of the action potential.  Gelation also 

increases the media viscosity, as indicated by the high fluorescence intensity from 

the molecular rotors.  Media viscosity affects the CAP, which was revealed by an 

inverse relation between the CAP and the concentration of the glycerol applied 

extracellularly.  Aß40 oligomers and fibrils also had no effect on the CAP. 

GELATION INCREASES MEDIA VISCOSITY 

Gels are known to affect the transportation of the media and then the 

circulation of the ions and molecules around the axons. According to Darcy’s flux, 

both the Darcy’s permeability coefficient, Ks, and the viscosity of the media, η, can 

affect the value of the Darcy velocity.  We employed a molecular rotor, CCVJ, to 

analyze the viscosity change of the media during fibrin gelation. The fluorescence 

intensity of CCVJ is related to the viscosity of the media as demonstrated with 5 to 

85% of glycerol (Figure II.3A).  At 5% glycerol, or a viscosity of 1.09 cP, the 

fluorescence intensity was about 3,312 ± 396 relative fluorescence units (RFU; 

n=6), at 25% glycerol, or 2.22 cP, it was about 7,763 ± 183 RFU (n=6), and at 85% 

glycerol, or 130.71 cP, it was about 67,287 ± 1778 RFU (n=6).  When the 
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fluorescence intensity is plotted against the viscosity of the glycerol solution 

(Figure II.3A), an empirical formula (Eq. II.1) was derived:  

 63.3)log(64.0)log(  I  (II.1) 

where I is the intensity in RFU and η is the dynamic viscosity in cP.  A logarithmic 

linear increase of CCVJ fluorescence intensity exists, as predicted by the Forster-

Hoffman (Haidekker and Theodorakis 2007). 

The media viscosity increases during fibrin gelation as evidenced by the 

CCVJ fluorescence increase (Figure II.3B).  As fibrinogen, 20 mg/mL (n=6), 

polymerized into a fibrin network, the fluorescence of CCVJ increased 

exponentially.  About 75% of the peak intensity was reached in 60 seconds, 

followed by a slow increase to the maximum intensity after 480 seconds.  The peak 

fluorescence intensity, reached about 300 seconds after mixing, was roughly 1.25-

fold higher than that measured immediately after mixing of the fibrinogen and 

thrombin solutions.  Also, a slight yet consistent increase in fluorescence was 

observed in fibrin made with 10 mg/mL fibrinogen (n=6), reaching a maximum 

intensity after 360 seconds.  Using the equation obtained from the analysis of 

glycerol, a viscosity change of 20 mg/ml fibrin gelation was derived: 

 63.3)log(64.0)log(  I  (II.2) 

 63.3)log(64.0)25.1log( 1    (II.3) 
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 63.3)log(64.0)1log( 2    (II.4) 

 
151.0)log(

1

2 



 (II.5) 

 12 42.1    (II.6) 

This relative fluorescence change from 1 to 1.25 corresponds to an estimated 

viscosity increase of 1.42-fold when fibrinogen solution becomes fibrin. 

 

 

Figure II.3. Microviscosity change of glycerol and fibrin.  (A) Logarithmic relation 
of CCVJ fluorescence intensity and glycerol concentration (5-85%) in terms of 
viscosity. (B) Fluorescence intensity of fibrin gels increases during fibril formation.  
The assay solutions contained 5 μM CCVJ, 20 mg/mL fibrinogen (●) or 10 mg/mL 
fibrinogen (□), and thrombin (50 U/mL). 

The actual fluorescence increase of fibrin gelation might be larger than 

1.25-fold if light scattering effects are considered for both absorption and emission 

photons.  The absorbance spectrums of fibrin formation were compared before and 
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after gelation (Figure II.4A).  As expected, a different spectrum was produced with 

greater absorbance values after gelation.  At 280 nm (see box in Figure II.4A) a 

percent difference of 8.1 ± 0.9% (n=3, p<0.05) occurred and at 500 nm (see other 

box) a percent difference of 196.5 ± 7.9% (n=3, p<0.05) occurred.  Since CCVJ 

fluorescence occurs at an excitation of 440 nm and emission of 500 nm, the 

fluorescence change of fibrin formation was also determined (Figure II.4B).  A 

percent difference of 25.2 ± 4.9% (n=3, p<0.05) occurred suggesting approximately 

25% of the photons are being light scattered due to fibrin formation.   
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Figure II.4. Light scattering effects of fibrin formation.  (A) Absorbance spectrum 
of 20 mg/ml fibrinogen (■) in 0.9% NaCl and 20 mg/ml fibrin gel (●) with 10-to-1 
fibrinogen to thrombin after 15 minutes.  Error bars represent ± SE (n=3, *p<0.05 
at 280 nm and 500 nm).  (B) Excitation/Emission fluorescence intensity at 440/500 
nm of 20 mg/ml fibrinogen (blue) and fibrin gel (red) after 15 minutes.  Error bars 
represent ± SE (n=3, *p<0.05). 

THE INHIBITORY EFFECTS OF GELS ON SCIATIC NERVE CAP 

The sciatic nerves were stimulated at 0.25 V every 30 seconds for the 

generation of the compound action potential (CAP).  After two minutes of 

recording for the base level, the fibrinogen and thrombin mixture was applied and 

the CAP was recorded every 30 seconds for 15 minutes.  Ringer’s solution, 

lidocaine, thrombin, and fibrinogen were examined individually as controls.  When 

the sciatic nerve was moisturized by applying Ringer’s solution every 5 minutes, 

the nerve remained functional for two to four hours before CAP decline occurred.  

Without moisturizing, the nerve remained functional for 15 minutes. 
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EXTRANEURAL GEL DECREASES CAP.  The nerve fiber’s CAP decreased by 

39 ± 12.3% at 7.5 minutes and by 41 ± 11.5% at 15 minutes (n=14) when fibrin, 20 

mg/ml, was formed outside the nerve (Figure II.5A, B).  Fibrin gelation visually 

occurred within 3 minutes after mixing fibrinogen and thrombin.  Lidocaine, 200 

mg/ml, a sodium channel blocker (Hondeghem and Katzung 1977), reduced the 

CAP by 90 ± 12.1% at 7.5 minutes and 99 ± 1.1% at 15 minutes (n=2).  Ringer’s 

solution had little effect on CAP at 0, 7.5, and 15 minutes and displayed a slight 

increase by 2.9 ± 2.2% (n=10) by 15 minutes.  Single raw CAP traces for each 

condition are displayed in Figure II.5A. 

When applied separately, fibrinogen and thrombin solutions had a small 

effect on CAP (Figure II.5B).  Fibrinogen, 20 mg/ml, caused a consistent decrease 

in CAP for the first 4.5 minutes, but the CAP plateaued after an 8% reduction 

(n=4).  Thrombin, 50 U/ml, resulted in a consistent increase in CAP for the first 7.5 

minutes by 114.8 ± 3.1% (n=4). 

INTRANEURAL GEL CAUSES A GREATER DECREASE OF CAP THAN 

EXTRANEURAL GEL.  The epineurium membrane of the sciatic nerve may 

reduce, to an extent, the permeation of fibrinogen and thrombin (Schwarz et al. 

1973, Oldfors 1981) into the nerve fiber to form fibrin gel.  To ensure better axon 

encapsulation with fibrin gel, we injected fibrinogen and thrombin mixtures inside 

the epineurium membrane.  Using this method, fibrin formation decreased the CAP 

by 70.5 ± 7.6% (n=10) (Figure II.5C).  A drop of 35% occurred within the first 30 
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seconds after the injection, and then continued at a slower rate through the first 15 

minutes before plateauing.  According to the micro-viscosity measurements using 

CCVJ (See Figure II.3), fibrin formation had a maximum rate of change within the 

first 60 seconds, suggesting a strong correlation between gelation and CAP loss.  

Furthermore, when the fibrin forming solution was injected, a 5-10 mm 

longitudinal and slight lateral expansion occurred, which allowed the fibrin to 

encapsulate a greater axonal surface area in comparison to the extraneural method.  

The extraneural method covered less surface area since only 2-5 mm of sciatic 

nerve could be placed into the chamber.  

To account for the effects of puncturing the nerve bundle with a needle, 

Ringer's solution was used as a control.  The Ringer's solution of equal volume had 

minimal effects on the CAP and was relatively stable with a slight CAP increase of 

less than 6.0 ± 0.8% (n=7).  Importantly, no initial decrease was observed, which 

would be anticipated if the needle insertion had an effect.  Furthermore, when 

injected separately, thrombin and fibrinogen increased the CAP by 15.0 ± 13.5% 

(n=4) and 30.0 ± 12.2% (n=4), respectively.  Finally, lidocaine ablated the CAP to 

near 0% within the first 30 seconds after injection.



 
 

 

 
Figure II.5. Inhibitory effect of fibrin gel on axon’s CAP.  Frog sciatic nerve CAP (A) was measured with fibrin formed 
outside (B) and inside (C) of the nerve fiber epineurium membrane.  Sciatic nerves were placed on a chamber with recording 
electrodes and stimulated with 0.25 V.  Percentage change of CAP incubated with 20 mg/ml fibrin (□), Ringer’s solution (○), 
50 U/ml thrombin (∆), 20 mg/ml fibrinogen (■), and 20% lidocaine (●) are shown.  Lidocaine, a sodium channel inhibitor, 
was examined as a positive control.  Error bars represent ± SE (*p<0.05). 59 
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EXTRANEURAL AND INTRANEURAL GLYCEROL REDUCES CAP 

The question now becomes why gels reduce the CAP.   To test a hypothesis 

that a change in viscosity inhibits the flow of important ions and molecules to and 

from axons, we analyzed the effect of glycerol, a viscous and osmotic solution, on 

the sciatic nerve’s CAP.  Glycerol was applied to the nerves both extraneurally and 

intraneurally.  Extraneural incubations over 15 minutes of 100% glycerol (n=5) 

caused a 36.0 ± 15.1% decrease in CAP, whereas, 50% glycerol (n=7) caused a 9.0 

± 2.8% decrease (Figure II.6A).  Conversely, compared to extraneural, intraneural 

injections reduced CAP to a much greater extent (Figure II.6B).  Glycerol at 100% 

(n=4) and 50% (n=4) reduced CAP by 60% after two minutes, where a 40% drop 

occurred within the first 15 seconds.  After 15 minutes, glycerol at 100% almost 

completely ablated the CAP, with a 96.5 ± 1.5% decrease, and glycerol at 50% 

caused a 79.2 ± 7.9% decrease.  
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Figure II.6. Inhibitory effect of glycerol on axon’s CAP.  Frog sciatic nerve CAP 
was measured with glycerol present outside (A) and inside (B) of the nerve fiber 
epinerium membrane.  Sciatic nerves were stimulated with 0.25 V.  Percentage 
change of CAP incubated with Ringer’s solution (○), 50% glycerol (∆), or 100% 
glycerol (■) is presented.  Error bars represent ± SE (*p<0.05). 

FIBRIN GEL AND THE SCIATIC NERVE 

Scanning electron micrograph images of fibrin (Figure II.7A) and the sciatic 

nerve (Figure II.7B) reveal the structural characteristics of each sample.  Under our 

condition, fibrin, 20 mg/ml, forms a dense network of fibrils with varying pore 

diameters up to 1 µm.  The sciatic nerve consists of a single bundle of fibers 

surrounded by the epineurium (Figure II.7B).  A single nerve, 400-1000 µm in 

diameter, contains thousands of myelinated axons, 5-20 µm in diameter.  Cross- 

and longitudinal sections reveal little extracellular space and a loose endoneurium 

collagen matrix (See Figure I.9B, C, pg. 28). 
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Confocal imaging of longitudinal sciatic nerve (Figure II.7C) reveals successful 

fibrin gel formation when the fibrinogen and thrombin mixture was injected.  The 

Fg-FITC appears green and was found longitudinally along the axons.  However, 

not all sciatic nerve axons were encapsulated by fibrin.  This suggests that the 70.5 

± 7.6% CAP reduction may be due to all axons not being encapsulated by fibrin.  

The 30% that remain functional are most likely not encapsulated by fibrin.



 
 

 
 

 

 

Figure II.7. Structure of fibrin gel and the sciatic nerve.  Scanning electron micrograph of fibrin (A), frog sciatic nerve (B), 
and confocal image of fibrin gel formed inside the epineurium membrane (C) are shown.  Fibrin gel was generated using a 
10:1 ratio (v/v) of fibrinogen (20 mg/ml in 0.9% NaCl) and thrombin (50 U/ml in 0.1% BSA, pH 7.4).  The sciatic nerve was 
fixed in 3% glutaraldehyde, washed in 0.1% PBS, stained in 1% osmium tetroxide/0.1% PBS, dehydrated in increasing 
concentrations of ethanol and ethyl-acetate, dried, and imaged using the SEM.  FITC-labeled fibrinogen and thrombin 
mixture was injected inside the epineurium membrane of the sciatic nerve. 

63 
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INTRANEURAL OLIGOMERIC AND FIBRILLAR Aß40 DOES NOT REDUCE 

CAP 

To test if the Aβ40 aggregates affect the action potential propagation, 100 

nM Aβ40 oligomers and fibrils were injected within the epineurium.  Little to no 

effect on the CAP was observed for Aβ40 oligomers (n=6), fibrils (n=6), and 

respective buffers (n=6) during the 15 minutes of monitoring (Figure II.8). 

 

Figure II.8. No effect on CAP from Aβ40 fibrils and oligomers.  CAP measured 
with soluble Aβ fibrils and oligomers injected inside of the nerve fiber epineurium 
membrane.  Percentage changes of CAP incubated with 100 nM Aβ fibrils (■), 
fibril buffer (□), 100 nm Aβ oligomers (●), and oligomer buffer (○) are shown.  
Error bars represent ± SE (all p>0.05). 
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Aß fibril formation was analyzed using a microplate reader to ensure fibril 

formation occurred.  CCVJ was used to observe the viscosity of the 

microenvironment and ThT was used observe fibril formation over 24 hours at 23 

°C (Figure II.9A).  CCVJ fluorescence increased approximately 86% during the 

first 2 hours of formation and then slowly decreased until the 13 hour mark where 

viscosity remained stable but had a slight increase until the 24 hour end point.  ThT 

also increased fluorescence during the first two hours by approximately 44%, 

indicating fibril formation occurred.  The drop in viscosity after substantial fibril 

formation suggests most of the fibrils likely began precipitating out of solution and 

fell to the bottom of the well.  Both buffers lacking Aß40 but containing either 

CCVJ or ThT displayed little fluorescence change over 24 hours.  AFM imaging of 

the Aß40 samples after 24 hours further proved fibril formation (Figure II.9B). 
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Figure II.9. Aß40 fibril formation kinetics and AFM image.  (A) Aß40 fibrils, 0.43 
mg/ml, were formed in the presence of 10 µM CCVJ (black) or ThT (red).  Fibril 
forming buffer lacking Aß40 but containing 10 µM CCVJ (green) or ThT (blue) 
were also observed.  Error bars represent ± SE (n=6).  (B) AFM topography image 
after 24 hours of fibril formation.   
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DISCUSSION 

What causes neuronal death is still an active research area in AD.  The 

discovery that amyloid fibrils can further aggregate and form gels and the 

understanding that gels are capable of eliminating bulk flow led us to test, for the 

first time, the new hypothesis that the formation of gels, the elimination of the bulk 

flow, and the increased viscosity and decreased diffusivity inhibit action potential 

propagation.  In this paper, we examined the effect of fibrin gel on the compound 

action potential of frog sciatic nerve fibers.  Using fibrin as an amyloid plaque 

analog, we successfully mimicked the effects of inhibiting local bulk flow, and 

possibly diffusion, on the CAP.  Gelation increased viscosity as evidenced from the 

observed high quantum fluorescence by the molecular rotors.  Although, since an 

approximate decrease of 25% excitation/emission light scattering effect was seen in 

the absence of CCVJ, the actual increased viscosity is likely much greater.  The 

extent of increase remains unknown due to the light scattering issue.  However, the 

results reported here suggest that gelation or highly viscous solutions around axons 

can reduce the CAP of frog nerve fibers. 

Compared to extraneural fibrin injection, intraneural injection was more 

effective at reducing the CAP.  The amplitude of the CAP dropped by 40% when 

fibrin was formed outside of the epineurium and 70% when formed inside of 
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epineurium.  Confocal images of Fg-FITC formed inside the epineurium suggest 

the 70% reduction of CAP originates from elimination of action potential 

propagation for 70% of the axons, rather than a reduction of every individual fiber, 

in the sciatic nerve.  When injected inside the epineurium membrane, the fibrinogen 

and thrombin do not have to permeate through the epineurium and can encapsulate 

more axons and cover a greater distance before gelation.  The greater axonal 

coverage seen using the injection method may also explain the 70% loss of CAP in 

comparison to the 40% CAP loss due from extraneural incubation. 

