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ABSTRACT 

 Alzheimer’s disease is a neurodegenerative condition characterized by three pathological 

hallmarks: amyloid beta plaques composed of amyloid beta (a fragment of the amyloid precursor 

protein), neurofibrillary tangles composed of tau, and Hirano bodies composed of filamentous 

actin (F-actin) and actin binding proteins (1).  While both amyloid beta plaques and 

neurofibrillary tangles have been well studied, relatively little is known about Hirano bodies 

because of the absense of a model system.  We have established cell culture models to study the 

role of Hirano bodies in amyloid precursor protein and tau-induced cell death.  Exogenous 

expression of the amyloid precursor protein (APP) plus its c-terminal fragment C31, or 

expression of amyloid precursor protein intracellular domain (AICDc58, AICD) alone, initiates 

cell death.  The addition of a hyperphosphorylated tau mimic 352PHPtau (2,3) or FTLD-tau 

mutants significantly increases cell death in the presence of both APP and C31 or AICDc58 

alone.  The mechanism of cell death induced by APP, its c-terminal fragments, and tau was 

investigated.  Fe65, Tip60, p53, and caspases play a role in both tau-independent and tau-



 

dependent cell death.  In addition, apoptosis was determined to contribute to cell death.  The 

presence of model Hirano bodies protected against cell death initiated by some forms of tau and 

increased cell death initiated by others.  Further investigation of the physiological role of Hirano 

bodies in a mouse model indicates that Hirano bodies initiate an inflammatory response in the 

brain as measured by reactive astrocytes.  In addition, mice with Hirano bodies show a deficit in 

spatial working memory as measured using an 8-arm radial maze, while electrophysiological 

measurements of both short-term and long-term plasticity appear unaffected.  These studies 

suggest that Hirano bodies can be either protective or detrimental and likely play a dynamic and 

complex role in neurodegeneration. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

ALZHEIMER’S DISEASE:  

Neurodegenerative diseases are a class of diseases of the nervous system characterized by 

extensive neuron loss accompanied by cognitive and behavioral abnormalities.  Alzheimer’s 

disease is the most prevalent neurodegenerative disease worldwide and is the sixth leading cause 

of death in the United States.  It is predicted that the number of patients with Alzheimer’s disease 

will increase from 12.5 million to over 50 million by 2050 (Alz.org).  Alzheimer’s disease is 

diagnosed by the presence of pathological hallmarks, which include amyloid beta plaques and 

neurofibrillary tangles (NTFs).  However, there	
  are	
  other	
  common	
  pathological	
  hallmarks	
  in	
  

Alzheimer’s	
   disease	
   including	
   Hirano	
   bodies	
   and	
   granulovacuolar	
   degeneration.	
  	
  

Alzheimer’s disease	
   patients	
   might	
   also	
   develop	
   secondary	
   pathologies,	
   which	
   are	
   less	
  

frequently	
   occurring	
   and	
   include	
   Lewy	
   bodies,	
   Pick	
   bodies,	
   and	
   TDP-­‐43	
   aggregates	
   (1).	
  	
  

Alzheimer’s	
   disease	
   can	
   be	
   divided	
   into	
   two	
   types.	
   	
   The	
   first	
   is	
   sporadic	
   Alzheimer’s	
  

disease,	
  which	
  is	
  late	
  onset	
  and	
  accounts	
  for	
  the	
  vast	
  majority	
  of	
  Alzheimer’s	
  disease	
  cases	
  

(1,4,5).	
   	
   The	
   second	
   is	
   familial	
   Alzheimer’s	
   disease,	
   which	
   is	
   both	
   early	
   onset	
   and	
  more	
  

aggressive	
  and	
  is	
  linked	
  to	
  genetic	
  mutations	
  that	
  impact	
  the	
  proteolytic	
  processing	
  of	
  the	
  

amyloid	
  precursor	
  protein	
  (APP)	
  as	
  discussed	
  below	
  (1,4,5).	
   	
  Neuron	
  death	
  occurs	
   in	
   the	
  

later	
  stages	
  of	
  the	
  disease;	
  however,	
  the	
  memory	
  loss	
  associated	
  with	
  Alzheimer’s	
  disease	
  

precedes	
   any	
   detectable	
   neuron	
   loss	
   (6).	
   	
   Furthermore,	
   pathological	
   hallmarks	
   of	
   the	
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disease	
  can	
  begin	
  to	
  deposit	
  up	
  to	
  a	
  decade	
  before	
  the	
  onset	
  of	
  the	
  disease	
  (1).	
  	
  Therefore,	
  

understanding	
  how	
  these	
  pathologies	
  relate	
  to	
  disease	
  progression	
  is	
  vital	
  to	
  development	
  

of	
  therapeutics.	
  	
  	
  

	
  

APP PROCESSING AND AMYLOID BETA PATHOLOGY: 

APP, is a type I transmembrane protein whose encoding gene resides on human 

chromosome 21 (7).  Of the three isoforms arising from alternative splicing (APP695, APP751, 

APP770), the 695 amino acid isoform is the most predominant species in the central nervous 

system (8,9).  In addition to differences in isoforms, two mammalian orthologs of APP exist, 

APLP1 and APLP2 (10,11).  While function of APP is still unknown, several putative roles have 

been suggested including modification of synaptic plasticity, cell adhesion, gene regulation, iron 

transport, calcium homeostasis, and axonal migration (12,13).  The function of APP is further 

obscured by the fact that brain-specific APP knockout mice have little to no phenotype (14).  

Interestingly, APP and APLP2 double knockout mice show an early lethal phenotype not seen in 

APP or APLP2 single knockouts suggesting redundancy exists between APP and APLPs (14,15).  

APP is subjected to a variety of cleavage events by various proteolytic enzymes including  

α-secretase, β-secretase, γ-secretase, and caspases (See Figure 1.1).  Cleavage by both β and γ-

secretases leads to the formation of amyloid beta (Aβ) molecules, which are released to the 

outside of the cell (1,16).  These Aβ monomers aggregate to form insoluble structures called Aβ 

plaques as well as soluble and insoluble oligomeric aggregates (16-19).  The γ-secretase enzyme 

has two adjacent cleavage sites within APP allowing two isoforms of Aβ, Aβ40 or Aβ42, to be 

generated (20,21).  Aβ42 has a greater propensity to form aggregates because of its two 

additional hydrophobic residues, which were imbedded in the lipid bilayer (22-24).  Familial 
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Alzheimer’s disease mutations have been shown to alter Aβ synthesis.  These mutations occur in 

either APP itself or the presenilin component of γ-secretase and result in one of two possible 

consequences.   First, mutations can increase the production of total Aβ due to inducing an 

increase in APP/protease interaction or by increasing protease activity (25).  Second, mutations 

may impact APP processing, resulting in γ-secretase cleavage events that preferentially produce 

the more pathogenic Aβ42 compared to Aβ40 (25).  In addition to the amyloidogenic pathway 

just described, α-secretase can also cleave APP and impede the formation of Aβ by cleaving 

within the Aβ region of APP (See Figure 1.1) (20).  The regulatory mechanism of APP cleavage 

by α-secretase versus β-secretase is unknown, but may be regulated via APP trafficking events 

(26,27).  

Cleavage of APP by γ-secretase also releases an APP intracellular domain (AICD) that is 

57 or 59 amino acids in length (28).  This intracellular region of APP also contains a caspase 

cleavage site that produces a second molecule named C31 (See Figure 1.1) (29-31).  Both AICD 

and C31 contain a YENPTY motif, which interacts with a variety of proteins (32), the best 

studied of which is the scaffolding protein Fe65 (33).  AICD or C31/Fe65 complexes shuttle to 

the nucleus where they interact with the histone acetyltransferase tip60 to form a trimeric 

transcriptional complex in a signaling event similar to that of Notch (28,34-36).  Multiple 

laboratories have measured the genes regulated by AICD, but the data sets are largely 

inconsistent (37-41).  The few overlapping targets of these transcription assays include p53, 

glycogen synthase kinase 3 beta (GSK-3β), and regulators of cytoskeleton dynamics (42-44).  In 

addition to a transcriptional role, intracellular fragments of APP have also been implicated in cell 

death (45-47).  Interestingly, both AICD and C31 protein levels are significantly elevated in 
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brains of Alzheimer’s disease patients compared to those of age-matched controls (45,48,49).  

However, the consequences of elevated protein levels is not understood.  

 

TAU PATHOLOGY IN AD: 

Neurofibrillary tangles (NFTs) are the second pathological hallmark of Alzheimer’s 

disease patients and are composed of aggregations of tau (19).  Tau is a microtubule-associated 

protein encoded by the MAPT gene (50).  Under normal conditions tau is found as a monomer, 

but during Alzheimer’s disease progression tau is dynamic and exists as soluble monomer, 

soluble oligomer, NFT, and other filamentous aggregation states (51-53).  Interestingly, the 

levels of soluble tau monomers remain relatively equal between Alzheimer’s disease and non-

Alzheimer’s disease patients while the total level of tau increases approximately 8-fold in 

Alzheimer’s disease compared to non-Alzheimer’s disease patients (54).  Understanding tau 

aggregation states and normal function has been a major area of research and is essential to 

understanding why tau misbehaves during disease.  

Little is known about tau secondary and tertiary structure because of its inherent 

flexibility (55,56).  However, tau is known to contain three distinct domains: a microtubule-

binding domain corresponding to amino acids 252-376 and two additional domains that flank 

this region (56-58).  The first flanking domain is an N-terminal “projection domain,” which 

extends away from microtubules and contains a proline-rich region upstream of the microtubule-

binding domain (56-58).  Finally, tau contains a short C-terminal tail flanking the downstream 

region of the microtubule binding region (57,58).  Six isoforms of tau exist in the brain because 

of alternative splicing of exons 2, 3, and 10 of the 16 exons encoding the MAPT gene (See 

Figure 1.3).  Tau isoforms can include exons 2 and 3, 2 only, or neither 2 nor 3.  Since these 
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exons exist in the N-terminus (N), the combinations of exons 2 and 3 are referred to as 2N, 1N, 

or 0N depending on how tau is spliced (See Figure 1.3) (59-61).  Exon 10 is one of 4 

microtubule-binding repeats (R) that lie within the microtubule-binding domain of tau.  Inclusion 

or exclusion of exon 10 results in either 4 repeats (4R) or 3 repeats (3R), respectively (59-61).  

Thus, the nomenclature 4R1N indicates a tau splice variant that contains exon 2 and exon 10, but 

not exon 3 (See Figure 3).  Both 4R and 3R tau isoforms are spliced at approximately a 1:1 ratio 

and are found predominately in the central nervous system within axonal/somatic regions of 

neurons (59,62).  The main function of tau was first described as a microtubule binding protein, 

which stabilizes microtubules, and it was later shown that 4R tau has a higher affinity for 

microtubules than 3R tau (50,63,64).  This was the first result suggesting that there may be 

physiological and functional differences between isoforms. Since then, tau has been shown to 

have a diverse set of functions within neurons and glia (50,62,65-68).  

 There is a growing body of evidence supporting the interaction of tau with the actin 

cytoskeleton, which is mediated by the microtubule binding domain and proline-rich region of 

tau (See Table 1.1) (69-71).  In addition to the interaction with cytoskeletal components, tau has 

been implicated in axonal transport, scaffolding, cell signaling, and apoptosis (50,62,65-68).  Of 

these various functions, axonal transport and scaffolding have the most convincing evidence in 

support of their proposed function.  There is an increasing gradient of tau bound to microtubules 

as the microtubules approach the axon terminal (66,67).  Tau has been shown to regulate axonal 

transport by regulating the movement of kinesin along microtubules by causing kinesin to 

dissociate from microtubules when kinesin comes in contact with tau (66,67).  The proline-rich 

region of tau has been shown to be a scaffold, which interacts with SH3-domain containing 

proteins such as the src kinase fyn (72-77).  Tau-fyn complexes have been shown to travel to the 
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dendritic spines of neurons where the tau-fyn complex binds the scaffold protein PSD-95 

(74,75).  This trimeric complex then interacts with the NR2b subunit of NMDA receptors to 

initiate phosphorylation of the NMDA receptor resulting in an increase in receptor activity 

(62,78,79).  These diverse roles of tau suggest its importance for neuronal survival. However, tau 

knockout mice are viable with no overt defects other than early delays in axonal development, 

which correct themselves with age (80,81).  The absence of any obvious phenotype in tau 

knockout mice has been attributed to a putative redundancy between tau and other microtubule-

associated proteins such as Map1A and Map2 (80,81).  Consistent with this interpretation, MAP2 

has been shown to associate with fyn (82).  While it is undisputed that tau plays an important 

role in disease progression, the field is divided as to the cause.  Some hypothesize that tau 

contributes to disease through loss of normal function while others support a gain of function of 

tau leading to promiscuous behavior (83).   

 In addition to its diverse range of functions within the cell, tau is subjected to extensive 

post-translational modification including acetylation, transglutamation, glycosylation, 

isomerization, nitration, sumoylation, phosphorylation, and ubiquitination (84-90).  Of these 

modifications, phosphorylation has received the most attention.  Tau contains ~30 serine and 

threonine residues that are subject to phosphorylation, which may regulate the many diverse 

functions of tau (42,91-93).  In addition, there have been many kinases implicated in tau 

phosphorylation including PKA, GSK3β, Cdk5, SGK, Fyn, p70S6K, MARK, and SADK, but 

caution should be taken as some of these kinases have only been reported to modify tau in vitro 

using non-physiologically relevant concentrations of protein (42,91-93).  Of these putative 

kinases, GSK-3β has the most compelling evidence as being a predominant tau kinase during 

disease progression (discussed in more depth below; See Links From APP to Tau) (42,91-95).  
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Under normal physiological conditions tau contains ~2 moles of phosphate per mole of tau; 

however, during Alzheimer’s disease progression phosphate levels increase to ~8 moles per mole 

(51).  This drastic increase in phosphate levels is referred to as hyperphosphorylation. The major 

consequence of hyperphosphorylation of tau is the induction of tau aggregation into NFTs.  In 

vitro tau will not self-aggregate without the assistance of some inducing agent such as heparin 

(96-102).  The flexible N-terminal and C-terminal domains normally prevent tau from 

aggregating to form NFTs.   However, hyperphosphorylation of tau neutralizes this inhibition 

process (97,103,104).  

 In order for NFTs to form, the interaction between tau and microtubules must be 

abolished.  Normally, the net positive charge of the microtubule-binding domain helps tau bind 

to negatively charged tubulin (105-107).  Hyperphosphorylation of tau results in the 

neutralization of the microtubule-binding domain dissociating tau from microtubules (105-107).  

Indeed, multiple phospho-tau-specific antibodies have been shown to label NFTs, supporting this 

modification as a prerequisite in the pathway of NFT formation (103,104,108-113).  After 

hyperphosphorylation, small aggregates of tau have been shown to sequester and misfold non-

pathogenic tau as well as other MAPs such as MAP1 and MAP2 (111,113,114).  Furthermore, 

removal of phosphates from purified NFTs in vitro by addition of phosphatase can drive 

disassembly of aggregated tau (115,116).  Hyperphosphorylation was also found to protect tau 

from protease cleavage and degradation, which helps explain why total levels of tau are 

increased in Alzheimer’s disease (116,117).  Taken together, these and other results support the 

hypothesis that phosphorylation of tau drives tau aggregation. 
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FTLD-TAU: 

Frontotemporal lobar degeneration (FTLD) is a term used to describe a heterogeneous 

group of non-Alzheimer’s neurodegenerative conditions clinically characterized by motor 

dysfunction and distinct behavioral changes (118,119).  FTLD can be further broken down into 

disease classes based on familial mutations in one of four genes including tau. FTLD-tau results 

in the formation of NFTs in the absence of overt amyloid pathology and is the second most 

prevalent cause of dementia after Alzheimer’s disease (118-120).  Diseases classified as FTLD-

tau include familial supranuclear palsy, corticobasal degeneration, Picks disease, Argyrophilic 

grain disease, multi-system atrophy with globular inclusions, and frontotemporal dementia with 

Parkinsonism linked to chromosome 17 (FTDP-17) (121).  These different diseases are 

differentiated from one another by the types of behavioral changes that patients develop as well 

as the characterization of the NFT pathology and any secondary pathology (122).  The majority 

of these behavioral changes fall into either semantic dementia (SD) or progressive non-fluent 

aphasia (PNFA).  SD is characterized by fluent speech and correct syntax, but difficulty with 

word comprehension, whereas patients with PNFA maintain a greater word comprehension 

ability, but experience difficulty speaking fluently, use short sentences, and frequently stutter 

(123-127).  

At least 45 mutations in tau have been identified, 39 of which are coding mutations 

further split into deletions or non-synonymous mutations mainly occurring in exons within the 

microtubule binding domain (128-130).  The remaining 7 mutations occur within or adjacent to 

introns flanking exon 10 (within the tau microtubule binding domain) thereby impacting tau 

splicing (128).  Interestingly, the same mutation in tau can lead to different FTLD-tau diseases 

even within the same family, though it is unclear how this occurs (131).  Mutations in tau that 
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impact splicing shift the ratio of 3R to 4R tau in either direction (See Table 1.2) and result in 

NFTs containing only 3R or 4R isoforms (121).  

 Several tau mutants have been studied in great detail in vitro and in vivo.  These 

mutations have been found to influence tau posttranslational modification, function, and 

pathology (See Table 1.2).  FTLD-tau mutations do not appear to significantly alter the flexible 

secondary structure of tau (98,132,133).  While wild-type tau requires an inducer for in vitro 

aggregation, tau mutants show a greater propensity to self-aggregate (96-102).  Tau mutations 

also increase hyperphosphorylation of tau, which detaches tau from microtubules and increases 

susceptibility to aggregation in vivo (111,134,135).  Mutations in the tau microtubule binding 

domain, but not other regions of tau, have also been shown to cause deficits in microtubule 

stability and axonal transport (66,67,98,136-140).   Furthermore, these mutations can reduce the 

ability of tau to interact with binding partners such as fyn and JIP1 and shift the distribution of 

tau from axonal/somatic to dendritic compartments (62,74-76,135).  

There have been several mutant tau mouse models of FTLD.  Reactive astrocytes and 

microglia appear to be an early phenotype of many of these models and all develop some variety 

of memory impairment and/or motor dysfunction (141-148).  One such mutant mouse (P301L 

tau) has been extensively studied (110,149-154).  Comparisons of mice expressing human 4R 

wild type or P301L tau driven by CamKIIa or Thy1 promoters revealed interesting results.  Wild 

-type tau-expressing mice had no NFTs and showed cognitive decline earlier than P301L mice.  

This earlier cognitive decline quickly plateaus.  However, P301L mice take longer to show 

deficits, but ultimately have much more severe memory impairments following 

hyperphosphorylation of tau and NFT formation (155-160).  Another group showed that 

cognitive decline in an inducible expression P301L mouse correlates with soluble tau better than 
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with NFTs.  Furthermore, this study showed that turning off tau expression reversed cognitive 

decline and reduced levels of soluble tau, but had no impact on NFT burden (161).  This led to 

the first hypothesis that hyperphosphorylated oligomeric aggregates of tau and not NFTs may 

underlie the neurodegenerative properties of tau.  Later, another group performed in vivo 

microscopy on live P301L tau transgenic mice.  Using the vasculature of the brain, they created 

road maps in order to study the same neurons over an extended time course lasting weeks.  They 

found that at any given time, a small fraction of neurons developed NFTs.  However, these 

tangle-bearing neurons never succumbed to cell death, while those that did not form tangles died 

(108).  This study both supports the hypothesis that oligomeric aggregates are toxic but also 

suggests that NFT formation might be protective. 

 

LINKS FROM APP TO TAU: 

There are two putative links between APP and tau involved during disease progression, 

involving either Aβ or AICD/C31.  Many studies have focused on Aβ to tau signaling because of  

the involvement of Aβ in the development of Alzheimer’s disease pathology. Initial studies 

showed that adding amyloid beta to cells in culture increases levels of GSK3β (162-165).  Since 

GSK3β is one of the predominant tau kinases, it led researchers to hypothesize that Aβ may 

promote an increase in tau phosphorylation.  Indeed, addition of Aβ to neuronal cultures resulted 

in increases in site-specific phosphorylation of tau (166).  Furthermore, injecting Aβ into the 

brain of a P301L tau mutant mouse exacerbated tau hyperphosphorylation and NFT formation as 

much as 5-fold (150).  Researchers also began to investigate whether tau was required for Aβ-

induced cell death.  One group independently incubated Aβ with primary neurons isolated from 

control and tau knockout mice.  They found that only neurons with endogenous tau were 
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susceptible to Aβ-induced neuron loss while those from tau knockouts remained largely 

unharmed (167).  These results prompted studies using in vivo models. Alzheimer’s disease 

model mice expressing mutant APP transgenes are susceptible to excitotoxic seizures, but the 

same transgene in a tau knockout background reduces seizure severity and frequency (62,168).  

Despite the attempts to tease out the signaling events between Aβ and tau, it is unclear what 

pathways are involved.  

More recently, some researchers have shifted their attention from Aβ to AICD as a 

potential link of APP to tau.  Aβ addition to APP knockout cells failed to induce cell death (169).  

Later studies proposed that APP can dimerize with Aβ and that this event is important for Aβ- 

induced cell death (170,171).  Furthermore, it was later shown that APP dimerization promotes 

production of c-terminal fragments of APP (45,172).  These studies may indicate that Aβ signals 

to tau through production of AICD/C31.  AICD/C31 has been shown to upregulate the activity of 

GSK3β as well as increase GSK3β protein levels (42,173).  One major limitation of Alzheimer’s 

disease model mice is the inability of mutant APP or PSEN transgene expression to induce tau 

pathology without the co-expression of a mutant tau transgene (174-179).  A model mouse 

expressing an AICD transgene resulted in both cognitive decline and neuron loss despite the 

absence of Aβ (48,173,180).  Unlike any other Alzheimer’s disease model mice, this AICD 

transgenic model induced hyperphosphorylation of endogenous tau as well as production of 

insoluble tau species without the expression of a mutant tau transgene (48,173,180).  

Administration of a GSK3β inhibitor reversed many of these symptoms (48).  In the future it 

would be interesting to investigate the relationship between AICD and tau in disease progression.  
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HIRANO BODIES AND MODEL SYSTEMS OF HIRANO BODIES: 

Hirano bodies were first discovered as refractive rod-shaped pathological inclusions 

found in brains from human patients with amyotrophic lateral sclerosis and Parkinsonism-type 

dementia (181).  Hirano bodies were later reported in patients with Alzheimer’s disease or Pick’s 

disease and have since been found associated with an even wider array of conditions and tissues 

(See Table 1.3) (181-186).  These inclusions are rarely seen in neural axons and appear more 

frequently in brains containing more NFTs (182,187,188).  Ultrastructural analysis of these 

inclusions revealed regularly spaced fibrils that are 6-10 nm in diameter with differential 

appearance of filament positioning depending on the plane of section (187,189,190).  These 

structures are comprised of bundles of filamentous actin (F-actin) and actin-interacting proteins 

(See Table 1.4) (191,192).  Since their discovery, much of what is known about Hirano bodies 

has involved investigation of their structure, components (See Table 1.4), tissue and cell location 

(See Table 1.3), and conditions in which they are associated (Table 1.3).  Because of a lack of a 

model system, early studies were limited to post-mortem tissue from autopsy and necropsy.  

Despite decades of work, it is still unclear what the physiological roles of Hirano bodies are or 

how Hirano bodies impact disease progression.  More recently, studies investigating properties 

of the 34 kDa actin binding protein have led to the creation of a model system to study Hirano 

bodies (193-195). 

The 34 kDa actin-binding protein is a calcium-sensitive actin-bundling protein first 

discovered in Dictyostelium (196-200).  After its initial discovery, truncation mutants of 34 kDa 

protein were generated to determine which regions of the protein were important for actin 

binding (193).  One such c-terminal truncation named CT (containing amino acids 124-295) 

showed a gain of function in F-actin binding compared to the full-length wild-type protein (193).  
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Unlike wild-type 34 kDa actin-bundling protein, CT is calcium-insensitive, and its activated 

binding is believed to arise from the removal of an inhibitory domain in the N-terminus of the 

protein (193,194).  When CT was expressed in Dictyostelium, it resulted in the formation of large 

intracellular actin-rich aggregates.  Furthermore, it was shown that CT expression did not affect 

total actin levels and instead induced a redistribution in the ratio of globular actin to F-actin 

(195).  These actin aggregates only moderately slow Dictyostelium growth and development and 

were not detrimental to cell survival (195).  Ultrastructural analysis of CT-induced actin-rich 

deposits revealed highly ordered F-actin filaments identical to those in Hirano bodies found in 

human tissue (195).  CT expression in mammalian cell lines as well as primary neurons also 

result in formation of model Hirano bodies. These cells experience no growth or migration 

phenotypes (201).  Model Hirano bodies formed in these cells contain many of the same protein 

components as Hirano bodies formed in humans (See Table 1.5) as well as the same 

ultrastructure and filament spacing (195,201,202).  Since model Hirano bodies were sometimes 

seen within membrane bound compartments and model Hirano body size is limited, it was 

hypothesized that they may be turned-over through autophagy (188).  Later, autophagy mutant 

strains of Dictyostelium and proteasome inhibitors were used to show that model Hirano bodies 

are degraded through both autophagy and proteasome pathways (203).  Since AICD was reported 

to colocalize with Hirano bodies in human Alzheimer’s disease patients, the impact of model 

Hirano bodies on AICD was investigated in cell culture (204).  Both AICD and Fe65 were found 

to colocalize with model Hirano bodies.  Normally AICD is found largely colocalized to the 

nucleus, where it plays a role in transcription (35).  Interestingly, model Hirano bodies 

drastically reduce AICD nuclear localization.  In addition, model Hirano bodies were found to 
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mitigate AICD-induced cell death and AICD-induced transcription (202).  These results 

implicate a potential protective role of Hirano bodies.   

In order to investigate the physiological role of Hirano bodies, a mouse with brain- 

specific expression of CT-GFP was generated.  Mice develop rod-shaped eosinophilic inclusions 

in the CA3 region of the hippocampus at 6 months of age.  Furthermore, these inclusions contain 

an identical ultrastructure to authentic Hirano bodies (205,206).  These inclusions do not damage 

neurons or impact long-term plasticity.  However, expression of CT-GFP and formation of 

model Hirano bodies were found to induce deficits in short-term plasticity as measured by a 

paired-pulse stimulus protocol (206).  While control mice showed a strong paired-pulse 

facilitation, CT-GFP expressing mice showed paired-pulse depression (206).  These results 

suggest that CT-GFP expression and model Hirano body formation may be detrimental.  While 

this model mouse gives important insight, model Hirano bodies did not form in the CA1 region 

of the hippocampus where Hirano bodies are normally found in human patients (187,188).  It 

will be important to generate a more physiologically relevant mouse model to study the function 

of Hirano bodies.  
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Figure 1.1. Proteolytic processing of the amyloid precursor protein.  Cleavage of the amyloid 

precursor protein by β-secretase produces the C99 molecule upon release of the soluble APP 

extracellular domain.  Cleavage of APP by both beta secretase and gamma secretase results in 

the extracellular production of amyloid beta, which can either be cleared from the brain or 

aggregate to form plaque.  Cleavage of APP by α-secretase occurs within the amyloid beta 

region of APP thereby impeding the formation of amyloid beta and producing the C83 molecule. 

γ-secretase cleavage produces an intracellular peptide, AICD.  Further cleavage of the AICD 

molecule by caspase produces a smaller c-terminal fragment of APP, C31. AICD and C31 are 

believed to regulate transcription, which is in part regulated by the interaction of scaffolding 

proteins with the ACID or C31 YENPTY motif. 
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Figure 1.2. AICD/C31 signaling and induction of cell death.  A. APP has been shown to 

dimerize with either APP or AICD/C31 leading to increased production of APP c-terminal 

fragments (AICD and C31) (45,170,172,207,208).  Fe65 may mediate this dimerization event. 

Although the exact organization of these APP complexes is unknown, several possibilities exist.  

1) APP and Fe65 associate and cleavage of the cytoplasmic tail releases the AICD/C31-Fe65 

complex.  2) An APP-APP dimerization event increases cleavage of the intracellular domain of 

APP, releasing one or two AICD/C31-Fe65 complexes.  3) An APP-AICD/C31 dimerization 

event increases cleavage of the intracellular domain of APP, releasing one or two AICD/C31-

Fe65 complexes.  B. AICD or C31 associate with the Fe65 scaffolding protein, possibly by 

dimerizing with APP (45,46,170).   Fe65 enters the nucleus with or without AICD or C31 to 

activate the histone acetyl transferase Tip60 and initiate transcription (35,36,209).  Expression of 

AICD or C31 has been shown to initiate cell death pathways, which are dependent on Tip60, 

Fe65, and caspase (42,45-47,172). 
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Figure 1.3. Tau splicing isoforms.  The MAPT gene encodes the tau protein.  Tau can be 

alternatively sliced to generate six isoforms ranging from 441 amino acids to 352 amino acids.  