According to Darcy’s law, increased media viscosity, η, as observed in 

gelation, would result in a proportionally flux velocity reduction of the fluid 

moving through the gel.  In a previous paper, we provided evidence that amyloid 

plaques are gels with pore sizes of tens of nanometers (Woodard et al. 2014), which 

are much smaller than micron-sized fibrin pores.  In another words, a higher media 

viscosity and smaller Darcy’s permeability coefficient are expected for amyloid 

plaque than that for the fibrin gel, which would result in a reduced fluid flux 

velocity through amyloid plaque than through fibrin gel.  Amyloid plaques, as a 

protein gel, would be more effective than fibrin gel in restricting fluid flow.  If the 

inhibition of the action potential propagation is a result of reduced circulation of 

fluid, ions, and molecules around the axons, one would expect a larger reduction of 

the CAP for nerve fibers wrapped by amyloid plaques than by fibrin gel.  It makes 
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sense that amyloid plaques in AD may kill neurons because of its initial inhibition 

of the nerve’s action potential. 

The effect of glycerol on CAP provides additional evidence supporting the 

idea that limiting ion or molecular motion inhibits action potential propagation.  

Glycerol can also restrict ion or molecule movement through reduced diffusion 

and/or bulk flow.  According the Stokes-Einstein-Sutherland relationship (Eq. II.2), 

 
𝐷 =

𝑘𝐵𝑇

6𝜋𝜂𝑅
 (II.2) 

where D is the diffusion coefficient, kB is the Boltzmann constant, T is temperature, 

η is viscosity, and R is the radius of a spherical molecule, the viscosity of glycerol 

increases proportionally with concentration, and the diffusion coefficient is 

inversely proportional to viscosity.  In addition, the rate of bulk flow is negatively 

affected by the friction force, and the latter is proportional to the viscosity of the 

solution, as previously stated by Darcy’s law (See Eq. I.5, pg. 16).  Thus, both bulk 

flow and diffusion are, in theory, negatively affected by the increased glycerol 

concentration. 

In addition to affecting bulk flow and diffusion, glycerol increases 

osmolality.  Osmolality of human plasma is around 285-295 mili-osmoles per 

kilogram.  In comparison, fibrin gel was prepared by mixing a fibrinogen solution 

with a thrombin.  Due to the low molar concentration of proteins, their contribution 

to the osmolarity is limited.  Sodium chloride, on the other hand, contributes to 
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most of the osmolarity, around 310 mili-osmoles, similar to the plasma, interstitial, 

or cellular fluid.  Since proteins in the fibrin forming solution contribute little to the 

osmolarity, gelation may not change the overall osmolality of the media, although 

one has to assume that the immobilization has little effect on osmolarlity.  Glycerol 

at 50% to 100%, on the other hand, increases the osmolarity by 3 to 6 osmoles.  

However, due to the rapid transport through aquaporin channels across the axonal 

membrane (Zhang and Verkman 2015), the intra- and extracellular glycerol 

concentration is expected to reach a balance within seconds, allowing the osmotic 

pressure across the cell membrane to be minimal.  This is also the scientific 

foundation for which eukaryotic cells and bacteria can be stored in 50% glycerol in 

a freezer.  Therefore, shrinkage of axons in the presence of glycerol is not 

anticipated; however, glycerol itself could be toxic inside the axons.  The chemical 

effect of glycerol cannot be ruled out.  

Thus, elimination of bulk flow and reduced diffusivity near axons may be 

responsible for the inhibition of action potential propagation, which, in time, may 

cause neuronal death.  Here we introduce the denied access model (See Figure I.5, 

pg. 19): when surrounded by amyloid gel plaques, neurites are denied access to 

nutrients, signaling molecules, and metabolic waste drainage pathways, eventually 

leading to neurotic dystrophy.  This is an alternative model for the AD community 

to consider, although continued investigations are required to verify the model and 

to fill in the details. 
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The denied access model is simple and inclusive of the physics and 

engineering perspective of gels or plaques, in addition to the biochemical nature.  

The inclusion of physical properties such as bulk flow and diffusion is seen in the 

illustration of atherosclerosis, thrombosis, gallbladder stones, and kidney stones, 

where aggregation of biomolecules, large and small, is also an early event of 

disease pathogenesis.  The transportation phenomenon, or bulk flow and diffusion, 

through gels is an active research area in engineering.  

The model agrees with the theory that defects in the clearance of the 

interstitial fluid by the perivascular pathway may play an important role in AD 

pathogenesis (Carare et al. 2013, Iliff et al. 2014).  By reducing the clearance of 

soluble Aβ (Weller et al. 2008), this protein imbalance may then further promote 

aggregation.  In addition, microglia are proposed to remove disused or underused 

neurites, which would cause further damage and eventually lead to neuronal death 

(Schafer et al. 2012, Miyamoto et al. 2013, Chung et al. 2015).  This also provides 

an explanation as to why the removal of plaques after immunotherapy was unable 

to restore cognitive function in AD patients (Patton et al. 2006).  Clearing the 

plaques would restore the circulation of molecules; however, the affected neurites 

are already dysfunctional and possibly dead. 

Neurites are vulnerable to suffocation by the protein gels or amyloid 

plaques due to their narrow shape and a long travelling distance. Action potential 



72 
 

 

 
 

propagation requires free access of interstitial ions and oxygen to neurites. Such an 

access would be attenuated by the amyloid plaques wrapping around the neurites.  

Inhibition of action potential propagation could paralyze a synapse’s function and 

trigger immunological destruction of the disused synapses by microglia and 

astrocytes (Schafer et al. 2012, Miyamoto et al. 2013, Chung et al. 2015).  Massive 

synapse loss is a hallmark of AD.  The denied access model introduced in this 

paper provides a link between amyloid plaques, neurite pathology, synaptic loss, 

and microglia and astrocyte phagocytosis. 

Much investigation is required for the possible reasons leading to CAP 

reduction and for the details of the denied access model.  In addition to Na+ and K+-

channels and Na+ and K+-ATPase, which are directly involved in action potential 

propagation, cellular metabolism may also play a role in CAP reduction.  Potential 

candidates are numerous, including 1) impaired circulation of extracellular ions, 

particularly Na+ and K+  (See Figure I.5, pg. 19); 2) impaired accessibility to 

extracellular small molecules such as O2, glucose, and amino acids (Ferrer 2009); 

3) impaired accessibility to extracellular proteins such as insulin; and 4) impaired 

dissipation of the metabolic waste such as urea and CO2.  

The pathologic effect of amyloid plaques may be a result of increased 

viscosity and/or reduced bulk flow.  Our work suggests the presence of a gel causes 

a reduction in the CAP.  The reason for this reduction is still being studied, but we 
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believe inhibition of bulk flow and reduced diffusivity causes the effect.  Abnormal 

axonal transport has been proposed to be an early event in AD pathogenesis (Stokin 

and Goldstein 2006), and more studies are required to understand if the denied 

access also affects axonal transport of molecules and vesicles, especially in regards 

to intracellular tau and paired helical filaments (Xu et al. 2010).  Never the less, the 

work presented here introduces a new technique and a new direction for studying 

neuroencephalopathies like AD. 
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CHAPTER III.   FRAP WITH FIXED TISSUES 

METHOD DEVELOPMENT OF FLUORESCENCE RECOVERY AFTER 

PHOTOBLEACHING (FRAP) TO STUDY DIFFUSION IN FIXED TISSUE 

SAMPLES 

 

ABSTRACT 

Fluorescence recovery after photobleaching (FRAP) is an emerging 

molecular tool to determine the diffusion coefficient of a fluorescent dye through a 

matrix.  FRAP is typically used on live tissues to analyze protein binding and lipid 

movement in cell membranes; however, the use of FRAP for fixed tissues is not 

common.  Diffusion coefficients calculated using FRAP through similar mediums 

are known to be different in literature, and state many factors which can affect the 

coefficient.  The same difference is expected for sample preparation and fixation 

techniques with tissues.  The objectives of this study were to first determine the 

FRAP technique can replicated in our lab and to compare the diffusion coefficients 

of rhodamine B in variously prepared Xenopus laevis sciatic nerves and fibrin gel 

matrix.  Tissue preparations included fresh tissue, glutaraldehyde fixed tissue, 

formaldehyde fixed tissue, and frozen followed by formaldehyde fixed tissue.  Our 

results indicate that diffusion coefficients can be determined in fixed tissues but 
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differ based on sample preparation.  If great care is taken at all stages prior to the 

FRAP recordings, it is possible to compare diffusion in fixed tissues.  If FRAP 

methods advanced to use fixed tissues, countless studies could be completed and 

experimental procedures would be simplified. 
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INTRODUCTION 

Fluorescence recovery after photobleaching (FRAP) is a straightforward 

technique developed to study molecular diffusion in media (Peters et al. 1974).  

Using a confocal laser scanning microscope (CLSM), a user-defined region of 

interest (ROI) is selected and bleached, leaving the surrounding area unbleached 

(Braeckmans et al. 2003) (Figure III.1A).  With time, the unbleached molecules 

diffuse into the bleach area and exchange with the bleached molecules (Axelrod et 

al. 1976, Soumpasis 1983).  Using one of many possible fluorescent dyes, such as 

rhodamine B (RhoB) (Figure III.1C) or fluorescently tagged proteins, a 

fluorescence recovery curve (Figure III.1B) can be generated and a diffusion 

coefficient of the dye through the sample can be calculated (Seiffert and 

Oppermann 2005, Miyawaki 2011).  Protocols and data analysis of FRAP 

experiments differ between laboratories causing the existing body of data to be 

incomparable (Trembecka et al. 2010).  Many finite factors affect diffusion, so each 

lab must perfect their own calibrations and controls.  Numerous studies using this 

technique and a variety of fluorophores have been completed; however, one vital 

element of experimental approach arises and has not been fully studied, fixation of 

the tissue.  The use of FRAP with fixed tissues would allow diffusion to be 

compared in various tissues.  In our case, the goal is to quantify diffusion through 
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individual amyloid plaques in brain tissues.  Human brain tissues are fixed prior to 

analysis so the effect of fixation must be first addressed. 

 

Figure III.1. The FRAP technique.  Flurophores in a defined region (A) are 
bleached and recover with time as they exchange with unbleached fluorophores.  A 
fluorescence recovery profile (B) can then be generated (Image modified from 
Wikimedia.  Image by MDougM).  (C) Structure of RhoB (Sigma-Aldrich). 

Debate remains as to whether FRAP can be completed on fixed tissues and 

this work aims to elucidate the possibility.  Most FRAP experiments analyze real-

time protein movement and interactions requiring live tissue samples and cell 
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cultures.  If the methods advanced for fixed tissue use, countless studies could be 

completed and experimental procedures would be much simpler.  Fixation 

preserves proteins, carbohydrates, and other molecules in their spatial relationship 

to the cell and preserves the structural morphology of the sample (Fox et al. 1985).  

A common fixative is formaldehyde (Figure III.2A), which reacts with primary 

amines to form Schiff bases, eliminating any enzyme or bacterial activities and 

preventing continued tissue bio-degradation.  Glutaraldehyde (Figure III.2B), 

another popular fixative, forms a methylene bridge between proteins due to the two 

aldehyde functional groups, known as cross-linking, and has a bonding distance 

averaging two angstroms (Mason and O'Leary 1991).  Furthermore, fixation, 

storage, and preparation of samples typically involves a freezing step.  During 

freezing, ice crystal formation could damage the microstructure of the tissues.  The 

damage caused by ice crystals may increase after remaining in the freezer for long 

periods, and human brain tissues are often frozen prior to fixation.  To negate this, 

tissues are normally flash frozen causing minimal crystal formation, or soaked in a 

20-30% sucrose solution post-fixation and prior to freezing.  When analyzing a 

dynamic process such as diffusion, these sample preparation issues must be 

considered, and applying fixed analysis in conjunction with live studies is 

important. 
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Figure III.2. Structures of formaldehyde (A) and glutaraldehyde (B).  Images from 
Sigma-Aldrich. 

Live tissues also introduce their own complications for quantifying 

diffusion.  The main reason tissues are fixed is to preserve tissue integrity over a 

long period.  Shortly after tissue isolation, decomposition, putrefaction, and 

autolysis begin.  To mitigate the effects, the sample can be kept in artificial buffer, 

but the time frame until experimental completion must be fast.  Another issue with 

live tissue deals with the FRAP procedure during the photobleaching step.  

Photobleaching may cause damage to the tissue and that damage is greater in live 

tissues (Bacskai et al. 2003).  Studies using FRAP have not accurately addressed 

this issue and could be avoided by using fixed samples, which can be exposed to 

much higher laser intensities.  Every physiological experiment is accompanied by 

numerous factors that could negate the accuracy of the results; therefore, proper 

controls and strict data analysis must be used. 

The purpose of this is experiment is to evaluate the potential of using 

variously fixed tissues in FRAP and to analyze their diffusion coefficients.  First, 
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our lab’s experimental conditions for FRAP must be determined before 

comparisons can be made.  Then fixed tissues will be compared to unfixed fresh 

tissues and frozen and fixed tissues using formaldehyde and glutaraldehyde.  

Likely, the fixed tissues will have much slower diffusion rates than the live tissues 

due to the cross-linking issue and potential ice crystal formation.  Live tissues may 

also possess faster diffusion rates due to the potential of tissue decomposition post-

extraction.  Since current FRAP experiments are difficult to compare between 

laboratories due to varying experimental conditions, the possibility exists that fixed 

tissues can be used if all samples are fixed.  Preparing all the samples the same 

manner may negate the fixation issue and allow the diffusion rates to be compared.  

Likely, the diffusion rates will differ between different sample preparations.   
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MATERIALS AND METHODS 

SCIATIC NERVE SAMPLE PREPARTION 

To analyze the effects of different fixatives and sample preparation for 

FRAP, the Xenopus laevis (Xenopus Express, Brooksville, FL) sciatic nerve was 

used.  For more detail about the sciatic nerve prep, please see the accompanying 

section on page 46.  After isolation, the nerves were either analyzed fresh, fixed in 

3% glutaraldehyde in 0.1 M PBS, pH 7.4 for 48 hours, fixed in 4% formaldehyde in 

0.1 M PBS, pH 7.4, for 48 hours, or frozen for 48 hours at -80 °C followed by 

formaldehyde fixation for 48 hours.  All fixed samples were placed into 25% 

sucrose for 24 hours and then cryosectioned (Leica CM1860) at 20 µm onto gelatin 

coated slides (See pg. 50) using Tissue-Tek O.C.T. compound.  Fresh samples were 

thinly sliced using a razor blade and placed onto glass slides.  Wells were then 

made around each sample using nail polish and each sample was placed into 0.1 M 

PBS, pH 7.4 for two 10 minute incubations at 4 °C.  Ten µM RhoB in 0.1 M PBS 

was then incubated on the samples for 30 minutes, removed, and replaced with a 

fresh solution of RhoB for an additional 30 minutes.  Fresh RhoB solution was then 

added and the slides were mounted and sealed using nail polish prior to FRAP 

analysis. 
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FIBRIN PREPARATION 

The fibrin gel was made by mixing a fibrinogen solution (20 mg/mL in 

0.9% NaCl) with a thrombin solution (50 U/mL in 0.1% bovine serum albumin) in 

a 10:1fibrinogen-to-thrombin ratio (v/v), yielding 2 mg fibrinogen per 0.5 U 

thrombin, within a microcentrifuge tube.  Following the same methodology as the 

nerves, the gel samples were washed in 0.1 M PBS and fixed in 3% glutaraldehyde 

in PBS.  After subsequent PBS washing and sucrose incubation, samples were 

cryosectioned at 20 µm onto gelatin-coated slides.  Wells were then made around 

each sample using nail polish and the same RhoB incubation procedure as the 

sciatic nerve was used prior to FRAP analysis. 

POLYACRYLAMIDE GEL SAMPLE PREPARATION 

In order to determine if FRAP can be used as an accurate representation of 

diffusion through a porous medium, polyacrylamide gel (PAG) concentrations 

ranging from 4-22% were prepared using 0.37 M Tris, pH 7.4, 1% APS, 1% SDS, 

0.1% TEMED, and a 30%/0.8% acrylamide/bisacrylamide solution.  Each solution 

also contained 10 µM RhoB.  Prior to gelation, 200 µl was pipetted onto ethanol 

cleaned glass slides with a well created using nail polish.  Slides were cover 

slipped, sealed using nail polish, and remained at room temperature for one hour.  

Additional slides of each solution were prepared to ensure gelation occurred prior 

to FRAP analysis. 
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FRAP DATA ACQUISITION 

FRAP was completed on all samples.  Images were collected at room 

temperature using a 20x Plan Apo 0.45 objective, image size set to 512x512 pixels, 

and image acquisition set to “as fast as possible.”  For FRAP measurements, a 

circular region of interest (ROI) with an area of ~500 µm2 was chosen on the 

surface of the sample to be bleached.  The total fluorescence (TF) and background 

fluorescence (BG) regions were also selected for proper data analysis (Figure 

III.3A).  Three pre-bleach images were acquired followed by the necessary amount 

of bleaching frames and 199 fluorescence recovery frames (Figure III.3B).  

Bleaching was completed by setting each of the seven lasers (404, 457, 476, 488, 

514, 561, and 634 nm) to 100%.  Intensities and tissue survival were also examined 

but were not an issue with the samples.  Control bleaches were completed to 

determine the amount of bleaching frames required for a full bleach of the ROI.  On 

average, around 15-25 bleach frames were used. 
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Figure III.3. Regions of interest in a FRAP image (A) and acquisition profile (B) 
using a fibrin gel as an example.  (A) The red circle (~500 µm2) represents the 
bleached region of interest (ROI) in each sample.  The total cell or total 
fluorescence (TF) is a large square encompassing the entire image area.  The 
background fluorescence (BG) is a region selected outside of the sample.  (B) 
Three pre-bleach images were followed by 199 recovery images taken at 1 second 
intervals. 

 Monitoring the temperature of the microscope room was also important, 

since diffusion using FRAP can differ based on temperature.  Unless thermal stages 

are used to control the temperature, care must be taken in data analysis to account 

for temperature changes due to extended instrumental use.  Since we did not have 

access to a thermal stage, recordings were taken over the entire period of analysis 

for that day.  Temperature fluctuations in the room were also kept minimal.  The 

normalization procedure, discussed below, allowed for these differences to be 

included in the errors. 
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FRAP DATA ANALYSIS 

Data were analyzed using Excel and two software programs, easyFRAP 

(Rapsomaniki et al. 2012) and DataFit 6.1 (Oakdale Engineering, Oakdale, PA).  

Raw data were properly formatted for importing into the easyFRAP program and 

included the time, ROI, TF, and BG recordings.  An example of one raw FRAP 

result is shown in Figure III.4.  Since the data had slightly different time points in 

acquisition, different losses in background fluorescence, and different bleaching 

depths, normalization was required.  Thankfully, the easyFRAP program provided 

a fast and reliable way to compute multiple large data sets at one time.  First, the 

BG fluorescence was subtracted from both the ROI (Eq. III.1) and TF (Eq. III.2) to 

correct the raw data:  

 𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡) = 𝑅𝑂𝐼𝑟𝑎𝑤(𝑡) − 𝐵𝐺(𝑡) (III.1) 

 𝑇𝐹𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡) = 𝑇𝐹𝑟𝑎𝑤(𝑡) − 𝐵𝐺(𝑡) (III.2) 
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Figure III.4. Raw data after FRAP procedure.  The region of interest (ROI), total 
cell (TF), and background fluorescence (BG) profiles are shown.  For simplicity, 
the easyFRAP software named these points as ROI1, ROI2, and ROI3. 

Double normalization (Eq. III.3) then corrected for differences in starting 

prebleach intensities and differences in TF after bleaching, 

 
𝐹𝑑𝑜𝑢𝑏𝑙𝑒,𝑛𝑜𝑟𝑚(𝑡) =

1
𝑛𝑝𝑟𝑒

× ∑ 𝑇𝐹𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡) 
𝑛𝑝𝑟𝑒

𝑡=1

𝑇𝐹𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡)

×
𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡)

1
𝑛𝑝𝑟𝑒

× ∑ 𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡) 
𝑛𝑝𝑟𝑒

𝑡=1

 

(III.3) 

A full-scale normalization (Eq. III.4) then corrected differences in the initial bleach 

depth:  
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𝐹𝑓𝑢𝑙𝑙,𝑛𝑜𝑟𝑚(𝑡) =

𝐹𝑑𝑜𝑢𝑏𝑙𝑒,𝑛𝑜𝑟𝑚(𝑡) − 𝐹𝑑𝑜𝑢𝑏𝑙𝑒,𝑛𝑜𝑟𝑚(𝑡𝑝𝑜𝑠𝑡𝑏𝑙𝑒𝑎𝑐ℎ)

1 − 𝐹𝑑𝑜𝑢𝑏𝑙𝑒,𝑛𝑜𝑟𝑚(𝑡𝑝𝑜𝑠𝑡𝑏𝑙𝑒𝑎𝑐ℎ)
 (III.4) 

 

Curve fitting was also completed within easyFRAP using MATLAB’s non-

linear least squares function.  For a more detailed fitting procedure, refer to 

Rapsomaniki et al. (2012).  Using the final fitted recovery curve, the half time of 

recovery (τ1/2) was calculated and displayed in easyFRAP.  An example data 

reduction using easyFRAP is shown in Figure III.5. 
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Figure III.5. EasyFRAP program example data reduction from Rapsomaniki et al. 
(2012).  The easyFRAP program allows for the input, normalization, and curve 
fitting of large data sets to determine the half time of recovery. 

Normally once τ1/2 is determined, diffusion is calculated using the radius 

stated in the FRAP settings (Eq. III.5), known as the nominal bleaching radius (rn): 

 
𝐷𝑐𝑜𝑛𝑓𝑜𝑐𝑎𝑙 =

𝑟𝑛²

4 ∙ 𝜏1/2
 

(III.5) 

 

However, there can be diffusion after the photobleaching phase before the first 

post-bleach image is acquired (Kang et al. 2012); therefore, the effective bleach 

radius (re) must also be determined for a more accurate diffusion coefficient.  This 
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difference can be seen in Figure III.3A (pg. 84) where re is larger than the inputted 

re.  The effective radius is calculated by measuring the fluorescence intensity 

profile, obtained by quantifying the fluorescence across the ROI before and after 

bleaching.  A similar correction for BG fluorescence and loss of TF from bleaching 

was calculated and allowed normalization of the pre-bleach profile to 100%.  

Combining the multiple bleach sets provided some difficulty due to differing radial 

distances in the extracted data.  To limit error, a diameter of ~50 µm was 

maintained strictly for each bleach profile.  All of the data points were then 

averaged in a linear fashion with the midpoint distance set to zero so that the fit 

could be created. 

Calculating the bleaching depth (K) (Eq. III.6) was then needed to calculate 

the effective bleach radius (Kang et al. 2012).  The bleaching depth was defined as 

the amount of photobleaching in the first bleach image compared to the prebleach 

image: 

 

𝐾 =

(
1

𝑛𝑝𝑟𝑒
× ∑ 𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡)) 

𝑛𝑝𝑟𝑒

𝑡=1 − 𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡𝑏𝑙𝑒𝑎𝑐ℎ)

1
𝑛𝑝𝑟𝑒

× ∑ 𝑅𝑂𝐼𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑡) 
𝑛𝑝𝑟𝑒

𝑡=1

 (III.6) 

The bleach profiles were then fitted using a tenth order polynomial in the DataFit 

6.1 software.  Using the term 0.86 ∗ 𝐾 for the y-value, defined by Kang et al. 

(2012), the radial distances r1 and r2 were calculated using DataFit and the fitted 

graph and re (Eq. III.7) was determined: 



90 
 

 

 
 

 
𝑟𝑒 =

(𝑟2 − 𝑟1)

2
 (III.7) 

Kang et al. (2012) then defined the corrected diffusion equation (Eq. III.8) to take 

diffusion during photobleaching into account: 

 
𝐷𝑐𝑜𝑛𝑓𝑜𝑐𝑎𝑙 (𝐾𝑎𝑛𝑔) =

𝑟𝑒² + 𝑟𝑛²

8 ∙ 𝜏1/2
 (III.8) 

BLEACH SPOT SELECTION 

Due to requiring a fluorescence profile across a ROI to calculate re, care 

was needed in selecting proper bleaching spots.  Tissue samples possess structural 

abnormalities, so normalizing FRAP data sets can be difficult if the values are 

substantially different where they should be similar.  For the re calculation, a line 

was drawn across the ROI.  For proper data fitting, regions of the line outside of the 

bleach area had to be uniform.  If tissues gaps existed where there was no 

fluorescence, it would affect curve fitting and proper data analysis.  To negate this 

issue, profiles outside of the bleached region were averaged and bleach spot 

selection was based on areas that were most structurally uniform. 
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RESULTS 

FLUORESCENCE RECOVERY PROFILES OF SCIATIC NERVES, FIBRIN, 

AND POLYACRYLAMIDE GEL  

Before comparisons could be made among varying tissue preparations, our 

lab’s standard FRAP procedure and data reduction process had to be determined.  

To do so, diffusion coefficients of RhoB were first determined in increasing 

concentrations of PAG followed by glutaraldehyde fixed sciatic nerves and fibrin.  

Recovery profiles, bleaching depths, and diffusion coefficients were determined. 

RECOVERY PROFILES OF RHOB IN SCIATIC NERVES AND FIBRIN.  FRAP 

recovery profiles were created by combining and normalizing pre- and post-bleach 

profiles for each sample.  Various time points display the exchange of bleached 

molecules with unbleached molecules in fibrin (Figure III.6A) and the sciatic nerve 

(Figure III.6B).  Over the recovery time, RhoB slowly diffused back into the 

bleached area, as expected.  Recovery profiles of fibrin (n=19) (Figure III.6C) and 

the sciatic nerve (n=23) (Figure III.6D) displayed minor differences.  The initial 

slope, within the first 10 seconds for fibrin, was roughly 43.9 ± 5.7% greater than 

the slope of the sciatic nerve and the nerve had a mobile fraction 14.7 ± 0.61% less 

than fibrin (Table III.1).  This suggests molecular tracer diffusion in fibrin was 

initially much faster than the nerve; however; the mobile fraction also varied so the 
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difference may not be substantial.  Likewise, the immobile fractions were 11.78 ± 

0.41% for fibrin and 26.50 ± 0.45% for the sciatic nerve (Table III.1).  In addition, 

the half times of recovery (τ1/2) were 54.50 ± 2.53 s and 88.89 ± 6.60 s for fibrin 

and the sciatic nerve, respectively (Table III.1). 

 

Figure III.6. Fluorescence recovery of RhoB in fibrin and sciatic nerves.  Example 
confocal images of the bleach process at various time points in fibrin (A) and the 
sciatic nerve (B).  The circle (~500 µm2) represents the region of interest in each 
sample.  Averaged full-scale normalized fluorescent recovery profiles during the 
recovery periods of fibrin (C) and the sciatic nerve (D).  Time 0 represents the start 
of recovery and at the first post-bleach image.  Bleaching depths were normalized 
to 0 and max pre-bleach intensity was 100%.  Error bars represent ± SE. 

 



93 
 

 

 
 

 

Table III.1. Calculated FRAP parameters for fibrin and the X. laevis sciatic nerve 
fixed in glutaraldehyde. 

 

POST-BLEACH PROFILES.  To determine the effective bleach radius (re), post-

bleach profiles were created for fibrin and the sciatic nerve (Kang et al. 2012).  A 

~50 µm straight line was drawn across the ROI (Figure III.7A) and the 

fluorescence intensities were extracted for the pre-bleach and initial post-bleach 

image.  Normalizing the pre-bleach intensities to 100%, correcting the background 

fluorescence, correcting the loss of fluorescence due to bleaching, and combining 

all data sets in a radial fashion allowed post-bleach profiles to be created of fibrin 

(n=19) (Figure III.7B) and the sciatic nerve (n=23) (Figure III.7C).  Curve fits 

(Figure III.7D) of each set were produced to calculate re using the bleaching depth 
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(K).  Both post-bleach profiles were relatively similar with the slope between 

fluorescence intensities 0.6 to 0.8 differing by roughly 22.4%.  The sciatic nerve 

also displayed a greater degree of error outside the bleached area, suggesting a 

larger effective bleach radius compared to the nominal (rn).  The re for fibrin was 

15.55 ± 0.63 µm and the sciatic nerve was 18.35 ± 0.28 µm (See Table III.1).  

Fibrin’s rn and re had a percent different of 19.9 ± 6.7% and the sciatic nerve had a 

difference of 36.7 ± 1.8%.  The diffusion coefficients (D) were 0.93 ± 0.09 µm2/s 

and 0.70 ± 0.05 µm2/s for fibrin and the sciatic nerve, respectively (See Table 

III.1).  In other words, diffusion through the sciatic was roughly 24.7 ± 11.3 % 

slower than in fibrin.  Although comparisons between fibrin and the sciatic nerve 

are not important in this study, they prove FRAP can be used to obtain a diffusion 

coefficient through fixed matrixes. 



95 
 

 

 
 

 

Figure III.7. Fluorescence post-bleach profiles of RhoB in fibrin and sciatic nerves.  
(A) Example confocal images of the pre- and post-bleach profiles for the sciatic 
nerve.  The turquois diagonal line through the region of interest represents the 
bleach profile (~50 µm).  The same technique was used for fibrin (not shown).  
Normalized and combined post-bleach profiles of fibrin (B) and the sciatic nerve 
(C).  (D) Comparison of the curve fits for fibrin (black) and the sciatic nerve (red) 
using a tenth-order polynomial fit parameter.   
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RECOVERY PROFIES AND DIFFUSION OF RHOB IN PAG.  To determine 

whether using RhoB in conjunction with FRAP is an accurate representation of 

diffusion, diffusion coefficients were determined using increasing concentrations of 

polyacrylamide gel (PAG).  As expected, higher concentrations had decreased 

diffusion rates and a decreased fluorescence recovery profile (Figure III.8A, B).  

The diffusion coefficient also followed the power-law (Eq. III.9) with increased 

concentrations (Figure III.8C) and coefficients ranging from 4.43 ± 0.08 µm2/s for 

4% PAG (n=6) down to 1.42 ± 0.05 µm2/s for 22% PAG (n=9) (Table III.2): 

 𝑦 = 12.69𝑥−0.69 (III.9) 

Also, in the 4-12% concentrations, an effective radius (re) could not be calculated 

due to the bleaching depth (K) not yielding a K*0.86 value within the curve fit of 

the bleach profile.  In those cases, diffusion had to be calculated using Eq. III.5, pg. 

88.  The inadequate bleaching depth was likely due to substantial diffusion prior to 

the first post-bleach image; however, an accurate diffusion coefficient was still 

obtained.  These results suggest that our experimental conditions yield an accurate 

representation of diffusion through a porous medium. 
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Figure III.8. Fluorescence recovery of RhoB in increasing concentrations of PAG.  
(A) Example confocal images (512x512) of the bleach process at various time 
points in 4-22% PAG.  The circle (~500 µm2) represents the ROI in each sample.  
(B) Averaged full-scale normalized fluorescent recovery profiles during the 
recovery periods of 4% (n=6), 8% (n=6), 12% (n=8), 16% (n=8), 20% (n=18), and 
22% (n=9) PAG. Bleaching depths were normalized to 0 and max pre-bleach 
intensity was 100%.  (C) Standard curve of diffusion in increased %PAG.  Error 
bars represent ± SE. 
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Table III.2. Calculated FRAP parameters of RhoB in varying concentrations of 
polyacrylamide gel. 

 

FRESH VERSUS FIXED TISSUES 

To determine diffusion rates in fixed tissues using FRAP, the differences 

caused by fixation and storage of the tissues were examined.  Diffusion is a 

dynamic process, so any small changes in porosity and structure may affect the 

rates.  As hypothesized, fluorescence recovery profiles differed based on sample 

preparation in the frog sciatic nerve (Figure III.9A, B).  Glutaraldehyde fixed tissue 

(Glut), which forms more cross-linking, had the slowest diffusion coefficient of 

0.70 ± 0.05 µm2/s (n=23) and formaldehyde fixed tissue (Form) had the fastest 

diffusion of 2.17 ± 0.11 µm2/s (n=12) (Table III.3).  Fresh tissue (n=12) and frozen 
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followed by formaldehyde fixed tissue (Frozen/Form) (n=12) also displayed 

differing diffusion coefficients of 1.25 ± 0.07 µm2/s and 1.77 ± 0.06 µm2/s, 

respectively.  These results suggest that diffusion changes based on sample 

preparation, and that diffusion can be calculated and compared only using tissues 

which are prepared exactly the same.  Any differences in sample preparation can 

cause inaccurate comparisons of diffusion, and as seen in the figure, tissue 

morphology can differ between preparations.  Importantly, these data indicate that 

diffusion can be calculated in tissues fixed in formaldehyde and in tissues that are 

frozen and then fixed.



 
 

 

 
 

 

Figure III.9. Fluorescence recovery of RhoB in fixed, fresh, and/or frozen tissue preparations.  (A) Example confocal images 
(512x512) of the bleach process at various time points in fresh, 3% glutaraldehyde (Glut), 3% formaldehyde (Form), and 
frozen followed by formaldehyde fixed (Frozen/Form) tissues.  The circle (~500 µm2) represents the region of interest in 
each sample.  (B) Fluorescent recovery profiles of fresh (n=12, blue), glut (n=23, grey), form (n=12. green), and frozen/form 
(n=12, red) tissues.  Error bars represent ± SE. 100 



101 
 

 

 
 

Table III.3. Calculated FRAP parameters of fresh and variously fixed X. laevis 
sciatic nerves. 
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DISCUSSION 

In this study, FRAP determined the diffusion coefficients of RhoB in fibrin 

and X. laevis sciatic nerves under different sample preparations.  The goal was to 

determine if FRAP could be used on fixed tissue samples so that the method could 

be used to study diffusion through plaques found in Alzheimer’s disease.  Diffusion 

coefficients were accurately determine in formaldehyde fixed, glutaraldehyde fixed, 

frozen followed by formaldehyde fixed, and fresh tissue samples.  Interestingly, 

formaldehyde fixed samples had the fastest diffusion, followed by frozen and 

formaldehyde, fresh, and glutaraldehyde with the slowest diffusion.  Freezing the 

tissue should increase diffusion due to ice crystal formation causing microstructure 

damages to the tissue, but formaldehyde fixed was 20.3 ± 6.4% faster.  The 

explanation of this remains unknown, but it may be due to using a cryostat for 

tissue preparation, which briefly freezes the samples.  Also, the 

frozen/formaldehyde samples were only frozen for 48 hours, so that may not have 

been enough time for substantial damage to occur.  The fresh sample, however, was 

not sliced using a cryostat in order to prevent any freezing damage, but its diffusion 

remained 53.8 ± 7.8% slower than formaldehyde fixed samples.  It is possible that 

the main issue affecting diffusion could be the use of the cryostat; however, 

uniform tissue slicing is a vital element of the imaging process for other tissues, 
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such as the brain.  Regardless, this work proves that any small changes between 

samples during preparation could have drastic effects on the diffusion coefficient. 