Tau isoforms can contain exons (E) 2-3, 2 only, or neither 2 nor 3.  In addition, tau isoforms are 

categorized by the number of microtubule-binding repeat domains they contain.  Tau isoforms 

contain either 3 or 4 microtubule-binding domains.  The second microtubule-binding domain 

designated R2 is encoded by exon 10 and is alternatively spliced. 
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Figure 1.4 Illustration of Tau mutations and sites of phosphorylation.  There have been 

multiple FTLD-tau mutations characterized, and some of the most studied are highlighted (red).  

Most of these mutations occur within the microtubule binding repeats, but others occur in the N- 

and C- terminal domains.  In addition, there have been many sites on tau that are substrates for 

phosphorylation.  The serine, threonine, and tyrosine sites most closely linked to Alzheimer’s 

disease are labeled yellow.  The Paired helical filament forming region of tau is labeled (PHF).  

This region is the primary component of NFTs.  
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CHAPTER 2 

MODEL HIRANO BODIES PROTECT AGAINST TAU-INDEPENDENT AND TAU-

DEPENDENT CELL DEATH INITIATED BY THE AMYLOID PRECURSOR PROTEIN 

INTRACELLULAR DOMAIN1 
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ABSTRACT: 

The main pathological hallmarks of Alzheimer’s disease are amyloid-beta plaques and 

neurofibrillary tangles, which are primarily composed of amyloid precursor protein (APP) and 

tau, respectively.  These proteins and their role in the mechanism of neurodegeneration have 

been extensively studied. Hirano bodies are a frequently occurring pathology in Alzheimer’s 

disease as well as other neurodegenerative diseases.   However, the physiological role of Hirano 

bodies in neurodegenerative diseases has yet to be determined.   We have established cell culture 

models to study the role of Hirano bodies in amyloid precursor protein and tau-induced cell 

death mechanisms.   Exogenous expression of APP and either of its c-terminal fragments C31 or 

AICDc58 enhance cell death.  The presence of tau is not required for this enhanced cell death.  

However, the addition of a hyperphosphorylated tau mimic 352PHPtau (1,2) significantly 

increases cell death in the presence of both APP and C31 or AICDc58 alone.  The mechanism of 

cell death induced by APP and its c-terminal fragments and tau was investigated.  Fe65, Tip60, 

p53, and caspases play a role in tau-independent and tau-dependent cell death.  In addition, 

apoptosis was determined to contribute to cell death. The presence of model Hirano bodies 

protected against cell death, indicating Hirano bodies may play a protective role in 

neurodegeneration.  

INTRODUCTION: 

Alzheimer’s disease is a growing, worldwide neurodegenerative disease affecting 

millions of elderly.  Alzheimer’s disease (AD) patients experience progressive dementia as a 

result of severe neurodegeneration.  The autopsied brains of AD patients reveal two hallmark 

neuropathological protein aggregates, amyloid-beta plaques and neurofibrillary tangles 
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(reviewed in (3,4)) and also have a higher frequency of intracellular F-actin-rich Hirano bodies 

than age matched normal subjects (4-8).  Investigating how these pathologies relate to molecular 

events leading to neurodegeneration is an extensive and often controversial area of research.   

The amyloid cascade hypothesis of Alzheimer’s disease (9-14) and subsequent 

refinements positing that oligomeric amyloid-beta species are neurotoxic (15) (reviews (16-18)) 

have explained a vast amount of the data and pathology in both humans and model systems.  

Proteolytic processing of the type 1 transmembrane protein amyloid precursor protein (APP) (19-

21) and sequential cleavage of APP by beta- and gamma-secretase releases an extracellular 

peptide, amyloid-beta, which aggregates to form plaques (reviewed in (22)).  Gamma-secretase 

cleavage of APP also results in the release of a c-terminal intracellular domain, AICD.  

Additional caspase cleavage results in another smaller c-terminal intracellular peptide, C31 

(reviewed in (22)).  Although controversial, it is thought that AICD can participate in signaling 

pathways (reviewed in (23-25)). 

The second pathological hallmark, neurofibrillary tangles, is derived from the 

aggregation of the microtubule binding protein tau (26,27).  Tauopathies such as Frontal 

Temporal Dementias with Parkinsonism (FTDP) are diseases linked to mutations in tau 

(reviewed in (28,29)).  These diseases exhibit tau pathology, but unlike AD, no amyloid-beta 

pathology exists. Thus, mutant tau contributes to neurodegeneration without amyloid-beta.  

Numerous observations suggest a link between the cleavage products of APP and tau in 

neurodegeneration.  Amyloid-beta plaques appear before neurofibrillary tangles in brains during 

neurodegeneration.  Furthermore, reduction of tau levels in a mouse model of Alzheimer’s 

disease prevented amyloid-beta induced defects (30,31). Turning off tau expression in a mouse 

model of tauopathy rescued memory defects even though cells still contain neurofibrillary 
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tangles (32).  These observations suggests that tau pathology arises downstream of amyloid-beta 

pathology.  However, the exact mechanism, interaction, and timing of these two pathologies 

remain to be elucidated.  

In contrast to the extensive research on APP and tau, very little attention has been given 

to Hirano bodies, intracellular protein inclusions.  They develop in the brain during normal 

aging, but are highly prevalent in neurodegenerative diseases such as AD, amyotrophic lateral 

sclerosis, Creutzfeldt-Jakob disease, and some tauopathies (4,8,33-39).  Hirano bodies are highly 

ordered filamentous actin (F-actin) arranged in a paracrystalline structure (40,41).  Electron 

microscopy has shown that the F-actin appears arranged as either a herringbone or crosshatch 

pattern depending on the plane of section.  Due to the lack of a model system, previous research 

has focused on studying their ultrastructure and identifying their components (5,35,42,43).  

Recently, the creation of model Hirano bodies was discovered through the expression of a 

truncated version of the 34 kDa actin bundling protein.  This truncation consists of the carboxyl-

terminal region of 34 kDa protein (CT) (44).  Model Hirano bodies induced by CT expression 

have been successfully created in Dictyostelium, a variety of mammalian cell lines, and in 

transgenic mice (44-46).  Model Hirano bodies are indistinguishable from authentic Hirano 

bodies on an ultrastructural level and contain some of the same protein components including tau 

and c-terminal fragments of APP (8,37,45,47,48).  

Previous work from our laboratory has shown that model Hirano bodies protect against 

AICDc58-dependent cell death in H4 cells (49).  This work also showed that model Hirano 

bodies lowered the transcriptional activation from exogenous AICDc58 (49).  We have extended 

these studies by investigating the effect of model Hirano bodies on the presence of exogenous 
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APP, AICDc58, and C31.  Since tau co-localized with Hirano bodies and tau exhibits pathology 

in neurodegenerative diseases, we have studied the effect of tau in the presence of APP, 

AICDc58, and C31 and model Hirano bodies.  We provide direct evidence for enhanced cell 

death between APP/AICDc58, APP/C31 and 352PHPtau, and AICDc58/352PHPtau.  We show 

that these enhanced cell death conditions are partially attributed to activation of apoptotic 

pathways. Furthermore, we show that model Hirano bodies protect against APP/AICDc58, 

AICDc58/352PHPtau, APP/C31, and APP/C31/352PHPtau-induced cell death.  Understanding 

the physiological role of Hirano bodies and their interactions with tau and fragments of APP may 

provide fundamental new insights to understanding Alzheimer’s disease and the presence of 

Hirano bodies in other neurodegenerative diseases.  

RESULTS: 

Model Hirano bodies protect against APP and C31-induced cell death 

It was shown previously that APP enhances the level of cell death induced by C31 (50).  

We investigated the effect of Hirano bodies on C31-induced cell death.  We transiently 

expressed APP-C31-myc and/or APP to induce cell death in N2A cells as described previously 

(50), and measured cell death in the presence or absence of model Hirano bodies as shown in 

Figure 2.1.  Expression of either APP or APP-C31-myc alone induced low levels of cell death in 

the presence or absence of model Hirano bodies. Cells lacking model Hirano bodies and 

expressing APP/C31 showed a significant increase in cell death as previously reported (50).  In 

contrast, cells expressing model Hirano bodies and both APP/C31 showed a significant reduction 

in cell death levels (**p < 0.01 compared to cells without model Hirano bodies).  
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Since N2A cells contain moderate levels of endogenous tau (51), we investigated whether 

APP/C31-induced cell death requires the presence of tau.  To address this question, we utilized 

astroglioma derived H4 cells that have very low levels of endogenous tau (51,52).  Hirano bodies 

have been proposed to have a glial origin (53) and astrocytes have been shown to be important 

mediators of cell death induced by beta amyloid and tau (54).  APP and/or C31 were transiently 

expressed in H4 cells and cell death was measured as shown in Figure 2.2.  Low levels of cell 

death were observed in the presence of exogenously expressed APP-C31-myc as previously 

observed in N2A cells.  Expression of exogenous APP increased the level of cell death in H4 

cells similar to the results obtained in N2A cells.  In the presence of very low amounts of 

endogenous tau, model Hirano bodies still protected H4 cells against APP-induced cell death (*p 

< 0.05).  In the presence of both exogenous APP and APP-C31-myc, enhanced cell death 

occurred in H4 cells in the presence or absence of model Hirano bodies.  The presence of model 

Hirano bodies significantly lowered the amount of cell death induced by APP/C31 expression 

(**p < 0.01).  Cell death pathways of APP and C31 can operate independently of tau.  In 

addition, the presence of model Hirano bodies protect cells from APP/C31-induced cell death.  

Previously, we observed AICDc58-dependent cell death in H4 cells without expression of 

either exogenous APP or tau  (49,55) and that model Hirano bodies protect against cell death.  

We investigated whether model Hirano bodies would protect against the enhanced cell death 

induced by APP/AICDc58 by cotransfection of APPc58-myc plasmid and APP.  Expression of 

either exogenous APPc58-myc alone or APP/AICDc58 caused a significant amount of cell death 

as shown in Figure 2.3.  The presence of model Hirano bodies decreased the amount of cell death 

by approximately 50% (*p < 0.05). This level of protection is in agreement with previous data 

(49).  AICDc58-induced cell death was increased approximately 60% in the presence of 
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exogenous APP.  The presence of model Hirano bodies significantly reduced APP/AICDc58 cell 

death (**p < 0.01).  

Model Hirano bodies protect against tau-dependent cell death 

 The effect of tau on AICDc58-induced cell death was investigated. Wild type fetal human 

tau (352 residues, 3R0N) tau (352WTtau) or 352tau fetal human tau (352PHPtau) with S198, 

S199, S202, T231, S235, S396, S404, S409, S413, and S422 mutated to glutamate to mimic 

phosphorylated residues (2) was utilized.  Tau phosphorylation has been implicated in 

neurodegeneration and expression of 352PHPtau has been shown to induce death in a cell culture 

system at an earlier time point than wild type tau (1,2).  Exogenous APPc58-myc was transfected 

alone and with either 352WTtau or 352PHPtau in the presence or absence of Hirano bodies.  

352WTtau, like 352PHPtau, causes low levels of cell death when co-expresssed with GFP shown 

in Figure 2.4. Expression of exogenous AICDc58 alone causes a significant amount of cell death. 

AICDc58/352WTtau slightly increases cell death compared to AICDc58 alone.  In contrast, 

352PHPtau/AICDc58 enhanced increases cell death and is significantly higher than both 

AICDc58-induced cell death (***p < 0.005) and AICDc58/352WTtau (**p < 0.01).  The 

presence of model Hirano bodies significantly reduced AICDc58, AICDc58/352WTtau, and 

AICDc58/352PHP-induced cell death (**p < 0.01).  

The effect of tau on APP/C31-induced cell death was investigated.  H4 cells were 

transfected with APP or APP/C31 and 352WTtau or 352PHPtau in the presence or absence of 

model Hirano bodies. Surprisingly, the 3.0 µg of APP plasmid used to initiate APP and APP-

C31-myc-induced cell death in H4 cells killed virtually every cell in the presence of APP, 

352PHPtau and APP-C31-myc (data not shown).  Therefore, the amount of APP plasmid was 



	
   76	
  

reduced to 1.5 µg in order to achieve a maximum of approximately 50% cell death in the 

presence of exogenous APP-C31-myc and 352PHPtau as shown in Figure 2.5.  A small amount 

of cell death occurred with expression of 352PHPtau or C31/352PHPtau.  At this new 

concentration of APP plasmid, APP/C31 had significantly lower cell death than with 

APP/C31/352PHPtau, indicating that the addition of 352PHPtau is responsible for most of the 

death (**p < 0.01 compared to APP/c31).  When model Hirano bodies were present, the amount 

of APP/c31/352PHPtau-induced cell death was significantly reduced (**p < 0.01 compared to 

cells without model Hirano bodies). 

Both tau-independent and -dependent cell death involve apoptosis 

To discover how model Hirano bodies protect against tau-independent and tau-dependent 

cell death, we investigated possible mechanisms of cell death.  We previously showed that 

AICDc58 and Fe65 co-localize with model Hirano bodies and that model Hirano bodies 

significantly reduced AICDc58-induced cell death and the transcriptional activity mediated by 

AICDc58, Fe65, and Tip60 (49).  In addition, it has been previously shown that AICDc58-

induced cell death involves Tip60 (55).  The contribution of Fe65 and Tip60 in cell death was 

investigated by utilizing mutations in these proteins. We utilized a previously characterized 

dominant negative mutation in Fe65, C655F, which abolished its ability to interact with the 

YENPTY domain of APP or its c-terminal fragments (56).  Exogenous expression of C655F 

Fe65 significantly reduced both tau-independent (APP/c31) (***p < 0.005) and tau–dependent 

(APP/C31/352PHPtau) cell death (***p < 0.005) as shown in Figure 2.6, implicating Fe65 in 

both cell death pathways.  We utilized a previously characterized dominant negative mutant form 

of Tip60, Q377E G380E, which abolished the catalytic activity of Tip60 (55).  Expression of 

Q377E G380E Tip60 (mTip60) significantly reduced both tau-independent (APP/C31) and tau–
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dependent (APP/C31/352PHPtau) cell death by at least 50% as shown in Figure 2.7 (***p < 

0.005).  This result indicates a role of Tip60 in both cell death pathways.  

It has been reported that AICD and presenilin mediate the upregulation of p53 in cells 

(57).  Furthermore, Tip60 has been shown to acetylate p53 directly, causing it to initiate 

transcription of apoptotic genes (58-60).  We tested the role of p53 in APP/c31-induced cell 

death in the presence or absence of 352PHPtau using a cell permeable inhibitor of p53, α-

pifithrin (61).  Cell death in H4 cells was induced by exogenous expression of APP/C31 or 

APP/C31/352PHPtau.  Cell viability was measured in the presence or absence of α-pifithrin as 

shown in Figure 2.8. α-pifithrin significantly reduced both tau-independent (APP/C31) (***p < 

0.005) and tau-dependent (APP/c31/352PHPtau) cell death (**p < 0.01).  

APP and C31-induced cell death in N2A cells and AICD-induced cell death in H4 cells 

have been shown to involve caspases (50,55).  Caspase inhibitors were utilized to investigate 

whether caspases are involved in APP/C31 and APP/C31/352PHPtau death pathways.  Broad-

spectrum caspase inhibitor (Ac-VAD-CHO) as well as inhibitors of caspase 8 (Z-IGTD-FMK) 

and caspase 3 (Z-DEVD-FMK) was utilized in cell death assays in H4 cells as shown in Figure 

2.9.  Both the broad and the caspase 8 inhibitors, but not caspase 3 inhibitor, significantly 

reduced both tau-independent (APP/C31) (**p < 0.01) and tau-dependent (APP/C31/352PHPtau) 

cell death (*p < 0.05).  Since both p53 and caspases were involved, we hypothesized that 

apoptosis is likely the mechanism of cell death.  To verify that p53 and caspase activation is 

leading to apoptosis, H4 cells undergoing both tau-independent (APP/C31) and tau-dependent 

(APP/C31/352PHPtau) cell death were stained with Annexin V.  A large population of H4 cells 

undergoing both tau-independent and tau-dependent cell death were stained by Annexin V, 

indicating apoptosis is initiated in cell death as shown in Figure 2.10. H4 cells with model 
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Hirano bodies showed a significant reduction in the amount of Annexin V positive cells 

compared to H4 cells without model Hirano bodies (*p < 0.05) as shown in Figure 2.10.  This 

observation is consistent with the results above that Fe65, Tip60, caspases, and p53 are involved 

in both tau-independent and tau-dependent cell death and that model Hirano bodies protect 

against cell death. 

Our results show that Hirano bodies protect against cell death induced by APP/C31 and 

AICDc58 in the presence or absence of 352PHPtau.  Both tau and the c-terminal region of APP 

have been shown to co-localize with Hirano bodies in post mortem samples as well as in model 

Hirano bodies in cell culture (8,37,45,49).  This suggests that the protective role of Hirano bodies 

may be due to sequestering these proteins.  To determine if C31 and 352PHPtau co-localize with 

model Hirano bodies, H4 cells were transfected with C31/352PHPtau and either CT-GFP to 

induce model Hirano bodies or pEGFPN-1 as a control.  In GFP control cells, 352PHPtau is 

predominantly found in the cytoplasm while APP-C31-myc is uniformly distributed throughout 

the cell as shown in Figure 2.11.  Surprisingly, in the presence of model Hirano bodies, APP-

C31-myc and 352PHPtau are predominantly co-localized with model Hirano bodies. Although 

APP-C31-myc and 352PHPtau co-localize with model Hirano bodies (Figure 2.7) and cell death 

induced by these proteins is reduced in the presence of model Hirano bodies, it does not prove 

that model Hirano bodies reduce cell death by sequestration of these proteins.  To address 

whether the presence of model Hirano bodies protect cells from death specifically, H4 cells 

expressing GFP or CT-GFP were incubated with and without 100 µM etoposide, a well 

characterized inducer of apoptosis. Expression of either GFP or CT-GFP in the absence of 

etoposide results in very low levels of cell death as shown in Figure 2.12. Cells expressing both 

GFP and CT-GFP incubated with etoposide had a significant increase in cell death (***p < 
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0.005).  The presence of model Hirano bodies had no impact on cell death induced by etoposide.  

Thus, model Hirano bodies have some specificity protecting against cell death. 

DISCUSSION: 

 The cause of Alzheimer’s disease is unknown (13).  The amyloid cascade hypothesis and 

subsequent refinement that oligomeric species of abeta contribute to neuronal cell death provide 

a framework for investigation and explains a wide range of data (16,18,62,63).  AICD is an 

intracellular product of the processing of APP that produces amyloid-beta.  The role of AICD in 

neurodegeneration is controversial.  The lifetime of AICD is short (64,65) (but tagged versions 

have a longer lifetime (66-68)) impeding efforts to identify which cellular pathways it 

participates in.  In spite of this, it has been shown that AICD does activate gene transcription but 

there are many targets that vary depending on the cell line and strategy used in the investigation 

(reviewed in (14,24,69)).  All of these factors lead to controversy and caution in ascribing 

signaling activity to AICD. 

 In this study, we have investigated the role of Hirano bodies, intracellular F-actin-rich 

inclusions, found in a variety of post-mortem neurodegenerative diseases including Alzheimer’s 

disease (6,39,70,71) and cell death induced by APP, AICDc58 and C31 and tau.  Previously, we 

had shown that the presence of model Hirano bodies reduced transcription of AICDc58 and Fe65 

and reduced AICDc58-induced cell death (49).  We have shown that the intracellular c-terminal 

fragments of APP, AICDc58 and C31 both induce cell death but that C31 requires the presence 

of APP to achieve significant levels of cell death.  In addition, AICDc58-induced death increases 

in the presence of APP. These results are in agreement with previous results (49,50,55,72 

2287,73,74).  The presence of model Hirano bodies significantly reduce the level of cell death. 
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Transcription and Cell Death 

Since the transactivating activity of the APP/Fe65/Tip60 complex has been consistently 

observed (reviewed in (24,25,74,75)), we utilized mutants in either Fe65 or Tip60 to elucidate 

whether they play a role in cell death induced by exogenous AICDc58 or APP/C31.  Mutations 

within the active site of Tip60 reduce AICD transcriptional activity and prevent AICD-induced 

cell death (55,56,76).  Our data is consistent with the gene activation activity of this complex 

since expression of dominant negative mutant Fe65 and Tip60 significantly reduce both APP/c31 

and APP/C31/352PHPtau-induced cell death.   

Our results disagree with a prior study which showed a mutant form of AICD 

(Y682A/Y687A) that was suggested not to bind Fe65, was still active in promoting cell death 

(55).  A possible explanation for this discrepancy is that the AICD mutation (Y682A/Y687A) 

was not proven to prevent interaction with Fe65 (55).  Furthermore, AICD mutants with either 

Y682A or Y687A reduce, but do not abolish the interaction of AICD with Fe65.  In contrast, the 

C655F Fe65 mutant used in our study has been shown to prevent this interaction (56).  Thus, all 

work is consistent with the finding that Fe65 and Tip60 contribute to AICD-induced cell death. 

While the mechanism of AICD and tau-dependent cell death is unknown, AICD-induced 

cell death in the absence of tau involves induction of apoptosis (55).  We have shown that 

APP/C31 also induces apoptosis.  Tip60 has been shown to regulate the specificity of p53, 

activating transcriptional preference for pro-apoptotic genes (58-60).  Furthermore, presenilin-

dependent release of AICD is reported to enhance activity and expression of p53 to promote 

neurodegeneration (57).  An additional report shows that Fe65 can either activate or repress 

target genes, and promote cell death by controlling expression of caspase 4 (77).  Our data is 
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consistent with these findings since our results show that cell death requires both p53 and 

caspase activation and cells were stained with Annexin V.   

While the cause of neurodegenerative diseases is unknown, there are data that suggests 

that AICD and/or C31 may play a role.  AICD levels have been shown to be significantly higher 

in AD patient brains compared to age matched controls and correlates to levels of 

phosphorylated tau in these brains (78,79).  Caspase cleaved APP is also higher in AD brains 

suggesting that C31 is produced at a much higher rate in AD patients (80).  Additionally, there is 

evidence that c-terminal fragments of APP could associate with amyloid beta-induced cell death 

by a mechanism involving amyloid beta binding directly to APP, inducing its cleavage (50,81).  

In addition, AICD expression in mice has been shown to increase levels of insoluble tau and 

phosphorylated tau, impaired neurogenesis, and promoted neurodegeneration compared to wild 

type mice (78,82).  These transgenic mice also show susceptibility to excitotoxicity stressors, 

which do not affect wild type mice (83,84).  In contrast, a small subset of the familial mutations 

found in presenilin 1 have been shown to decrease AICD production, suggesting that AICD 

might not play a role in Alzheimer’s disease (85).  The mutant presenilins also lower notch 

intracellular domain levels (85).  However, the gamma secretase complex has over 50 substrates 

in cells and other signaling pathways may also be affected by these presenilin mutations (86).  

In addition, the role of AICD and Fe65 has been investigated in model mice 

overexpressing these proteins.  Transgenic mice have elevated levels of active GSK-3β, which is 

also observed with AD patients (87). These mice also exhibit hyperphosphorylated tau, increased 

levels of insoluble tau, and neurodegeneration also found in Alzheimer’s patients (78).  Finally, 

APP (D664A) mutant mice which cannot be cleaved by caspases have reduced levels of seizures 
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compared to APP transgenic mice (84), suggesting a role for further proteolytic processing of 

AICD to C31 in neurodegeneration. 

Interaction of Tau and c-terminal Fragments of APP 

The interaction of tau with APP and its proteolytic fragments in the progression of 

Alzheimer’s disease has been shown in numerous studies (reviewed (16,62)).  However, a direct 

link between tau and AICD in cell death has not been documented.  We have shown for the first 

time that both AICDc58 as well as APP/C31-induced cell death significantly increases in the 

presence of 352PHPtau, a mutant form of tau that mimics hyperphosphorylation (1,2).  The 

amount of exogenous APP required to induce cell death in the presence of both C31 and 

352PHPtau is lower than for APP/C31 alone.  Furthermore, the amount of cell death induced by 

exogenous APP/C31/352PHPtau is greater than that induced by either APP/C31 or 352PHPtau 

alone, indicating a relationship between APP, C31, and tau in causing cell death.  The presence 

of model Hirano bodies significantly decreased the level of cell death.  In contrast, 352WTtau, 

unlike 352PHPtau did not significantly increase AICDc58-induced cell death.  The mechanism 

underlying the ability of 352PHPtau to significantly increase AICDc58-induced cell death 

compared to 352WTtau is not clear.  It has been shown that phosphorylation of specific residues 

on tau is required to prime tau for additional phosphorylation (88-91).  It has also been shown 

that 352PHPtau becomes phosphorylated in cell cultures (92).  It is possible that the additional 

phosphorylation of 352PHPtau contributes to the enhanced cell death observed in the presence of 

either AICDc58 or C31 but the exact mechanism is unknown. 

Numerous prior studies support the interaction of APP and tau in progression of 

Alzheimer’s disease.  A link between APP and tau has been supported in whole animal models 
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(30,31,93).  Others have shown that cognitive decline in transgenic mice, due to expression of 

familial disease mutant forms of APP, are ameliorated by deletion of tau (30,31,94).  It has 

recently been shown that amyloid-beta can cause tau hyperacetylation in primary neurons 

through an unknown mechanism (93,95).  Acetylation of tau prevents its degradation by 

competing with ubiquitination, which targets tau to the proteasome.  Phosphorylated forms of tau 

begin to accumulate leading to hyperphosphorylated states (93).  We suggest tau enhances the 

level of APP/AICDc58 and APP/C31-induced cell death could contribute to progression of 

Alzheimer’s disease. 

Model Hirano bodies protect against cell death 

Hirano bodies are found in increased frequency in autopsied brains with 

neurodegenerative diseases compared to control brains (6,39,70,71).  The physiological role of 

Hirano bodies is unknown.  Development of cell culture and transgenic mouse models of Hirano 

bodies provide avenues of study that are not available using autopsy and necropsy samples 

(45,46) to determine the physiological role of Hirano bodies.  Our results obtained using the cell 

culture model system show that cell death induced by either APP/C31 in the presence or absence 

of 352PHPtau or APP/AICDc58 is significantly reduced in the presence of model Hirano bodies.  

Both tau and the c-terminal region of APP have been shown to co-localize with Hirano bodies in 

post-mortem samples as well as in model Hirano bodies in cell culture (8,37,45,49).  In addition, 

the APP binding adaptor protein Fe65 has also been shown to co-localize with Hirano bodies in 

brain and cell cultures (8,49).  Both C31 and 352PHPtau co-localize with model Hirano bodies, 

but unlike 352PHPtau, the distribution of C31 changes from diffuse in control samples to 

concentrated and co-localized with Hirano bodies. The interaction of tau with Hirano bodies 

could occur through tau and its phosphorylated forms binding directly to F-actin (96).  Other 
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findings in different experimental models suggest that tau promotes the formation of Hirano 

bodies and that actin promotes tau-dependent toxicity (96,97).  It is not known if specific 

isoforms of tau or whether phosphorylation of tau is required for interaction with model Hirano 

bodies.  

We suggest that model Hirano bodies could confer protection against cell death by 

sequestering c-terminal fragments of APP and possibly tau, preventing them from either 

participating in signaling pathways which contribute to cell death or gene transcription. Model 

Hirano bodies can be degraded by either autophagy or through the proteasome pathway (98).  

Via these pathways, deleterious proteins bound to the model Hirano bodies are cleared from the 

cell, possibly conferring protection from cell death. We showed that model Hirano bodies are 

unable to protect cells against etoposide-induced apoptosis.  This lack of protection suggests that 

Hirano bodies may have a specific role in protection against cell death.   

It will be important in the future to determine the effects of model Hirano bodies on the 

progression of neurodegeneration in animal model systems to determine whether they represent a 

neuroprotective mechanism.  

MATERIALS AND METHODS: 

Plasmids: pEGFPN-1 was obtained from Clontech.  CT-EGFP was previously described (45).  

APPc58-myc was generously provided by Dr. Bradley T. Hyman, Harvard Medical School (55). 

APP was generously provided by Dr. Thomas C. Sudhof, Stanford University School of 

Medicine (56,76). 352tau is fetal human tau (352 residues) and 352PHP-tau is fetal human tau 

(352 residues) with S198, S199, S202, T231, S235, S396, S404, S409, S413, and S422 mutated 

to glutamate to mimic phosphorylated residues was generously provided by Dr. Roland Brandt, 
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University of Heidelberg (2).  APP-C31-myc was constructed by deleting the coding region of 

c58-myc from APPc58-myc, inserting the coding sequence of C31 (664-695 of APP) made by 

PCR amplification using APPc58-myc as a template, and ligating into plasmid that remained 

from APPc58-myc after deletion of the APPc58-myc coding sequence.  Mutagenesis of Tip60 

and Fe65 (56,76) (generously provided by Dr. Thomas C. Sudhof, Stanford University School of 

Medicine) were performed using Stratagene Quickchange mutagenesis kit. DNA sequencing 

(Genewiz) was performed to confirm sequence fidelity of the Q377E G380E Tip60 and C655F 

Fe65 mutations and APPc31-myc.  

 

Cell Culture and Transfection: All cell lines were grown in DMEM supplemented with 10% 

fetal bovine serum (FBS) at 37°C and 5% CO2. Cells were plated in a 96-well plate (Nunc) or 35 

mm dishes approximately 24 hours prior to transfection.  Transient transfections were performed 

using Fugene 6 (Roche Diagnostics) or Lipofectamine LTX with Plus reagent (Invitrogen) 

according to the manufacturer’s recommendations. Approximately 4 hours after transfection, 

cells were washed with PBS, resuspended in DMEM plus 10% FBS and grown for 

approximately 48 hours before cell death assays were performed. N2A mouse neuroblastoma 

cells (ATCC) were transfected using Fugene 6 with 2.5 µg APPc58-myc, 1 µg APP-C31-myc, 

and 2 µg pEGFPN-1 or CT-EGFP.  H4 human astroglioma cells (ATCC) were transfected with 

Fugene 6 with 3 µg or 1.5 µg APP (tau-dependent and tau-independent conditions, respectively), 

1 µg APP-C31-myc and either 2 µg pEGFPN-1 or CT-EGFP for the tau-independent assays.  For 

tau-dependent assays, 1 µg 352PHP-tau or 352WTtau was used.  For AICDc58 experiments, 1 

µg APPc58-myc, 1.5 µg APP, and 1 µg 352PHPtau or 352WTtau were used.  Other experiments 

used 3 µg APP, 3.5 µg APPc58-myc, and 1 µg APP-C31myc with either 2 µg of pEGFPN-1 or 
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CT-EGFP.  For experiments with Fe65 and Tip60, 1 µg Q377E G380E Tip60 or C655F Fe65 

was used.  Lipofectamine LTX transfection was used in Figures 2.4 and 2.11 with 250 ng of 

APP, APPc58-myc, 352PHPtau, 352WT tau, pEGFPN-1 or CT-EGFP.   

 

Flow cytometry was used to verify that the presence of multiple plasmids did not affect the level 

of protein expression (Figure 2.13). 

 

Inhibitors used during the cell death assays were added immediately after removal of the Fugene 

6 transfection reagent.  A final concentration of 20 µM α-pifithrin (Sigma) and 100 µM caspase 

inhibitors Z-IGTD-FMK (caspase 8), Z-DEVD-FMK (caspase3), and Ac-VAD-CHO (broad 

caspases) (MP Biomedicals) were used and incubated for 48 hours before cell death assays were 

performed.  A final concentration of 100 µM etoposide (Sigma-Aldrich) was added 

approximately 24 hours after the transfection reagent was removed.  After two hours, cells were 

washed with PBS and resuspended in DMEM plus 10% FBS and incubated at 37°C with 5% 

CO2 for 16 hours prior to cell death assays.  

 

Cell Death Assays: Cells were incubated with 9 nM Sytox Orange nucleic acid dye (Invitrogen) 

and 264 µM Hoechst 33258 at 37°C and 5% CO2 for 10 minutes prior to microscopy.  

Fluorescence and visible cell images were obtained using a Zeiss IM-35 epi-fluorescence 

microscope equipped with a CCD 300-T-RC camera (Dage MTI) controlled by Scion Image 

software.  GFP and Sytox Orange fluorescence and phase images were superimposed in 

Photoshop and live and dead cells were counted (see supplemental material for representative 

images S2).  Since N2A and H4 cell lines have low transfection efficiencies (~15%), the 
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presence of EGFP or CT-EGFP was used to indicate transfected cells.  A minimum of 50 cells 

was counted per sample and each condition was sampled at least three independent times.  The 

mean value is plotted in the histograms with error bars representing the standard deviation. 

Statistics were performed using the Student’s T-test.  

Annexin V Staining: Approximately 24 hours after transfection, cells were washed with annexin 

binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) and stained with 5 µL 

Pacific blue-conjugated annexin V (Invitrogen) for 30 minutes at 37°C and 5% CO2.  Cells were 

washed once with annexin V binding buffer, re-suspended in annexin V binding buffer with 9 

nM Sytox orange, and incubated at 37°C and 5% CO2 for 15 minutes prior to assessment by 

fluorescence microscopy (see Figure 2.14 for representative images).  The fraction of apoptotic 

cells were scored as GFP positive cells that were also Annexin V positive divided by the total 

number of GFP positive cells.  Sytox orange was utilized to eliminate Annexin V positive cells 

that had a compromised membrane.  A minimum of 50 cells was counted per sample and each 

condition was sampled at least three independent times. The mean value is plotted in the 

histograms with error bars representing the standard deviation.  Statistics were performed using 

the Student’s T-test.  

Immunofluorescence: Approximately 24 hours prior to transfection, cells were plated onto glass 

coverslips.  Cells were cotransfected with 1.5 µg each of pEGFPN-1 or CT-GFP and 

352PHPtau/APP-C31-myc using 3.5 µL Lipofectamine LTX and 1.0 µL Plus reagent according 

to the manufacturer’s instructions (Invitrogen).  Approximately 4 hours after transfection, cells 

were washed with PBS, resuspended in DMEM with 10% FBS.  Approximately 24 hours after 

transfection, the cells were washed in PBS and fixed for 10 minutes in 3.7% formaldehyde in 

PBS and 1.0 mM EGTA (pH 7.0).  Cells were permeablized for 5 minutes in 0.1% Triton X-100 
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in PBS and 1 mM EGTA (pH 7.0).  Cells were washed three times in PBS and blocked for 1 

hour with 10.0% BSA in PBS.  Cells were washed three times in PBS and incubated with mouse 

anti-myc 1:1000 (Cell Signaling) and rabbit anti-FLAG 1:100 (Sigma) primary antibodies for 1 

hour.  After three washes in PBS, cells were incubated with Alexa 350-labeled goat anti-rabbit 

1:200 (Invitrogen) and TRITC-labeled goat anti-mouse 1:700 (Sigma) secondary antibodies for 1 

hour.  Cells were washed three times in PBS and mounted with Crystal Mount (Biomeda). 

Images were obtained using a Deltavision microscope and subjected to deconvolution using 

Applied Precision software. 
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Figure 2.1. Model Hirano bodies protect against APP and C31-induced cell death in N2A 

cells.  N2A cells were transfected with APP/APP-C31 in the presence (CT-GFP, check bars) or 

absence (GFP, black bars) of model Hirano bodies.  Either APP or APP-C31-myc causes low 

amounts of cell death while the presence of both APP and C31 shows an enhanced increase in 

cell death.  Furthermore, model Hirano bodies are able to protect against the enhanced effect of 

APP/C31-induced cell death (** p < 0.01 between cells with and without Hirano bodies).  Error 

bars represent the standard deviation.  
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Figure 2.2. Model Hirano bodies protect against APP and C31-induced cell death (tau-

independent) in H4 cells.  Cells were transfected with APP/APP-C31 in the presence (CT-GFP, 

check bars) or absence (GFP, black bars) of model Hirano bodies.  Expression of either APP or 

APP-C31-myc cause low amounts of cell death while the presence of both APP/C31 caused an 

enhanced increase in cell death.  Furthermore, model Hirano bodies are able to protect against 

cell death induced by APP (*p < 0.05 between cells with and without Hirano bodies) and 

APP/c31 (** p < 0.01 between cells with and without Hirano bodies).  Error bars represent the 

standard deviation. 
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Figure 2.3. Model Hirano bodies protect against AICDc58 and APP/AICDc58-induced cell 

death.  Cells were transfected with APP and/or AICDc58 in the presence (CT-GFP, check bars) 

or absence (GFP, black bars) of model Hirano bodies. AICDc58 causes significant cell death in 

H4 cells in the absence of exogenously expressed APP.  Transfection of H4 cells with 

APP/AICDc58 causes a significant increase in cell death (* p < 0.05 in comparison to 

GFP/AICDc58).  The presence of model Hirano bodies significantly protected against AICDc58 

and APP-induced cell death (+ p < .05 between with and without model Hirano bodies) and 

APP/AICDc58-induced cell death (++ p < 0.01 between with and without model Hirano bodies).  

Error bars represent the standard deviation. 
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Figure 2.4. AICDc58 potentiates 352PHPtau, but not 352WTtau-induced cell death. Cells 

were transfected with AICDc58/352WTtau or AICDc58/352PHPtau in the presence (CT-GFP, 

check bars) or absence (GFP, black bars) of model Hirano bodies.  Co-transfection of H4 cells 

with GFP and AICDc58/352WTtau seems to result in cell death that approximates 

GFP/352WTtau plus GFP/AICDc58 cells.  Co-transfection of GFP and AICDc58/352PHPtau 

significantly enhances cell death compared to GFP/AICDc58 only (***p < 0.005) or 

GFP/AICDc58/352WTtau (**p < 0.01).  The presence of model Hirano bodies significantly 

protected against AICDc58-, AICDc58/352WTtau-, and AICDc58/352PHPtau-induced cell 

death (++p < 0.01 compared to cells without model Hirano bodies).  Error bars represent the 

standard deviation. 
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Figure 2.5. Model Hirano bodies protect against tau-dependent cell death. H4 cells were 

transfected with APP/C31, and or 353PHPtau in the presence (CT-GFP, check bars) or absence 

(GFP, black bars) of model Hirano bodies. Transfection of 352PHP tau decreases the amount of 

exogenous APP (1.5 µg versus 3.0 µg of APP in Figure 2) required to achieve significant 

enhancement of cell death. Cell death induced by APP/C31/352PHPtau expression is 

significantly higher than APP/C31 alone (++ p < 0.01).  Model Hirano bodies protect against tau-

dependent cell death (** p < 0.01 between with and without model Hirano bodies).   Error bars 

represent the standard deviation. 
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Figure 2.6. Fe65 contributes to both tau-independent and tau-dependent cell death.  Cells 

were transfected with either APP/C31 or APP/C31/352PHP/tau in the absence (black bars) or 

presence of C655F Fe65 (56) (dotted bars).  The expression of mutant C655F Fe65 significantly 

reduced both tau-independent and tau-dependent cell death (*** p < 0.005).  Error bars represent 

the standard deviation. 
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Figure 2.7. Tip60 contributes to both tau-independent and tau-dependent cell death. Cells 

were transfected with either APP/C31or APP/C31/352PHPtau in the absence (black bars) or 

presence (dotted bars) of mutant Q377E G380E Tip60 (mTip60) (55). The expression of mutant 

Tip60 significantly reduced both tau-independent and tau-dependent cell death (*** p < 0.005).  

Error bars represent the standard deviation. 
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Figure 2.8. p53 contributes to both tau-independent and tau-dependent cell death. Cells 

were transfected with either APP/C31 or APP/C31/352PHP/tau in the absence (black bars) or 

presence (dotted bars) of α-pifithrin. α-pifithrin significantly reduced tau-independent (*** p < 

0.005) and  tau-dependent cell death (** p < 0.01).  Error bars represent the standard deviation.  
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Figure 2.9. Caspases contribute to both tau-independent and tau-dependent cell death. 

Cells were transfected with either APP/C31 or APP/C31/352PHP/tau in the absence (black bars) 

or presence of broad caspase inhibitor (Ac-VAD-CHO; striped bar) or caspase 8 inhibitor (Z-

IGTD-FMK; white bars) or caspase 3 inhibitor (Z-DEVD-FMK; grey bars).  The broad caspase 

inhibitor and caspase 8 inhibitor significantly reduced tau-independent (APP/C31) cell death (** 

p < 0.01) and tau-dependent cell death (APP/C31/352PHPtau) (* p < 0.05).  Caspase 3 inhibitor 

had no significant effect on either kind of cell death.  Error bars represent the standard deviation. 
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Figure 2.10. Model Hirano bodies lower tau-dependent and tau-independent apoptosis.  H4 

cells were transfected with either APP/C31 or APP/C31/352PHP/tau in the absence (GFP-black 

bars) or presence of model Hirano bodies (CT-GFP-check bars).  H4 cells were stained with the 

early apoptotic marker annexin V.  Sytox orange was used as a control for annexin V false 

positive cells with compromised membranes.  Cells transfected with either GFP/APP/C31 (tau-

independent) or GFP/APP/C31/352PHPtau (tau-dependent) showed significant levels of annexin 

V positive staining.  The presence of model Hirano bodies lowered the percent of cells that were 

annexin V positive in both tau-independent and –dependent cell death (* p < 0.05 in comparison 

to cells without model Hirano bodies).  Error bars represent the standard deviation. 
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Figure 2.11. Both 352PHPtau and C31 co-localize with model Hirano bodies.  H4 Cells were 

transfected with 352PHPtau or C31, and either CT-GFP to induce model Hirano bodies or GFP 

as a control.  In control cells, tau is predominantly found in the cytoplasm while C31 is evenly 

diffused throughout the cell.  In cells expressing CT-GFP, C31 is primarily found co-localizing 

with model Hirano bodies.  Tau also co-localizes with model Hirano bodies, but its overall 

distribution is not altered. Scale bar 15 µm. 
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Figure 2.12. Model Hirano Bodies do not protect against etoposide-induced cell death.  H4 

cells were transfected with CT-GFP to induce Hirano body formation (check bars) or GFP (black 

bars) as a control.  Expression of CT-GFP or GFP alone caused very low levels of cell death in 

the absence of etoposide.  In the presence of 100 µM etoposide, cell death was significantly 

increased (***p < 0.005).  The presence of model Hirano bodies had no impact on etoposide-

induced cell death. Error bars represent the standard deviation. 
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Figure 2.13. Cell death and GFP expression levels are not affected by varying amounts of 

DNA during co-transfection of multiple plasmids. H4 cells were transfected with pEGFPN-1 

alone or with varying amounts of pcDNA3.1 to replicate co-transfection conditions with 1, 2, or 

4 plasmids.  Using flow cytometry, it was determined that the median fluorescence intensity of 

GFP in samples replicating co-transfection of 2 and 4 plasmids were not significantly different 

from GFP only transfected cells.  Additionally, under these conditions cell death levels remained 

low, indicating that the cell death in our other experiments is not due to an increase in total DNA 

transfected.  Error bar represents the coefficient of variation.  

 

 

 

 

 

 

 

 

 

 

 



128



	
   129	
  

Figure 2.14. Representative images of the cell death quantitation.  Live cells transfected with 

(A) GFP, (B)  CT-GFP,  GFP/APP/C31 stained with sytox orange (C) or (D) annexin V and 

Sytox Orange to mark apoptotic cells and rule out compromised membranes, respectively.  

Green = GFP, Blue = Hoescht 33258 (A and B), annexin V (D). Yellow = GFP and sytox 

orange.  Arrows in C indicate nuclei stained with Sytox Orange.  Scale bar = 20 mm 
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CHAPTER 3 

HIRANO BODIES DIFFERENTIALLY MODULATE CELL DEATH INDUCED BY TAU 

AND THE AMYLOID PRECURSOR PROTEIN INTRACELLULAR DOMAIN1 
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Furukawa. 2014. BMC Neuroscience. 15:74-94 Reprinted here with permission of publisher. 
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ABSTRACT: 

Background: Hirano bodies are actin-rich paracrystalline inclusions found in brains of patients 

with Alzheimer’s disease (AD), frontotemporal dementia (FTD), and in normal aged individuals. 

Although studies of post-mortem brain tissue provide clues of etiology, the physiological 

function of Hirano bodies remains unknown. A cell culture model was utilized to study the 

interactions of mutant tau proteins, model Hirano bodies, and GSK3β in human astrocytoma 

cells.   

Results: Most tau variants showed co-localization with model Hirano bodies.  Cosedimentation 

assays revealed this interaction may be direct, as recombinant purified forms of tau are all 

capable of binding F-actin. Model Hirano bodies had no effect or enhanced cell death induced by 

tau in the absence of amyloid precursor protein intracellular domain (AICD).  In the presence of 

AICD and tau, synergistic cell death was observed in most cases, and model Hirano bodies 

decreased this synergistic cell death, except for forms of tau that caused significant cell death in 

the presence of Hirano bodies only. A role for the kinase GSK3β is suggested by the finding that 

a dominant negative form of GSK3β reduces this synergistic cell death. A subset of Hirano 

bodies in brain tissue of both Alzheimer’s disease and normal aged individuals was found to 

contain tau, with some Hirano bodies in Alzheimer’s disease brains containing 

hyperphosphorylated tau.  

Conclusion: The results demonstrate a complex interaction between tau and AICD involving 

activation of GSK3β in promoting cell death, and the ability of Hirano bodies to modulate this 

process.    
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INTRODUCTION: 

 The cause of sporadic Alzheimer’s disease (AD) is unknown, and an intricate interaction 

between multiple genetic, epigenetic, and environmental risk factors has been proposed (for 

review, see (1)). However, in approximately 1% of total AD cases, studies show that 

neurodegeneration results from mutations in the genes encoding the amyloid precursor protein 

(APP), presenilin 1 (PSEN1), or PSEN2 (2,3). These mutations result in altered processing of 

APP, increased deposition of amyloid-beta (Aβ), and early onset neurodegeneration. This led to 

the formation of the amyloid cascade hypothesis, which posits that Aβ initiates a cascade of 

events leading to tau deposition, synaptic dysfunction and cognitive decline (4).  Intramembrane 

proteolysis of APP by γ-secretase also releases an intracellular fragment known as the amyloid 

precursor protein intracellular domain (AICD). AICD has been shown to form multi-protein 

complexes that regulate the induction of apoptosis (for review, see (5,6)). Multiple studies 

suggest that a downstream effector of AICD is the kinase GSK3β.  Studies in neuronal cell 

cultures and a mouse model report that AICD induces upregulation of total levels of GSK3β as 

well as increased activation, and thus induces tau hyperphosphorylation (7-9). Abnormal tau 

phosphorylation is an early marker of AD (10,11) and phosphorylated tau levels correlate with 

the severity of AD (12). However, the precise mechanisms causing abnormal tau 

phosphorylation leading to pathological tau formation remain unclear. 

 Complementary to the amyloid cascade hypothesis was the discovery that mutations in 

tau cause a familial neurodegenerative disease called frontotemporal dementia with parkinsonism 

linked to chromosome 17 (FTDP-17) (13). This disease and its sporadic (non-familial) 

counterparts, forms a family of diseases known as frontotemporal lobar degeneration with tau-

positive inclusions (FTLD-tau), are characterized pathologically by the formation of 
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neurofibrillary tangles (NFTs) and other neuronal and glial inclusions composed of 

hyperphosphorylated tau (14). Aβ-containing plaques found in AD are not considered a 

significant invariant pathological feature of these tauopathies. Thus, the amyloid cascade 

hypothesis posits that Aβ acts upstream of tau to promote neurodegeneration. Nevertheless, 

significant plaque pathology is often reported in tauopathy patient brain tissue (15-19).  

 Hirano bodies are inclusion bodies found in significant numbers in the hippocampus in 

patients with AD compared to age matched controls (20). In addition, Hirano bodies are found in 

postmortem brain tissue of patients afflicted with a variety of neurodegenerative and other 

diseases including the tauopathies, and in normal aged individuals (21,22), yet no studies to date 

explore the cellular basis of this finding. Although the contribution of Hirano bodies to tauopathy 

is unknown, cell culture and transgenic animal models of FTDP-17 suggest that alterations in the 

actin cytoskeleton and formation of Hirano bodies are an important event in the pathogenesis of 

tauopathies (23-25).  Tau has been previously shown to bind actin (26-28) and the interaction of 

tau with the actin cytoskeleton could play a role in disease progression.  Hirano bodies are 

thought to be composed primarily of filamentous actin and actin-associated proteins (29-31), but 

they have also been shown to contain other components of the neuronal cytoskeleton such the 

microtubule associated protein tau (32,33). Hirano bodies also accumulate a number of signaling 

proteins including the transcription factor FAC1 (34), transforming growth factor-β3 (35), and 

AICD (36,37). Interestingly, Hirano et al., observed a positive correlation between the frequency 

of NFTs and Hirano bodies in patient samples (38). In that study, Hirano bodies and NFTs were 

often found in the same cell, although the specific isoforms, mutants, or modifications on tau and 

physiological consequences of this are unknown.  
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 Early studies of Hirano bodies were reliant on immunohistochemical staining of post-

mortem brain tissue due to lack of a model system to study their formation or physiological 

function. We have developed a cell culture model of Hirano bodies by expressing a truncated 

form of 34-kDa protein (CT) from Dictyostelium (39-42). Truncation of the amino terminus of 

34-kDa protein to form CT results in a gain of function in activated actin binding activity and 

formation of model Hirano bodies in mammalian cells and in transgenic mice (41,43). Model 

Hirano bodies mitigate the transcriptional activation activity of the APP intracellular domain 

(AICD), resulting in a decrease in cell death (37). Further, model Hirano bodies decrease cell 

death potentiated by AICD and a pseudohyperphosphorylated (PHP) tau mimic (44). 

 We investigated the association of both wild type and mutant forms of tau with Hirano 

bodies, and their impact on cell death pathways involving tau and AICD. We report that nearly 

all tau isoforms and mutants tested associate with model Hirano bodies in cells, and bind to actin 

filaments in vitro. Cells expressing both tau and AICD exhibited cell death that was greater than 

the sum of that observed for tau and AICD alone.  This synergistic cell death involved activation 

of GSK3β, and was eliminated by the presence of model Hirano bodies.  These results extend 

previous reports affirming a specific role for Hirano bodies in aging and disease states and 

provides further evidence that the presence of Hirano bodies may have an important contribution 

to the pathogenesis of AD and tauopathies such as FTDP-17.  

 

RESULTS: 

The interaction of altered forms of tau with model Hirano bodies and the impact of this 

interaction on disease pathways leading to cell death was investigated in this study.  Mutant tau 

proteins were chosen on the basis of previous characterization of differential biochemical 
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properties and their effects on cell death. Expression of mutant tau found in FTDP-17 (R5H, 

G272V, P301L, R406W) has differential effects on cell death when expressed in cell cultures 

and in various animal models of tauopathy (24,45,46) and these effects may be attributable to the 

biochemical properties of tau (47,48). The tau mutant ΔK280 is representative of a group of 

FTDP-17 mutants previously shown to have increased susceptibility to aggregation compared to 

WT tau (47-49).  However, whether or not tau polymerization is directly neurotoxic continues to 

be a major question (for review, see (1)) . Previous studies have established a cell culture, C. 

elegans, and mouse model of tau aggregation through expression of a tau fragment comprising 

only the microtubule binding domain with deletion of lysine 280 (K18ΔK280), which has a high 

propensity for β-structure and aggregation (50-53). Studies show that expression of K18ΔK280 

tau is more lethal than the same fragment without the deletion of lysine 280 (K18), and causes 

cell death prior to the formation of mature aggregations (50,54,55). The nomenclature of the tau 

variants and position of the mutation(s) used in this study are shown in Figure 3.1. 

FTDP-17 tau mutants and Hirano bodies differentially modulate cell death 

The effect of FTDP-17 tau mutants (R5H, G272V, P301L, R406W), 352PHP, and 

truncated K18 and K18ΔK280 tau on cell death in the presence of model Hirano bodies was 

investigated. As expected, exogenous expression of wild type tau, 352PHP, and FTDP-17 tau 

mutants alone, R5H, R406W, G272V, or P301L did not produce significant cell death (Figure 

3.2). Consistent with previous reports, expression of K18ΔK280 resulted in significant cell death 

compared to expression of K18 (figure 3.2D, gray bars ***p < 0.001).  Coexpression of either 

352WT, 441WT, 352PHP, R5H, R406W, K18, or K18ΔK280 tau in the presence of model 

Hirano bodies resulted only in background levels of cell death (figure 3.2B, check bars). In 

contrast, expression of either G272V (**p < 0.01) or P301L (***p < 0.001) in the presence of 
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model Hirano bodies resulted in significant potentiation of cell death (figure 3.2C, check bars). 

  

Actin Binding  

Tau has been previously shown to bind F-actin – albeit not to saturation – and formed F-

actin bundles in solution (26-28).  We determined the relative F-actin binding for wild type tau 

and mutant forms of tau to investigate whether the strength of actin binding may correlate with 

cell death induced by tau and Hirano bodies.  Using recombinant protein purified from E.coli and 

cosedimentation with mixtures of F-actin, wild type and mutant forms of tau do not achieve 

saturation binding to F-actin as shown in Figure 3.3. R406W, G272V, P301L, and 441WT bind 

F-actin better than 352PHP and R5H, which are greater than 352WT (Figure 3.3).  This result is 

consistent with previous results of wild type recombinant tau (27).  Next, we investigated 

whether tau has an effect on formation of model Hirano bodies since a prior report found that tau 

promotes the formation of Hirano bodies (56).  Transient expression of CT-GFP to induce model 

Hirano bodies and either 352WT, 441WT, 352PHP, P301L for 48 h did not cause a change in the 

size of model Hirano bodies (Figure 3.10). Thus, Hirano bodies can form in the absence of tau, 

and the presence of various forms of tau does not modulate the formation of Hirano bodies.  

Hirano bodies, tau, and AICD  

Since previous reports have indicated that model Hirano bodies protected against AICD-

induced cell death in the presence of 352WT or 352PHP (44), we investigated whether model 

Hirano bodies would have an effect on cell death induced by FTDP-17 tau (R5H, G272V, 

P301L, R406W), or truncated tau (K18 or K18ΔK280) in the presence of AICD.  Expression of 

AICD resulted in modest levels of cell death (figure 3.2A, white bars), and the presence of model 

Hirano bodies significantly lowered this death (white bars, *p < 0.05).  Coexpression of either 
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352WT/AICD or 441WT/AICD (black bars) caused an incremental increase in cell death that is 

similar to what is expected from the additive effects of AICD alone and wild type tau alone (see 

3.1).  In contrast, a marked potentiation in cell death was observed upon coexpression of 

352PHP/AICD (black bars, Table 3.1) consistent with previous data (44). The potentiation of cell 

death is a synergistic interaction between AICD and 352PHP since the predicted amount of cell 

death due to AICD alone plus that obtained with 352PHP alone is significantly less than 

observed when the two are present together (Table 3.1).  The presence of model Hirano bodies 

protected against cell death induced by either 352WT/AICD (stripe bar, ***p < 0.001) or 

441WT/AICD (stripe bar, **p < 0.01), or 352PHP/AICD (stripe bar, ** p < 0.01). 

 The effect of FTDP-17 tau mutants on AICD-induced cell death in the presence or 

absence of model Hirano bodies was investigated. Similar to 352PHP tau, FTDP-17 tau mutants 

(R5H, G272V, P301L, R406W) enhance cell death in synergy with AICD (figure 3.2B,C, black 

bars). The amount of cell death observed is greater than obtained from AICD alone plus that of 

tau alone (Table 3.1).  The presence of model Hirano bodies protected from cell death due to 

either AICD/R5H or AICD/R406W (Figure 3.2B, stripe bars **p < 0.01). However, in cells 

expressing either G272V/AICD or P301L/AICD, model Hirano bodies had no effect on cell 

death (figure 3.2C, stripe bars).  Expression of K18 and K18ΔK280 with AICD increased cell 

death synergistically and additively, respectively (black bars, *p < 0.05; Table 3.1).  The 

presence of model Hirano bodies lowered cell death (stripe bars *p < 0.05) for both K18 and 

K18ΔK280.  These data suggest that model Hirano bodies have a differential effect on cell death 

induced by tau and/or AICD, depending on the tau variant used.  

 Collectively, the synergistic versus additive cell death of co-expression of AICD and tau 

variants suggests a connection by one or more molecular pathways.  The effect of Hirano bodies 
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on cell death may affect AICD, or tau, and/or the synergy that arises from their interaction.  

Possible routes of this interaction could involve activation of the protein kinase GSK3β, 

phosphorylation of tau, binding of tau to F-actin, or differential aggregation kinetics of the tau 

variants.  

Hirano bodies differentially influence cell death induced by GSK3β and tau 

GSK3β has been implicated in the pathogenesis of AD (for review, see (57) ). 

Specifically, GSK3β is thought to become upregulated and/or activated by Aβ, AICD, and the c-

terminal 31 amino acids of APP (C31), triggering a cascade of signaling events leading to tau 

hyperphosphorylation, apoptosis, and cell death (7,9,58). The contribution of GSK3β and tau to 

cell death in the presence of model Hirano bodies was investigated using a constitutively active 

and a dominant negative form of GSK3β. Exogenous expression of a constitutively active mutant 

of GSK3β (S9A) alone causes cell death similar to that of AICD, and the presence of model 

Hirano bodies has no effect on this death (figure 3.4A, white bars). In contrast, exogenous 

expression of GSK3β (S9A) in the presence of 352WT or 352PHP causes significant potentiation 

of cell death compared to GSK3β (S9A) alone (figure 3.4A, black bars ***p < 0.001 or **p < 

0.01, respectively, Table 3.2). Interestingly, although 352WT and 352PHP produce similar 

amounts of cell death under these conditions, 441WT expression causes only an incremental 

increase in cell death when expressed with GSK3β (S9A), which is not significantly different 

from that expected from cell death due to 441WT alone + GSK3β (S9A) alone (Figure 3.4A, 

black bar; Table 3.2).  Exogenous expression of GSK3β (S9A) with either WT tau isoform or 

352PHP in the presence of model Hirano bodies causes even further potentiation of cell death 

(figure 3.4A, check bars, ***p < 0.001 or **p < 0.01).  
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 The effect of FTDP-17 mutant tau expression on cell death induced by GSK3β (S9A) and 

model Hirano bodies was investigated. Exogenous expression of tau mutants R5H, P301L, and 

R406W in the presence of GSK3β (S9A) increased cell death synergistically compared to the 

sum of that observed with expression of GSK3β (S9A) and tau alone (figure 3.4B, black bars; 

Table 3.2). However, expression of G272V tau in the presence of GSK3β (S9A) resulted in only 

additive increases in cell death compared to expression of GSK3β (S9A) alone (Figure 3.4A, 

Table 3.2). We also observed differences in the ability of model Hirano bodies to modulate cell 

death in the presence of FTDP-17 mutant tau and GSK3β (S9A). Model Hirano bodies enhanced 

cell death in the presence of GSK3β (S9A)/G272V tau and GSK3β (S9A)/P301L tau (figure 

3.4B, check bars ***p < 0.001), a result that occurred when either G272V or P301L was 

expressed with model Hirano bodies.  However, model Hirano bodies had no effect on cell death 

induced by GSK3β (S9A)/R5H tau or GSK3β (S9A)/R406W tau (figure 3.4B, check bars).  