FRAP remains a valuable tool for the study of diffusion in molecular 

samples and correctly determining the effective radius (re) is very important in 3D 

models.  Corrections must be made due to fluorescence recovery occurring before 

the first image is obtained (Kang et al. 2012), with diffusion rates as low as 0.2 

µm2/s affecting re (Braga et al. 2004).  In the present study, the sciatic nerve 

increased by roughly 36.7 ± 1.8% from the nominal radius suggesting large 

amounts of diffusion during photobleaching occurred.  Although the calculations 

for the diffusion coefficient corrected for this, the difference can be reduced by 

reducing the number of bleaching frames (Kang et al. 2009).  Furthermore, the 

sciatic nerve samples were composed of non-uniform individual axons; whereas, 

the fibrin samples had a uniform structure.  This may also account for the greater 

effective radius in the nerve and the different slopes in the post-bleach profiles. 

RhoB is a fluorophore commonly used in many FRAP experiments.  

Studies determined the diffusion coefficient of RhoB in concentrated glycerol to be 

0.32 µm2/s (Anissimov et al. 2012) and 0.57 µm2/s (Seiffert and Oppermann 2005).  

Glycerol provides a decent analog for the increase in viscosity of a solution.  

Previous work determined the intraneural presence of concentrated glycerol caused 

a total ablation of CAP within 15 minutes (See Figure II.6B, pg. 61).  The 
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calculated diffusion coefficient of fibrin, 0.93 µm2/s, is faster than the two stated 

glycerol values but low enough to suggest a correlation between viscosity and loss 

of CAP.  Also important and shown in the two glycerol experiments by Anissimov 

et al. (2012) and Seiffert and Oppermann (2005), comparing diffusion coefficients 

from other experiments can be difficult.  Many factors such as temperature, 

analysis techniques, tracer concentration, and CLSM settings can have large effects 

on diffusion (Braga et al. 2004).  In order to use valid comparisons, similar sample 

preparation procedures must be completed. 

Another comparison to the previous CAP work injecting fibrin (See Figure 

II.5, pg. 59) is that fibrin has strong adhesion to membranes (Almelkar et al. 2014); 

therefore, when it forms inside the sciatic nerve structural characteristics may 

differ.  The results here indicate that the 20 mg/ml fibrin sample had a greater 

diffusion than the sciatic nerve, with a difference of 28.2 ± 12.7%, when both were 

fixed in glutaraldehyde.  An important aspect is that limited diffusion through the 

axonal membrane is not as important as limited diffusion through the extracellular 

space.  The myelin membrane contains the necessary transporter proteins to assist 

in diffusivity and movement of essential molecules intracellularly.  Myelin is also a 

stable structure composed mostly of tightly packed lipids (Aggarwal et al. 2011), 

and diffusion of small molecules is expected to be relatively low.  However, if the 

gel encompasses the membrane, it may limit the normal diffusion process by 
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blocking essential transport mechanisms.  It is also possible that the fibrin affected 

the bulk flow of fluids along the axons. 

Differences in the concentration of fibrinogen and thrombin can also lead to 

different pore sizes of the matrix and different diffusion coefficients.  A study by 

Bhang et al. (2007) used fibrin to assist in controlled drug delivery release of nerve 

growth factor based on the drug’s diffusion out of the fibrin matrix.  They 

determined the rate of diffusion decreased as the concentrations of fibrinogen and 

thrombin increased (Bhang et al. 2007).  Increasing the concentrations as well as 

changing the ionic conditions and pH creates smaller pore sizes and hinders the 

movement of larger molecules (Janmey et al. 2009).  In addition, lower thrombin 

concentrations result in a greater pore size and thicker fibrils with fewer branch 

points (Weisel 2007).  Using 2 mg of fibrinogen with 0.5 units of thrombin yielded 

a pore size of ~1 µm, which allowed RhoB, molecular weight 479.01 g/mol, to 

diffuse with limited hindrance.  In comparison, Aß plaques have much smaller pore 

size, 50 – 80 nm, which may have a greater influence on diffusion and convective 

flow (Woodard et al. 2014).  The properties of fibrin may be adjusted in future 

work and also include amyloid fibers to provide a closer fibrous analog to Aß 

plaques. 

Fast diffusion coefficients through free mediums are difficult to calculate 

using FRAP, since there is a time eclipse between the last bleach and first post-



106 
 

 

 
 

bleach frame.  For our confocal, the fastest possible interval was one second, but 

one group used FRAP to calculate diffusion rates up to 19.3 µm2/s with an interval 

of 0.2 s between frames (Seiffert and Oppermann 2005).  The failure to calculate 

the effective radius for less than 12% PAG samples is due to our slow frame 

interval.  Ideally, we would like to determine diffusion coefficients for PAG 

concentrations below 4% but instrumental limitations prevent it.  Another 

technique, fluorescence correlation spectroscopy, has determined RhoB diffusion in 

water as 421 µm2/s (Gendron et al. 2008), which is very similar to the Haglund et 

al. (1996) value in 1% agarose of 443 µm2/s.  Our derived equation from PAG 

diffusion (Eq. III.9, pg. 96) suggests a coefficient of 421 µm2/s would be equivalent 

to 0.01% PAG, which is similar to the viscosity of water.  Valuable future work 

would be to increase the confocal interval rate and compare FRAP values to free 

mediums and agarose. 

In conclusion, FRAP-based imaging allowed us to examine small molecule 

diffusion through a gel matrix and sciatic nerve axonal membranes and determined 

that sample preparation is vital for accurate diffusion coefficient comparisons.  

Future work may address the following questions using FRAP:  (a) What is the 

diffusion through agarose and varying glycerol concentrations using techniques 

with faster frame rates?  (b) Is diffusion limited in Aß plaques of mice and human 

samples compared to the surrounding brain tissue?  (c)  How do the diffusion 

coefficients differ for larger molecules in brain tissues?  (d) Are the diffusion 
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coefficients through these gels and plaques related to the health and longevity of 

the surrounding neural network?  Limited diffusion of small molecules such as 

oxygen and glucose are not the only possible causation of cell death.  Other effects 

such changes in osmotic pressure (Benzon et al. 1987) and reductions in bulk flow 

(Woodard et al. 2014), remain strong possibilities and will also be future areas of 

focus.  Determining the biochemical limitations caused by gels in these local 

environments will provide a better understanding of neurodegeneration disorders 

such as Alzheimer’s disease. 
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CHAPTER IV.   MOLECULAR DIFFUSION THROUGH PLAQUES 

QUANTIFIED DIFFUSION THROUGH INDIVIDUAL AMYLOID PLAQUES 

OF AD MICE AND AD HUMAN BRAIN SAMPLES AND THEORETICAL 

EFFECT ON BULK FLOW 

 

ABSTRACT 

Diffusion and convective flow of molecules through the interstitial fluid of 

the brain are essential processes for neuronal longevity.  In neurodegenerative 

disorders, such as Alzheimer’s disease (AD), the formation of insoluble amyloid-

beta (Aß) plaques may inhibit this movement.  The objective of this study was to 

quantify small and large molecular diffusion using fluorescence recovery after 

photobleaching (FRAP) through individual plaques of APP/PS1 transgenic mice 

and human AD brain tissue.  Previous work determined that FRAP can be used on 

fixed tissue samples as long as they are prepared exactly the same.  Our results 

indicate that diffusion is similar through plaques compared to the surrounding 

tissues of APP/PS1 transgenic mice for small molecules like rhodamine B; 

however, overall tissue diffusion is over 0.5-fold faster through transgenic mice 

than wild-type mice.  It remains unknown why diffusion through the mouse plaques 

were unchanged, but the reason may correspond to a well-known issue with the 
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mouse model due to the formation of a more primitive and larger plaque.  In human 

AD brain samples, rhodamine B was 0.5-fold faster through the tissue than through 

the plaques, suggesting significantly restricted diffusion through the core of the 

plaque.  Diffusion through the plaque correlates to a theoretical 17-fold reduction in 

bulk flow through the plaque compared to the extracellular space.  Furthermore, a 

large molecule, bovine serum albumin conjugated with fluorescein isothiocyanate 

(BSA-FITC), was analyzed through polyacrylamide gel along with mouse and 

human plaques and tissues.  BSA-FITC diffused too slowly through plaques and 

tissues in order for an accurate comparison using the FRAP method.  Future work 

will analyze other conjugated molecules and dextrans to further analyze the 

plaque’s effect on restricting diffusion; however, these results do indicate that 

human AD plaques restrict diffusion of RhoB and may suggest a correlation 

between reduced diffusion and convective flow in patients suffering from AD. 



110 
 

 

 
 

INTRODUCTION 

How amyloid-beta (Aß) plaques affect the diffusion and circulation of 

nutrients, wastes, and biosignaling molecules in the brain is unknown.  Molecules 

move through a matrix, such as the extracellular matrix, either by diffusion, driven 

by Brownian motion, or carried by fluid movement, or bulk flow.  In Alzheimer’s 

diseases (AD), aggregation of Aβ into plaques in the extracellular matrix is linked 

to neuronal death; however, the cause of death remains unknown.  Limited research 

has been conducted towards understanding how the formation of Aß plaques affects 

diffusion.  Researchers using diffusion weighted magnetic resonance imaging 

(DW-MRI) demonstrated a reduced interstitial fluid (ISF) diffusion in the brain of 

APP23 transgenic mice (Mueggler et al. 2004), which produce Aß plaques, and 

reduced diffusivity in the white matter of patients suffering from sporadic Jakob-

Creutzfeldt disease (Mao-Draayer et al. 2002), another neurological disorder 

associated with the formation of insoluble amyloid aggregates.  AD patients also 

display a significant reduction in ISF flow (Suzuki et al. 2015) which may be 

correlated to increased plaque concentration.  These studies, however, characterized 

general diffusion and fluid movement at tissue level rather than diffusion of 

molecules through individual plaques.  Thus, methods are needed to analyze 

diffusion and bulk flow through the extracellular space (ECS) and individual 

plaques. 
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Fluorescence recovery after photobleaching (FRAP) is a valuable technique 

for determining the diffusion coefficient of a specific fluorophore through a cell 

membrane or live tissue.  Recent work in the lab determined FRAP can be used on 

fixed tissues, along as the samples are prepared exactly the same (See Chapter III, 

pg. 74).  Various sized fluorophores such as rhodamine B (RhoB) and fluorescein 

isothiocyanate (FITC) conjugated proteins and dextrans can be analyzed using 

FRAP.  For example, a study used FRAP with 500 kDa dextran-FITC in 15% 

polyacrylamide gel (PAG) and determined diffusion was completely restricted 

(Braga et al. 2004).  When using a new fluorescently-tagged dye in FRAP, 

analyzing the diffusion through a known matrix, such as PAG, is important.  A 

simplified form of the Stoke-Einstein-Sutherland equation (See Eq. II.2, pg. 69) 

states that diffusion is inversely related to viscosity, following the power-law as 

(Eq. IV.1), 

 
𝐷 ∝

1

𝜂
 (IV.1) 

Viscosity (η) is directly related to PAG concentration so new fluorescent dyes can 

be first tested using a matrix, such as PAG, to ensure diffusion behaves as 

expected.  A goal of this work is to use FRAP to study the diffusion of higher 

molecular weight molecules through brain tissues and plaques so proper controls of 

diffusion are required. 
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It is hypothesized that plaques restrict the diffusion of essential nutrients 

and waste to and from the neurites; however, there are a few different morphologies 

of plaques.  Compact plaques, consisting of only a dense core, are known to have 

core sizes of 10 - 20 µm (Kuo et al. 2001); whereas, classical plaques have a 5 ± 2 

µm central core (Cruz et al. 1997) and contain wisps of amyloid fibrils 

encompassing a region of empty halo space (Wisniewski and Wegiel 1995, Kuo et 

al. 2001).  The cores of the plaques also have varying pockets of higher densities 

(Cruz et al. 1997) with pore sizes less than 100 nm or 1000 Å, which should cause 

slower diffusion rates and have a greater effect on convective flow (Woodard et al. 

2014).  Interestingly, Kuo et al. (2001) also propose that plaques produced in 

APP23 mice differ morphologically from human plaques by lacking regions of halo 

space and wisps and by being about twice the diameter of human plaques.  This is 

important when analyzing a dynamic process such as diffusion, because the values 

could vary between the mice and human samples based on these morphological 

differences.  

The plaque’s effect on convective flow is a relatively unexplored topic.  

Clearance is important across the blood brain barrier to prevent buildup of toxic 

molecules and to help maintain cellular homeostasis.  It also prevents high 

concentrations of soluble Aβ and eventual plaque formation (Shibata et al. 2000, 

Lam et al. 2001), and an age-related imbalance of Aß level could drive the 

progression of AD (Hardy and Selkoe 2002).  The accumulation of plaques in the 
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ECS and drainage pathways could increase the tortuosity of the ECS and reduce the 

clearance of high molecular weight substances by impeding the normal clearance 

routes (Weller 1998, Sykova et al. 2005) and reducing ISF flow (Suzuki et al. 

2015).  This reduction is likely linked to plaque formation but has not been proven.   

Tortuosity (λ) is defined as the square root of the diffusion of a molecule in 

a free medium divided by the effective diffusion through a matrix (See Eq. I.3, pg. 

15) (Sykova and Nicholson 2008).  Attempts have been made to compare tortuosity 

to the volume fraction (α) using Archie’s law (See Eq. I.4, pg. 16) and determined 

the values are independent unless the tortuosity exponent (n) is variable (Pfeuffer et 

al. 1998, Mota et al. 2004).  The exponent typically varies between 0.5 and 0.66, 

and assumptions can be made to provide a rough estimate of volume fraction 

(Nicholson and Rice 1986, Kume-Kick et al. 2002).  Analyzing how the plaques 

affect diffusion of both large and small molecules will help provide evidence of 

their effect on bulk flow and a general idea of the tortuosity and volume fraction of 

individual plaques. 

The purpose of this experiment is to use FRAP on fixed mouse and human 

brain tissue to determine the diffusion coefficients of a large and small molecule 

through the tissue and compare them to individual plaques.  Previous work in the 

lab discovered the formation of fibrin, another protein which rapidly forms a gel 

like state, within a frog’s sciatic nerve epineurium caused an ablation of the 
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compound action potential within 15 minutes (See Chapter II, pg. 37).  The reason 

for this ablation remains unknown, but it is likely due to hindered diffusion since 

fibrin, 20 mg/ml, was found to have a diffusion coefficient of 0.93 ± 0.09 µm2/s 

using RhoB (See Chapter III, pg. 74).  That work also laid the groundwork for 

using FRAP with fixed tissue samples, making this study the first of its kind.  It is 

hypothesized that Aß plaques, like the fibrin, restrict diffusion and may be a 

causation of the neuronal death seen in AD. 
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MATERIALS AND METHODS 

MOUSE AND HUMAN BRAIN TISSUE PREPARATION 

Mouse/human amyloid precursor protein and mutant human presenilin 1 

(APP/PS1) double transgenic mice, colony type 034832, expressing Aß plaque 

formations were obtained from The Jackson Laboratories (Bar Harbor, ME).  

Animals were housed, bred with wild-type C57BL/6J mice (The Jackson 

Laboratories), and euthanized according to approved IACUC protocols.  

Genotyping of offspring was also determined using procedures and primers 

outlined by The Jackson Laboratories for both the APP and PS1 mutations.  Female 

mice expressing both mutations (TG) along with female wild-type (WT) controls 

were maintained and euthanized using CO2 at 9 months.  The heads were then 

removed and placed into a 4% formaldehyde and 0.1 M phosphate buffer solution 

(PBS), pH 7.4 solution for 72 hours.  After fixation, the brain was isolated and 

washed for 15 minutes in fresh PBS three times, followed by an incubation at 4 °C 

in 25% sucrose and 0.1 M PBS for 24 hours  

Brain samples were then placed into casting molds and surrounded with 

Tissue-Tek O.C.T. compound at -20 °C overnight.  Brains were sectioned cross-

sectionally at 20 µm with a Leica CM1850 cryotome at -20 °C and harvested onto 
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gelatin coated glass slides (See pg. 50).  After sectioning the samples, prepared 

slides were dried overnight at 4 °C and stored in a slide box until use. 