 GSK3β (S9A) also significantly enhanced cell death in the presence of K18 or 

K18ΔK280 compared to the sum of the expression of GSK3β (S9A) and tau alone (figure 3.4C, 

black bars ***p < 0.001; Table 3.2). Model Hirano bodies did not have a statistically significant 

effect on this cell death  (figure 3.4C, check bars). We also measured cell death under conditions 

in which expression of GSK3β (S9A) did not induce significantly greater levels of cell death 

than GFP controls (figure 3.4D), showing that GSK3β (S9A)-induced cell death is dose 

dependent. Similar to previous results  (figure 3.4A-C), exogenous expression of GSK3β 

(S9A)/441WT or GSK3β (S9A)/P301L potentiated cell death compared to GSK3β (S9A) alone 

(figure 3.4D, black bars). In addition, the presence of model Hirano bodies further increased this 

cell death compared to expression of GSK3β (S9A)/441WT (check bars, *p < 0.05) or GSK3β 

(S9A)/P301L (check bars ***p < 0.001). These results show that model Hirano bodies are not 
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protective against cell death induced by GSK3β and tau, and depending on the mutation, may 

further increase cell death.   

 The contribution of dominant negative GSK3β (K85A) (7,59) was used to test the role of 

GSK3β in cell death induced by tau and model Hirano bodies. GSK3β (K85A) was transiently 

co-expressed with model Hirano bodies in the presence and absence of G272V (Table 3.3). The 

unexpectedly higher level of cell death due the presence of G272V and model Hirano bodies was 

reduced in the presence of GSK3β (K85A) to that expected from the control GFP/G272V + GFP/ 

GSK3β (K85A) (Table 3.3, p < 0.02). This result shows an interaction between F-actin and tau 

that is more complex than F-actin binding alone and that phosphorylation of tau likely plays a 

role in cell death.   

 To determine whether cell death induced by combinations of AICD and tau involve 

activation of GSK3β and the phosphorylation state of tau, the effect of a dominant negative 

GSK3β (K85A) was investigated (Figure 3.5).  Expression of GSK3β (K85A) with GFP does not 

significantly increase the cell death due to GFP alone (Figure 3.5, white bars).  Further, 

expression of AICD induces death of approximately 17% of cells, and this number is not 

significantly changed in the presence of GSK3β (K85A) (Figure 3.5A, white bars).  Thus, cell 

death due to AICD alone does not require activation by GSK3β.   Cell death due to wild type, 

352PHP, FTDP-17 mutants, and K18 and K18ΔK280 was unaffected by expression of GSK3β 

(K85A) (Figure 3.5A and D, grey and checked bars).  Cell death due to tau + AICD was 

suppressed by expression of GSK3β (K85A) for 352PHP, G272V, P301L, R5H, and R406W, 

and K18 (Figure 3.5A-D, black and striped bars).  However, expression of GSK3β (K85A) had 

no effect on cell death induced by AICD/352WT, AICD/441WT, or AICD/K18ΔK280 (Figure 

3.5A and D, black and striped bars).   Interestingly, cell death of all tau forms + AICD that were 
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suppressed by expression of GSK3β (K85A) showed synergistic cell death in the presence of 

GSK3β (S9A) (Table 3.2). These results imply that synergistic cell death due to AICD and tau 

involve activation of GSK3β, and that phosphorylation of tau is an important factor to cell death. 

Cell death due to tau forms + AICD that were not suppressed by expression of GSK3β (K85A) 

had levels of cell death that was not significantly different from the sum of that observed with 

tau and AICD separately.  

Phosphorylation of tau  

Results of cell viability in the presence of GSK3β (K85A) suggest that 352PHP, R5H, 

R406W, G272V, and P301L become phosphorylated by GSK3β in the presence of AICD or CT-

GFP.  Previously, others have reported that AICD is capable of increasing cellular levels of 

GSK3β (7-9).  Therefore, western blot analysis was performed to determine whether the 

presence of AICD and/or CT-GFP impact the amount of GSK3β protein in our cell culture 

system.  The presence of exogenous AICD increases total GSK3β levels above that of 

untransfected cells and also of cells expressing tau only (Figure 3.6A).  Furthermore, expression 

of CT-GFP in the presence of AICD and tau reduces the amount of GSK3β to that of the control 

(Figure 3.6A).  The increase of tau-induced cell death due to the presence of G272V or P301L 

and CT-GFP was reduced in the presence of GSK3β K85A (Figure 3.5), suggesting CT-GFP 

may promote phosphorylation of these tau mutants. To test this hypothesis, western blot analysis 

was performed on different tau mutants to determine if the presence of CT-GFP increases 

phosphorylation at specific amino acids.  441WT, R406W, and R5H tau showed no increase in 

phosphorylation at Ser199, Ser202, or Thr231 in the presence of CT-GFP (Figure 3.6B). 

Interestingly, both P301L and G272V have increased phosphorylation at Ser199 and Ser202 and 

Thr231 in the presence of CT-GFP (Figure 3.6B).  P301L and G272V exhibited synergistic cell 
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death in the presence of CT-GFP (Figure 3.2C).  These results show that the ability of specific 

mutant tau proteins to induce cell death in the presence of AICD or CT-GFP is due to GSK3β 

phosphorylation of tau.  

Localization of tau and model Hirano bodies 

Since preferential accumulation of different forms of tau might indicate physiological 

function of Hirano bodies, mutant tau and model Hirano body localization was investigated. H4 

cells were transiently transfected with CT-GFP to induce model Hirano bodies in the absence or 

presence of one of the following FLAG-tagged tau constructs:  441WT, 352WT, R5H, G272V, 

P301L, R406W, 352PHP, K18ΔK280 and K18. All FTDP-17 mutant tau proteins as well as WT 

tau isoforms were present throughout the model Hirano body or formed a ring-like structure 

around the periphery of the model Hirano body shown in Figure 3.7. The exception was 352PHP, 

which was diffusely localized throughout the cell.  Further, truncated tau mutants (K18 or 

K18ΔK280) also showed a strong nuclear localization. These results show that regardless of 

mutations, tau shows enrichment at sites of F-actin accumulation. However, 

hyperphosphorylation may decrease this association, as shown for 352PHP tau. 

 Localization of tau in human brain tissue was performed to confirm that tau is present in 

Hirano bodies.  In AD and control brain sections, 4.1 and 2.7% of Hirano bodies are well stained 

for tau, respectively (Figure 3.8).  Localization of phosphorylated tau (pTau199/202) to Hirano 

bodies was observed only in AD brain sections and comprised 2.9 % of the total Hirano bodies. 

These findings are in agreement with prior studies that report tau localized in a fraction of all 

Hirano bodies in human hippocampus (32,33).    
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DISCUSSION: 

 Tau contributes significantly to neurodegeneration in FTDP-17, Alzheimer’s disease and 

other tauopathies by aggregating to form oligomers, paired helical filaments (PHF), and 

eventually large aggregates including neurofibrillary tangles (NFTs). In vitro, formation of 

oligomers and higher order polymers of tau is thought to occur through the process of nucleation, 

elongation, and/or autocatalytic growth (60,61).  Regulatory pathways may influence the 

availability of free tau, its phosphorylation state, propensity to aggregate, and inducers of 

aggregation.  Dissecting the formation of oligomeric and higher order polymers of tau in vivo 

and their contribution to cell death require probing these pathways. In this study we have 

investigated the role of Hirano bodies in modulating tau localization and cell death due to tau. 

Proposed cell death pathway involving Hirano bodies, tau, AICD, and GSK3β  

The role of tau in cell death induced by the presence or absence of model Hirano bodies 

and/or AICD is a complex intersection of several variables: 1) affinity of tau for actin; 2) the 

phosphorylation state and location of the phosphorylated amino acids on tau; and 3) the kinetics 

and propensity of tau to self-aggregate that could depend on phosphorylation or other 

modification. As shown in figure 3.9, AICD causes significant cell death when expressed alone. 

Similarly, expression of K18ΔK280 causes significant cell death unlike expression of all other 

forms of tau tested (figure 3.9). When coexpressed with AICD, all tau mutants expressed except 

for 441WT, 352WT, and K18ΔK280 produced synergistic cell death (figure 3.9C). This cell 

death was ameliorated in the presence of model Hirano bodies, except in the case of P301L or 

G272V tau (red lines).  This could be due to reduction of AICD or tau through indirect or direct 

binding to F-actin in the model Hirano bodies and/or reduction of GSK3β (Figure 3.6A) and thus 

affecting the phosphorylation state of tau (Figure 3.6B).  Interestingly, the expression of model 
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Hirano bodies and P301L or G272V tau led to significant cell death in the absence of AICD 

(Figure 3.2C).  This process could be facilitated by a combination of binding to F-actin, 

increased phosphorylation that reduces F-actin binding, and subsequent tau aggregation.  The 

affinity of tau for F-actin itself is insufficient as R406W and 441WT bound F-actin as well as 

G272V and P301L. 

We also find that expression of a dominant negative form of GSK3β mitigates cell death 

due to the synergistic effect of AICD and tau in most cases (figure 3.5, 3.9E). This result 

underscores the importance of GSK3β activation and tau phosphorylation in the synergistic 

interaction of ACID and tau. In support of this, expression of dominant negative GSK3β (K85A) 

does not reduce cell death due to expression of AICD alone, or AICD and K18ΔK280, as most 

GSK3β phosphorylation sites are absent from this mutant. We show that expression of GSK3β 

(K85A) ameliorates cell death due to G272V in the presence of Hirano bodies, further 

substantiating the role of GSK3β phosphorylation in our system, even in the absence of 

exogenously expressed AICD. In summary, these results support the assertion that that a 

combination of tau phosphorylation and aggregation leads to cell death, which may be either 

enhanced or mitigated by the presence of model Hirano bodies depending on the form of tau and 

state of its modification.  

These new results resolve an apparent contradiction in previous literature. Expression of 

mutant forms of tau were shown to induce cell death only after overexpression of actin and 

subsequent formation of actin-rich structures in a Drosophila model (24). However, model 

Hirano bodies were previously reported to reduce toxicity associated with tau under certain 

conditions (44). Here we show that Hirano bodies can both promote and protect against cell 

death initiated by tau depending on the type of tau expressed.   
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Tau and actin 

Multiple studies point to the role of tau as an actin binding protein (25-28,62-66). 

However, this idea is not without controversy. Studies of tau-actin interactions utilize a range of 

experimental approaches that yield differential results (67). Tau has been shown to bind and 

bundle actin in vitro (24,27,28,62).  Tau bound weakly to actin and did not reach saturation (27).  

In competitive binding studies with actin, the preferred substrate of tau is tubulin polymerized 

into microtubules (27,65).  Our study is the first to show that all tau mutants tested are able to 

bind to F-actin with the resultant binding R406W, G272V, P301L, and 441WT > 352PHP and 

R5H > 352WT (Figure 3.4). R406W, G272V, and P301L have the highest affinity for F-actin yet 

only G272V and P301L potentiate cell death in the presence of model Hirano bodies and/or 

AICD (Figure 3.2, Table 3.1). The differences in F-actin binding affinity of the various tau 

mutants does not explain the differential effect of tau on cell death in the presence of model 

Hirano bodies. However, since recombinant protein produced in E.coli was used, the impact of 

tau post-translational modifications on F-actin binding was not measured. Other results reported 

in this study imply that the phosphorylation state of tau is important. In the presence of 

constitutively active GSK3β (S9A), model Hirano bodies potentiate cell death in the presence of 

tau (see Table 3.2). In addition, only a small percentage of Hirano bodies in AD brain contain 

phosphorylated tau (Figure 3.8).  Another group was unable to detect pTau-202/205 in Hirano 

bodies from Alzheimer’s patients (68). It is possible that colocalization of tau with Hirano bodies 

varies from patient to patient and is heavily influenced by post-translational modification, and 

aggregation state given that Hirano bodies frequently occur in NFT-containing neurons (38). 

Consistent with this hypothesis, others have shown that phosphorylation of tau at certain sites 

reduces, but may not abolish its ability to associate with actin filaments (69). Conversely, studies 



 147 

have suggested that minor phosphorylation of certain residues may enhance actin binding 

(24,27,70).  This suggests a complex, dynamic relationship between tau and actin. This may 

explain why 352PHP binds F-actin in vitro (Figure 3.3), but does not co-localize with model 

Hirano bodies (Figure 3.7). In vivo, tau association with actin has been shown to be critical for 

tau-induced neurodegeneration (24). We cannot rule out that other modes of actin and tau 

interaction may be occurring such as intermediate binding proteins or other protein 

modifications.  For example, tau also binds to Fe65 (71), and Fe65 is known to be enriched in 

Hirano bodies (37).  

Phosphorylation of tau 

Studies characterizing FTDP-17 tau mutants demonstrated that tau was highly 

phosphorylated, and depending on the mutation, differentially phosphorylated (72-74). This 

differential phosphorylation also affects the ability of tau and its mutants to bind to microtubules 

(75), affects microtubule dynamic instability, and promotes microtubule assembly (for a review, 

see (76)). It is also well known that tau phosphorylation at multiple sites in vivo decreases its 

association with microtubules (67,77), thus making tau available to aggregate. 

Hyperphosphorylated tau has a tighter, more folded conformation and in some cases, an 

increased propensity to aggregate (14,74,78-83). 

 In all tau constructs tested except for R5H, R406W, K18, or K18ΔK280, expression of 

exogenous constitutively active GSK3β (S9A) and tau in the presence of model Hirano bodies 

strongly potentiated cell death compared to expression of GSK3β (S9A) and tau (Figure 3.4). 

Since GSK3β phosphorylates many substrates, results need to be interpreted with some caution.  

However, our results suggest that GSK3β or another kinase induces formation of 

hyperphosphorylated tau species. Model Hirano bodies could potentiate cell death by increasing 
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the local concentration of tau through F-actin binding, and serving as the nucleation agent in 

subsequent tau phosphorylation and aggregation. G272V and P301L have a higher propensity to 

aggregate than 441WT (see below (47)), and may therefore aggregate and induce cell death more 

easily in the presence of Hirano bodies. G272V and P301L were more phosphorylated in the 

presence of model Hirano bodies (Figure 3.6), lending credence to this supposition. Further 

experiments show that expression of dominant negative GSK3β (K85A) in the presence AICD 

and tau decreases levels of cell death to that expected from an additive effect of cell death 

induced by AICD + tau alone (Figure 3.2, table 3.1).  However, model Hirano bodies did not 

further enhance cell death in the presence of R406W shown previously to be 

hypophosphorylated in the presence of GSK3β (7,58) or tau mutants that did not contain the 

majority of GSK3β phosphorylation sites (K18 and K18ΔK280). Expression of dominant 

negative GSK3β (K85A) in the presence of G272V and model Hirano bodies lowered cell death 

to that expected of an additive effect of cell death induced by G272V + model Hirano bodies 

alone (Figure 3.5).  This may suggest a complementary role for phosphorylation and aggregation.   

 Consistent with this, in vitro studies characterizing the 352PHP tau mutant show that 

these mutations collectively inhibit aggregation compared to WT tau (84).  Therefore, transient 

phosphorylation and dephosphorylation of tau may be critical to formation of a pathologically 

relevant tau species. This may explain why expression of 352PHP tau and model Hirano bodies 

does not cause increased cell death in our system. It has been shown that phosphorylation of 

specific residues on tau is required to prime tau for additional phosphorylation (85-88), and that 

352PHP becomes phosphorylated in cell cultures under certain conditions at other 

serine/threonine residues that are not mutated (89). Therefore, the amino acid charge 

substitutions used to create the phosphorylation mimics on 352PHP may prime phosphorylation 
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at other sites. This could explain why expression of either AICD or GSK3β with 352PHP results 

in a synergistic cell death phenotype. These results support the hypothesis that model Hirano 

bodies enhance cell death in the presence of highly phosphorylated tau, and reduce cell death in 

the presence of other tau variants.  

Aggregation of FTDP-17 mutant tau 

The ability of tau to promote cell death in the presence of model Hirano bodies and/or 

AICD correlates most strongly with the propensity of tau to self-aggregate. Multiple studies 

show that FTDP-17 tau mutants vary widely in their ability to form PHFs and NFTs in vitro, in 

cell culture, and in vivo as well as the kinetics in which they form (90). Studies with recombinant 

tau obtained from bacteria showed that ΔK280(441tau) had a greater propensity to form paired 

helical filaments than P301L>G272V>R406W>441WT with a faster kinetic speed (47).  Tau 

mutants P301L and K18ΔK280 show the greatest tendency to aggregate (47), and potentiated the 

highest levels of cell death in the presence of model Hirano bodies. All tau mutants except for 

K18ΔK280 were incapable of inducing cell death alone consistent with previous reports (50,54). 

The ability of K18ΔK280 to cause cell death was attributed to the ability of this fragment to 

aggregate since mutation of hexapeptide motifs in tau essential for β-structure and aggregation 

reduced cell death and rescued neurodegeneration (55,91). Model Hirano bodies have no effect 

on cell death initiated by expression of exogenous K18ΔK280. Because this mutant is capable of 

initiating cell death on its own, it likely does not need model Hirano bodies to further aid its 

aggregation. Although little is known about the R5H tau mutation, R5L has been characterized in 

vitro with increased nucleation rate of aggregation and increased numbers of tau filaments (92), a 

trait shared with R5H (18).  R406W tau does not robustly aggregate in vitro or in cell cultures 

(92-95). In fact, R406W tau has been shown to be hypophosphorylated in resting cells compared 
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to WT tau (93,95), and hypophosphorylated when exposed to GSK3β in vitro (94).  Thus, tau 

phosphorylation may be related to tau aggregation and cell death.  The specific tau species 

responsible for potentiating cell death in our model is unknown, and more studies are needed to 

determine whether further tau modification and proteolytic processing contributes to cell death. 

In support of a relationship between aggregation and cell death, some FTDP-17 patients exhibit 

more aggressive symptoms than AD patients, coincident with robust tau pathology at an earlier 

age of onset (for review, see (96)). 

  A possible mechanism for the interaction of model Hirano bodies and tau is that model 

Hirano bodies increase the local concentration of tau through a direct or indirect interaction. All 

the full-length tau proteins bound F-actin in our study and all tau proteins with the exception of 

352PHP were enriched with model Hirano bodies (Figure 3.3 and 3.7).  While tau binds with a 

lower affinity to actin than microtubules, the concentration of F-actin in a Hirano body could be 

360-600 µM based on the actin concentration in F-actin solutions bundled by the Dictyostelium 

34 kDa actin bundling protein (97).  The high local concentration of F-actin in a model Hirano 

body could compensate for weak tau binding.  Phosphorylation, aggregation, or other protein 

modifications could become more favorable due to the high local concentration. Tau mutants 

most prone to aggregation then initiate cell death. Previous studies with recombinant tau induced 

to aggregate by the presence of heparin showed that both P301L and G272V aggregated faster 

and to a greater extent than R406W or 441WT (47).  The truncated K18ΔK280 aggregated 

exceptionally quickly in contrast to K18.  Model Hirano bodies were not able to protect against 

cell death in the presence of these aggregation-prone tau mutants alone or in addition to AICD. 

In contrast, WT tau isoforms and tau mutants R406W and R5H did not cause cell death in the 

presence of model Hirano bodies, and model Hirano bodies were able to protect from cell death 
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induced by these tau mutants in the presence of AICD.  These forms of tau were slower to 

aggregate and did so to a smaller extent than P301L, G272V, or K18ΔK280 (47).    

AICD and tau 

Our data is consistent with the idea that tau significantly contributes to cell death in the 

presence of AICD.  This complements previous results showing that expression of exogenous 

C31/APP/352PHP tau or AICD/352PHP tau results in a potentiation of cell death compared to 

cells expressing AICD or 352PHP alone (44).  In this study, expression of all tau forms tested 

enhanced cell death in the presence of AICD (albeit at different levels) to a level that was 

significantly greater than the sum of AICD and tau expressed separately with the exception of 

352WT, 441WT, and K18ΔK280 (Table 3.1). It is noteworthy that exogenous expression of 

dominant negative GSK3β (K85A) with AICD and all forms of tau that previously induced 

synergistic cell death decreased to an additive sum of AICD alone plus tau alone, while AICD 

and all forms of tau that do not induce synergistic cell death were unaffected by GSK3β (K85A).  

In addition, the presence of model Hirano bodies with AICD and tau decreased the amount of 

GSK3β.  These results support a model in which AICD potentiates cell death in the presence of 

tau and that phosphorylation of tau is important to that process.  AICD has been shown to up-

regulate or be upstream of GSK3β activation (7). Our results strongly support the conclusion that 

the interplay between AICD and tau involves activation of GSK3β and phosphorylation of tau, 

and that there are at least two major effects of AICD.  AICD alone activates Fe65, Tip60, and 

caspases, while the interaction of AICD with tau to cause cell death requires activation of 

GSK3β.   
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CONCLUSION: 

 We provide further evidence that Hirano bodies have a specific effect on the pathogenesis 

of neurodegenerative disease, with respect to tau and C-terminal fragments of APP. We suggest 

that Hirano bodies do not serve a general protective function by simply accumulating cytosolic 

proteins, but rather protect against cell death initiated by AICD and mitigate or enhance cell 

death dependent on the biochemical properties of tau. This data complements key discoveries 

made in transgenic animal models and neuronal cell culture reporting abnormal rearrangement of 

F-actin during cell stress or neurodegeneration, and suggest that Hirano bodies play a complex 

role in the pathogenesis of disease.  

 

MATERIALS AND METHODS: 

Plasmids: CT-EGFP was utilized to induce model Hirano bodies as previously described 

(42,44). Other plasmids utilized encoded GFP (pEGFP-N1, Clontech, Mountain View, CA), 

AICD (APPc58-myc, c-terminal 58 amino acids of APP-695, a generous gift from Bradley 

Hyman, Harvard Medical School) (98), and HA-tagged GSK3β (Addgene plasmid 15994) (99).  

GSK3β (S9A) (constitutively active) (100), and GSK3β (K85A) (dominant negative) (7,59) were 

constructed from HA-GSK3β using a QuikChange II XL Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla CA) using mutagenic primers K85A 

5’GAACTGGTCGCCATCAAGAAAGTATTGCAGGAC 3’ and S9A 5’ 

CCAGAACCACCGCCTTTGCGGAGAGC 3’.  The coding sequences of these plasmids were 

confirmed by sequencing. 

 A single MAPT gene in the central nervous system generates six tau isoforms by 

alternative splicing of its pre-mRNA. Isoforms ranging in size from 352-441 residues differ by 
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exclusion or inclusion of exons 2,3, and 10. Plasmids were constructed to express wild type tau 

(352WT or 441WT) or mutant forms (352PHP, R5H, G272V, P301L, R406W, K18, or 

K18ΔK280) in either mammalian or bacterial cells.  352PHP is a tau mutant created in the 

shortest tau isoform (352WT) in which 10 serine/threonine residues (S198, S199, S202, T231, 

S235, S396, S404, S409, S413, and S422) were mutated to glutamic acid to mimic a 

hyperphosphorylated state (generous gifts from Roland Brandt, University of Osnabrück, 

Osnabrück, Germany) (101) as shown in Figure 3.1.  K18 comprises the microtubule-binding 

domain (amino acids Q244 to E372, numbering from the 441 length tau) (47).  To generate N-

terminal FLAG-tagged tau constructs with a CMV promoter for expression in mammalian cells 

(Figure 3.1), the coding sequence of 352PHP was digested from the 352PHP plasmid with ClaI. 

Using the coding sequence of 441 length human WT tau (441WT) in pET-29b (Addgene plasmid 

16316) (102) as a template, ClaI restriction sites were introduced through PCR, and 441WT 

coding sequence was cloned into the ClaI site of the remainder of the 352PHP plasmid backbone 

containing the FLAG-tag and CMV promoter. Tau mutants in the 441 length tau in either the 

mammalian or bacterial expression plasmids were constructed using a QuikChange II XL Site-

Directed Mutagenesis Kit (Stratagene, La Jolla CA). Primers for mutagenesis were:  

ΔK280 (deletion of K280) 5’ GCAGATAATTAATAAGCTGGATCTTAGC,  

R5H 5’ATGGCTGAGCCCCACCAGGAGTTCGAAG,  

G272V 5’GCACCAGCCGGGAGTCGGGAAGGTGCAG, 

P301L 5’ATCAACACGTCCTGGGAGGCGGCAG, and  

R406W 5’GGACACGTCTCCATGGCATCTCAGCAATG. Tau constructs K18 and K18ΔK280 

were generated by the introduction of ClaI sites to the 5’ and 3’ end of K18 or K18ΔK280 using 

either the 441WT or ΔK280 441WT as template, digesting the PCR products, and ligating into 
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the ClaI site of the remainder of the 352PHP plasmid backbone after deletion of the coding 

sequence. The coding sequences of all plasmids were verified by sequencing.  

Immunofluorescence: Hirano bodies have been proposed to have a glial origin (103), and 

because glial cells have been shown to be important mediators of cell death induced by Aβ and 

tau (104), H4 human astroglioma cells were utilized. Furthermore, H4 cells have been shown to 

contain nearly undetectable levels of endogenous tau (105,106). H4 astroglioma cells (American 

Type Culture Collection, Manassas, VA) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) 

at 37°C and 5% CO2. H4 cells were plated onto glass coverslips and allowed to adhere for 24 h. 

Cells were transiently transfected with equal amounts of plasmid (1 µg each) using 

Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. Cells 

were processed after 24 h for immunofluorescence as previously described (42).  Coverslips 

were visualized with a Zeiss Axioobserver Z1 equipped with an AxioCam MRm controlled by 

AxioVision4.6 software. Antibodies used were anti-FLAG rabbit antibody to label tau (Sigma-

Aldrich, St. Louis, MO), and Alexa Fluor 350 conjugated anti-rabbit secondary antibody 

(Molecular Probes, Eugene, OR). F-actin was visualized using TRITC-conjugated phalloidin 

(Sigma-Aldrich, St. Louis, MO), and nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, 

MO). Characterization of the types of actin-rich structures was performed on H4 cells transfected 

as described above and processed for immunofluorescence 48 h after transfection. CT-GFP-rich 

structures were characterized having normal cellular localization, fibrillar structures, Hirano 

bodies or large Hirano bodies.  Hirano body size was determined using NIH ImageJ using the 

threshold function to eliminate user bias. Large Hirano bodies are those in the fourth quartile.  
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Significance between samples was determined using the non-parametric Mann-Whitney test.  

Experiments were performed in a minimum of triplicate. 

Immunohistochemistry: Samples of human hippocampus were obtained from the Alzheimer’s 

Disease Research Center at Emory University.   Samples were screened for presence of Hirano 

bodies, and were derived from patients with AD, or control subjects that had no known history of 

neurological disease and no neuropathological changes indicative of neurodegenerative disease 

at autopsy.   

 

Case number Age at death Race/sex 

E08-125 (AD) 81 Male 

E09-155 (AD) 83 Caucasian male 

E10-179 (AD) 66 African American female 

E09-170 (control) 88 Caucasian female 

E10-142 (control) 94 Caucasian male 

 

All samples were de-identified and coded only by sample number, and supplied as eight-micron, 

paraformaldehyde-fixed paraffin sections mounted on slides. Mounted sections were dewaxed in 

xylene and rehydrated in an ethanol gradient prior to antigen retrieval in boiling 10 mM sodium 

citrate plus 0.05% Tween 20 pH 6.0 for 20 minutes. Endogenous peroxidase activity was 

inhibited by incubating sections in 3% hydrogen peroxide for 10 minutes prior to washing with 

phosphate buffered saline (PBS) and blocking with 10 mg/ml bovine serum albumin in PBS 

overnight.  Samples were stained for total tau using mouse tau 5 antibody (1/400 in PBS, 4% 

BSA) (Santa Cruz Biotechnology, Dallas, TX), or tau phosphorylated at serine 199/202 using 
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rabbit anti-pTau199/202 (1/300 in PBS, 4% BSA) (Sigma-Aldrich Chemical Co, St. Louis, MO).  

Anti-mouse and anti-rabbit biotinylated secondary antibodies (1/800 in PBS) (Sigma-Aldrich 

Chemical Co, St. Louis, MO) followed by a streptavidin-HRP polymer complex (1/1000 in PBS) 

with diaminobenzidine enhanced substrate system (Vector Laboratory, Burlingame, CA) were 

utilized as a detection system.  Samples were counterstained with hematoxylin/eosin (Sigma-

Aldrich Chemical Co, St. Louis, MO) to visualize Hirano bodies.  All protocols were approved 

by the University of Georgia Institutional Biosafety Committee and the Institutional Review 

Board. 