An Alzheimer’s disease human brain sample (AD human), female age 78, 

with a post-mortem interval (PMI) of 6.08, was acquired from Torrey Pines 

Institute for Molecular Studies (Port St. Lucie, FL).  The sample was received post 

fixation in 4% formaldehyde and followed the same washing and sucrose soaking 

procedures as the mouse samples.   

CONFOCAL IMAGING USING THIOFLAVIN S 

For imaging plaques in neural tissue, thioflavin S (ThS) (Sigma-Aldrich) 

was used as an Aß plaque specific stain before applying the RhoB procedure used 

for the sciatic nerve and fibrin (See pg. 81).  In brief, 1% ThS was prepared in 50% 

ethanol, filtered, and stored at 4°C.  Sections were rehydrated using two five 

minute incubations of dH2O followed by a five minute incubation in the ThS 

solution.  Samples were then differentiated in 70% ethanol for 5 minutes and rinsed 

in dH2O four times for 5 minutes each.  After rinsing, the RhoB procedure was 

followed and the samples were mounted and sealed using nail polish. 

Imaging was completed using the Nikon Confocal Microscope C1 and EZ-

CI software.  Images were collected at room temperature using a Plan Apo 0.45 

objective, medium pinhole (60 µm), 1.68 µs pixel dwell, 561 nm laser set to 5% for 

RhoB, and 488 nm laser set to 15-20% for ThS.  
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BSA-FITC CONJUGATION 

FITC (Sigma-Aldrich), 1 mg/ml in DMSO, and bovine serum albumin 

(BSA), 20 mg/ml in 0.1 M sodium carbonate buffer, pH 9.0, were prepared fresh.  

For every one ml of BSA solution, 50 µl of FITC solution was slowly added while 

stirring and then incubated in the dark for 8 hours at 4 °C.  After addition of 

ammonium chloride, final concentration 50 mM, the mixture incubated for 2 hours 

at 4 °C.  Then, bromophenol blue and glycerol, final concentrations of 0.1% and 

5%, were added to assist with the subsequent separation step.  Conjugated BSA 

(BSA-FITC) was separated using Sephadex G-25 (Sigma-Aldrich), eluted with 0.1 

M PBS, pH 7.4, and stored at 4 °C.  The protein concentration was determined 

using the Bradford assay and adjusted to 10 µM prior to use in FRAP. 

POLYACRYLAMIDE GEL SAMPLE PREPARATION 

In order to determine if FRAP can be used as an accurate representation of 

BSA-FITC diffusion through a porous medium, PAG concentrations ranging from 

4-20% were prepared using 0.37 M Tris, pH 7.4, 1% APS, 1% SDS, 0.1% 

TEMED, and a 30%/0.8% acrylamide/bisacrylamide solution.  Each solution also 

contained 10 µM BSA-FITC.  Prior to gelation, 200 µl was pipetted onto ethanol 

cleaned glass slides with a well created using nail polish.  Slides were cover-

slipped, sealed using nail polish, and remained at room temperature for one hour.  

Additional slides of each solution were prepared to ensure gelation occurred prior 

to FRAP analysis.   
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IMMUNOHISTOCHEMISTY USING ANTI-Aß AND IMAGING 

Since FITC and ThS both fluoresce green, immunohistochemistry was used 

to differentiate plaques.  Sectioned brain samples were first washed in 0.1 M PBS, 

pH 7.4 three time for five minutes followed by a 30 minute incubation in 0.5% 

Triton X-100 (Sigma-Aldrich) in 0.1 M PBS (PBST).  The samples were then 

blocked in 10% BSA in 0.1 M PBS for 60 minutes and washed three times for five 

minutes using PBST.  Sections were then incubated with rabbit polyclonal anti-beta 

amyloid antibody (1:100; Abcam, ab2539) overnight at 4 °C.  The primary 

antibody recognizes human beta-amyloid amino acids 1-14 and specifically labels 

extracellular Aß plaques.  Samples were then washed in PBST for three by five 

minutes followed by incubating with goat anti-rabbit secondary antibody labeled 

with Alexa Fluor 647 (red) (Abcam; ab150079) diluted in PBS (1:1000) for 30 

minutes.  Finally, samples were washed three by five minutes in PBS.  For BSA-

FITC incubations, a well was drawn around the sections using nail polish, and then 

the samples were incubated in 10 µM BSA-FITC in 0.1 M PBS for two times by 90 

minutes.  The BSA-FITC solution was then replenished, cover-slipped, and sealed 

using nail polish.   

Images were also collected at room temperature using a Plan Apo 0.45 

objective, medium pinhole (60 µm), 2.64 µs pixel dwell, 561 nm laser set to 10% 

for Alexa Fluor 647, and 488 nm laser set to 10% for BSA-FITC.  Z-stack images 

were acquired at 0.35 µm per step and volume rendered. 
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FRAP DATA ACQUISITION AND ANALYSIS 

All FRAP data were acquired using the same techniques developed in 

Chapter III (See pg. 74).  The only minor difference was that the region of interest 

(ROI) changed to an area of ~50 µm2 for some samples so only the plaque would 

be bleached.  The normalization process and calculation of the effective radius 

required the bleach area to be the same for individual sample types, but the bleach 

areas could be different among different samples.   
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RESULTS 

RHODAMINE B DIFFUSION IN MOUSE AND HUMAN AD BRAIN TISSUE 

Since FRAP was determined to be a promising method to study diffusion in 

fixed tissues, diffusion coefficients through WT mouse brain tissues and TG mouse 

brain tissues and plaques were calculated.  Comparisons were made between 

different regions of the hippocampus and the cortex.  Diffusion coefficients were 

also determined in human AD brain tissue and plaques.  Mouse TG tissue and 

plaques had faster diffusion than WT tissue, but little difference was noted due to 

the plaques.  On the other hand, human AD plaques had a significantly slower 

RhoB diffusion than the surrounding tissue. 

FRAP OF MOUSE BRAIN TISSUE.  TG mice, which produce Aβ plaques, were 

used to analyze the effect of the plaques on diffusion of RhoB.  Comparisons were 

made using brain samples from a 9-month old female WT mouse and a 9-month 

old female TG mouse.  FRAP was completed directly on ThS differentiated plaques 

(Figure IV.1A, see arrows) and tissue regions away from the plaques in the 

hippocampus and the cortex.  Hippocampal regions included CA1, CA2, CA3, and 

the dentate gyrus (DG).  Representative confocal images from the CA1 region in 

WT, TG, and plaque display significant fluorescence recoveries within 50 seconds 

of the first post-bleach image (Figure IV.1B).  Across all regions and plaques 
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formed in each region, the TG mouse tissue and plaques had diffusions averaging 

56.5 ± 11.7% faster than WT regions (Figure IV.1C).  In the WT mouse, diffusion 

coefficients ranged from 2.37 ± 0.09 µm2/s (n=12) in the CA1 region of the 

hippocampus to 2.08 ± 0.08 µm2/s (n=4) in the DG (Table IV.1).  In the TG mouse, 

diffusion rates were fastest in the CA3 region with a coefficient of 4.20 ± 0.26 

µm2/s (n=4) and were slowest in the cortex with a diffusion of 2.80 ± 0.08 µm2/s 

(n=6) (Table IV.2).  Unexpectedly, the plaques had similar diffusion rates 

compared to the regions away from the plaques in the TG mouse (Table IV.3) with 

coefficients of 4.14 ± 0.18 µm2/s (n=4) in CA2 plaques and 3.06 ± 0.21 µm2/s 

(n=6) in cortex plaques.  These results suggest that diffusion is similar but slightly 

faster through plaques than the surrounding tissues of TG mice for small molecules 

like RhoB; however, overall tissue diffusion is faster through TG mice, suggesting 

a less dense neuronal environment. 
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Figure IV.1. Fluorescence recovery of RhoB in various regions of WT and TG 
mouse brain tissues and plaques.  (A) Confocal images (1024x1024) of ThS/RhoB 
stained brain tissues from WT mice and APP/PS1 TG mice.  The labeled regions, 
CA1, CA2, CA3, Dentate gyrus (DG), and the cortex, represent the regions 
analyzed using FRAP and the arrow identifies plaques.  (B) Example images 
(512x512) of the bleach process at various time points in the CA1 region of a wild-
type (WT) mouse, transgenic (TG) mouse, and plaque.  The bright red spot in the 
plaque row was identified as using ThS, but the laser was turned off for recovery 
profiles of RhoB.  The circle (~500 µm2) represents the region of interest (ROI) in 
each sample.  (C) Comparison of diffusion coefficients in various tissue regions of 
WT mice and TG mice along with individual plaques.  Error bars represent ± SE. 
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Table IV.1. Calculated FRAP parameters of RhoB in WT mouse brain regions. 
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Table IV.2. Calculated FRAP parameters of RhoB in TG mouse brain regions away 
from plaques. 



125 
 

 

 
 

 

Table IV.3. Calculated FRAP parameters of RhoB in TG mouse plaques by region. 

 

FRAP OF HUMAN AD BRAIN TISSUE.  RhoB diffusion through human AD 

brain tissue was also quantified.  Using ThS, plaques were again differentiated so 

that diffusion coefficients of RhoB could be determined through individual plaques 

as well as tissue away from the plaques.  All sections were from an unknown 

region of the hippocampus and a non-AD sample was not acquired for comparison.  

ThS staining clearly identified plaques throughout the tissue section (Figure IV.2A, 

see arrows).  Since the plaques were noticeably smaller, a smaller bleach radius of 

around 50 µm2 was chosen so that only the core of the plaque would be bleached.  
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Example images of the bleach process again shows rapid diffusion into the ROI by 

50 seconds post-bleach (Figure IV.2B).  After normalization, the diffusion 

coefficient of RhoB through the tissue was 1.52 ± 0.12 µm2/s (n=7) and 0.82 ± 0.08 

µm2/s (n=7) through the plaques (Figure IV.2C) (Table IV.4).  These results 

suggest that diffusion of RhoB through plaques and tissue is 46.2 ± 10.0% slower 

through the plaques.
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Figure IV.2. Fluorescence recovery of RhoB in human AD plaques and brain 
tissue.  (A) Confocal Images (1024x1024) of ThS/RhoB stained brain tissues from 
AD human hippocampal brain sections.  The arrows indicate plaques.  (B) Example 
images (512x512) of the bleach process at various time points in human AD tissue 
and plaques.  The bright red spot in the plaque row was identified as a plaque using 
ThS, but the laser was turned off for recovery profiles of RhoB.  The circle (~50 
µm2) represents the ROI in each sample.  (C) Comparison of diffusion coefficients 
of the human AD plaque and human AD tissue.  Error bars represent ± SE.
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Table IV.4. Calculated FRAP parameters of RhoB in human AD hippocampus 
tissues and plaques. 

 

BSA-FITC DIFFUSION IN MICE AND HUMAN AD BRAIN TISSUE 

Diffusion of a large molecule, BSA-FITC, was also used to quantify the 

effect of plaques and tissue on diffusion.  After conjugation, we had to first prove 

BSA-FITC could be used to quantify diffusion using FRAP, and this was 

completed using increasing concentrations of PAG.  After successful diffusion 

coefficient quantification, the diffusion was then determined in WT mouse tissue, 

TG mouse tissue, TG plaques, human AD tissue, and human AD plaques.  
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Diffusion was very slow for the large molecule, so it may be too large to be a 

viable option using our FRAP procedure. 

FRAP OF POLYACRYLAMIDE.  Diffusion coefficients of BSA-FITC were 

determined in 4-20% PAG to see how diffusion coefficients using the molecule 

differ through different pore sized matrixes.  Example images of the FRAP process 

through 4-20% PAG indicate very slow diffusion up to 150 seconds post-bleach, 

but a clear difference between 4% and 20% PAG was seen (Figure IV.3A).  

Fluorescence recovery profiles indicate a slow recovery over the recording time 

with 4% having the fastest and 20% having the slowest (Figure IV.3B).  The 

diffusion coefficients (Figure IV.3C) followed a power curve of (Eq. IV.2), 

 𝑦 = 11.37𝑥−1.19 (IV.2) 

as predicted by the Stokes-Einstein-Sutherland equation (See Eq. II.2, pg. 69), due 

to the inverse relationship between viscosity and diffusion.  Diffusion coefficients 

ranged from 2.09 ± 0.87 µm2/s (n=8) in 4% PAG to 0.36 ± 0.07 µm2/s (n=7) in 

20% PAG (Table IV.5).  Concentrations greater than 20% could not be used since a 

half time of recovery (τ1/2) could not be determined within the 199 post-bleach 

frames.  The instrumentation prevented more than 199 recovery frames; however, 

the time between frames could have been increased.  In FRAP, uniformity among 

experiments is important so it remained unchanged.  The issue could be re-

addressed in future work. 
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Figure IV.3. Fluorescence recovery of BSA-FITC in increasing concentrations of 
PAG.  (A) Example confocal images (512x512) of the bleach process at various 
time points in 4-20% PAG.  The circle (~500 µm2) represents the ROI in each 
sample.  (B) Averaged full-scale normalized fluorescent recovery profiles during 
the recovery periods of 4% (n=8), 8% (n=5), 16% (n=3), and 20% (n=7) PAG. 
Bleaching depths were normalized to 0 and max pre-bleach intensity was 100%.  
(C) Standard curve of diffusion in increasing %PAG represented as a power-law.  
Error bars represent ± SE.
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Table IV.5. Calculated FRAP parameters of BSA-FITC in varying concentrations 
of PAG. 

 

FRAP OF MOUSE BRAIN TISSUE.  BSA-FITC was then used to determine the 

effect on diffusion in WT and TG mouse brain tissues and plaques.  Plaques were 

first differentiated using an anti-Aß primary antibody and Alexa Fluor 647 

secondary antibody in both WT mouse to show nonspecific binding and TG mouse 

to show plaque presence (Figure IV.4A, see arrows).  All mouse tissue FRAPs 

were taken in the CA1 region of the hippocampus.  Example images show the 

bleach process for WT tissue, TG tissue, and TG plaque at different time points 

(Figure IV.4B).  When possible, multiple ROIs were used for the FRAP recording 
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along with an area of around 50 µm2.  Very slow diffusion can be seen in all tissues 

(Figure IV.4C), with the WT mouse having a diffusion of 0.09 ± 0.01 µm2/s 

(n=11), TG mouse tissue with 0.08 ± 0.01 µm2/s (n=7), and plaques with 0.07 ± 

0.01 µm2/s (n=11) (Table IV.6).  These results suggest that BSA-FITC is too large 

for an accurate quantification of diffusion through mouse brain tissues and plaques 

using FRAP.  
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Figure IV.4. Fluorescence recovery of BSA-FITC in WT and TG mouse 
hippocampal brain tissue and plaques  (A) Confocal images (512x512) of Anti-Aß 
(ab2539) labeled with Alexa Fluor 647 and FITC-BSA stained brain tissues from 
WT and TG brain sections.  The arrows indicate labeled plaques.  (B) Example 
images (512x512) of the bleach process at various time points in WT tissue, TG 
tissue, and TG plaque.  The circle (~50 µm2) represents the ROI in each sample.  
(C) Comparison of diffusion coefficients of the WT mouse tissue, TG mouse tissue, 
and TG mouse plaque.  Error bars represent ± SE.
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Table IV.6. Calculated FRAP parameters of BSA-FITC in hippocampal WT tissue, 
TG tissue, and TG plaques. 

 

FRAP OF HUMAN AD BRAIN TISSUE.  BSA-FITC diffusion coefficients 

through human AD brain tissue and plaques were also quantified.  First, anti-Aß 

successfully differentiated plaques in tissue sections prior to the FRAP procedure 

(Figure IV.5A, see arrows).  Very slow diffusion was indicated in example images 

from various time points during post-bleach recovery in human AD tissue and 

plaques (Figure IV.5B) and confirmed after final normalization to calculate the 

diffusion coefficients (Figure IV.5C).  Diffusion coefficients were 0.07 ± 0.01 

µm2/s (n=13) through the tissue and 0.06 ± 0.01 µm2/s (n=9) though the plaques.  
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Unfortunately, these values were again too small to compare to one another and 

suggest BSA-FITC is too large under our experimental conditions and instrumental 

limitations.   