Cell death assays:  24 hours prior to transfection, 8,000 H4 cells/well were plated into 96-well 

plates (Nalge Nunc, Rochester, NY). Cells were transiently transfected with equal amounts of 

plasmid (250 ng each) using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to 

manufacturer’s instructions.  In some experiments, the amount of GSK3β (S9A) plasmid was 

reduced (150 ng) to examine its dose dependent effect while the amounts of the other plasmids 

were kept constant. 24 hours post-transfection, cell death assays were performed as previously 

described (44). Briefly, cells were incubated with 9 nM Sytox Orange, a cell impermeable 

nucleic acid dye (Invitrogen, Carlsbad, CA), and 264 µM Hoechst 33258 (Sigma-Aldrich 

Chemical Co, St. Louis, MO) for 15 min at 37 °C and 5% CO2. Due to inefficient transfection, 

GFP was used as a transfection control. Sytox Orange positive fluorescence was used to indicate 

dead cells. A minimum of 80 cells was counted per sample and each condition was sampled at 

least three independent times. Analysis of statistical significance was performed using Student’s 

t-test.  The interactions of multiple components and their contributions to cell death were 

analyzed by using propagation of error, comparing the calculated sum and standard deviations of 

cell death observed when the two components were separate to that observed when they were 
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present in the assay together to determine the error of the calculated sum.  This strategy and 

applying Student’s t-test allowed determination of whether the cell death observed when the two 

components were present together was significantly greater than expected, suggesting a 

biological and/or molecular interaction. 

Protein purification:  Expression of wild type and mutated forms of tau in pET29-b was 

induced by the addition of 1 mM IPTG in E.coli Bl-21(DE-3) with the exception of 352PHP 

which required no IPTG.  Recombinant tau proteins were purified as previously described (107) 

with the following modifications.  Cells were lysed by the addition of 0.2 mg/ml of lysozyme in 

the bacterial resuspension buffer and stirred until lysis was complete.  The lysate was sonicated 

prior to the addition of NaCl and subsequent boiling.  The lysate was clarified by 

ultracentrifugation and the supernatant was diluted with cation exchange buffer A without NaCl 

to a final concentration of 50 mM NaCl, and applied to CM-cellulose column (GE Healthcare 

Life Sciences, Piscataway, NJ).  The column was washed with cation exchange buffer A until the 

OD reached baseline levels and subsequently eluted with a linear gradient 0.05 – 0.4 M NaCl 

gradient.  Fractions containing tau were identified by SDS-PAGE, collected, diluted with cation 

exchange buffer A without NaCl to a final concentration of 50 mM NaCl and concentrated on 

CM-cellulose.  The mutant tau was eluted with cation exchange buffer with 0.6 M NaCl.  

Fractions containing the mutant tau were identified by OD280 nm, sedimented at 13,000xg for 

15 min at 4°C, and the supernatant applied directly to sephacryl S-200 (GE Healthcare Life 

Sciences, Piscataway, NJ) column equilibrated with 10 mM HEPES, pH 7.4, 150 mM NaCl, 1 

mM DTT, and 0.02% sodium azide.  Fractions containing tau were identified by SDS-PAGE.  

Individual fractions containing the highest concentrations of tau were frozen at -80C° and used 
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without further concentrating.  Five hours prior to use, the tau was dialyzed versus 

cosedimentation buffer (see below). 

Actin was prepared from rabbit skeletal muscle acetone powder (108,109) and further 

purified by application to sephadex G-150.  The actin was maintained for up to 1 week in 

cosedimentation buffer (10 mM PIPES, pH 7.0, 100 mM KCl, 1 mM MgCl2, 1 mM ATP, 1 mM 

DTT, and 0.02% sodium azide) with daily buffer changes.  The protein concentrations of actin 

and tau were determined using bicinchoninic acid method (Pierce Protein Biology, Rockford, IL) 

(110) with bovine serum albumin as a standard. 

 Cosedimentation assays were performed as previously described (111).  F-actin and/or 

tau mixtures were incubated 2 h prior to ultracentrifugation.  The samples were analyzed by 

SDS-PAGE and quantified utilizing ChemiDoc™ MP System and Image Lab™ software (Bio-

Rad Laboratories, Hercules, CA).  The amount of tau in the pellets was corrected for the small 

amount of tau alone found in the pellet.  Experiments were performed in a minimum of triplicate. 

Western blot: HEK293T cells (American Type Culture Collection, Manassas, VA) were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (Atlanta Biologicals, Flowery Branch, GA) at 37°C and 5% CO2.  They were plated at a 

density of 4×105 cells per 60 mm diameter dish.  Cells were transfected with equal amounts of 

plasmid (2.5 µg each) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to 

manufacturer’s instructions.  At 48 hours after transfection, cells were washed twice with ice-

cold PBS and lysed with 20 mM Tris, pH 7.5, 1% triton-X100, 0.1% SDS, 0.5% deoxycholic 

acid, and 10% glycerol with 10 µL protease inhibitor cocktail (5 mM EGTA, 1 mM DTT, 100 

mM leupeptin, 10 mM pepstatin, 0.1 M PMSF, 0.1 M benzamidine, and 0.5 M ε-aminocaproic 

acid).  Cell debris was separated from total homogenate by centrifugation at 13,000g for 15 min 
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at 4°C.  The supernatant was stored at -80°C until used. Protein concentrations of the 

supernatants were determined by bicinchoninic acid assay using BSA as a standard (110).  For 

western blot analysis, samples were loaded at equal total protein, separated by SDS-PAGE, and 

transferred to nitrocellulose membranes.  Blots were blocked in 5% nonfat dry milk in TBST and 

probed using with either rabbit anti-pTau199/202 (1/4500) (Sigma-Aldrich Chemical Co, St. 

Louis, MO), rabbit-anti pTau231 (1/2000) (Acris Antibodies, San Diego, CA), goat-anti 

pTau396 (1/2000) (Santa Cruz Biotechnology, Dallas, TX), rabbit anti-GFP (1/5000) (Sigma-

Aldrich Chemical Co., St. Louis, MO), mouse anti-tau5 (1/5000) (Santa Cruz Biotechnology, 

Dallas, TX), mouse anti-alpha tubulin (1/8000) (Millipore, Billerica, MA), mouse anti-myc 

(1/8000) (Cell Signaling Technology, Danvers, MA), or rabbit anti-GSK-3β (1/1000) (Santa 

Cruz Biotechnology, Dallas, TX).  After three washes with TBST, blots were incubated with 

either goat anti-mouse horseradish peroxidase, goat anti-rabbit horseradish peroxidase (1/10000) 

(Pierce-lab, Rockford, IL), or donkey anti-goat horseradish peroxidase (1/8000) (Millipore, 

Billerica, MA) and detected by chemiluminescence using SuperSignal Western Dura Extended 

Duration Substrate (Thermo Scientific, Rockford IL).  Images were captured utilizing 

ChemiDocTM MP system and Image LabTM software (Bio-Rad Laboratories, Hercules, CA). 

Blots were performed in duplicate. 
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Figure 3.1: Schematic illustration of tau isoforms, phosphorylation sites and mutations. 

Point mutations R5H, G272V, P301L, and R406W were created in the 2N4R (441) tau isoform. 

Arrows represent boundaries of K18 (amino acids 244-372) (54). N1 and N2 represent N-

terminal exons 1 and 2. R1, R2, R3, and R4 represent microtubule binding domain repeats 1-4. 

Yellow circles designate 10 serine/threonine to glutamic acid mutations that occur in 352PHP tau 

(101). This mutant was created in the 352 tau isoform lacking N1, N2, and R2.  
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Figure 3.2: FTDP-17 tau and model Hirano bodies differentially modulate cell death. H4 

cells were transiently transfected with equal amounts of plasmid DNA encoding AICD and/or 

tau in the presence (check, stripe bars) or absence (gray, black bars) of model Hirano bodies 

(CT-GFP). Model Hirano bodies protect from cell death induced by AICD and tau, except for tau 

mutants G272V and P301L. Note that G272V and P301L potentiate cell death in the presence of 

model Hirano bodies alone. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent the 

standard deviation.  
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Figure 3.3:  Relative binding of recombinant tau to F-actin.  Tau binds differentially to F-

actin with binding of R406W (blue square), G272V (red circle), P301L (blue triangle), and 

441WT (green triangle) > 352PHP (purple diamond) and R5H (black circle) > 352WT (orange 

square).  The curves are to aid the reader and do not indicate biochemical binding curves.  The 

standard deviations were not shown for clarity. 
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Figure 3.4: Model Hirano bodies differentially influence cell death in the presence of 

GSK3β (S9A) and tau. H4 cells were transiently transfected with equal amounts of plasmid 

DNA encoding constitutively active GSK3β (S9A) and tau (black bars) or GSK3β (S9A), tau, 

and model Hirano bodies (check bars). Model Hirano bodies significantly promote cell death 

induced by GSK3β (S9A) and tau except in tau mutants R5H, R406W, K18, and K18ΔK280, 

where they have no effect. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent the standard 

deviation.  
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Figure 3.5: GSK3β (K85A) differentially influences cell death in the presence of AICD and 

tau. H4 cells were transiently transfected with equal amounts of plasmid DNA encoding tau in 

the absence (grey bars) or presence of AICD (black bars) or dominant negative GSK3β (K85A) 

and tau in the absence (check bar) or presence of AICD (striped bar). GSK3β (K85A) 

significantly decreases cell death due to AICD and tau except in tau constructs 352WT, 441WT, 

K18ΔK280 where there is no effect. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent 

the standard deviation.  
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Figure 3.6: Western blot analysis of GSK3β levels and tau phosphorylation. HEK293 cells 

were transiently transfected with equal amounts of plasmid.  NT = Not Transfected control.  A. 

Expression of exogenous AICD increases total GSK3β protein. Expression of CT-GFP in 

addition to AICD reduces GSK3β to control levels. Expression of tau has no effect on levels of 

GSK3β.  B. The presence of exogenous CT-GFP increases phosphorylation of G272V at 

Ser199/Ser202 and Thr231 and of P301L at Ser199/Ser202.  Expression of CT-GFP has no 

effect on 441WT, R406W, or R5H tau phosphorylation at any epitope measured.  
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Figure 3.7: Immunofluorescence localization of tau and model Hirano bodies. H4 cells were 

transiently transfected with FLAG-tagged tau constructs and CT-GFP to induce model Hirano 

bodies. 24 h post-transfection, cells were fixed and stained for good preservation of F-actin. Tau 

was stained with anti-FLAG primary antibody and Alexa Fluor350 secondary antibody (blue). F-

actin was stained using TRITC-phalloidin (red). All tau isoforms colocalize with model Hirano 

bodies except 352PHP, which is localized diffusely throughout the cell. A. Control tau 352WT, 

441 WT, K18.  B.  Mutant tau R5H, G272V, P301L, R406W, K18ΔK280, 352PHP.  Scale bar = 

20 µm.  
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Figure 3.8: Immunohistochemistry localization of tau and Hirano bodies in human brains. 

Immunohistochemistry was performed on paraffin embedded human brain sections using Tau5 

or pTau-199/202 antibodies following an eosin counterstain to visualize Hirano bodies (arrows). 

Tau5 antibodies colocalized with Hirano bodies in both Alzheimer diseased and control brains 

while pTau-199/202 colocalized with Hirano bodies only in Alzheimer diseased brains. Scale bar 

= 50 µm 
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Figure 3.9:  Model of the interplay between AICD, tau, and model Hirano bodies. 

A.  The black line represents cell death initiated by “AICD only” pathway involving Fe65, 

Tip60, p53, and caspases (41, 6). B. Blue line represent the modest levels of cell death initiated 

by “tau only” including K18ΔK280 alone and low levels of cell death from all other tau alone 

(green boxes).  C. The pink arrows represent the synergistic cell death due to AICD and either 

G272V, P301L, K18, RH5, R406W, or 352PHP tau. 441WT, 352WT, and K18ΔK280 do not 

synergize with AICD to promote cell death. D. Model Hirano bodies protect against AICD-

induced cell death and cell death initiated by AICD and K18, RH5, R406W, or 352PHP tau (red 

lines). In contrast, model Hirano bodies potentiate AICD-induced cell death in the presence of 

either P301L or G272V tau (green lines). Model Hirano bodies alone have no impact on K18, 

R5H, R406W, 352PHP, 441WT, 352WT, or K18ΔK280 tau-induced cell death or have negative 

consequences. In addition, the synergistic cell death induced by AICD in the presence of G272V 

or P301L tau is not affected by the presence of model Hirano bodies.  E. Expression of the 

dominant negative GSK3-β (K85A) prevents cell death initiated by synergistic interaction of 

AICD and tau or model Hirano bodies and G272V or P301L tau (red lines).  
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Figure 3.10.  Mutant tau does not affect model Hirano body formation. H4 cells were 

transiently transfected with equal amounts of plasmid DNA encoding CT-GFP to induce model 

Hirano bodies in the absence (white bars) or presence of either 352WT (stripe bar), 441WT (grey 

bar), 352 PHP (black bar), or P301L crosshatch bar). Cells were fixed after 48 hrs. Model Hirano 

bodies were characterized as normal, fibrillar, Hirano body, or large Hirano body as determined 

by GFP fluorescence. There is no difference between the populations of cells. Scale bar = 20 µm. 
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Table 3.1.  Additive versus synergistic cell death induced by co-expression of AICD and tau. 

Values of cell death obtained when GFP/AICD or GFP/tau transiently expressed were added 

together and compared to the actual values of cell death obtained when GFP/AICD/tau were co-

expressed.  Synergistic cell death (bold entries) was observed when AICD was co-expressed with 

352PHP, R5H, K18, P301L, G272V, or R406W.  N.S. = not significant 

 

Tau %Cell Death 

(Additive)= 

GFP/AICD+GFP/tau 

%Cell Death 

+SD (Actual) = 

GFP/AICD/tau 

p value 

352tauWT 22.3% ± 1.46 24.6% ± 1.74 N.S. 

441tauWT 20.9% ± 2.78 22.0% ± 2.36 N.S. 

352tauPHP 21.7% ± 1.98 38.1% ± 4.35 p < 0.05 

R5H 21.3% ± 2.49 42.9% ± 4.09 p < 0.01 

K18 22.0% ± 4.24 39.0% ± 6.98 p < 0.05 

 K18ΔK280 42.5% ± 4.28 42.3% ± 4.61 N.S. 

P301L 21.4% ± 2.97 30.2% ± 3.79 p < 0.05 

G272V 21.9% ± 2.73 40.2% ± 1.40 p < 0.01 

R406W 20.4% ± 3.93 31.7% ± 2.70 p < 0.05 
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Table 3.2. Additive versus synergistic cell death induced by co-expression of tau and 

GSK3β (S9A). Values of cell death obtained when GFP/GSK3β (S9A) or GFP/tau transiently 

expressed were added together and compared to the actual values of cell death obtained when 

GFP/GSK3β (S9A)/tau were co-expressed.  Synergistic cell death (bold entries) was observed 

when GSK3β (S9A) was co-expressed with 352PHP, R5H, K18, K18ΔK280, P301L, or R406W.  

Interestingly, cell death in the presence of G272V was not affected by the presence of GSK3β 

(S9A).  N.S. = not significant 

 

Tau %Cell Death 

(Additive)=GFP/GSK3β(S9A)+ 

GFP/tau 

%Cell Death 

(Actual) = 

GFP/GSK3β(S9A)/ 

tau 

p value 

352tauWT 24.1% ± 1.44 57.3% ± 1.74 p < 0.005 

441tauWT 24.7% ± 0.95 29.1% ± 2.77 N.S. 

352tauPHP 25.5% ± 1.52 49.8% ± 3.63 p < 0.005 

R5H 25.1% ± 1.62 43.4% ± 1.37 p < 0.005 

K18 25.9% ± 1.40 46.3% ± 2.44 p < 0.005 

K18ΔK280 46.4% ± 1.00 76.4% ± 4.84 p < 0.005 

P301L 25.2% ± 1.37 55.3% ± 1.45 p < 0.005 

G272V 25.8% ± 2.88 27.8% ± 3.13 N.S. 

R406W 24.3% ± 1.14 43.0% ± 3.33 p < 0.005 
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Table 3.3.  The effect of tau phosphorylation on cell death in the presence of model Hirano 

bodies. Expression of GSK3β(K85A) reduced the synergistic cell death observed when both 

G272V and model Hirano bodies are present, to an additive effect, implying that the 

phosphorylation state is important. 

Sample %Cell Death  

 

Hirano body/GSK3β(K85A)   4.20 + 0.77 

Hirano body/G272V 17.90 + 2.59 

Hirano body/G272V/GSK3β(K85A) 10.20 + 1.35 

GFP/G272V   4.75 + 0.74 

GFP/G272V/ GSK3β(K85A)   5.80 + 0.56 

GFP/G272V + GFP/ GSK3β(K85A)   8.95 + 2.06 
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CHAPTER 4 

HIRANO BODY EXPRESSION IMPAIRS SPATIAL WORKING MEMORY IN A NOVEL 

MOUSE MODEL1 
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ABSTRACT: 

Introduction Hirano bodies are actin-rich intracellular inclusions found in the brains of patients 

with neurodegenerative conditions such as Alzheimer’s disease or frontotemporal lobar 

degeneration-tau.  While Hirano body ultrastructure and protein composition have been well 

studied, little is known about the physiological function of Hirano bodies in an animal model 

system.  

Results Utilizing a Cre/Lox system, we have generated a new mouse model which develops an 

age-dependent increase in the number of model Hirano bodies present in both the CA1 region of 

the hippocampus and frontal cortex.  These mice develop normally and experience no overt 

neuron loss.  Mice presenting model Hirano bodies have no abnormal anxiety or locomotor 

activity as measured by the open field test.  Mice with model Hirano bodies develop age-

dependent spatial working memory impairments.  Despite this cognitive impairment, paired 

pulse stimulation and long-term potentiation measurements in the hippocampus were 

indistinguishable from control mice.  In addition, an inflammatory response can be detected at 8 

months of age as assessed by the presence of reactive astrocytes. 

Conclusion This study shows that the presence of model Hirano bodies initiates an inflammatory 

response and impairs spatial working memory in an age-dependent manner.  This suggests that 

Hirano bodies may promote disease progression.  This new model mouse provides a tool to 

investigate how Hirano bodies interact with other pathologies associated with Alzheimer’s 

disease.  Hirano bodies likely play a complex and region specific role in the brain during 

neurodegenerative disease progression.  
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INTRODUCTION: 

Neurodegenerative diseases are characterized by neuronal loss that results in progressive 

cognitive decline, motor impairments, and changes in behavior (1).  The most prevalent 

neurodegenerative disease is Alzheimer’s disease (2,3) which is characterized pathologically by 

the deposition of protein aggregates (1).  The brains of Alzheimer’s disease patients develop 

extracellular amyloid beta plaques and intracellular neurofibrillary tangles (NFTs) (4,5).  In 

addition, patients with Alzheimer’s disease and other neurodegenerative diseases may also 

develop a secondary pathology known as Hirano bodies (6-10).  

Hirano bodies are intracellular, eosinophilic rod-shaped inclusions found in both neurons 

and glia of the central nervous system (6-12).  Hirano bodies are paracrystalline structures 

primarily composed of filamentous actin (F-actin) and actin-associated proteins (7,13).  Hirano 

bodies are differentiated from other types of actin inclusions based on their ultrastructure (14).  

They have a distinct orientation and spacing of F-actin, the appearance of which changes based 

on the plane of section.  These filaments are approximately 6-10 nm wide with 10-12 nm spacing 

between parallel filaments (7,15,16).  In addition to actin-associated proteins, amyloid precursor 

protein intracellular domain (AICD) and tau are present in Hirano bodies, implicating these 

structures in the pathogenesis of Alzheimer’s disease (17-19).  

Despite decades of research, very little is known about the physiological role of Hirano 

bodies.  Due to a lack of a mammalian model system, research has been limited to studying 

Hirano body frequency, components, and structure in post-mortem tissue.  However, the 

development of a model system for studying Hirano bodies was made possible through 

expression of a C-terminal 34 kDa actin-binding protein truncation mutant (CT, amino acids 

124-295) in Dictyostelium discoideum (20,21).  Expression of CT does not affect total actin 
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levels, but causes redistribution in the ratio of globular to F-actin (21).  These structures slow 

Dictyostelium growth and development only moderately, and are not detrimental to cell survival 

(21).  Ultrastructural analysis of CT-induced actin-rich deposits revealed highly ordered actin 

filaments identical to Hirano bodies from human tissue (21).  Formation of model Hirano bodies 

through expression of CT has also been successful in immortal mammalian cell lines as well as 

primary neurons (22).  Cells expressing CT experience no growth or migration phenotypes (22).  

Model Hirano bodies formed in mammalian cells contain many of the same protein components 

as Hirano bodies found in humans as well as the same hallmark ultrastructure and filament 

spacing (22-24).  

In addition to structural characterization of model Hirano bodies, limited physiological 

aspects of these inclusions have also been investigated.  Both Hirano bodies found in humans 

and model Hirano bodies are often seen enclosed in membranes thought to be derived from 

autophagosomes (12,22).  Consistent with this hypothesis, model Hirano bodies are degraded 

through both the autophagy and proteasome pathways, determined through use of pharmacology 

and an autophagy mutant Dictyostelium (25).  The impact of model Hirano bodies on AICD and 

tau was investigated in cell culture since these proteins are colocalized with both human and 

model Hirano bodies (19,22-24).  Normally AICD is abundant in the nucleus, where it plays a 

role in transcription (26,27).  The presence of model Hirano bodies drastically reduces AICD 

nuclear localization (23).  The presence of model Hirano bodies was also found to decrease 

AICD- and tau-induced cell death and AICD-induced transcription (23,24).  These results imply 

both a potentially protective and deleterious role for Hirano bodies.   

While cell culture is useful for mechanistic characterization at the cellular level, an in 

vivo model is needed to provide the appropriate anatomical and physiological context for an 
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informative assessment of systemic pathology.  Therefore, a mouse with brain-specific 

expression of CT fused to green fluorescent protein under control of the Rosa promoter and 

induced by Cre/lox technology was generated by crossing a CT-GFP transgenic mouse (R26CT) 

with a Thy1.2-CRE mouse (28).  These mice developed rod-shaped eosinophilic inclusions 

primarily in the CA3 region of the hippocampus.  In addition, these inclusions had an 

ultrastructure indistinguishable from Hirano bodies found in humans (28).  The formation of 

model Hirano bodies in the mouse hippocampus did not induce neuronal loss or impact long-

term plasticity.  However, a deficit in presynaptic short-term plasticity in the CA1 region was 

observed (28).  Despite these interesting findings, complex behavioral studies such as motor or 

learning tasks were not evaluated.  Furthermore, Hirano bodies in human disease are found 

predominately in the CA1 region of the hippocampus, not the CA3 as seen in the previous mouse 

model (12,16).  In order to generate Hirano bodies in the CA1 region of the hippocampus, 

R26CT mice were crossed with a CamKIIa-CRE mouse, which directs CRE expression 

predominately to the CA1 region of the hippocampus and forebrain (29,30).  In the current study, 

this new mouse model is characterized utilizing electrophysiological, pathological, and 

behavioral methods to evaluate the impact of model Hirano bodies on neurophysiology and 

cognition.  

 

MATERIALS AND METHODS:  

Animals: C57Bl/6-Gt(ROSA)26Sortm1(CT-GFP)UGA (R26CT) mice (previously described (28)) 

were crossed with CamKIIa-CRE mice (B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, Jax ID: 005359) (29) 

to induce expression of CT-GFP (R26CT-CRE).  During breeding, CRE was carried maternally, 



	
   204	
  

and all mice were homozygous for the CT-GFP transgene.  All R26CT and R26CT-CRE mice 

used in behavioral and electrophysiological studies were male.  

PCR was utilized to genotype the presence of R26CT with primers: P1 5’-

TTGGAGGCAGGAAGCACTTG -3’ ; P2  5’-CATCAAGGAAACCC TGGACTACTG- 3’ ; 

and P3  5’–CCGACAAAACCGAAAATCTGTG-3’ using genomic DNA obtained from the tail 

as a template.  Amplification using P1 and P2 yields a 230 bp product from the R26CT allele, 

and P1 and P3 yields a 369 bp product from the wild-type Rosa26 allele.  To detect the Cre 

transgene via PCR, the primers were: 5’-CCAGGCCTTTTCTGAGCATACC- 3’ and 5’-

CAACACCATTTTTTCTGACCCG-3’, producing a product of 641 bp.   

Mice had ad libitum access to food (except during behavioral studies, see below) and 

water during this study.  All animal protocols and experiments were approved by the University 

of Georgia Institutional Animal Care and Usage Committee. 

 

Statistics: Test of significance were performed using both paired and unpaired t-test, and mixed 

ANOVA.  Results were considered significant if p < 0.05. 

Brain sectioning and histology: For cryosections utilized in immunofluorescence, dissected 

whole brains were fixed in 4% paraformaldehyde in phosphate-buffered saline, pH 7.4 (PBS) 

overnight, followed by cryoprotection in 30% sucrose, embedding in OCT (Optical Cutting 

Temperature, Tissue-Tek 4583), and storage in liquid nitrogen.  6-8 µm thick sagittal sections 

were cut from frozen tissue using a cryostat (Leica CM3050 S, Richmond, IL) and 

electrostatically attached to Superfrost Plus glass slides (Fisher Scientific, Pittsburgh, PA). For 

paraffin sections, dissected brains were fixed in 4% paraformaldehyde in PBS, pH 7.4, at 4° C 

overnight, dehydrated in a graded series of 50, 75, 90, 96 and 100% ethanol, equilibrated with 
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xylene, embedded in paraffin, sectioned on a sliding microtome (Leica RM2155, Richmond, IL) 

at a thickness of 5-8 µm, and mounted on slides. H&E staining was performed as follows:  after 

dewaxing with xylene, sections were stained with Gill’s No. 2 hematoxylin (Sigma-Aldrich 

Chemical Co., St. Louis, MO) and eosin solution (Sigma-Aldrich Chemical Co., St. Louis, MO).  

Immunohistochemistry: Mounted paraffin sections were dewaxed in xylene and rehydrated in 

graded ethanol solutions prior to antigen retrieval in boiling 50 mM sodium citrate plus 0.01% 

Tween20 for 25 minutes.  Endogenous peroxidase activity was inhibited through incubation of 

sections in 3% hydrogen peroxide for 10 minutes prior to washing with PBS and blocking with 

10 mg/ml bovine serum albumin (BSA) in PBS overnight.  Slices were incubated in mouse anti-

GFAP (1/1000) (Sigma-Aldrich Chemical Co., St. Louis, MO) or mouse anti-ED1 (1/400)  

(Abcam, Cambridge, MA) primary antibodies for 1 hour.  Secondary biotinylated goat anti-

mouse and goat anti-rabbit antibodies were used at 1/450 dilution for 1 hour.  Slices were 

incubated with streptavidin-HRP polymer complex (1/1000) (Vector Laboratory, Burlingame, 

CA) for 30 minutes.  Slices were washed 3 times for 5 minutes each between antibody and 

enzyme incubations with TBST (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween20).  

Diaminobenzidine (DAB) enhanced substrate system was used according to the manufacturers 

instructions (Vector Laboratory, Burlingame, CA).  After washing off excess DAB substrate, 

slides were counterstained with Gill’s No. 2 Hematoxylin (Sigma-Aldrich Chemical Co., St. 

Louis, MO) prior to mounting.  Sections were viewed with a Leica DM6000 B microscope 

(Wetzlar, Germany) with Hamamatsu ORCA-ER digital camera (Hamamatsu, Bridgewater, NJ).   

Immunofluorescence: Cryosections were blocked for 1 hour in 2% BSA in TBST and incubated 

in primary antibody at room temperature overnight.  The sections were washed three times in 4% 

milk in TBST for 5 min each, followed by 1 hour incubation with rabbit anti-GFP (1/500) 
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(Sigma-Aldrich Chemical Co., St. Louis, MO), FITC labeled goat anti-rabbit secondary (1/1000) 

(Sigma-Aldrich Chemical Co., St. Louis, MO), TRITC-phalloidin conjugated (1/40) (Sigma-

Aldrich Chemical Co., St. Louis, MO), and 264 µM Hoechst 33258 with appropriate washes in 

between.  Slides were visualized with a Zeiss Axioobserver Z1 equipped with an AxioCam 

MRm controlled by AxioVision4.6 software. 

Transmission electron microscopy (TEM): TEM was performed as previously described with 

slight modification (28).  Whole mouse brains were dissected to separate hippocampus from 

cortex.  Hippocampal tissue blocks were fixed by immersion in 4% paraformaldehyde and 2% 

glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 overnight, and postfixed in 1% osmium 

tetroxide for 2 hours.  After serial dehydration in ethanol solutions, tissues were embedded in 

Epon (Embed-812; Electron Microscope Science, Hatfield, PA).  Semithin sections were stained 

with 1% toluidine blue in 1% sodium tetraborate.  Ultrathin sections were collected on nickel 

grids, counterstained with uranyl acetate for 30 minutes, and followed by lead citrate for 5 

minutes at room temperature.  Samples were observed with a JEOL 100CX with an accelerating 

voltage of 80 kV. 