 

Figure IV.5. Fluorescence recovery of BSA-FITC in human AD hippocampal 
tissue and plaques  (A) Confocal image (1024x1024) of Anti-Aß (ab2539) labeled 
with Alexa Fluor 647 and FITC-BSA stained human AD brain tissue.  The arrows 
indicate labeled plaques.  (B) Example images (512x512) of the bleach process at 
various time points in the human AD tissue and plaque.  The circle (~50 µm2) 
represents the ROI in each sample.  (C) Comparison of diffusion coefficients of the 
human AD tissue and plaque.  Error bars represent ± SE.
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Table IV.7. Calculated FRAP parameters of BSA-FITC in hippocampal human AD 
plaques and tissue. 
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DISCUSSION 

In this study, FRAP determined the diffusion coefficients of RhoB and 

BSA-FITC in brain tissues of TG mice and through individual Aβ plaques of both 

mouse and human AD brains.  The results indicate diffusion is faster, over the time 

course of recovery, through plaques and tissue regions away from the plaques in 

TG mice; whereas, diffusion through WT mouse tissue was roughly 0.5-fold slower 

than through TG tissue and plaques.  The diffusion coefficient differences between 

the different regions of the hippocampus and the cortex agree with previous work 

describing the various neuronal densities in the regions.  In regards to the 

hippocampus, the DG of the mouse has a neuronal density ranging from 789 x 

103/mm3 to 917 x 103/mm3 and the CA1 and CA3 regions have densities ranging 

from 165 x 103/mm3 to 448 x 103/mm3 depending on whether the dorsal or ventral 

region is analyzed (Jinno and Kosaka 2010).  In addition, the cortex of the mouse 

has a neuronal density around 920 x 103/mm3 (Schuz and Palm 1989).  In WT and 

TG tissues, diffusion was slower in the DG and cortex compared to the CA1, CA2, 

and CA3 regions.  This difference agrees and is likely due to differing neuronal 

densities and volume fraction of extracellular space. 

The unexpected result in this study was that diffusion is faster through 

individual plaques and comparable with the TG mouse brain tissue away from the 
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plaques; whereas, we expected the plaques to be areas of decreased diffusion.  A 

few potential reasons behind the faster diffusion can be explained.  The core of the 

plaque in the mice had an average diameter of 20-60 µm and it is known that 

classical plaques in humans have overall diameters of 60-80 µm due to the halo 

regions and wisps (Kuo et al. 2001).  Human plaque cores also contain smaller pore 

sizes with the highest Aβ density at the center and a decreasing density and 

increasing pore size away from the center (Cruz et al. 1997).  Interestingly, fewer 

halo regions and amyloid wisps are found in TG mice (Kuo et al. 2001); however, 

the mice plaques form a more primitive plaque over a period of a few months and 

are prominently diffuse in nature (Johnson-Wood et al. 1997, Lamb et al. 1999, 

Garcia-Alloza et al. 2006).  Human plaques take years to form and possess the 

classical plaque core.  The larger mice plaques could also have larger pore sizes 

than the smaller human plaque cores.  TEM imaging of conventional human 

plaques (Figure IV.6) indicates regions of halo-like space along with a ring of 

amyloid wisps around the plaques (Wisniewski and Wegiel 1995).   
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Figure IV.6. TEM image of a human Aß plaque indicating the plaque core (A), 
halo-like space (single arrow), and amyloid wisps (double arrow) (Wisniewski and 
Wegiel 1995). 

The human plaque is likely surrounded by dead space and dystrophic 

neurites (Serpell 2000).  In theory, the tightly packed amyloid core with pore sizes 

less than 100 nm or 1000 Å should have slower diffusion rates and have a greater 

influence on diffusion and convective flow (Woodard et al. 2014), but the 

decreased amyloid density, dead space, and halo space surrounding the plaques 

may influence the diffusion rates seen in this study.  Most importantly, our data are 

acquired post plaque formation after most dystrophy occurs.  Since the dead space 

may have major influences on diffusion through the plaque, the physical toxicity of 
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the plaque still cannot be ruled out.  It remains likely that when the plaque forms, 

diffusion is restricted closest to the core, and neurites in that region become 

dystrophic and degrade.  Since those neurons form many dendritic connections 

with local neurons, large regions of dead space should be found around the plaques 

and throughout the brain.   

In addition, the molecular tracer, RhoB, used in the first part of this 

experiment could explain part of the unhindered diffusion in the mice.  Based on its 

structure, RhoB is a hydrophobic chromophore with a diameter around 16 Å.  This 

hydrophobic nature may speed up the diffusion of RhoB within the plaque since Aβ 

fibrils and plaques are known to express hydrophobic regions (Serpell 2000).  

RhoB seemed like a viable option since it has been used in numerous FRAP 

experiments.  It is possible that small molecules such as RhoB, 0.48 kDa, are not 

affected by the larger 1000 Å pore size of the plaques; whereas, molecules such as 

insulin, 5.8 kDa, could remain restricted due to the increased likelihood of steric 

obstructions. 

Due to these issues and the smaller nature of human AD plaques compared 

to TG mice, the bleach area was decreased to 50 µm2 to ensure only diffusion 

through the core of the plaque was being determined in the remainder experiments; 

however, the hydrophobic nature of RhoB could not be avoided.  In the human AD 

samples, diffusion through individual plaques was 0.5-fold slower than through the 
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tissue and behaved as hypothesized.  Furthermore, the void volume fraction in the 

plaques and tissue can be estimated based on the diffusion coefficients.  

Rearranging equation I.4 (Pg. 16) for the void volume fraction (α) and assuming a 

tortuosity exponent (n) of 0.5 (Nicholson and Rice 1986, Kume-Kick et al. 2002) 

yields (Eq. IV.3),  

 𝛼 = 𝜆−2 (IV.3) 

The tortuosity can be calculated based on equation I.3 (pg. 15) (Sykova and 

Nicholson 2008) using a free diffusion (Df) in water of 421 µm2/s (Gendron et al. 

2008).  Inputting our experimental effective diffusion (D*) coefficients for human 

plaques and tissues yields hypothetical void volumes of 0.19% and 0.36%, 

respectively.   

The void volume fraction can then be used to derive Darcy’s permeability 

coefficient (Ks) (See Eq. I.5, pg. 16) using a modified form of an equation from 

Chiu et al. (2012), which solves for the average pore size radius (r) in a matrix.  

Solving the equation for Ks yields (Eq. IV.4): 

 
𝐾𝑠 =

𝛼𝑟2

8
 (IV.4) 

With this equation, Darcy’s permeability can be compared between the ECS and 

the individual plaque.  The void volume fraction of the brain is known to be around 

0.20 and the channels radii average 0.02 µm (Nicholson et al. 2011, Godin et al. 

2017).  Substituting these values yields a Ks of 1.0 x 10-5 µm2.  An Aß plaque, with 
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a void volume fraction of 0.0019, calculated above, and average radius of 0.05 µm 

(Woodard et al. 2014), then yields a Ks of 5.9 x 10-7 µm2.  The effect of the plaque 

on bulk flow (Q) can then be derived using Darcy’s law, where the viscosity (η) 

and the hydrostatic pressure gradient (∇P) remain constants: 

 𝐾𝑠 = 𝑄
η

𝛻𝑃
 (IV.5) 

 𝐾𝑠(𝐸𝐶𝑆)

𝐾𝑠(𝑃𝑙𝑎𝑞𝑢𝑒)
=

𝑄𝐸𝐶𝑆

𝑄𝑃𝑙𝑎𝑞𝑢𝑒
 (IV.6) 

 𝑄𝐸𝐶𝑆 = 17𝑄𝑃𝑙𝑎𝑞𝑢𝑒 (IV.7) 

Although this is only an estimation, it suggests that the core of plaques could hinder 

the bulk flow up to 16.95-fold, which would deny access of nutrients to the neurite 

and restrict the movement on toxic molecules away from the neurite.  The 

accumulation of plaques in the extracellular space and drainage pathways could 

reduce the clearance of substances by impeding the normal clearance routes 

(Weller 1998).  AD patients display a significant reduction in ISF flow (Suzuki et 

al. 2015), which may be linked to increased plaque load and slower diffusion 

through the smaller void volume fraction in plaque cores. 

This work also explored the diffusion of a large molecule through the tissue 

and plaques.  BSA, 66.5 kDa, conjugated with FITC diffused too slowly to make 

valid comparisons using the FRAP method.  When compared to BSA-FITC 

diffusion through increased concentrations of PAG, the tissue diffusion coefficients 
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were in the range much greater than 25% PAG, according to the derived inverse 

relationship (See Eq. IV.2, pg. 129).  As a comparison, diffusion of BSA through 

0.1 M PBS, a viscosity equivalent to water, was calculated as 64 µm2/s (Pluen et al. 

1999).  According to our equation, this rate of diffusion would be equivalent to 

0.23% PAG.  Furthermore, calculating the hypothetical void volume fractions, 

using 64 µm2/s for the free diffusion, of the plaques and tissues yields 0.09% and 

0.11%, respectively.  In theory, the void volumes should be constant regardless of 

tracer size, which further suggests an issue with our slow diffusion rates of BSA-

FITC.  Future work could analyze diffusion of other smaller molecules, such as 

insulin (5.8 kDa) and various sized dextrans and perform the same calculations. 

Unfortunately, due to the nature of FRAP, comparisons could not be made 

between the mouse and human tissues.  Previous work (See Chapter III, pg. 74) 

validated the use of FRAP in tissues prepared similar to the brain samples analyzed 

here, but noted that any difference in sample preparation can affect the diffusion 

coefficient.  Although the samples were prepared the same, we did not perform the 

extraction of the human AD brain sample and its post-mortem interval (PMI) was 

different than the mouse.  It was also unknown whether the human sample was 

frozen prior to fixation.  In order to use valid comparisons, similar sample 

preparation procedures must be completed for all samples.  It would have also been 

ideal to acquire a non-AD human brain sample, but many factors, such as the PMI, 

gender, and age, come into consideration. 
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In conclusion, FRAP-based imaging allowed us to examine small and large 

molecule diffusion through mouse and human individual plaques and fixed brain 

tissues.  Future work will reexamine RhoB through mouse plaques using a smaller 

bleach radius as well as analyze medium sized molecules, such as insulin, for 

potential FRAP use.  It is possible that the diffusion through TG mouse plaques 

was accurate, since the cores are known to be twice the size as human plaques (Kuo 

et al. 2001); however, the morphological differences may suggest variability 

between TG and human plaques, with TG plaques having larger pore sizes in the 

plaque core.  The results presented here indicate that human Aß plaque cores 

restrict the diffusion of small molecules and this restriction may be responsible for 

neuronal death observed in AD. 
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CHAPTER V.   CCVJ AS A MOLECULAR TOOL FOR IMAGING AMYLOID 

PLAQUES 

ABSTRACT 

Molecular rotors are becoming an emerging tool to analyze viscosities in cells 

and biofluids; however, the precise photophysical properties and binding abilities of 

the various rotors remain areas of study.  Some molecular rotors, such as thioflavin T 

(ThT), bind to amyloid fibrils and increase fluorescence by quenching the rotation of 

the molecule.  The same fluorescence increase occurs under highly rigid and viscous 

solutions, which some believe to be the pathogenic effect of amyloid-beta plaques.  

These plaques may deny the neurons access to essential nutrients and inhibit the proper 

clearance of wastes.  The binding ability of ThT to amyloid fibrils makes the effects of 

viscosity difficult to quantify.  Another molecular rotor, 9-(2-Carboxy-2-

cyanovinyl)julolidine (CCVJ), has been used to quantify viscosity in biofluids and 

cells; however, its binding affinity to amyloid fibrils and potential use in fluorescence 

imaging is unknown.  Amyloid plaques, behaving like a protein gel, may represent 

regions of increased viscosity, but the tools have not been developed to analyze 

viscosity of individual plaques.  This study examined the use of CCVJ for analyzing 

plaque viscosity in tissue slices and determined its binding ability to amyloid fibrils.  

Mouse and human Alzheimer’s disease brain tissues were incubated with CCVJ and 

imaged using confocal microscope.  Tissues incubated with CCVJ reveal plaque 
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specificity when compared to a thioflavin S stain; however, washing indicates potential 

CCVJ binding.  An amyloid binding assay using aggregated lysozyme was then 

completed to compare ThT with CCVJ in the presence and absence of increased 

viscosity.  These findings indicate that CCVJ does possess minimal binding to amyloid 

fibrils; however, a majority of the fluorescence is due to viscosity.  Since the amyloid 

plaques express a greater fluorescence than the surrounding tissues, it is likely that 

plaques represent regions of higher viscosities; however, the binding ability makes the 

viscosity difficult to quantify. 
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INTRODUCTION 

Aggregation and self-association of proteins is a common phenomenon and 

leads to numerous pathogenic diseases (Tan and Pepys 1994, Goldschmidt et al. 

2010).  Specifically in Alzheimer’s disease (AD), amyloid-beta (Aβ) accumulation 

with time leads to the formation of amyloid plaques (Dickson 1997).  Aβ’s 

aggregation has allowed researchers to recognize the potential link between 

gelation and cellular death, as all gels are known to eliminate bulk flow at the 

macroscopic level; however, bulk flow and viscosity-related diffusion at the 

microscopic level remain areas of study.  Both diffusion and bulk flow are essential 

processes which maintain cellular homeostasis and health in the brain.  The 

potential increased viscosity of plaques is thought to play a role in the pathogeneses 

of AD; however, the viscosity change of individual plaques forming in the 

extracellular space (ECS) has not been determined.  De la Torre and Mussivand 

(1993) hypothesized that blood viscosity can increase due to amyloid deposits 

causing degeneration of brain capillaries at the blood brain barrier, but the link 

between increased local viscosity and neuronal degeneration remains unknown.   

Numerous techniques exist to study amyloid fibril formation in vitro and are 

based upon fibril morphology and the ß-sheet rich secondary structure (Nilsson 

2004), which all amyloids share along with ß-strands perpendicular to the fibril’s 
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axis (Nelson and Eisenberg 2006).  More recently, a group of fluorescent dyes, 

known as molecular rotors, have been used to study changes during amyloid 

aggregation and report an increase of three times increase in rigidity during the 

aggregation process (Thompson et al. 2015).  Protein aggregation into a gel, as seen 

in vitro (Burnett et al. 2014), likely occurs in vivo during amyloid plaque 

formation.  Molecular rotors have become a popular technique to examine cellular, 

membrane, and biofluid viscosity (Haidekker and Theodorakis 2007, Nipper et al. 

2011, Liu et al. 2014) along with structural characterization of proteins (Hawe et al. 

2008).   

Rotors function by increasing or decreasing fluorescence based upon the 

intramolecular twisting motion around a single carbon-carbon π bond bound to an 

electron acceptor unit on one side and electron donor unit on the other (Haidekker 

and Theodorakis 2010).  When the donor and acceptor are in a planar 

conformation, the molecule is in its ground state, with an increased fluorescence; 

whereas, after it twists into a nonplanar, lower-excited state, fluorescence is 

quenched (Grabowski et al. 2003).  Various solvent, temperature, and 

environmental properties can affect the rotation between twisted and planar 

conformations (Allen et al. 2005, Haidekker and Theodorakis 2010). 

A commonly used molecular rotor is thioflavin T (ThT).  Since its original 

discovery (Vassar and Culling 1959), ThT has been widely used as a fluorescent 



149 
 

 

 
 

marker for amyloid fibrils and for identifying plaques through increased 

fluorescence (Naiki et al. 1989).  Another very similar dye, thioflavin S (ThS), is 

mainly used in confocal fluorescence microscopy for identifying amyloid deposits 

in tissue slices (Schmidt et al. 1995, Kowa et al. 2004).  For kinetic or qualitative 

analyses, ThT is preferred, since ThS has higher background fluorescence (LeVine 

1999).   

Researchers believe that ThT and ThS fluoresce by binding to amyloid 

fibrils, which prevents molecular rotation; however, the photophysical effects of the 

environment and the binding affinities are not well understood.  ThT is known to 

enhance fluorescence by binding to amyloid fibrils (Biancalana and Koide 2010, 

Groenning 2010), but since ThT also acts as a molecular rotor (Stsiapura et al. 

2007), some fluorescence may be due to unbound dye in a free, viscous 

environment (Freire et al. 2014).  When bound, ThT becomes immobilized, which 

inhibits the free rotation of the dye, and allows it to remain in the planar 

conformation (Dzwolak and Pecul 2005).  When unbound in a standard solvent, 

ThT is free to rotate into a twisted intramolecular charge-transfer (TICT) state 

between a single carbon bond shared by a bezylamine and benzathiol ring on 

opposite sides of the molecule (Figure V.1, see arrow) causing a low fluorescence 

by quenching excited states (Amdursky et al. 2012).  When placed in increasing 

concentrations of glycerol or other highly viscous solutions, this rotation is 
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inhibited, allowing the dye to remain in the planar conformation for a longer period 

and increase the fluorescence (Stsiapura et al. 2008). 

 

 

Figure V.1. Structure of ThT.  The arrow identifies the single carbon-carbon π bond 
responsible for rotation between the twisted and planar conformations. 

Fluorescence imaging and quantification of amyloid fibrils and plaques 

typically uses immunofluorescence, ThS, or ThT staining.  Another emerging 

molecular rotor, 9-(2-Carboxy-2-cyanovinyl)julolidine (CCVJ) (See Figure II.1, pg. 

42), used commonly as a biosensor for both bulk and local microviscosity 

(Haidekker and Theodorakis 2007), has not been used with respect to amyloid 

plaque specificity, and very few experiments have used it in confocal microscopy.  

One experiment successfully used it to monitor aggregation in polysorbate-

containing IgG mixtures and determined CCVJ is mainly sensitive to viscosity 

rather than polarity (Hawe et al. 2010).  Another experiment used CCVJ and 

fluorescence microscopy to analyze cell membrane viscosity and compared it with 
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fluorescence recovery after photobleaching (FRAP) (Haidekker et al. 2001), which 

is an established technique to study diffusion (Axelrod et al. 1976).  They 

determined that CCVJ serves as a complement study for FRAP experiments and 

lacks the need for photobleaching and possible damage to the cell (Haidekker et al. 

2001).  The complement of the two techniques provides a clear link between 

increased viscosity and decreased diffusion of molecules.   

Functionally, CCVJ behaves similarly to ThT.  When CCVJ is in the TICT 

state, it has very low quantum yield but when in its ground, planar state, it increases 

fluorescence substantially (Akers and Haidekker 2004).  Like most molecular 

rotors, such as ThT, this change is based upon the rotation around a single carbon-

carbon π bond (Figure V.1, see arrow) between electron acceptor and donor 

functional groups (Haidekker and Theodorakis 2010).  Although CCVJ is known to 

bind to proteins such as albumin, this binding ability does not have a drastic effect 

on viscosity measurements at physiological concentrations (Akers et al. 2005).   

Evidence of CCVJ binding to amyloid fibrils possessing ß-sheet rich structures has 

not been analyzed.  Since ThT binds to amyloid fibrils and has similar structural 

features as CCVJ, CCVJ would be expected to bind as well.  How this potential 

binding affects conformational fluorescence in comparison to free dye in a viscous 

and rigid environment remains unknown. 
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The purpose of this experiment is to determine CCVJ’s binding ability to 

amyloid fibrils as well as to analyze its use as an amyloid plaque and viscosity 

specific stain in fluorescence microscopy.  The results will be compared to well 

characterized abilities of ThT and ThS.  Although ThT and ThS possess features of 

a molecular rotor, their ability to bind to amyloid fibrils prevents them from 

analyzing the viscosity of the plaques.  Imaging based on microviscosity remains a 

challenge, but many studies have used molecular rotors similar to CCVJ, 

suggesting CCVJ may also be a valuable tool for quantifying microviscosities. 
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MATERIALS AND METHODS 

TISSUE SAMPLE PREPARATION 

Mouse and human tissue samples were prepared and sectioned as discussed 

previously (See pg. 115).  In brief, APP/PS1 transgenic (TG) mice, wild-type (WT) 

mice, and human AD (AD human) brain samples were acquired for analysis.  The 

human brain sample, female age 78, with a post-mortem interval (PMI) of 6.08, 

was acquired from Torrey Pines Institute for Molecular Studies (Port St. Lucie, 

FL). 

CONFOCAL IMAGING USING THS AND CCVJ 

Before imaging, sectioned samples were rehydrated using two ten-minute 

incubations in 0.1 M PBS, pH 7.4.  ThS (Sigma-Aldrich, St. Louis, MO) staining 

was completed by immersing the slides in 1% ThS dissolved in 50% ethanol for 

five-minutes followed by rinsing in 70% ethanol for five-minutes.  The slides were 

then washed using 0.1 M PBS five times for five-minutes each.  A well was drawn 

around the slide using nail polish, mounted using 200 μl 0.1 M PBS, and sealed 

using nail polish.   

CCVJ (Sigma-Aldrich) slides were prepared following the initial 

rehydration step.  They were incubated for 30 minutes in 10 μM CCVJ in 0.1 M 

PBS, pH 7.4 prepared from the 1.0 mM stock solution in DMSO (Sigma-Aldrich).  
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After making a well using nail polish, a fresh CCVJ solution, 200 μl, was placed 

onto the slide and cover-slipped.  To analyze the washing and potential binding 

ability of CCVJ, the coverslip was removed and the sample was washed for 45 

minutes using 0.1 M PBS.  After remounting with PBS and sealing with nail polish, 

the sample was reimaged.  Imaging was also completed on samples post 

rehydration to examine the background fluorescence prior to staining.   

Confocal imaging was completed using a Nikon D-Eclipse C1 microscope 

with EZ-C1 software.  Images were collected using a Plan Apo 0.45 objective, 

small pinhole, 2.88 µs pixel dwell, 488 nm laser set to 25%, and 514 nm laser set to 

0.2%.  Z-stack images of 40 μm with 1.0 μm steps were completed for each image.  

Post-imaging analysis included determining the intensity difference between the 

plaques and tissues.  To complete this, a various number of plaques were chosen in 

each image and a line profile was drawn through each in the EZ-C1 software.  The 

same lines were also drawn through the tissue, and intensity profiles were 

extracted, averaged, and compared.  Significance was determined using a paired 

student t-test. 

THIOFLAVIN T AND CCVJ BINDING ASSAYS 

CCVJ was prepared by dissolving in DMSO at a stock concentration of 1.0 

mM.  A filtered 100 μM working solution was prepared in 0.1 M PBS, pH 7.4.  
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ThT (Sigma-Aldrich) was also prepared at a stock solution of 1.0 mM in 0.1 M 

PBS, pH 7.4, filtered, and diluted to 100 μM using PBS buffer.   

Protein samples were prepared using aggregated lysozyme protein gels.  

Gels were prepared using 10 and 20 mg/ml lysozyme (Neova Technologies, 

Abbotsford, Canada) in 10 mM glycine and 150 mM NaCl, pH 3.0 using HCl.  

Four milliliters of each sample were then placed into a glass vile and incubated at 

55° C while shaking at 100 rpm (Labnet 211DS shaker).  After 30 days, the 

samples reached aggregation equilibrium and remained in the 55° C shaker until 

use.   

For amyloid fibril binding characteristics, 10 and 20 mg/ml lysozyme 

samples were diluted to 0.5 mg/ml using 0.1 M PBS.  For microplate readings, final 

sample concentrations were 10 μM CCVJ or ThT and 0.45 mg/ml lysozyme.  

Lysozyme and dye mixtures were vortexed and incubated in the dark at room 

temperature for 30 minutes.  Using a Costar 96-well microplate, 100 μl was added 

to each well in triplicate.  The remaining sample was centrifuged for 10 minutes at 

12000 rpm to pull down fibrils and fibrils bound to the dye.  After centrifuging, 100 

μl of each sample was again added in triplicate for fluorescence readings.  

Furthermore, the same was completed for samples containing 50% glycerol 

(Sigma-Aldrich); however, dye and protein concentrations were halved to account 
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for the glycerol addition.  This difference was corrected during data processing by 

doubling the intensities.   

To read fluorescence, a Biotek Synergy 2 microplate reader with Gen 5 

software was used at room temperature (22-24°C).  The plate was shaken for 30 

seconds prior to making fluorescence readings.  Readings were acquired using 

excitation and emission wavelengths 440 nm and 485 nm for ThT and 440 nm and 

500 nm for CCVJ, respectively.  An absorbance spectrum from 300 to 600 nm was 

also obtained for each sample to determine the max absorbance wavelength (λmax).  

Controls included dye and PBS with no proteins along with PBS buffer and 

glycerol without dye.  Data were normalized to samples containing dye and buffer 

but no protein.  Significance was determined using a paired student t-test. 
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RESULTS 

CCVJ REVEALS AMYLOID PLAQUES IN VIVO 

CCVJ increased fluorescence and differentiated Aß plaques using confocal 

imaging.  As expected, in wild-type mice samples (WT-mouse) stained with CCVJ 

(Figure V.2A), no plaques were visible in the hippocampus.  In Alzheimer’s 

disease mice tissue (AD-mouse) (Figure V.2B) and Alzheimer’s disease human 

tissue (AD-human) (Figure V.2C), plaques became visible after incubation with 

CCVJ.  Since CCVJ is known to increase fluorescence based on increased 

viscosity, this suggests that the plaques may represent a more viscous and dense 

region of the brain in regards to the surrounding tissue.  In comparison, the AD-

mouse average plaque fluorescence intensity was 2.35 ± 0.17-fold (n=7, p<<0.05) 

greater than the mouse tissue away from the plaques, and the plaques in the AD-

human tissue were 2.52 ± 0.22-fold (n=7, p<<0.05) greater than the surrounding 

tissue.   

Furthermore, a conventional method to image amyloid plaques using ThS 

was used to analyze the morphology of the plaques and to ensure CCVJ was plaque 

specific.  Imaging of the AD-human sample using ThS also identified plaques 

(Figure V.2D).  The plaque morphology depicted by ThS was similar to the areas 

of increased fluorescence with CCVJ suggesting plaque specificity.   
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Figure V.2. Fluorescence images of Aß plaques using CCVJ.  Hippocampal images 
of wild-type mouse (A), AD-mouse (B), and AD-human (C, D) were generated by 
fixing the brain tissue in 4% formaldehyde, soaking in 25% sucrose, cryosectioning 
at 20 µm, and imaged using fluorescence microscopy.  Samples were analyzed after 
a 30 minute incubation with 10 µm CCVJ or ThS.  The arrow indicates plaques. 

According to literature, the mechanism of CCVJ’s increased fluorescence is 

due to increased viscosity (Haidekker et al. 2001); however, since it has similar 

characteristics to ThS and ThT, binding to fibrils may affect fluorescence.  To 
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examine this, the samples were washed using 0.1 M PBS after the 30 minute 

incubation in CCVJ.  As a control, prior to CCVJ incubation, a hippocampal region 

on each brain slice was selected and imaged throughout the experiment.  Before 

CCVJ addition (Figure V.3, column 1), a high amount of tissue autofluorescence 

was seen and is typical of brain tissue at the confocal wavelengths used in the 

experiment.  Importantly, no plaques could be identified.  After CCVJ incubation, 

plaques were again absent in the wild-type sample but present in the AD samples 

(Figure V.3, column 2).  Following 45 minutes of washing and sample remounting, 

plaques remained visible in the AD-mouse and AD-human samples (Figure V.3, 

column 3).  The fluorescence intensity differences comparing pre- to post-wash 

plaque-to-tissue ratios were also within experimental error of each other.  The AD-

mouse plaques were 2.60 ± 0.34-fold (n=7, p<<0.05) brighter than the tissue and 

2.65 ± 0.30-fold (n=7, p<<0.05) brighter post-washing.  Also, the AD-human 

plaques were 1.88 ± 0.13-fold (n=7, p<0.05) brighter before washing and 1.82 ± 

0.17-fold (n=7, p<0.05) brighter post-washing.  These data suggest CCVJ is not 

washed using PBS and may be binding to tissue and fibrils; however, the possibility 

remains that the overall ratio between plaque and tissue fluorescence will remain 

the same even though the overall fluorescence decreases.  In the AD-human 

sample, the pre-wash fluorescence was 1.23 ± 0.02-fold greater than the post-wash 

fluorescence and the AD-mouse sample had a 1.14 ± 0.01-fold difference.  This 

drop in overall post-wash fluorescence suggests some of the CCVJ was removed. 
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Figure V.3.  Binding potential of CCVJ to Aß plaques.  Images of WT-mouse, AD-
mouse, and AD-human were generated by fixing the brain tissue in 4% 
formaldehyde, soaking in 25% sucrose, cryosectioning at 20 µm, and imaged using 
fluorescence microscopy.  Samples were analyzed prior to CCVJ incubation 
(Before), after a 30 min incubation (CCVJ), and after washing in 0.1 M PBS for 45 
minutes (Wash). 

THT AND CCVJ BINDING ASSAYS 

To further examine the possible binding ability of CCVJ to amyloid fibrils, 

a binding assay was completed using aggregated lysozyme amyloid fibrils.  CCVJ’s 

binding ability was compared to ThT, a standard fluorescent dye used for 

photometric quantification of fibril binding.  ThT behaved as expected and 
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increased fluorescence 3.38 ± 0.26-fold (n=9, p<<0.05) and 3.95 ± 0.40-fold (n=9, 

p<<0.05) for 10 and 20 mg/ml samples, respectively (Figure V.4A).  In 

comparison, CCVJ increased fluorescence 1.67 ± 0.23-fold (n=9, p=0.90) and 1.54 

± 0.30-fold (n=9, p=0.26) for the 10 and 20 mg/ml samples, respectively (Figure 

V.4A).  This suggests that CCVJ can bind to fibrils and increase fluorescence, but 

the fluorescence increase is not as substantial as ThT’s and is insignificant 

according to the p-values. 

Centrifuging pulls fibrils out of solution and any dye bound to those fibrils 

will also be pulled out of solution.  This will determine if the fluorescence is due to 

bound or unbound dye in solution.  After spinning, ThT fluorescence decreased, as 

expected, but remained slightly greater than the buffer, 1.19 ± 0.17-fold (n=9, 

p=0.18) for the 10 mg/ml sample and 1.15 ± 0.08-fold (n=9, p<0.05) for the 20 

mg/ml sample (Figure V.4B).  Centrifuging CCVJ decreased fluorescence to 0.80 ± 

0.06-fold (n=9, p<<0.05) and 0.71 ± 0.06-fold (n=9, p<<0.05) for the 10 and 20 

mg/ml samples, respectively (Figure V.4B).  This suggests that prior to 

centrifuging some of the CCVJ molecules bind to the fibrils and fluorescence 

decreases when those bound fibrils precipitate out of the solution.  It may also be 

due to the fibrils increasing the microviscosity of the solution before spinning 

causing the increased fluorescence and then decreasing the fluorescence after 

centrifuging. 
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Figure V.4. ThT vs. CCVJ lysozyme amyloid fibril binding fluorescence.  The 
fluorescence of 10 µM ThT and 10 µM CCVJ in the presence of 0 (blue), 10 (red), 
and 20 mg/ml (green) lysozyme fibrils before (A) and after (B) centrifuging.  
Fluorescence intensity was normalized to the PBS solution containing dye and 0 
mg/ml lysozyme.  Original fibril solutions were diluted to 0.5 mg/ml for 
fluorescence measurements.  Error bars represent ± SE, ** is very significant, * is 
significant, and NS is not significance.  Significance based on p≤0.05. 

Since both ThT and CCVJ are known molecular rotors, the same 

experiment was also completed in the presence of 50% glycerol, a known viscous 

solution.  Fluorescence is expected to increase due to increased viscosity.  Previous 

work in the lab demonstrated proper fluorescence mechanics of 5 µM CCVJ in 

increasing concentrations of glycerol (See Figure II.3A, pg. 54) as predicted by the 

Forster-Hoffman equation (Haidekker and Theodorakis 2007).  Increasing the 

glycerol concentrations decreased free rotation of the molecular rotor and increased 

fluorescence.  In this experiment, buffer containing PBS, 50% glycerol, and ThT 

increased fluorescence 2.79 ± 0.14-fold (n=9, p<0.05) compared to 0% glycerol 

(Figure V.5A), proving that ThT properly behaved as a molecular rotor.  
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Interestingly, the fluorescence in ThT in 10 mg/ml (n=9, p=0.38) and 20 mg/ml 

(n=9, p<0.05) lysozyme samples displayed similar fluorescence levels as 0% 

glycerol, suggesting that when fibrils are present, the fluorescence is directly related 

to ThT binding to the fibrils; however, it remains possible that some of the 

fluorescence is due to free ThT.  After centrifuging, the buffer fluorescence 

remained the same and the fibril fluorescence decreased; yet, remained 1.61 ± 0.23-

fold (n=9, p<0.05) and 1.70 ± 0.12-fold (n=9, p<0.05) greater than 0% glycerol in 

10 and 20 mg/ml lysozyme, respectively, after spinning (Figure V.5B).  This 

suggests unbound ThT still fluoresces, but most of the fluorescence is due to bound 

ThT.  
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Figure V.5. ThT and CCVJ viscosity dependent fluorescence.  The fluorescence of 
10 µM ThT (A, B) and 10 µM CCVJ (C, D) in the presence of 0% (light grey) or 
50% glycerol (dark grey) and 0, 10, or 20 mg/ml lysozyme fibrils before (A, C) and 
after (B, D) centrifuging.  Fluorescence intensity was normalized to the PBS 
solution containing dye, 0 mg/ml lysozyme, or 0% glycerol.  Original fibril 
solutions were diluted to 0.5 mg/ml for fluorescence measurements.  Error bars 
represent ± SE, ** is very significant, * is significant, and NS is not significance.  
Significance based on p≤0.05.  

For CCVJ, both PBS buffer with 50% glycerol and the two fibril solutions 

increased fluorescence.  The buffer increased fluorescence 2.59 ± 0.06-fold (n=9, 

p<<0.05) compared to 0% glycerol.  Both fibril solutions in 0% and 50% glycerol 

increased fluorescence compared to the buffer, and the fibril solutions containing 

50% glycerol had a slightly greater fluorescence than fibril solutions in 0% 
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glycerol.  These difference were 0.14 ± 0.04-fold (n=9, p<0.05) greater in 10 

mg/ml and and 0.26 ± 0.03-fold (n=9, p<0.05) greater in 20 mg/ml (Figure V.5C).  