Western blot: Brain samples were dissected from mice, flash frozen in liquid nitrogen, and 

stored at -80°C until processed.  Tissues were homogenized in a Potter-Elvehjem homogenizer 

containing 4 brain volumes of Tris buffered saline (25 mM Tris-HCl pH 7.4, 140 mM NaCl, 3 

mM KCl, 5 mM EDTA, and 2 mM 1,10-phenanthroline) with 10 µL protease inhibitor cocktail 

(5 mM EGTA, 1 mM DTT, 100 mM leupeptin, 10 mM pepstatin, 0.1 M PMSF, 0.1 M 

benzamidine, and 0.5 M ε-aminocaproic acid).  Cell debris was separated from total homogenate 

by centrifugation at 13,000g for 15 min at 4°C.  Supernatant was stored at -80°C until used.  

Protein concentrations of the supernatants were determined by bicinchoninic acid assay using 
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BSA as a standard (31).  For western blot analysis, tissue samples were loaded at equal total 

protein, separated by SDS-PAGE, and transferred to nitrocellulose membranes.  Blots were 

blocked in 5% nonfat dry milk in TBST and probed using either mouse anti-GFAP (1/2000) 

(Sigma-Aldrich Chemical Co., St. Louis, MO), rabbit anti-GFP (1/5000) (Sigma-Aldrich 

Chemical Co., St. Louis, MO), mouse anti-ED1 (1/5000) (Abcam, Cambridge, MA), mouse anti-

synaptophysin (1/2000) (AbD Serotec, Raleigh, NC), or mouse anti-alpha tubulin (1/8000) 

(Millipore, Billerica, MA).  After three washes with TBST, blots were incubated with either goat 

anti-mouse or goat anti-rabbit HRP-conjugated secondary antibodies (1/10000) (Pierce-lab, 

Rockford, IL) and detected by chemiluminescence using SuperSignal Western Dura Extended 

Duration Substrate (Thermo Scientific, Rockford IL).  Images were captured utilizing 

ChemiDocTM MP system and Image LabTM software (Bio-Rad Laboratories, Hercules, CA).  

Assessment of learning and memory in the radial arm maze: Learning and memory 

assessments were conducted using an 8-arm radial mouse maze (Med Associates, St. Albans, 

VT) as similarly described for rats (32).  This maze consists of eight arms extending from a 

central chamber with eight guillotine doors positioned at the interface of the central chamber and 

arms.  A 20-mm food dispenser and trough are at the end of each arm.  Each arm has two sets of 

photosensors to track movement of mice in and out of the arms.  In addition, the food trough also 

contains photosensors that detect mouse head entries and dispense food.  The sides and top of 

each arm are composed of clear plastic to allow mice to use visual cues in the room to spatially 

navigate the maze.  A computer in an adjacent room controlled the maze events and data 

collection.  Photosensor, food, and door data were collected using MED-PC software 4.0 (Med 

Associates, St. Albans, VT) with a resolution of 10 ms.  A video camera was mounted above the 

maze to visualize the mice during the procedure.   
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Behavioral assessment in the radial arm maze was performed at either 3 or 8 months of 

age.  Thirteen days prior to the start of behavioral testing, mice were individually housed, and a 

three-day average of individual body weight was determined.  Mice were diet restricted to reduce 

and maintain a body weight of ~87.0% of their ad libitum food body weight for the duration of 

the behavioral assessment.  For four days prior to testing, mice were pre-trained to associate the 

maze with the experience of obtaining a sucrose-flavored food reward (Bio-Serve F0071, 

Frenchtown, NJ) by allowing each animal free access to four of the eight arms until one food 

reward from each arm was retrieved. 

The maze was cleaned between subjects with 1/1250-diluted Coverage Plus NPD 

disinfectant (Steris Life Sciences, Mentor, OH) to prevent a previous mouse’s scent from 

interfering with a subsequent mouse’s performance.  To further prevent a mouse from using its 

own scent cues, the entire maze was scent-saturated using cotton bedding from the mouse’s 

home cage. 

Radial arm maze training phase (8 arms open, 8 arms baited) to assess spatial short-term 

memory: Each mouse was placed in the central chamber of the maze for a two minute 

acclimation period before beginning the procedure.  After acclimation, all eight doors opened 

with the objective of collecting a food reward available at the end of each arm (8 arms open, 8 

arms baited).  Only one food reward is delivered per arm, and a revisit to a previously visited 

food trough is considered an error in spatial short-term memory.  After either collecting the last 

food reward or after 15 minutes of elapsed time, the session ends and the doors close.  These 

training phase sessions are performed once a day, at the same time of day per mouse for 10 

consecutive days. Results are reported as the mean total errors + standard error of the mean 

(SEM) from the first 3 days or last 3 days of training.  Following 10 days of consecutive spatial 
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memory training, animals proceeded directly to the spatial working memory test with a retention 

interval. 

Radial arm maze test phase (delayed spatial win-shift) to assess spatial working memory: 

Mice were tested using a delayed spatial win-shift task for 10 consecutive days.  This is a 2-

phase procedure composed of a study phase and test phase.  In the study phase, animals are 

placed in the central chamber of the maze for a two minute acclimation.  Four of the eight doors 

are opened (randomly chosen by the computer for each mouse every day) and the mouse must 

collect a food reward that is available at the end of each of the 4 baited arms (4 arms open, 4 

arms baited).  After collecting the last food reward (or 15 minutes of elapsed time), the doors 

close.  The mouse is subjected to a short retention interval (time delay) by being taken out of the 

maze and returned to his home cage for 3 minutes, during which the maze was cleaned.  The 

mouse is returned to the maze to begin the test phase.  After 1 minute of acclimation, all eight 

doors of the maze open.  Only arms that were previously closed in the study phase are baited in 

the test phase (8 arms open, 4 arms baited).  A revisit to a food trough previously visited in either 

phase is considered an error in spatial working memory. After either collecting the last food 

reward or after 15 minutes of elapsed time, the session ends and the doors close.  Results are 

reported as the mean total errors + standard error of the mean (SEM) obtained from the first 3 

days or last 3 days of the test phase. 

Open Field Apparatus: Activity was measured in 43.2 x 43.2 cm square chambers with clear 

plastic walls and a smooth metal floor (Med Associates, St. Albans, VT, USA).  The chambers 

are individually housed in sound-attenuating cubicles with a 20 lux bulb in each of the two rear 

corners and a ventilation fan.  Two strips containing 16 infrared photobeams perpendicular to 

each other, with paired photodetectors mounted across from them, create a 16 x 16 photobeam 
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grid 2 cm from the floor.  Activity Monitor software counts photobeam breaks to determine both 

ambulatory (sequential) and stereotypic (repetitive) movements based on patterning of beam 

interruptions. 

Locomotor activity: Five days after completion of radial arm maze testing, each mouse was 

placed in the center of the open field apparatus and allowed to roam freely for 60 minutes.  Both 

ambulatory and stereotypic counts were combined into total horizontal counts and binned into 10 

minute increments.  For center zone analysis, a square zone of 26.3 x 26.3 cm (37.5% of total 

area) in the center of the chamber was designated to count crossings into this area. 

Extracellular field recording: Hippocampal slices were prepared from 3 and 8 month old 

R26CT and R26CT-CRE mice 10-17 days after completion of radial arm maze testing.  Mice 

were deeply anesthetized with halothane prior to decapitation.  The brain was removed and 

submerged in ice-cold, oxygenated (95% O2 / 5% CO2) dissection artificial cerebrospinal fluid 

(ACSF) containing: 120 mM NaCl, 3 mM KCl, 4 mM MgCl2, 1 mM NaH2PO4, 26 mM 

NaHCO3, and 10 mM glucose.  The brain was sectioned into 400 µm thick horizontal slices 

using a vibratome.  The hippocampus was sub-dissected out and a majority of the CA3 portion 

removed.  Slices were placed in a submersion recording chamber and perfused at approximately 

1 ml/min with oxygenated (95% O2 / 5% CO2) standard ACSF containing: 120 mM NaCl, 3 mM 

KCl, 1.5 mM MgCl2, 1 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose at 

room temperature.  Slices recovered for 45 minutes at room temperature and an additional 45 

minutes at 30°C.  All recordings were obtained under continuous perfusion of oxygenated ACSF 

at 30°C.  A bipolar stimulating electrode (Kopf Instruments, Tujunga, CA) was placed within the 

stratum radiatum of CA1, and an extracellular recording microelectrode (1.0 MΩ tungsten 

recording microelectrode, World Precision Instruments, Sarasota, FL) was positioned in the same 
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layer.  Field excitatory post-synaptic potentials (fEPSPs) were recorded at CA3-CA1 synapses 

using a stimulus pulse consisting of a single square wave of 270 µs duration.  Data were 

digitized at 10 kHz, low-pass filtered at 1 kHz, and analyzed with pCLAMP 10.2 software (Axon 

Instruments, Sunnyvale, CA).  The initial slope of the population fEPSP was measured by fitting 

a straight line to a 1 ms window immediately following the fiber volley.  Stimulus response 

curves were obtained at the beginning of each experiment with stimulus pulses delivered at 30, 

40, 50, 60, 75, 90, 110, 130, 150, and 170 µA once every 60 s (0.0167 Hz).  To begin baseline 

recording, the stimulation intensity was adjusted to obtain a fEPSP of approximately 35-40% of 

the linear range between the minimum and maximum response.  Paired-pulse responses were 

performed at intervals of 50, 100, 200, and 500 ms.  The slope of paired-pulse responses was 

measured from an average of five pairs of pulses for each interval.  Synaptic responses for long-

term potentiation (LTP) experiments were normalized by dividing all fEPSP slope values by the 

average of the five responses recorded during the 5 minutes immediately prior to high frequency 

stimulation (HFS).  The HFS protocol used to induce LTP in all experiments consisted of three 

episodes of 100 Hz stimulus trains (100 pulses) for 1 s administered at 20 s inter-train intervals.  

LTP values for the 1, 2, and 3 hour time points were determined by averaging 5 minutes of 

normalized slope values immediately prior to the 60, 120, and 180 min time marks post-HFS 

respectively.  Reported n-values (x(y)) indicate the number of slices (x) and the number of mice 

(y) assessed. 
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RESULTS:  

Mouse characterization 

Mice expressing CT-GFP in the hippocampus and frontal cortex were generated by 

crossing R26CT mice (as described previously (28,29)) to CamKIIa-CRE mice.  To verify that 

CT-GFP was expressed, immunofluorescence was performed on cryosections of 1 month old 

R26CT and R26CT-CRE mice using anti-GFP antibodies (Figure 4.12).  The presence of CT-

GFP was also verified by western blot analysis using tissue from cerebral cortex and 

hippocampus of R26CT and R26CT-CRE mice (Figure 4.12). 

To determine if expression of CT-GFP resulted in the production of Hirano bodies, 

hematoxylin and eosin staining was performed on paraffin sections of brains from 3 and 8 month 

old R26CT and R26CT-CRE mice.  No eosinophilic inclusions were observed in 3 month old 

R26CT mice in either the cortex or the hippocampus (Figure 4.1).  At low frequency, 3 month 

old R26CT-CRE mice exhibited eosinophilic inclusions in the CA1 region of the hippocampus, 

but not in the cortex (Figure 4.1).  In 8 month old R26CT-CRE mice, eosinophilic inclusions 

appear predominately in the CA1 of the hippocampus and are found rarely in the pre-frontal 

cortex (Figure 4.2).  To verify that the eosinophilic inclusions found in the brains of R26CT-

CRE animals have the same ultrastructure as Hirano bodies found in human brains, hippocampal 

samples from 8 month old mice were processed and viewed using transmission electron 

microscopy.  R26CT-CRE mice show electron dense inclusions with 10-12 nm spacing similar to 

human Hirano bodies  (Figure 4.12).  Structures with the characteristic ultrastructural features of 

Hirano bodies were not observed in samples from R26CT control mice. 

Since inflammation has been widely reported in neurodegenerative diseases (33), we 

determined whether the presence of model Hirano bodies induces an inflammatory response in 
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the brains of 3 and 8 month old R26CT and R26CT-CRE mice.  Paraffin- embedded brain 

sections were stained with antibodies against known markers of reactive astrocytes (GFAP) and 

activated microglia (ED1) using DAB to visualize the product (Figure 4.3, 4.4).  During 

inflammation, the levels of GFAP are significantly higher in reactive astrocytes (34).  Therefore, 

GFAP antibodies were titrated to label only reactive astrocytes using a well established 5xFAD 

model of Alzheimer’s disease known to have inflammation (data not shown) (35).  At 3 months 

of age, neither R26CT nor R26CT-CRE mice show GFAP or ED1 staining in either 

hippocampus or frontal cortex, indicating that neither reactive astrocytes nor activated microglia 

are present (Figure 4.3).  ED1 staining of 8 month old R26CT and R26CT-CRE brain sections 

revealed no activated microglia in either hippocampus or cortex (Figure 4.4).  Furthermore, 8 

month old R26CT mice show no GFAP staining in either hippocampus or cortex.  However, 8 

month old R26CT-CRE mice have GFAP staining in the hippocampus but not the cortex, 

indicating that the presence of model Hirano bodies induces inflammation at a later age (Figure 

4.4).  To verify these results, western blot analysis was performed using brain homogenate from 

3 and 8 month old R26CT and R26CT-CRE mice (Figure 4.5).  At 3 months of age, neither ED1 

nor GFAP levels were significantly different between R26CT and R26CT-CRE mice (Figure 

4.5).  At 8 months of age, ED1 levels were not different between R26CT and R26CT-CRE mice 

(Figure 4.5A,B).  In contrast, at 8 months of age, GFAP levels were approximately 4-fold higher 

in R26CT-CRE mice compared to R26CT mice (Figure 4.5C,D).  These results are consistent 

with the immunohistochemistry results indicating that older R26CT-CRE mice have 

inflammation in the hippocampus as indicated by positive GFAP staining in reactive astrocytes.   

 

Behavioral assessment 
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Changes in anxiety and cognition are two possible clinical symptoms of patients suffering 

from neurodegenerative conditions presenting Hirano bodies (36).  Behavioral performance of 

R26CT and R26CT-CRE mice was assessed in an open field test and radial arm maze.  In the 

open field test, locomotor activity and center zone entrances were evaluated in both R26CT (3 

month old, n=11; 8 month old, n=11) and R26CT-CRE mice (3 month old, n=12; 8 month old, 

n=12).  There was no difference in locomotor activity between R26CT and R26CT-CRE mice at 

either age (Figure 4.6A,B).  R26CT and R26CT-CRE mice also made a similar number of 

entrances to the center zone, suggesting no differences in anxiety at either age (Figure 4.6C).  

Spatial memory performance of R26CT and R26CT-CRE mice was evaluated at both 3 

and 8 months of age utilizing a radial arm maze.  The training phase (8 arms open, 8 arms baited) 

consisted of collecting a food reward at the end of each of the 8 arms without revisiting any 

previously visited locations as described in Materials and Methods (Figure 4.7A).  R26CT (3 

month old, n=11; 8 month old, n=11) and R26CT-CRE mice (3 month old, n=12; 8 month old, 

n=12) performed similarly in this task, as both groups showed significant improvement in 

performance across sessions from day 1 to day 10 at both 3 and 8 months of age (Figure 4.7B,C).  

These observations were confirmed by subjecting this training data to an experience (early 

versus late sessions) X genotype X age analysis of variance (ANOVA).  The number of errors 

declined with experience (F(1,42)=56.94, p<0.001); none of the other variables or interactions 

were significant.   

At day 11, the same mice from the training phase were evaluated using a delayed spatial 

win-shift task (Figure 4.7D).  In the initial study phase (4 arms open, 4 arms baited), the mice 

have free access to only 4 arms with 1 food reward per accessible arm.  Upon completion of the 

study phase, mice experience a short retention interval of 3 minutes.  In the subsequent test phase 
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(8 arms open, 4 arms baited), mice have free access to all 8 arms, but only the 4 arms not 

previously visited (inaccessible during study phase) are now baited and have food rewards.  

During the study phase, both 3 and 8 month old mice showed no difference between groups or 

improvement across sessions (data not shown).  This was expected, as they had already displayed 

high performance for this type of task by the end the training phase.   

In the test phase, 3 month old R26CT and R26CT-CRE mice show an improvement 

across sessions (Figure 4.7E) and were not different from each other.  At 8 months of age, 

R26CT mice also showed improvement in performance across sessions (Figure 4.7F).  In 

contrast, the R26CT-CRE mice did not.  There was a statistically significant difference between 

R26CT and R26CT-CRE mice (* p < 0.05) at the end of the 10 day testing period (Figure 4.7F, 

days 18-20).  These test phase data were subjected to an experience X genotype X age ANOVA.  

The number of errors declined with experience (F(1,42)=28.03, p<0.001).  There was also a 

significant three-way interaction of days x genotype x age (F(1,42)=8.61, p<0.01); none of the 

other variables or interactions were significantly different.  Next, we conducted experience x 

genotype ANOVAs separately for ages 3 and 8 months.  At both time points, there was a 

significant effect of experience (3 months: F(1,21)=17.05, p<0.001; 8 months: (F1,21)=11.25, 

p<0.01).  However, the interaction of experience and genotype was significant at 8 months 

(F(1,21)=14.37, p<0.05) but not at 3 months (F(1,21)=2.16, p=0.16); none of the other variables 

were significant.  These results indicate R26CT-CRE mice develop impairment in spatial 

working memory by 8 months of age.  
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Neurophysiological evaluation 

Several neurodegenerative conditions are characterized by synaptic loss or reduction in 

synaptic density that coincides with cognitive impairment (37-40).  Since 8 month old R26CT-

CRE mice show cognitive impairments in spatial working memory as measured in the radial arm 

maze, levels of synaptophysin were measured as a qualitative indicator of synaptic density.  In 

both 3 and 8 month old mice, levels of synaptophysin are approximately equal between R26CT 

and R26CT-CRE mice suggesting that spatial working memory impairments in R26CT-CRE 

mice are not due to decreases in synaptic density (Figures 4.5A-D).  

In order to determine whether the presence of Hirano bodies impact synaptic function, 

field excitatory post-synaptic potentials (fEPSPs) were recorded at the Schaffer collateral 

synapses in the stratum radiatum layer of the CA1 region in slices from the ventral half of the 

hippocampus.  In 3 and 8 month old mice, there was no difference in synaptic response between 

R26CT (3 month: 10(19) and 8 month: 10(20)) and R26CT-CRE (3 month: 12(18) and 8 month: 

12(19)) mice for fEPSPs at any stimulus intensity recorded (Figure 4.8).  Short-term synaptic 

plasticity was evaluated using paired pulse stimulus protocols. There was no difference in the 

amount of facilitation between R26CT  (3 month, n = 10(19); 8 month, n = 10(20)) and R26CT-

CRE (3 month, n = 12(18); 8 month, n = 12(21)) mice at any stimulus intensity at either 3 or 8 

months of age (Figure 4.9).  These results indicate that impairments in spatial working memory 

in 8 month R26CT-CRE mice are likely not attributed to differences in synaptic density or short-

term plasticity. 

 

Long-term synaptic plasticity was evaluated by the induction of long-term potentiation 

(LTP) using a strong stimulus protocol (3 x 100Hz /1 sec at 20 sec intervals).  Following LTP 
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induction, fEPSP slopes were recorded for 3 hours post-induction to measure early (< 3 hours) 

and late (> 3 hours) phases of LTP.  At both 3 and 8 months of age, fEPSP slope values were not 

significantly different between R26CT (3 month, n = 10(17); 8 month, n = 9(18)) and R26CT-

CRE (3 month, n = 11(16); 8 month, n = 11(18)) mice at both early and late phases of LTP 

(Figure 4.10).  Taken together, these results suggest that expression of CT-GFP and subsequent 

formation of model Hirano bodies have no impact on synaptic density, baseline synaptic 

responses, or short and long term synaptic plasticity in the CA1 region of the hippocampus in 

mice as old as 8 months.  

 

DISCUSSION: 

Incidence and ultrastructure of Hirano bodies in transgenic model mice  

A new transgenic mouse model was created to study the impact of Hirano bodies in vivo 

to more closely resemble the presentation of Hirano bodies in Alzheimer’s disease.  A mouse 

with model Hirano bodies had been previously studied by crossing R26CT mice with Thy1.2-

CRE mice.  While Hirano bodies were produced in the hippocampus of homozygous R26CT x 

Thy1.2-CRE mice, Hirano bodies were predominately reported in the CA3 subregion (28).  This 

is not surprising since the Thy1.2-CRE mouse has been shown to have higher expression of the 

CRE transgene in the CA3 subregion, rather than the CA1 (28).  In the present study, R26CT 

mice were crossed with a CamKIIa-CRE mouse, which is known to express CRE predominantly 

in the forebrain and in the CA1 subregion of the hippocampus (29,30,41).  This CRE driver was 

chosen in an attempt to more closely recapitulate human disease conditions in which Hirano 

bodies are normally found, the pyramidal cell layer of the CA1 region (6,8,12,15,16,42,43).  

Eosinophilic inclusions were seen predominately in the CA1 region of R26CT-CamKIIa-CRE 
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mice.  In contrast with the previously characterized model Hirano body mice (R26CT x Thy1.2-

CRE) in which model Hirano bodies were not detected by light microscopy until 6 months of 

age, eosinophilic inclusions were found in the hippocampus of R26CT-CamKIIa-CRE mice as 

early as 3 months of age. It is unclear why eosinophilic inclusions are detected earlier in R26CT 

mice crossed with CamKIIa-CRE than in R26CT mice crossed with Thy1.2-CRE.  Perhaps CA1 

pyramidal neurons have a greater propensity to facilitate CT-induced Hirano body formation 

than do CA3 pyramidal neurons.  In human disease, the number of Hirano bodies increases with 

age and disease severity (15,43,44). Hirano body appearance in humans coincides with aging 

since pathologists have noted that Hirano bodies are never seen in the brains of humans younger 

than 11 years old (15).  Consistent with these findings, an age-dependent increase in the 

formation of Hirano bodies was also observed in our mouse model.  

There are several characterized actin inclusions found in human disease such as 

ADF/cofilin rods (AC rods) and hyaline bodies (45-47).  Hirano bodies are differentiated from 

these other actin aggregates by their eosinophilic nature, ability to interact with phalloidin, and 

distinctive ultrastructure (8,44,46,48).  To definitively prove an actin inclusion is a Hirano body, 

electron microscopy must be performed for ultrastructural analysis.   There are a variety of 

presentations.  In humans, they often appear as fingerprint or spheroid/spindle shape (8).  Hirano 

bodies in R26CT-CRE mice also display these alternative patterns (Figure 4.12 A-B).  In 

humans, smaller Hirano bodies observed by electron microscopy (not visible via light 

microscopy) are more frequent than larger Hirano bodies (16).  These smaller Hirano bodies 

appear less compact and more irregular than those visible through light microscopy (16).  

R26CT-CRE mice also show similar smaller structures which contain both ordered filaments and 

amorphous electron dense material (Figure 4.12 D).  In Dictyostelium, small nascent model 
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Hirano body structures observed by TEM fuse together by an unknown process involving 

microtubules and myosin II to form larger Hirano bodies (21,49,50).  Expression of CT in cell 

culture systems often results in alternative fibrillar structures or small aggregates (22,25).  These 

smaller structures have also been noted in the brains of humans (51)  and in the brains of R26CT-

CRE mice (Figure 4.12 C).  It is likely that a similar formation process of Hirano bodies is 

occurring in R26CT-CRE mouse brains since several small aggregates can be seen in close 

proximity in TEM samples (Figure 4.12 C).  

Inflammation 

Inflammation is a phenomenon occurring in neurodegenerative conditions such as 

Alzheimer’s disease and Parkinson’s disease and is characterized by activated microglia and 

reactive astrocytes (34).  Many mouse models of neurodegenerative disease recapitulate reactive 

microglia or reactive astrocytes as a predominant phenotype (35,52-54).  Markers of reactive 

astrocytes or activated microglia were utilized in order to determine if Hirano bodies accompany 

an innate immune response in the brain.  3-month- old R26CT-CRE mice had no signs of 

inflammation (Figure 4.3, 4.5).  However, by 8 months of age, R26CT-CRE mice had 

significantly higher levels of GFAP compared to age-matched R26CT mice (Figure 4.4, 4.5).  

There are several factors that can initiate astrogliosis including cell damage, ischemia, neuronal 

hyperactivity, and foreign pathogens including abnormal protein aggregates (55).  In 

Alzheimer’s disease, reactive astrocytes are often found in close proximity with deposits of 

amyloid beta plaques and neurons containing intracellular NFTs (35,56-60).  In addition to 

intracellular NFTs, extracellular NFTs (ghost tangles) have also been reported in brains (61,62).  

Reactive astrocytes have been reported to surround ghost tangles where they are thought to be 

clearing these structures from the brain (63,64).   Similarly, intracellular Lewy bodies comprised 
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of alpha synuclein can be exocytosed from neurons in Parkinson’s patients and initiate 

astrogliosis (65-67).  Hirano bodies have also been reported to be extruded from neurons, and 

model Hirano bodies can be cleared from cells through exocytosis (15,25).  It is possible that 

extruded Hirano bodies or intermediate aggregates may initiate an astrocytosis response in the 

brain.  While 3-month-old R26CT-CRE mice have sparse model Hirano bodies, they are more 

abundant in 8-month-old mice.  In 8 month old mice, extracellular model Hirano bodies were 

observed (Figure 4.12).  Release of Hirano bodies may explain why 8 month old R26CT-CRE 

mice exhibit reactive astrocytes.  

Behavioral studies of Hirano body model mice 

A central feature of this study is to assess the impact of the behavioral and physiological 

consequence(s) of Hirano bodies in the brain.  To assess the effect of CT-GFP expression and 

subsequent formation of model Hirano bodies, behavioral studies were performed using both an 

open field test and an 8-arm radial maze.  The open field test has been utilized to measure 

locomotor activity and anxiety (68).  At 3 and 8 months of age, R26CT and R26CT-CRE mice 

show similar levels of locomotor activity (Figure 4.6A, B).  General anxiety was measured by 

recording the number of center zone entries between R26CT and R26CT-CRE mice (Figure 

4.6C).  No differences between genotypes at either age were found, implying that the presence of 

model Hirano bodies does not contribute to anxiety or impair locomotor function.    

The training phase (8 arms open, 8 arms baited) of the radial arm maze demonstrated that 

both R26CT and R26CT-CRE mice have intact spatial learning and navigation since both 

genotypes learn the reference memory rules associated with completion of the radial arm maze 

training task.  In addition, both R26CT and R26CT-CRE mice appear to have equivalent 

perception of spatial cues, levels of motivation, and motor control.  In the training phase, the task 
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is continuous and thus the working memory load is low, making the procedure primarily 

dependent upon immediately accessible information from short-term memory (69,70).  The same 

mice were subsequently tested in a 2-phase delayed spatial win-shift task (with a 3 minute 

retention interval delay) to more stringently examine spatial working memory.  The 

incorporation of a time delay forces retention of trial-unique spatial information (i.e., the mice 

must remember which arms were visited in phase 1 in order to successfully complete phase 2, 

increasing the working memory load).  At 3 months of age, spatial working memory appears 

unimpaired since both R26CT and R26CT-CRE mice perform equally well and improve with 

training.  However, at 8 months of age, the more stringent memory load resulted in 

discrimination of performance between the R26CT and R26CT-CRE mice.  The R26CT mice 

showed improvement across trials, while the R26CT-CRE mice did not.  The test phase results 

suggest that 8 month R26CT-CRE mice have impaired working memory, (i.e. memory for daily, 

item-specific locations).  This is likely a specific impairment in spatial working memory since 

the training phase results indicated intact acquisition of reference memory rules, making a 

general impairment in learning capability unlikely.  Furthermore, the memory deficiencies 

observed at 8 months coincides with the observed increase in frequency of Hirano bodies.  

The effect of Hirano bodies on synaptic plasticity 

Assessments of spatial memory are known to depend upon intact hippocampal function 

(69,71,72).  In the current studies, electrophysiological recordings in ventral hippocampal slices 

were utilized to determine if synaptic function is altered in R26CT-CRE mice.  Short-term 

plasticity measurements at 3 and 8 months of age showed that paired-pulse facilitation from 

R26CT-CRE mice was indistinguishable from R26CT mice (Figure 4.10).  This data is in 

contrast with the previous characterization of the R26CT-CRE mice with a Thy1.2 CRE driver, 
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which exhibited significant paired-pulse depression at a 50 ms stimulus interval (28).  The most 

obvious explanation for this contrast is due to differences in the expression pattern of CT-GFP.  

In the current study, CT-GFP expression and Hirano body formation was more predominant in 

the CA1 subregion of the hippocampus versus the previous mouse model that had predominately 

CA3 subregion expression and subsequent Hirano body formation (28-30).  Our field potential 

experiments were performed in the stratum radiatum layer of CA1 subregion by activating the 

Schaffer collateral axons with synapses on the apical dendrites of the pyramidal neurons in the 

CA3 subregion.  In the previous mouse (R26CT x Thy1.2-CRE), Hirano bodies were formed in 

presynaptic neurons (28).  Paired-pulse stimulation is a measurement that reflects the active 

transport recovery of calcium and trafficking of neurotransmitter-containing vesicles to replenish 

the ready releasable pool of vesicles (73).  The trafficking of these neurotransmitter-containing 

vesicles is modulated by the actin cytoskeleton.  The paired-pulse depression seen in the R26CT 

x Thy1.2-CRE mice was explained as a change in vesicular trafficking due to sequestration of F-

actin in model Hirano bodies (74), decreasing the amount of cellular actin available for 

cytoskeletal functions.  In the current study using R26CT x CamKIIa-CRE mice, Hirano bodies 

were primarily formed in the postsynaptic CA1 pyramidal neurons.  Thus, the difference in the 

effect of Hirano bodies on paired-pulse responses between the Thy1.2 CRE and CamKIIa-CRE 

driver models can be readily understood.  Furthermore, these results show that the effect of 

model Hirano bodies on synaptic function depend on the specific location (i.e., presynaptic 

versus postsynaptic) in which they form. 

In addition to evaluating short-term synaptic plasticity, a form of long-term synaptic 

plasticity, LTP, which has been shown to be involved in spatial learning and memory, was also 

investigated (75,76).  Long-term potentiation has both an early and a late phase.  The early phase 
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relies on redistribution and rearrangement of available synaptic proteins while the latter requires 

gene expression and protein synthesis to maintain changes in synaptic strength (77).  Both the 

early and late phases of LTP are associated with an increase in actin assembly (78-80).  The actin 

assembly associated with the late stage of LTP involves an increase in the number and size of 

dendritic spines and expansion of the postsynaptic density (78,79).  Model Hirano bodies are 

known to shift the filamentous to monomeric actin ratio (21), increasing the proportion of 

cellular F-actin which may consequently impact synaptic plasticity.  Therefore, LTP was 

monitored for 3 hours post induction to determine if the presence of model Hirano bodies could 

impact either the early (< 3 hours) or late (> 3 hours) phases of LTP.  Interestingly, despite the 

important role of actin in LTP, we found that there was no measurable difference between 

R26CT and R26CT-CRE mice at either 3 or 8 months of age (Figure 4.10).  These results are in 

contrast with those in the previous study in which R26CT x Thy1.2-CRE mice showed a deficit 

in the early, but not the late phase LTP (28).  Thus, the effect of model Hirano bodies in the CA1 

region of the ventral hippocampus of R26CT-CRE mice (current R26CT x CamKIIa-CRE 

mouse) appears to be negligible as assessed by paired-pulse and LTP measurements.  

Despite no significant differences in either short-term or long-term plasticity 

measurements, 8-month-old R26CT-CRE mice have an impairment in spatial working memory 

as assessed utilizing a radial arm maze (81-83).  This seeming discrepancy could be due to 

involvement of both the hippocampus and pre-frontal cortex in spatial working memory (69,84).  

Our electrophysiology measurements were performed on ventral hippocampal slices.  The 

CamKIIa promoter used to drive CRE expression is activated in the hippocampus as well as the 

prefrontal cortex (29,30).  Evidence of this expression is given by the observation that R26CT-

CRE mice develop Hirano bodies in the prefrontal cortex at 8 months of age (Figure 4.2).  Thus, 
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it is possible that the electrophysiological measurements in the CA1 of ventral hippocampus 

performed in this study are either not sensitive enough to detect changes in synaptic physiology 

or are in an area that is not highly affected by the presence of Hirano bodies.  In the future, it will 

be important to perform electrophysiological experiments in the prefrontal cortex as well as the 

hippocampus to evaluate the contribution of each brain region to spatial working memory. 

 

CONCLUSION: 

The physiological impact of Hirano bodies in the brain has remained elusive.  The 

transgenic mouse generated in this study provides an animal model of Hirano body formation in 

the mammalian brain.  Consistent with data for humans, this transgenic mouse develops Hirano 

bodies in the CA1 region of the hippocampus as well as in the frontal cortex.  Behavioral 

analyses of mice, which develop model Hirano bodies, indicate that Hirano bodies negatively 

impact spatial working memory.  This study shows that Hirano body formation initiates an 

inflammatory response in the hippocampus and suggests that Hirano bodies may independently 

contribute to disease progression or exacerbate the disease state.  This model mouse provides a 

tool to investigate how the presence of Hirano bodies may impact the progression of Alzheimer’s 

disease and other neurodegenerative diseases.  
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Figure 4.1: Model Hirano bodies detected as eosinophilic inclusions in 3-month-old R26CT-

CRE mice.  Paraffin-embedded brain sections from 3-month-old R26CT and R26CT-CRE mice 

were dewaxed and stained with Gill’s hematoxylin and counterstained with eosin.  3-month-old 

R26CT mice show no rod-shaped eosinophilic inclusions in the pyramidal cells of the 

hippocampus or cerebral cortex.  3-month-old R26CT-CRE mice show no inclusions in the 

cerebral cortex, but contain rare eosinophilic inclusions in CA1 pyramidal cells of the 

hippocampus indicated by the arrow.  Scale bars represent 20, 50, or 500 µm. 
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Figure 4.2: Model Hirano bodies detected as eosinophilic inclusions in 8-month-old R26CT-

CRE mice.  Paraffin-embedded brain sections from 8-month-old R26CT and R26CT-CRE mice 

were dewaxed and stained with Gill’s hematoxylin and counterstained with eosin.  8-month-old 

R26CT mice show no rod-shaped eosinophilic inclusions in the pyramidal cells of the 

hippocampus or cerebral cortex.  R26CT-CRE mice have eosinophilic inclusions predominately 

in the CA1 pyramidal cell layer of the hippocampus and rarely in the cerebral cortex.  Arrows 

indicate inclusions.  Scale bars represent 20 or 500 µm. 
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Figure 4.3: Lack of inflammation in microglia and astrocytes of 3-month-old R26CT and 

R26CT-CRE mice.  Paraffin-embedded brain sections from 3 month old R26CT and R26CT-

CRE mice were dewaxed and stained with DAB using antibodies against ED1 or GFAP to label 

activated microglia and reactive astrocytes, respectively.  3-month- old R26CT and R26CT-CRE 

mice show no GFAP or ED1 staining in either the hippocampus or cortex.  Scale bars represent 

50 or 500 µm. 
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Figure 4.4: Inflammatory response in astrocytes, but not microglia of 8-month-old R26CT-

CRE mice.  Paraffin-embedded brain sections from 8-month-old R26CT and R26CT-CRE mice 

were dewaxed and stained with DAB using antibodies against ED1 or GFAP to label activated 

microglia and reactive astrocytes, respectively.  8-month-old R26CT and R26CT-CRE show no 

ED1 staining in the hippocampus or cerebral cortex.  R26CT mice also show no GFAP staining 

in either hippocampus or cerebral cortex.  R26CT-CRE mice have GFAP staining in the 

hippocampus but not cerebral cortex.  Scale bars represent 50 or 500 µm. 
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Figure 4.5: Western blot analysis of inflammatory response in 3-and 8-month-old mice.  

Brain homogenate from 3-and 8-month-old R26CT and R26CT-CRE mice was separated by 

SDS-PAGE and transferred to nitrocellulose.  Blots were probed for tubulin (as a loading 

control), GFP, ED1, and GFAP.  A) At 3 months of age, there is no difference in levels of 

synaptophysin, GFAP, or ED1 between R26CT and R26CT-CRE mice.  B) Quantification of 

data in A. C) At 8 months of age, there is no difference in levels of ED1 or synaptophysin 

between R26CT and R26CT-CRE mice.  However, R26CT-CRE mice show an increase in 

GFAP, indicating the presence of an inflammatory response.  D) Quantification of data in C. 

GFAP levels have increased approximately 3.5-fold in R26CT-CRE mice (* p < 0.05).  Statistics 

were performed using Student’s t-test. 
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Figure 4.6: Open field test analysis of 3-and 8-month old R26CT and R26CT-CRE mice.  

Locomotor activity and center zone entrances of R26CT (3-month-old, n=11; 8-month-old, 

n=11) and R26CT-CRE (3-month-old, n=12; 8-month-old, n=12) mice were measured utilizing 

an open field test.  A, B) There was no difference in locomotor activity between R26CT (black 

squares) and R26CT-CRE mice (open circles) at 3 or 8 months of age.  C) R26CT (black bars) 

and R26CT-CRE (white bars) mice made similar entrances to the center zone.  At both ages, 

R26CT and R26CT-CRE mice are not significantly different from each other.  Error bars 

represent SEM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



248



	
   249	
  

Figure 4.7: Working memory performance in the 8-arm radial maze for R26CT and 

R26CT-CRE mice.  A) Schematic diagram of the training phase procedure (8 arms open, 8 arms 

baited). B) At 3 months of age:  R26CT (black bars, n=11), R26CT-CRE (white bars, n=12).  C) 

At 8 months of age:  R26CT (black bars, n=11), R26CT-CRE (white bars, n=12).  No significant 

differences were found between R26CT and R26CT-CRE mice at either 3 or 8 months of age in 

the training phase (B, C).  Performance of both mice improved with experience.  D) Schematic 

diagram of the delayed spatial win-shift assay (RI = retention interval). E) At 3 months of age:  

R26CT (black bars, n=11), R26CT-CRE (white bars, n=12).  Both R26CT and R26CT-CRE 

mice improved with experience, and there was no significant difference between genotypes at 

either days 11-13 or 18-20.  F) At 8 months of age:  R26CT (black bars, n=11), R26CT-CRE 

(white bars, n=12).  R26CT mice improve with experience while R26CT-CRE mice do not.  

Furthermore, there is a significant difference between R26CT and R26CT-CRE mice during the 

late time block (days 18-20) indicating that the spatial working memory of R26CT-CRE mice is 

impaired.  Bars represent the mean total error ± SEM of the first 3 days and the last 3 days of 

either the training or test phase performance.  Significance between performance blocks and 

between genotypes was determined using a mixed ANOVA analysis (*p < 0.05, ** p < 0.01).  
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Figure 4.8: Field excitatory post-synaptic potentials (fEPSP) recorded from hippocampus 

in R26CT and R26CT-CRE mice.  A, B) Stimulus response curves for R26CT (black squares 

n=10(19)) and R26CT-CRE (open circles, n=12(18)) mice at 3 months of age.  Input intensities 

are 30, 40, 50, 60, 75, 90, 110, 130, 150, and 170 µA.  B) Averaged fEPSP sweeps for each 

group shown in A.  The vertical bar represents 2 mV, and the sweeps are 50 ms in duration.  C, 

D) Same as A and B above except at 8 months of age for R26CT (n=10(20)) and R26CT-CRE 

(n=12(19)) control mice. The values represent the mean + SEM from n slices.  There are no 

significant differences between genotypes at either 3 or 8 months of age.  Significance between 

genotypes was determined using an unpaired t-test. 
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Figure 4.9: Paired-pulse field excitatory post-synaptic potentials (fEPSP) recorded from 

hippocampus in R26CT and R26CT-CRE mice.  A) Paired-pulse ratios at 50, 100, 200, or 500 

ms in R26CT (black bars, n=10(19)) and R26CT-CRE (white bars, n=12(18)) mice at 3 months 

of age.  B)  Averaged fEPSP sweeps for each group shown in A.  The second sweeps for each 

interval are overlaid.   Vertical bars represent 2 mV, and sweeps are 90 ms in duration.  C, D) 

Same as A and B above except at 8 months of age for R26CT (n=10(20)) and R26CT-CRE 

(n=12(21)) mice.  The values represent the mean + SEM from n slices.  There is no significant 

difference between genotypes at either age.  Significance between genotypes was determined 

using an unpaired t-test. 
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Figure 4.10: Long-term potentiation of field excitatory post-synaptic potentials (fEPSP) 

recorded from hippocampus in R26CT and R26CT-CRE mice. A) Summary time course of 

normalized fEPSP slope values in 3-month-old R26CT mice in LTP (black square, (n=10(17)) 

and R26CT-CRE (open circle, n=11(16)), before and after high frequency stimulation (HFS) (3 x 

100 Hz/1 s at 20 s intervals) indicated by the arrow at 30 minutes. Insets represent averaged 

fEPSP sweeps before and after HFS.  B) Summary quantification of LTP for R26CT and 

R26CT-CRE mice at 1, 2, and 3 hrs post-HFS.  C, D) Same as panel A and B above except for 8-

month-old R26CT (black square, (n=9(18)) and R26CT-CRE (open circle, (n=11(18)).  The 

values represent the mean + SEM from n slices.  There is no significant difference between 

genotypes at either age.  Significance was determined using an unpaired t-test between 

genotypes. 
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Figure 4.11: Immunofluorescence and Western blot of CT-GFP expression in R26CT-CRE 

mice.  A) Immunofluorescence microscopy was performed on cryosections from 1- month-old 

R26CT and R26CT-CRE mouse brains.  Sections were stained with anti-GFP antibodies to 

visualize expression of CT-GFP and counterstained with DAPI and TRITC-labeled phalloidin to 

visualize nuclei and F-actin, respectively.  R26CT-CRE mice show expression of CT-GFP in the 

hippocampus while R26CT control mice do not.  B) A Western blot was performed using brain 

homogenate from hippocampus and cortex of 1- month-old R26CT and R26CT-CRE mice using 

anti-GFP antibodies to detect CT-GFP expression.  To ensure that no expression of CT-GFP is 

detectable in R26CT mice, twice the amount of protein from R26CT samples was loaded 

compared to R26CT-CRE samples.  R26CT-CRE mice show strong expression of CT-GFP in the 

hippocampus and weak expression in the cortex.  R26CT mice have no detectable CT-GFP in 

either hippocampus or cortex.  Scale bar represents 40 or 200 µm.  
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Figure 4.12: Electron micrographs of inclusions in 8-month-old R26CT-CRE mice.  

Hippocampal tissue from 8 month old R26CT and R26CT-CRE mice was isolated and prepared 

for transmission electron microscopy.  R26CT-CRE tissue contained electron dense inclusions, 

which are identical to the ultrastructure of Hirano bodies.  These structures were not observed in 

R26CT mice (data not shown).  A, B) The ultrastructure of model Hirano bodies resembling a 

spheroid or fingerprint pattern similar to those seen in humans (8).  C) Intermediate structures 

were seen in the brains of R26CT-CRE mice similar to those seen in humans and cell culture 

models (22,25,51).  D) R26CT-CRE mice exhibit model Hirano bodies, which contain both 

ordered filaments and amorphous electron dense material.  Arrows indicate Hirano bodies or 

intermediates magnified in the panels to the right.  Scale bars are in nm. 
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CHAPTER 5  

 
CONCLUSIONS AND FUTURE DIRECTIONS 

 
 
 

DISCUSSION: 
 

The overall goal of this dissertation was to investigate the impact of Hirano bodies on 

normal and disease processes using both cell culture and in vivo experimental systems.  The 

initial studies were designed to investigate the interaction of amyloid precursor protein 

intracellular domains and tau as well as to investigate how Hirano bodies impact these 

interactions.  The work in this dissertation shows that APP and either of its c-terminal fragments 

C31 or AICD act in synergy to increase cell death and that the presence of tau is not required for 

this synergistic cell death.  However, the addition of a hyperphosphorylated tau mimic 

352PHPtau significantly increases cell death in the presence of both APP and C31 or AICD 

alone.  Fe65, Tip60, p53, and caspases play a role in tau-independent and tau-dependent cell 

death via apoptosis.  The presence of model Hirano bodies protected against cell death, 

indicating Hirano bodies may play a protective role in neurodegeneration.  Tau mutants found in 

FTLD-17 were investigated to determine if they alter this paradigm.  Model Hirano bodies had 

either no effect or enhanced cell death induced by tau in the absence of AICD.  In the presence of 

AICD and tau, synergistic cell death was observed in most cases, and the presence of model 

Hirano bodies reduced this synergistic cell death in most cases (352PHP, R406W, and R5H tau).  

The exceptions were those tau mutations that caused significant cell death in the presence of 

model Hirano bodies in the absence of AICD (G272V and P301L).  A role for the kinase GSK3β 
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is suggested by the finding that a dominant negative form of GSK3β reduces synergistic cell 

death initiated by AICD and mutant tau.  A subset of Hirano bodies in brain tissue of both 

Alzheimer’s disease and normal aged individuals was found to contain tau.  Phosphorylated tau 

was found in some Hirano bodies in Alzheimer’s disease tissue.  The results demonstrate a 

complex interaction between tau and AICD involving activation of GSK3β in promoting cell 

death.  Furthermore, these results demonstrate that model Hirano body-dependent modulation of 

these processes is complex.  In addition, these data support previous work indicating that CT-

GFP expression to form model Hirano bodies is not detrimental to cells (1-3).  

While cell culture systems are useful for mechanistic characterization, an animal model is 

required for anatomicaly and physiologicaly assessment of systemic pathology.  Therefore, a 

mouse with brain-specific expression of CT-GFP (R26CT-CRE) was generated by crossing a 

CT-GFP transgenic mouse (R26CT) with a CamKIIa-CRE mouse.  These mice develop rod-

shaped eosinophilic inclusions in the CA1 region of the hippocampus and cortex, and these 

inclusions have an identical ultrastructure to authentic Hirano bodies (4-6).  Although the 

formation of model Hirano bodies did not lead to cell death, they were found to induce an 

inflammatory response as measured by the presence of reactive astrocytes.  Open field test 

results suggest that there are no overt deficits in general anxiety or locomotor activity.  Older 

R26CT-CRE mice showed an impairment in spatial working memory as measured in the radial 

arm maze.  These impairments are likely not attributable to a loss of synaptic density since levels 

of the synaptic protein synaptophysin were unchanged in R26CT-CRE mice compared to R26CT 

mice.  Furthermore, there were no detectable electrophysiological differences in R26CT-CRE 

mice compared to R26CT mice that might mechanistically explain the working memory 

impairments.  The radial arm maze task is known to heavily rely on both hippocampus and 
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prefrontal cortex.  Perhaps electrophysiology measurements in the prefrontal cortex could help 

explain our behavioral results.  

 Work performed using a mouse model and cell culture system has given valuable insight 

into the physiological role of Hirano bodies. Experiments performed in cell culture indicate that 

CT-GFP expression has no severe phenotypes.  Model Hirano body formation after CT 

expression did not significantly impact Dictyostelium growth and development and were not 

detrimental to cell survival (1,7).  Later experiments using mammalian cell culture systems 

corroborated these results (2).  Consistent with the cell culture work, CT-GFP expressing mice 

appear to be developmentally normal.  Furthermore, expression of CT-GFP did not induce 

neuron loss in these mice.  While CT-GFP expression in cell culture systems appears to have no 

negative consequences, CT-GFP expressing mice have an inflammatory response and working 

memory impairments.  However, there is no correlate of these two phenotypes in cell culture 

models.  These findings stress the importance of using animal model systems.  While the 

presence of model Hirano bodies alone do not have a negative impact on cells and minor impact 

on mice, model Hirano bodies in combination of disease-relevant molecules such as APP and tau 

have a complex differential effect in cell culture. 

 

Future Directions: The association of AICD/C31 and Hirano bodies in a cell culture system.  

Model Hirano bodies are found to mitigate cell death induced by APP and C-terminal 

fragments of the amyloid precursor protein.  Since both AICD and C31 colocalize with human 

and model Hirano bodies, it is likely that Hirano bodies act as a sink and sequester specific 

proteins.  Therefore, sequestration of AICD/C31 likely prevents downstream apoptotic signaling 

events attributed to AICD and C31 (8,9).  Hirano bodies are classically described as being 
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comprised primarily of F-actin and actin- associating proteins (10-12).  However, other proteins, 

which are unable to interact with actin, are associated with Hirano bodies (13-23).  It is unclear 

whether the interaction between AICD/C31 and Hirano bodies is direct or indirect.  AICD/C31 is 

known to interact with the scaffolding protein Fe65 (via PTB2 domain), and this interaction is 

required for AICD/C31-induced apoptosis (8,9,24).  Fe65 is also found colocalized with model 

Hirano bodies, which suggests that AICD may indirectly associate with Hirano bodies through 

Fe65 (3).  While Fe65 is unable to interact with actin directly, it can associate with the actin-

binding protein Mena via its WW domain (25).  In addition, Mena has also been shown to 

colocalize with model Hirano bodies (unpublished data Fechheimer lab).  Several experiments 

can be performed to determine whether the AICD/C31 association with model Hirano bodies 

involves Fe65 and Mena.  First, in vitro studies of AICD/C31 interaction with F-actin can be 

performed through F-actin cosedimentation assays.  F-actin can be incubated with a combination 

of AICD/C31, Fe65, or Mena alone as well as in combination.  Combinations that promote 

AICD/C31 binding to F-actin will pellet with F-actin after centrifugation.  Association of these 

proteins can then be quantified via SDS-PAGE and Western blots.  Transient expression of 

AICD/C31 and CT-GFP in Fe65 or Mena knockout cell lines can also be utilized to investigate 

the association of AICD/c31 with model Hirano bodies.  For instance, immunofluorescence 

assays can be used to determine if AICD/C31 still colocalizes with model Hirano bodies in Mena 

and/or Fe65 knockout cell lines.  The immunofluorescence results can be followed up with 

rescue experiments through reintroduction of Fe65 or Mena to knockout cell lines.  Model 

Hirano bodies have been shown to protect against AICD-induced apoptosis.  If Fe65 and Mena 

are shown to be important for AICD/C31 association with model Hirano bodies, it would be 

interesting to perform cell death experiments.  Expression of AICD with and without CT-GFP 
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can be performed in Mena-knockout cells.  The inability of model Hirano bodies to protect 

against AICD-induced cell death in the absence of Mena would argue that AICD association 

with model Hirano bodies is important for protection by model Hirano bodies.  Furthermore, it 

would indicate that Mena is required for this interaction.  As a control experiment it would be 

important to perform electron microscopy on model Hirano bodies formed in Mena knockout 

cell lines to verify that the absence of Mena does not impact model Hirano body structure and 

formation.   

 

Future Directions: The association of AICD/C31 and Hirano bodies in a mouse model.  

The association of AICD and Hirano bodies can also be investigated using a mouse 

model system. An Alzheimer’s disease mouse model (FeCγ25) has been generated through brain 

specific expression of AICD and Fe65 driven by CamKIIa promoters (26).  FeCγ25 mice exhibit 

many features observed in Alzheimer’s disease including GSK3β activation, tau 

hyperphosphorylation, tau aggregation, neuronal loss, and memory impairments (26-29).  To 

determine if model Hirano bodies can protect against AICD initiated insults in vivo, CT-GFP 

expressing mice could be crossed with the FeCγ25 mice.  Since model Hirano bodies sequester, 

and prevent AICD-induced cell death in cell culture, they may protect against neuronal loss in 

FeCγ25 mice.  I hypothesize that the sequestration of AICD by model Hirano bodies may 

prevent AICD-induced increases in GSK3β and consequently tau phosphorylation and 

aggregation.  It would be interesting to see how CT-GFP expression impacts working memory 

deficits in FeCγ25 mice.  Memory impairments in FeCγ25 correlate with tau aggregation (26,27).  

If sequestration of AICD reduces tau phosphorylation and aggregation, it may reduce working 

memory impairments in FeCγ25 mice.  However, our R26CT-CRE model Hirano body model 
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mice show working memory deficits in an 8-arm radial maze.  Therefore, any protective effect of 

model Hirano bodies on AICD-induced memory deficits may be masked by CT-GFP working 

memory impairments.  It would be interesting to investigate this paradigm.  

AICD is known to play a role in transcriptional regulation (30,31).  However, studies 

have been performed in cell culture systems using microarrays and have yielded inconsistent 

results (32-34).  Our laboratory has reported that model Hirano bodies reduce AICD 

transcriptional transactivation (3).  It would be worthwhile to investigate transcriptional targets 

of AICD in a mouse model to determine how model Hirano bodies impact these targets.  This 

can be accomplished by dissecting different brain regions from control, FeCγ25, and FeCγ25 x 

CT-GFP transgenic mice and then performing RNA deep sequencing analysis to generate 

transcriptome libraries.  

 

Future Directions: The impact of AICD and model Hirano bodies on tau in cell culture. 

Expression of AICD and mutant tau leads to synergistic cell death indicating a putative 

link between AICD and tau.  Multiple studies suggest that a downstream effector of AICD/C31 

is the kinase GSK3β.  Studies in cell culture and mice report that AICD either induces 

transcriptional upregulation of GSK3β or increases GSK3β activation (via phosphorylation) 

resulting in downstream tau hyperphosphorylation (34-36).  Our use of the dominant-negative 

GSK3β (K85A) implicates GSK3β in the signaling between AICD and tau variants.  Through 

Western blot analysis we found that AICD increases total levels of GSK3β.  Furthermore, we 

found that CT-GFP expression mitigates these AICD -induced changes in GSK3β protein levels.  

It would be important to determine if AICD- induced increases in GSK3β coincide with an 

increase in tau phosphorylation.  Western blots could be performed using phospho-tau specific 
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antibodies to determine if there is an increase in tau phosphorylation in the presence of AICD 

and whether CT-GFP expression reduces these phosphorylation states.  If AICD increases tau 

phosphorylation, it would be worthwhile to investigate whether dominant negative GSK3β 

(K85A) reduces AICD-mediated phosphorylation of tau using Western blot analysis.  

While AICD and tau have an interesting and dynamic interaction, the association 

between CT-GFP and tau is also intriguing.  Particularly, G272V and P301L tau variants were 

unique in their ability to significantly increase cell death in the presence of CT-GFP.  

Furthermore, this increase in cell death was drastically reduced in the presence of a dominant-

negative GSK3β (K85A) mutant.  Based on these results, Western blots were performed to 

determine if CT-GFP increased phosphorylation of G272V and P301L tau, but not other tau 

variants.  We found that G272V and P301L tau variants had an increase in phosphorylation at 

several serine and threonine amino acids in the presence in CT-GFP while other tau variants did 

not.  There are multiple potential interpretations of these results.  Since tau colocalizes with 

model Hirano bodies, CT-GFP expression may increase local concentrations of tau making it a 

better substrate for interaction with endogenous GSK3β.  Additionally, CT-GFP expression may 

directly or indirectly increase either activated (phosphorylated) GSK3β levels or levels of total 

GSK3β protein.  Since we showed that CT-GFP reduces AICD-induced increases in GSK3β 

levels, it seems unlikely that CT-GFP increases protein levels of GSK3β in the absence of AICD.  

However, one attempt to test these possibilities would be through Western blot analysis using 

antibodies against pan-GSK3β to detect total protein and either anti-Tyr216 GSK3β or anti-

Tyr279 GSK3β antibodies to detect activated forms of GSK3β.  

Model Hirano bodies appear to have a differential impact on mutant tau-induced cell 

death.  While model Hirano bodies protect against cell death initiated by AICD and most tau 
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variants, model Hirano bodies potentiated G272V and P301L-induced cell death as mentioned 

above.  These data appears to correlate with the propensity of tau to aggregate as G272V and 

P301L have a greater propensity to self-aggregate as compared to the other mutants tested (37-

39).  In addition to manipulating tau phosphorylation, model Hirano bodies may act as a sink to 

increase local concentrations of tau and induce a nucleation event for mutants, which aggregate 

readily.  In order to test this hypothesis, tau aggregation could be measured in cells expressing 

mutant tau with and without CT-GFP expression.  Tau aggregates are rich in beta sheet structure 

and are sarkosyl insoluble (40-42).  Tau aggregation could be visualized in cells by labeling with 

Thioflavin-S or Congo red, fluorescent compounds that interact with beta sheet-rich aggregates 

(43).  Western blot analysis could also be performed on sarkosyl soluble and insoluble fractions 

using tau antibodies.  If model Hirano bodies modify tau aggregation, levels of sarkosyl-

insoluble tau will change.  

 

Future Directions: The impact of AICD and Hirano bodies on tau in mouse models. 

Our work in a cell culture system implies that AICD is able to signal downstream to tau 

through GSK3β.  While cell culture experiments allow a fast and easy manipulation of variables, 

they may not recapitulate mechanisms in a more complex system such as the brain.  Therefore, in 

vivo studies are required to verify our cell culture results. Others have also implicated the 

importance of APP to tau signaling events in vivo.  Alzheimer’s disease model mice expressing 

familial mutant amyloid precursor protein or presenilin exhibit many of the characteristics of 

disease progression.  Knockout of endogenous tau in some of these models lessens disease 

severity (44,45).  GSK3β activation, tau hyperphosphorylation, and tau aggregation all occur in 

the AICD transgenic Alzheimer’s disease model mouse (FeCγ25).  Furthermore, tau pathology 
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correlates with memory impairments in these animals. (26-29).  It would be interesting to see if 

reduction of tau in FeCγ25 mice would also improve behavioral and pathological phenotypes 

reported in these animals.   

Genetic crosses between CT-GFP transgenic mice and mutant tau mice would help us 

understand how different forms of tau promote toxicity.  Both P301L and R406W transgenic 

mice have all been created and extensively characterized.  P301L tau- expressing mice are the 

most well characterized FTLD-tau mouse model (46-48).  These animals exhibit robust tau 

hyperphosphorylation, NFT formation, astrocytosis, apoptotic neuronal loss, and spatial memory 

deficits (46-48).  Our work in cell culture shows that model Hirano bodies promote P301L tau-

induced cell death in a cell culture system.  Therefore, it is possible that model Hirano bodies 

will also increase P301L-induced aggregation and neuronal loss in a mouse.  Furthermore, both 

P301L tau and CT-GFP transgenic mice independently develop astrogliosis and spatial memory 

impairments.  Therefore, it is likely that CT-GFP expression would also exacerbate reactive 

astrocytes and increase memory deficits in P301L tau mice.  