This suggests the fluorescence increase is mainly due to viscosity, and binding has 

a smaller influence, yet still occurs.  After centrifuging, buffer fluorescence 

remained the same and the fibrils decreased slightly compared to before 

centrifuging in both the 0% and 50% glycerol solutions, suggesting some bound 

dye was pulled out of the solution (Figure V.5D).  In 0% glycerol, 10 mg/ml 

decreased from 1.67 ± 0.23-fold to 0.80 ± 0.06-fold and in 50% glycerol decreased 

from 1.91 ± 0.05-fold to 1.66 ± 0.04-fold.  In 20 mg/ml, 0% glycerol decreased 

from 1.54 ± 0.30-fold to 0.70 ± 0.05-fold and decreased in 50% glycerol from 1.95 

± 0.11-fold to 1.53 ± 0.03-fold.  The minimal drop in fluorescence in the 50% 

glycerol samples suggests the bound dye does not contribute much to the overall 

fluorescence. 

VISCOSITY DEPENDENT RED SHIFT 

The addition of a viscous solution could also affect max absorbance (λmax) 

of the dye.  Further photophysical analysis of ThT and CCVJ determined a slight 

red shift of peak wavelength absorbencies in the presence of 50% glycerol (Table 

V.1).  This shift was roughly 5 nm for all samples, including the samples with 

amyloid fibrils; however, the shifts in solutions lacking fibrils were the only ones 

statistically significant.  This suggests that any wavelength shift due to viscosity in the 

presence of CCVJ or ThT should not significantly affect the results.  
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Table V.1. ThT and CCVJ max absorbance wavelengths (λmax) in 0% and 50% 
glycerol and 0, 10, or 20 mg/ml lysozyme fibrils. 
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DISCUSSION 

Molecular rotors have become an emerging technique revealing key 

microviscosity changes of protein systems (Thompson et al. 2015).  ThT and ThS 

are commonly used for amyloid fibril and plaque analysis and their fluorescence 

increase is known to be due to binding ability (Biancalana and Koide 2010, 

Groenning 2010).  The work reported here suggests that a small portion of that 

fluorescence may be due to the increased viscosity of the plaque itself; however, a 

majority of the fluorescence is still due to binding.  The search was needed for a 

rotor that possessed minimal binding to amyloid fibrils so that the viscosity affect 

from plaques could be examined in tissue slices.  Unlike ThS and ThT, CCVJ 

expressed a large portion its fluorescence due to the viscosity of the environment; 

whereas, the binding ability to amyloid fibrils contributed less to fluorescence but 

still existed.  This suggest that CCVJ may be used as a tool to differentiate amyloid 

plaques or other protein aggregates based on viscosity; however, the fact that 

minimal binding still occurs prevents a direct quantification of viscosity.  

An increased viscosity of the plaques would have detrimental effects in the 

brain and is evident in numerous amyloid-related disorders such as atherosclerosis, 

Alzheimer’s disease, and diabetes (Tan and Pepys 1994).  Gelation’s relationship to 

increased viscosity and reduction in bulk flow is a common phenomenon in 
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physical chemistry and engineering, but the increased viscosity has never been 

confirmed in Aβ plaques.  In vitro, proteins, such as Aβ and lysozyme, can undergo 

conformational changes and self-assemble into amyloid fibrils.  Eventually these 

fibrils can aggregate and form highly viscous, rigid gels (Burnett et al. 2014, 

Woodard et al. 2014).  In vivo, it is likely that amyloid plaques act as viscous and 

structured gels, as shown in this work. 

The molecular rotor’s rotation depends on the free volume of the 

microenvironment (Loutfy 1986), and gelation creates a rigid environment.  As it is 

known through the Stokes-Einstein-Sutherland relationship (See Eq. II.2, pg. 69), 

increased viscosity is linked to a decreased diffusion (Haidekker et al. 2001).  

According to the current study, a small portion of CCVJ’s fluorescence may be due 

to binding to amyloid fibrils; however, binding assays determined a majority of the 

fluorescence is due to the microviscosity of the environment.  Studies also state that 

CCVJ can bind to proteins such as albumin, but that binding fluorescence is 

minimal compared to viscosity-related fluorescence at physiological conditions 

(Akers et al. 2005).  With this in mind, our work suggests that CCVJ can be used to 

image regions of increased viscosity and plaque formations in tissue slices. 

Another current limitation is that CCVJ viscosity cannot be quantified using 

fluorescence intensities in confocal microscopy.  The tissue samples used in this 

experiment have high background fluorescence at the same wavelength as CCVJ.  
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The same issue exists for quantifying ThS fluorescence (LeVine 1999).  A future 

possibility would be to apply fluorescence lifetime imaging techniques (FLIM) 

techniques used by researchers to study the viscosity of live cells (Kuimova et al. 

2008, Suhling et al. 2012); however, there must be limited binding of CCVJ.  Some 

researchers have also conjugated a molecular rotor with a membrane binding 

molecule, allowing the rotor to remain free to rotate based on environmental 

viscosity, although the conjugated product is bound (Levitt et al. 2009).  

A previous study analyzing ThT in the presence of varying concentrations 

of glycerol determined that rotation between the benzthiazole and aminobenzene 

rings is inhibited in increasing concentrations of glycerol and causes an increase in 

ThT fluorescence (Stsiapura et al. 2008).  They continued by stating the rigidity or 

increased viscosity of the environment caused by amyloid fibrils may also increase 

ThT fluorescence (2008).  Furthermore, a few groups originally believed ThT’s 

fluorescence only originated from dye bound to fibrils (Naiki et al. 1989, LeVine 

1993), but it is becoming clear that other factors exist describing the mechanisms of 

fluorescence.  It is likely that ThT and CCVJ behave similarly in the presence of 

amyloid fibrils; however, ThT’s fluorescence is mainly due to binding; whereas, 

CCVJ’s fluorescence is mainly due to viscosity.  

ThT and CCVJ also display a slight red shift of peak absorbance 

wavelength due to the increased viscosity.  Another group also noted an absorbance 
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related red shift due to glycerol when using ThT (Freire et al. 2014).  This red shift 

is likely due to increased planar conformations and a redistribution of the ground-

state equilibrium in response to the increased viscosity of the media (2014).  A red 

shift of the emission spectrum may also occur as noted by LeVine (1999) and is an 

important photophysical property of molecular rotors.  Future work would be to 

analyze the emission shift of CCVJ, since only a small shift of absorbance was 

noted in our work.  Gaining a complete understand of the photophysical properties 

of CCVJ is important for accurate analysis and quantification.  

Both ThT and Congo red, another traditional plaque-specific dye, have been 

radioactively labeled and used as probes in positron emission topography (PET) to 

detect amyloid deposition in vivo (Klunk et al. 1995, Mathis et al. 2002, Klunk et 

al. 2004, Cai et al. 2007).  A ThT derived compound known as Pittsburgh 

Compound-B (PiB) has also been used extensively to quantify plaque deposition in 

living humans (Klunk et al. 2004).  Future work could be to radioactively label 

CCVJ; however, much more needs to be understood about its binding, 

photophysical properties, and ability to pass through the blood brain barrier.  

Successful labeling and function in vivo would provide a new clinical tool to 

analyze amyloid deposits and to examine other potential areas of risk associated 

with increased viscosities in living humans. 
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The pathological effect of amyloid plaques may be linked to increased local 

and environmental viscosity and the denied access of neurites to nutrients.  An 

increased viscosity would impede the normal bulk circulation of wastes and 

nutrients in addition to decreasing cellular accessibility to essential metabolic 

molecules such as ions, glucose, and amino acids at the location of the plaque.  

This work using CCVJ suggests that plaques have a higher viscosity than the 

surrounding tissue and that diffusion and viscosity-related impedance may be the 

main culprit in neuronal death seen in Alzheimer’s disease.  CCVJ, like ThT, is an 

emerging tool for studying viscosity related processes in vivo.  
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CHAPTER VI.   SYNTHESIS AND CONCLUSIONS 

Gelation’s relationship to increased viscosity and reduction in bulk flow is a 

common phenomenon in physical chemistry and engineering, but the increased 

viscosity has never been confirmed in amyloid-beta (Aβ) plaques found in 

Alzheimer’s disease (AD).  In vitro, proteins, such as Aβ and lysozyme, can 

undergo conformational changes and self-assemble into amyloid fibrils.  Eventually 

these fibrils can aggregate and form highly viscous, rigid gels (Burnett et al. 2014, 

Woodard et al. 2014).  TEM images of amyloid plaques either in AD tissue or 

isolated by density gradient centrifugation reveal these plaques are biogels with 

dense fiber network (Wisniewski et al. 1990, Yamaguchi et al. 1990, Woodard et al. 

2014).  A transformation of brain fluid to a gel-like state due to amyloid fibril 

formation could have drastic neurophysiological effects on viscosity-dependent 

processes, such as diffusion and bulk flow, through the ECS.   

The AD field has suffered from experimental roadblocks, as well as a shift 

of focus away from studying plaque deposits to a focus on the oligomer 

intermediates (Hardy and Selkoe 2002), which prevent the phenomena of diffusion 

and bulk flow from being studied directly.  New methods are required to indicate 

the plaques cannot be considered non-toxic byproducts and cannot be ignored in 

AD pathogenesis.  Numerous protein aggregates and amyloidosis diseases have 
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been physically linked to cell death (Tan and Pepys 1994); however, the connection 

has been missing for amyloid plaques.  This dissertation presents preliminary 

methods, tools, and data which suggest plaques represent a physical blockade in the 

ECS and restrict normal diffusion and bulk flow. 

THE DENIED ACCESS MODEL 

Here we introduce the denied access model (See Figure I.5, pg. 19): when 

surrounded by amyloid gel plaques (i.e. protein gel), neurites are denied to have 

free access to interstitial ions, nutrients, signaling molecules, and metabolic waste 

drainage pathways, which results in the inhibition of the compound action potential 

propagation.  This is an alternative model for the AD community to consider, 

although continued investigations are required to verify the model and to fill in the 

details.  We hypothesize that gel formation around axons may inhibit the heart-

pulse-driven fluid flow and then the circulation of nutrients and ions around the 

axon and affect the propagation of the action potential. 

The model agrees with the theory that defects in the clearance of the 

interstitial fluid (ISF) by the perivascular pathway may play an important role in 

AD pathogenesis (Carare et al. 2013, Iliff et al. 2014).  By reducing the clearance 

of soluble Aβ (Weller et al. 2008), this protein imbalance may then further promote 

aggregation.  The eventual accumulation of plaques in the ECS (See Figure I.6B, 

pg. 21) and drainage pathways (See Figure I.6C, D, pg. 21) would reduce the 
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clearance of high molecular weight substances by impeding the normal clearance 

routes (Nicholson and Sykova 1998, Weller 1998, Sykova and Nicholson 2008).  

Moreover, AD patients display a significant reduction in ISF flow (Suzuki et al. 

2015), which is likely linked to the increased plaque load.  In addition, microglia 

are proposed to remove disused or underused neurites, which would cause further 

damage and eventually lead to neuronal death (Schafer et al. 2012, Miyamoto et al. 

2013, Chung et al. 2015).  This also provides an explanation as to why the removal 

of plaques after immunotherapy was unable to restore cognitive function in AD 

patients (Patton et al. 2006).  Clearing the plaques would restore the circulation of 

molecules; however, the affected neurites are already dysfunctional and possibly 

dead. 

In AD, extensive neuronal cell death is found in anatomical regions of the 

brain where there is no presence or accumulation of neuritic senile plaques, and/or 

paired-helical filaments (PHF).  Based on our model, plaques wrapped around 

axons may affect the vitality of the neuronal cell bodies located in a different 

anatomical region.  Cognitive impairment and the degree of dementia do not 

correlate with the amyloid plaque burden in many AD patients (Nordberg 2008, 

Villemagne et al. 2008); however, the plaque burden is quantified not based on the 

type of the plaque but rather a sum of all types (Selkoe 2011).  Based on our model, 

primitive and diffuse plaques may not change the bulk flow or viscosity as much as 

the classical plaque.  Thus, there exists a possibility that the classical plaque burden 
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correlates better with the stages of Alzheimer’s disease.  Our model also explains 

the observation that in transgenic mice plaques, which are more diffuse in structure, 

are found, but neuronal and synapse loss are rather minimal (Johnson-Wood et al. 

1997, Lamb et al. 1999, Garcia-Alloza et al. 2006).  This also agrees with diffusion 

data presented in this work; however, it does not agree with the CCVJ imaging 

data.  Fluorescence from the CCVJ may have differentiated the mouse plaques due 

to binding to the amyloid fibrils rather than fluorescence being only based on 

viscosity. 

The denied access model also applies to other diseases where accumulation 

of protein aggregates may affect local diffusion, bulk flow and bioenergy-driven 

transportation.  Since the toxic effect is physical rather than chemical, the model 

applies to not only AD but also alpha-synuclein aggregation-induced Parkinson’s 

disease, aggregation of prion protein induced transmissible spongiform 

encephalopathies, and islet amyloid polypeptide aggregation induced death of the 

beta cell in type II diabetes (Aguzzi and O'Connor 2010).  Movement of molecules, 

ions and subcellular particles will all be affected due to the aggregation of proteins 

and the gelation of the amyloid fibers.  

SUMMARY OF RESULTS AND FUTURE DIRECTIONS 

In this work, we examined the roles of diffusion and bulk flow in relation to 

neural function and AD.  To do so, we analyzed the effect of fibrin gel on the 
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compound action potential (CAP) of frog sciatic nerve fibers and quantified 

diffusion through individual plaques to estimate their effect on bulk flow.  Using 

fibrin as an amyloid plaque analog, we successfully mimicked the effects of 

inhibiting local bulk flow, and possibly diffusion, on the CAP.  FRAP-based 

imaging then allowed us to examine small and large molecule diffusion through 

mouse and human individual plaques and fixed brain tissues.  Although it is only an 

estimation, the results suggest that the core of plaques could hinder the bulk flow 

up to 17-fold.   

An aspect not answered by the study is whether flow could persist even 

with the physical presence of the plaque.  If a plaque blocks one or a few channels 

in the ECS, it remains possible that fluids may be able to find an alternative route.  

A study by Sykova et al. (2005), determined that volume fraction increased by 

approximately 3.0% in both female and male aged APP23 mice and apparent 

diffusion of TMA decreased by 7.0% in females and 1.7% in males.  Plaque load 

was also twice as high in females as it was in males.  The control group decreased 

their ECS volume fraction by approximately 7% in males and approximately 4% in 

females, and displayed a <1% increased apparent TMA diffusion in aged mice 

(Sykova et al. 2005).  These results suggest that plaques may decrease diffusion by 

increasing overall brain tortuosity.  The increased tortuosity causing obstructed 

movement may explain the slow progression of AD.  Over time, the restricted 

movement of nutrients and toxins to and from the cells could cause increased stress 
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and the production of reactive oxygen species.  Future work could attempt to 

address this issue. 

Furthermore, abnormal axonal transport has been proposed to be an early 

event in AD pathogenesis (Stokin and Goldstein 2006), and more studies are 

required to understand if the denied access also affects axonal transport of 

molecules and vesicles, especially in regards to intracellular tau and paired helical 

filaments (Xu et al. 2010).  This work only focused on the extracellular deposition 

of Aß plaques and more work is needed to examine the physical similarities and 

differences between tau and Aß aggregates.  It is possible that the intracellular tau 

aggregates also promote toxicity similar to the denied access model. 

LIMITATIONS AND THE AD FIELD 

The main limitation of this model is that it does not accurately address 

potential toxicity of the oligomers, but is only focused on the physical toxicity of 

the aggregates.  The current proposals for the pathogenesis of the oligomers are 

extremely diverse and lack a common explanation (Hardy 2009, Benilova et al. 

2012).  The claim of toxic oligomers is also focused on the chemical nature of the 

protein aggregates in AD without adequate consideration of the physics and the 

physical presence of plaques.  The work presented here does not negate the models 

proposed in the oligomer theory, but rather offers another model and area in which 

the field should focus. 
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From a clinical view, attacking the oligomers appears much more appealing 

than attacking the plaques, making them the key drug target and the focus of recent 

proposals (Hefti et al. 2013).  Studies focused on removing the plaques have been 

unsuccessful, since the surrounding neurons are already dead or damaged and 

cognition cannot be restored (Teich and Arancio 2012).  Clinical trials targeting 

oligomers have also failed (Hardy 2009) so future trials must focus on all aspects of 

the disease including oligomers, fibrils, plaques, and even tau (Rosenblum 2014).  

Ideally one would want to prevent the entire aggregation process; however, 

diagnosis rarely occurs prior to extensive plaque deposits already existing.  The 

plaques should not be considered a non-toxic byproduct and should remain a 

research focus based on their potential physical toxicity.  Since existing models 

have not been successful, new models and methods must be proposed to address 

the physical issue of the plaque.  Much debate remains as to which aggregation 

state is toxic to the cells (Ecroyd and Carver 2008), and more work elucidating 

plaque formation mechanisms and physical effects within the brain must be 

investigated.  The work here presents a stepping stone in a long process towards 

understanding the roles of diffusion and bulk flow due to plaques in AD. 
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