R406W-tau expressing mice exhibit late-age tau hyperphosphorylation, tau aggregation, 

and were found to have associative memory deficits, which correlate with tau pathology (42).  In 

our cell culture system, model Hirano bodies had no impact on cell death initiated by R406W 

tau.  When AICD signaling was bypassed through expression of a constitutively active GSK3β 

(S9A) mutant, model Hirano bodies lost their protective ability.  This implies that model Hirano 

bodies protect against AICD or factors upstream of GSK3β.  Based on these results, model 

Hirano bodies would likely not impact pathological phenotypes associated with R406W animals.  

While we evaluated spatial working memory in CT-GFP transgenic mice, associative memory 

was never measured.  Therefore, it is uncertain how model Hirano bodies would impact this type 
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of memory in R406W tau transgenic mice.  Nevertheless, repeating our P301L and R406W tau 

experiments in vivo is of value.  The experiments we have performed have given us valuable 

insight, and we are now beginning to appreciate the complex nature of Hirano bodies under 

various conditions.  Therefore, the future direction experiments proposed in this chapter would 

give an important understanding of the physiological role of Hirano bodies in various disease 

states.  
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ABSTRACT:  

Alzheimer’s disease is a neurodegenerative condition believed to be initiated by 

production of amyloid beta peptide, which leads to synaptic dysfunction and progressive 

memory loss.  In a mouse model of Alzheimer’s disease (3xTg-AD), an 8-arm radial maze and 

field potential recordings from the CA1 region of ventral hippocampal slices were utilized to 

determine the contribution of both NMDA and non-NMDA receptor-dependent mechanisms of 

long-term potentiation in spatial working memory.  Our study shows that 3xTg-AD mice have a 

reduction in NMDA receptor-dependent LTP and an increase in non-NMDA receptor-dependent 

LTP, leading to a total LTP that is similar between 3xTg-AD and control mice at 3 months of 

age.  Both young (3 month) and older (8 month) 3xTg-AD mice exhibit reductions in paired-

pulse facilitation and NMDA receptor-dependent LTP that coincides with an impairment in 

spatial working memory.  This impairment correlates with increased amounts in amyloid beta 42, 

demonstrating that the onset of behavioral and neurophysiological alterations in 3xTg-AD mice 

occurs before the detectable presence of plaques and tangles. 

 

INTRODUCTION:  

 Alzheimer’s disease is a disease of aging characterized by progressive memory loss and 

dementia.  It is differentiated from other forms of dementia based on two pathological hallmarks, 

amyloid plaques and neurofibrillary tangles (1). Amyloid plaques are derived from the 

aggregation of the amyloid beta (Aβ) peptide, which is generated through sequential cleavage of 

the amyloid precursor protein by beta and gamma-secretase (1-4).  During disease progression, 

the microtubule associated protein tau is subject to extensive post-translational modification 

including hyper-phosphorylation and acetylation.  These modifications are prerequisites to tau 
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aggregation and formation of neurofibrillary tangles (5-9).  The exact mechanism linking these 

pathologies to memory impairment is unknown.  However, a growing body of evidence suggests 

the inability of neurons to maintain calcium homeostasis as an underlying factor during the early 

events of Alzheimer’s disease (10,11). 

 One aspect of calcium signaling related to cellular mechanisms of learning and memory 

involves the mechanisms underlying long-term potentiation (LTP) of synaptic strength.  LTP 

represents the most current model for information storage within the brain, and therefore is 

suspected to play an important role in cognitive processes such as learning and memory (12,13).  

Large, transient increases in intracellular calcium and a subsequent series of calcium-mediated 

responses lead to the induction of LTP (14).  At least two different mechanisms of LTP are 

known to coexist at hippocampal CA3-CA1 synapses, N-methyl-D-aspartate receptor-dependent 

LTP (NMDAR LTP; (13) and non-NMDA receptor-dependent LTP (non-NMDAR LTP) 

mediated via activation of L-type calcium channels ((15).  Pharmacological evidence indicates 

that both forms of LTP can contribute to spatial memory, as both NMDAR antagonists (16) and 

calcium channel antagonists (17) impair spatial learning. 

 NMDA receptors play an important role in assessments of spatial working memory using 

the radial arm maze (18-20).  More recent experiments in which the NMDAR subunits NR2B 

and NR2A are specifically blocked by bilateral infusion of antagonists directly into the CA1 

region of hippocampus show a significant reduction in working memory using a T-maze delayed 

alternation task (21).  NR2A-/- mice show impairments in working memory but not reference 

memory in the 6-arm radial maze (22), demonstrating the contribution of specific NMDARs to 

memory functions.  Finally, studies in humans have also shown that blockage of NMDARs with 

ketamine leads to decreased accuracy on spatial working memory tests (23). 
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 In this study, neurophysiology, spatial working memory, and Aβ levels were 

characterized and correlated on an individual basis in a mouse model of Alzheimer’s disease 

(3xTg-AD) (24) at 3 months and 8 months of age. The results of this study reveal that young 

3xTg mice show impairments in spatial working memory but not a difference in total LTP 

compared to control mice.  The contribution of non-NMDAR LTP to total LTP was significantly 

higher in 3xTg mice than control mice.  As the 3xTg-AD mice aged, non-NMDAR LTP declined, 

and impairments in both learning and memory become more progressive.  These changes 

correlated with the amount of Aβ on an individual mouse comparison. 

 

MATERIAL AND METHODS:  

Animals and euthanasia 

 All animals used in this study were male mice and consisted of either non-transgenic 

control mice (B6129SF2/J) (NonTg), were obtained from Jackson Laboratories (101045 JAX, 

Bar Harbour, ME), or Alzheimer’s model mice homozygous for three mutant alleles APPSwe, 

Psen I, and tauP301L (B6/129-Psen1tm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax) (3xTg-AD) 

obtained from MMRRC ID 034830-JAX.  Mice were housed individually with the same color 

enrichment housing inserts in an AAALAC accredited facility on a 12-hour light/dark timed 

schedule and had ad libitum access to food (except during behavioral studies, see below) and 

water during this study.  Mice began testing in the radial arm maze at 2.5 and 7.5 months old.  

After completion of the radial arm maze testing, approximately 10 days elapsed before 

electrophysiological studies commenced to reduce any potential temporary enrichment from the 

maze environment.  Euthanasia of mice occurred under deep anesthesia with halothane followed 
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by decapitation.  The University of Georgia Institutional Animal Care and Usage Committee 

approved all animal protocols and experiments.  

Chemicals and reagents 

 Except where noted, specialty chemicals and antibodies were obtained from Sigma 

Aldrich (St. Louis, MO). 

Radial arm maze apparatus and mouse preparation 

 Learning and memory assessments were conducted using an 8-arm radial mouse maze 

(Med Associates, St. Albans, VT) as similarly described previously for rats (25).  This maze 

consists of eight arms extending from a central chamber with eight guillotine doors positioned at 

the interface of the central chamber and arms.  A 20 mg food dispenser and trough are at the end 

of each arm.  Each arm has two sets of photosensors to track movement of the mice in and out of 

the arms.  At the end of each arm is a food trough containing a photosensor that detects mouse 

head entries and dispenses 20 mm food upon interruption of the photobeam.  The sides and top 

of each arm are composed of clear plastic to allow mice to use visual cues within the room to 

spatially navigate the maze.  A computer in an adjacent room controls the maze events and data 

collection.  Photosensor, food, and door data were collected using MED-PC software 4.0 (Med 

Associates, St. Albans, VT) with a resolution of 10 ms. A video camera was mounted above the 

maze to visualize the mice during the procedure.   

 Behavioral assessment in the radial arm maze was measured at either 3 or 8 months of 

age.  Thirteen days prior to the start of behavioral testing, mice were individually housed, and a 

three-day average of individual mouse body weight was determined.  Mice were diet-restricted to 

reduce and maintain a body weight of ~87.0% of their ad libitum food body weight for the 

duration of the behavioral assessment.  For four days prior to testing, mice were pretrained to 
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associate the maze with the experience of obtaining a sucrose-flavored food reward (Bio-Serve 

F0071, Frenchtown, NJ) by allowing each animal free access to four of the eight arms until one 

food reward from each arm was retrieved. 

 The maze was cleaned between subjects with 1/1250-diluted Coverage Plus NPD 

disinfectant (Steris Life Sciences, Mentor, OH) to prevent a previous mouse’s scent from 

interfering with a subsequent mouse’s performance.  To further prevent a mouse from using 

scent cues, the entire maze was scent-saturated using cotton bedding from the mouse’s home 

cage after cleaning the maze. 

Radial arm maze training phase (8 arms baited, 8 arms open)  

 This procedure was utilized to assess spatial short-term memory.  Each mouse was placed 

in the central chamber of the maze for a two minute acclimation period.  After acclimation, all 

eight doors opened with the objective of collecting a food reward available at the end of each 

baited arm (8 arms open, 8 arms baited) using visual cues within the room to navigate the maze.  

Only one food reward is delivered per arm, and a revisit to a previously visited food trough is 

considered an error in spatial short-term working memory.  After either collecting the last food 

reward or after 15 minutes of elapsed time, the session ends and the doors close. In the training 

phase, the dependent measure is the number of errors in the first eight choices. The experiments 

are performed once a day, at the same time of day per mouse for 10 consecutive days. Mice 

achieving the criterion of no more than 2 errors within the first 10 choices by the 10th day of 

training continued in the study. Results from either the first two or last two days are reported as 

the mean + standard error of the mean (SEM).  Following 10 consecutive days of spatial memory 

training, animals proceeded directly to the spatial memory test with a retention interval. 

Radial arm maze test phase (delayed win-shift) to assess spatial working memory 
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 On the following day after completion of the training phase, spatial working memory was 

tested using a delayed spatial win-shift procedure for 10 consecutive days.  This is a two-phase 

procedure consisting of a study phase followed by a test phase.  In the study phase, the mouse is 

placed in the central chamber of the maze for a two minute acclimation period.  Afterwards, four 

of the eight doors are opened (randomly chosen for each mouse on each day).  Each mouse must 

navigate the maze using visual cues within the room to obtain a food reward that is available 

upon triggering a photobeam located within the food trough at the end of the arm (4 arms open, 4 

arms baited).  Only one food reward is delivered per baited arm, and a revisit to a previously 

visited food trough is considered an error in spatial short-term memory. After collecting the last 

food reward or after 15 minutes of elapsed time, the doors close.  The mouse is subjected to a 

short retention interval by being taken out of the maze and returned to his home cage for 3 

minutes while the maze was cleaned.  The mouse was returned to the maze to begin the test 

phase.  After 1 minute of acclimation, all eight doors of the maze open.  Only arms that were 

previously closed in the study phase are now baited in the test phase (8 arms open, 4 arms baited).  

The mouse must navigate the maze to collect a food reward at each newly baited arm.  A revisit 

to a food trough previously visited in either the study or test phase is considered an error in 

spatial working memory.  The session ends after collecting the last food reward, or after 15 

minutes of elapsed time.  In the test phase, the dependent variable is the number of errors in the 

first 4 choices. Results from either the first two or last two days are reported as the mean + 

standard error of the mean (SEM). 

Immunohistochemistry 

 Tissue from naive animals not used in behavioral or electrophysiological testing was 

fixed overnight with 4% paraformaldehyde at 4°C, embedded with paraffin, and cut into 6-10 µm 
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sections using a Leica RM2155 microtome.  Mounted sections were dewaxed in xylene and 

rehydrated in an ethanol gradient prior to antigen retrieval in boiling 50 mM sodium citrate plus 

0.01% Tween 20 for 25 minutes.  Endogenous peroxidase activity was inhibited by incubating 

sections in 3% hydrogen peroxide for 10 minutes prior to washing with phosphate-buffered 

saline (PBS) and blocking with 10 mg/ml bovine serum albumin in PBS overnight.  Primary 

antibodies BAM-10, pTau-199/202, pTau231 (Acris Antibodies, San Diego, CA), and pTau396 

were used at a concentration of 1/250, 1/200, 1/450, and 1/300, respectively.  Secondary 

biotinylated goat anti-mouse and goat anti-rabbit antibodies were used at 1/450 dilution.  Slices 

were incubated with 1/1000 streptavidin-HRP polymer complex (Vector Laboratory, Burlingame, 

CA).  Slices were washed 3 times for 5 minutes each between antibody and enzyme incubations 

with 0.02% Tween-20 in PBS.  Diaminobenzidine-enhanced substrate system was used 

according to the manufacturer’s instructions.  After washing off excess diaminobenzidine 

substrate, slides were counterstained with Gill’s No. 2 hematoxylin prior to mounting coverslips.  

Sections were viewed with a Leica DM6000 B microscope (Wetzlar, Germany) with Hamamatsu 

ORCA-ER digital camera (Hamamatsu, Bridgewater, NJ). 

Amyloid-beta extraction  

 Aβ extraction was performed as previously described (26).  Briefly, ventral hippocampal 

tissue from behaviorally tested animals taken at the time of sacrifice for electrophysiological 

testing was obtained and stored at -80C°.  The tissue was transferred to a Potter-Elvehjem 

homogenizer containing 4 brain volumes of Tris-buffered saline (25 mM Tris-HCl pH 7.4, 140 

mM NaCl, 3 mM KCl, 5 mM EDTA, and 2 mM 1,10-phenathroline) with 10 µL protease 

inhibitor cocktail (5 mM EGTA, 1 mM DTT, 10 mg/mL leupeptin, 1 µL/mL pepstatin, 0.1 M 

PMSF, 0.1 M benzamidine, and 0.5 M e-aminocaproic acid).  After homogenization, 6.25 M 
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guanidine HCl in 50 mM Tris, pH 8.0 was added to samples after transfer to a 1.5 mL 

microcentrifuge tube.  Samples were rocked on a platform for 2 hours at room temperature 

before centrifugation at 12,000 rpm for 30 minutes. 

Enzyme linked immune-sorbent assay (ELISA) 

 ELISAs were performed as previously described (26-28).  Briefly, 96-well Costar plates 

were coated with 4.0 mg/mL BAM-10 for capture of all Ab isoforms.  Aβ1-42 (Aβ42) levels were 

detected using a 1/250 dilution of rabbit Ab42 antibody.  Wells were subsequently incubated 

with 100 mL of 1/500 biotinylated anti-rabbit antibody followed by incubation with (1/1000) 

avidin-horseradish peroxidase (Vector Laboratory, Burlingame, CA).  Wells were washed 3 

times for 1 minute each with Tris-buffered saline plus 0.05% Tween 20 after each incubation 

step.  QuantaBlu substrate kit was used according to the manufacturers protocol (Pierce 

Biotechnology, Rockford, IL) and fluorescence of the HRP-substrate reaction was measured on a 

Biotek Synergy 2 plate reader (EX 340, EM 400) (Winooski, VT). 

Extracellular field recording  

 Hippocampal slices were prepared from behaviorally tested 3 and 8 month old 3xTg-AD 

and NonTg mice as previously described 10-17 days after completion of the radial arm maze 

testing as previously described (29).  Mice were deeply anesthetized with halothane prior to 

decapitation.  The brain was removed and submerged in ice-cold, oxygenated (95% O2/ 5% CO2) 

dissection artificial cerebrospinal fluid (ACSF) containing 120 mM NaCl, 3 mM KCl, 4 mM 

MgCl2, 1 mM NaH2PO4, 26 mM NaHCO3, and 10 mM glucose.  The brain was sectioned into 

400 mm thick horizontal slices using a vibratome.  The hippocampus was sub-dissected out and 

the CA3 portion removed.  Slices were placed in a submersion recording chamber and perfused 

at approximately 1 mL/min with oxygenated (95% O2 / 5% CO2) standard ACSF containing: 120 
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mM NaCl, 3 mM KCl, 1.5 mM MgCl2, 1 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 

10 mM glucose at room temperature.  Slices were allowed to recover for 45 minutes at room 

temperature and an additional 45 minutes at 30°C.  All recordings were obtained under 

continuous oxygenated perfusion of ACSF at 30°C.  A bipolar stimulating electrode (Kopf 

Instruments, Tujunga, CA) was placed within the stratum radiatum of CA3, and an extracellular 

recording microelectrode (1.0 MΩ tungsten recording microelectrode, World Precision 

Instruments, Sarasota, FL) was positioned in the same layer of CA1.  Field excitatory post-

synaptic potentials (fEPSPs) were recorded at CA3-CA1 synapses using a stimulus pulse 

consisting of a single square wave of 270 µs duration.  Data were digitized at 10 kHz, low-pass 

filtered at 1 kHz, and analyzed with pCLAMP 10.2 software (Axon Instruments, Sunnyvale, CA).  

The initial slope of the population fEPSP was measured by fitting a straight line to a 1 ms 

window immediately following the fiber volley.  Stimulus-response curves were obtained at the 

beginning of each experiment with stimulus pulses delivered at 40, 50, 60, 75, 90, 110, 130, and 

150 µA once every 60 s (0.0167 Hz).  To begin baseline recording, the stimulation intensity was 

adjusted to obtain a fEPSP of approximately 35-40% of the linear range between the minimum 

and maximum response.  Paired-pulse responses were performed at intervals of 50, 100, 200, and 

500 ms. The slope of paired-pulse responses was measured from an average of five pairs of 

pulses for each interval.  Synaptic responses for long-term potentiation (LTP) experiments were 

normalized by dividing all fEPSP slope values by the average of the five responses recorded 

during the 5 minutes immediately prior to high frequency stimulation (HFS).  The HFS protocol 

used to induce LTP in all experiments consisted of four episodes of 200 Hz/0.5 s stimulus trains 

(100 pulses) administered at 5 s inter-train intervals.  For separation of the NMDAR from the 

non-NMDAR component of LTP, the NMDAR antagonist DL-AP5 (50 µM) (Tocris Bioscience, 
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Minneapolis, MN) was bath applied for 30 minutes prior to HFS, continued for 5 minutes post-

HFS, and subsequently removed for the remainder of recording.  LTP values for the 1 hour time 

point were determined by averaging 5 minutes of normalized slope values at 55-60 minutes post-

HFS.  Reported n-values (x(y)) indicate the number of slices (x) and the number of mice (y) 

assessed. 

Statistics 

 Tests of significance for planned comparisons were performed using either the paired or 

unpaired t-test, as appropriate.  

 

RESULTS: 

 Spatial working memory was evaluated in individual NonTg or 3xTg-AD mice at 3 or 8 

months. Electrophysiological recordings of synaptic transmission and synaptic plasticity in the 

ventral hippocampal CA1 region of these same mice were obtained as well as quantification of 

total Aβ42 levels. Together, these studies permit direct correlations between memory, 

electrophysiology, and pathology on an individual mouse basis. 

Spatial memory testing 

 Spatial memory was tested in an 8-arm radial maze utilizing two different procedures.  

The first, a training phase (8 arms open, 8 arms baited), consisted of collecting a food reward at 

the end of each of the 8 arms without revisiting locations where the reward was collected (Figure 

1A,B).  Only 1 food reward was available per arm.  NonTg (3 month, n=11; 8 month, n=11) and 

3xTg-AD mice (3 month n=12; 8 month, n=11) performed similarly with both genotypes 

showing significant improvement in performance from day 1 to day 10. 
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 At day 11, the same mice from the training phase were evaluated using a delayed spatial 

win-shift procedure as shown in the schematic diagram (Figure 2A).  In the study phase (4 arms 

open, 4 arms baited), the mice have free access to only 4 arms with 1 food reward per accessible 

arm.  Upon completion of the study phase, a 4 minute short retention interval occurs before the 

subsequent test phase (8 arms open, 4 arms baited) where the mice have free access to all 8 arms.  

Only the 4 arms not previously visited (inaccessible during study phase) were baited and have 

food rewards.  During the study phase, mice at both 3 and 8 months of age showed no difference 

between genotypes or improvement across sessions (data not shown).  

 In contrast to training phase results, test phase results showed significant differences 

between NonTg and 3xTg-AD mice at both 3 and 8 months (Figure 2B,C).  NonTg mice showed 

a significant increase in performance across sessions at both 3 and 8 months (p < 0.01, paired t-

test, days 11-12 compared to days 19-20).  In contrast, 3xTg-AD mice did not (Figure 2B,C).  In 

addition, the inability of 3xTg-AD mice to improve with increasing sessions was not age- 

dependent.  Although at three months, NonTg mice make fewer spatial working memory errors 

at days 19-20 than did the 3xTg-AD, this trend is not statistically significant.  However, at eight 

months, the NonTg mice make significantly fewer spatial working memory errors at days 19-20 

than do 3xTg-AD mice (p < 0.05, unpaired t-test, Figure 2C).  These results demonstrate that the 

onset of impairment of spatial working memory performance can be observed as early as 3 

months of age in 3xTg-AD mice but only after increasing memory load requirements such as that 

seen using the delayed spatial win-shift procedure. 

Characterization of 3xTg-AD pathology and progression 

 To verify the pathological state of our 3xTg-AD mice, immunohistochemical analysis at 

3 and 8 months was performed (Supplemental Figure 1).  Using a non-isoform specific Aβ 
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antibody (BAM-10), intraneuronal Aβ localization was detected in CA1 pyramidal neurons at 

both 3 and 8 months in 3xTg-AD mice, but not in NonTg mice.  Bam-10 localization also 

revealed small disperse plaque deposits in the hippocampus of 8-month-old 3xTg-AD mice, but 

not in NonTg or 3-month-old 3xTg-AD mice.  To determine relative levels of tau hyper-

phosphorylation, three antibodies that recognize site-specific phosphorylation of tau at 

Ser199/202, Thr231, and Ser396 were utilized.  No detectable phospho-tau within CA1 

pyramidal neurons of NonTg or 3-month 3xTg-AD mice was found.  However, in 8-month 

3xTg-AD mice, phospho-tau was readily detectable in CA1 pyramidal neurons of the 

hippocampus with all antibodies.  

 To test whether Aβ correlated with behavioral measurements of spatial working memory, 

Aβ from ventral hippocampal brain tissue was extracted from the same mice that were tested in 

the radial arm maze.  Since soluble Aβ (40 or 42), as well as total Aβ40, has been shown to 

remain relatively stable with age in 3xTg-AD mice (24,30), ELISA assays were used to measure 

total Aβ42 since it is the most abundant species in 3xTg-AD mice, and because of its more 

aggressive nature during disease progression (1,24,31). Consistent with the 

immunohistochemistry, 3xTg-AD mice show an age-dependent increase in total Aβ42 levels 

while Aβ42 in NonTg mice is virtually undetectable (Figure 3A).  At both 3 and 8 months, 3xTg-

AD mice show a significant correlation between total Aβ42 and spatial working memory as 

measured by the number of errors that occurred in the test phase before visiting the last baited 

arm (Figure 3B) (3 months: r2 = 0.354; Pearson correlation coefficient 0.6, p < 0.05; 8 months: r2 

= 0.404, Pearson correlation coefficient 0.8, p < 0.01).  The results suggest that within a given 

age cohort, increased levels of total Aβ42 correspond with decreased cognitive performance. 

Electrophysiology 
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 To determine if neurophysiological differences exist between 3xTg-AD and NonTg mice, 

fEPSPs at CA3-CA1 synapses from the stratum radiatum in hippocampal slice preparations were 

recorded as a measure of synaptic function.  At 3 months of age, baseline fEPSPs for both groups 

were similar.  The 3xTg-AD mice (n=54(12)) exhibited significantly lower fEPSP slopes than 

NonTg mice (n=47(11)) at the highest stimulus intensities (Figure 4A, 130 and 150 µA, p < 0.05).  

At 8 months of age, fEPSP slopes at intensities greater than 50 µA, were significantly reduced in 

3xTg-AD mice (n=39(11)) compared to NonTg (n=47(11)) (Figure 4B, p < 0.01). 

 A paired-pulse stimulus protocol was utilized to evaluate short-term synaptic plasticity.  

At 3 months, both 3xTg-AD and NonTg mice showed paired pulse facilitation at all intervals 

except 500 ms (Figure 5A).  The 3xTg-AD mice showed significantly less facilitation than 

NonTg mice (p < 0.01), ((n=58(11)) NonTg; n=54(12)) in 3xTg-AD).  Paired-pulse facilitation 

on 8-month-old mice showed similar results (Figure 5B).  The 3xTg-AD mice showed 

significantly less facilitation than NonTg mice at all stimulus intervals including 500 ms (p < 

0.01, p< 0.05 at 500 ms, (n=42(11)) NonTg; n= n=36(11)) in 3xTg-AD).  

 Long term synaptic plasticity was induced using a multiple train stimulus induction 

protocol previously shown to elicit a compound potentiation consisting of both NMDAR and 

non-NMDAR components of LTP (15).  At 3 months, there was no significant difference in total 

LTP between 3xTg-AD (47 ± 3.8%; n=23(12)) and NonTg mice (45 ± 2.5%; n=25(10)) (Figure 

6A-C).  The non-NMDAR component of LTP was measured using the selective NMDAR 

antagonist, DL-AP5.  At 1 hour post-tetanus in the presence of 50 µM DL-AP5, the fEPSP slope 

value was potentiated 28 ± 2.7% in NonTg mice (n=25(10)), in contrast to 42 ± 3.9% in 3xTg-

AD mice (n=25(12)) (Figure 6A-C). This non-NMDAR component of LTP was significantly 
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greater in 3xTg-AD mice than in the NonTg mice (p < 0.01), constituting 89% of the total LTP 

observed in the 3xTg-AD mice and 62% in the NonTg mice. 

 At 8 months, the total LTP was significantly reduced (p < 0.05) in 3xTg-AD mice (32 ± 

3.8%, n=15(11)) compared to NonTg mice (46 ± 4.2%, n=19(9)) (Figure 6D-F).  The non-

NMDAR component of LTP did not differ significantly between the NonTg (24 ± 2.4%, 

n=23(11)) and the 3xTg-AD mice (27 ± 4.6%, n=18(11)) (Figure 6D-F).  This result is in 

contrast to the significant difference observed between these groups at 3 months of age (Figure 

6C).  Thus, the significant decrease in total LTP at 8 months of age in the 3xTg-AD mice is due 

to the decrease in the non-NMDAR component of LTP. 

 Within each genotype, the total LTP remained constant for the NonTg mice at 3 and 8 

months of age (cf. Figure 6C and F).  In contrast, the total LTP of the 3xTg-AD mice decreased 

significantly during this time period.  These results agree with a previous report describing the 

delayed onset of impairment in total LTP magnitude in the 3xTg-AD mice (24).  The relative 

contribution of the non-NMDAR LTP to the total LTP is the same for both genotypes at 8 

months as compared with 3 months.  These results demonstrate that 3xTg-AD mice exhibit a 

significantly reduced NMDAR-dependent component of LTP at both 3 and 8 months, and this 

deficit occurs concomitantly with significant impairments in spatial working memory. 

DISCUSSION: 

 Using the radial arm maze, both 3-and 8-month-old 3xTg-AD mice failed to demonstrate 

improvements in working memory performance in a delayed spatial win-shift test phase with 

increasing session days as compared with NonTg (Figure 2).  This is in contrast to the results 

obtained from the training phase assessment of short-term memory (8 arms open, 8 arms baited) 

where improvement across session days occurred in 3xTg-AD mice (Figure 1).  The total 
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magnitude of LTP in the CA1 region of the hippocampus was equivalent for the NonTg and 

3xTg-AD mice at 3 months; however, the contribution of non-NMDAR LTP was significantly 

greater in 3xTg-AD than NonTg (Figure 6).  Together, these results suggest that the impairment 

in spatial working memory in the test phase of the delayed win-shift protocol was concurrent 

with the loss of the NMDAR-dependent component of LTP in both 3-and 8-month 3xTg-AD 

mice.  In addition, impairments in spatial working memory of individual 3xTg-AD mice were 

correlated with total Aβ42 levels in both of these age groups (Figure 3). 

 The training phase results (8 arms open, 8 arms baited) demonstrate that both 3xTg-AD 

and NonTg control mice have intact spatial learning and navigation (i.e., they show equivalent 

levels of learning the reference memory rules used in the radial maze task, equivalent perception 

of spatial cues, equivalent levels of motivation and motor control).  In the training phase, the task 

is continuous and thus the working memory load is low, making the procedure primarily 

dependent upon immediately accessible information from short-term memory (32,33).  In order 

to specifically examine working memory, the mice were tested in a 2-phase delayed spatial win-

shift assay, which included a brief retention interval delay.  The incorporation of a time delay 

forces retention of trial-unique spatial information (i.e., the mice must remember which arms 

were visited in phase 1 in order to successfully complete phase 2), which increases working 

memory load.  This allowed discrimination in performance between NonTg and 3xTg-AD mice 

as the NonTg mice showed improvement but the 3xTg-AD mice did not.  The test phase results 

suggest that 3xTg-AD mice have impaired spatial working memory (i.e. memory for daily item-

specific locations).  This is likely profound working memory impairment since the training phase 

results indicated intact acquisition of reference memory rules, making impairment in learning 

capability unlikely.  At 3 months, our test phase results are in contrast to Morris water maze 
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studies with 3xTg-AD mice in which no impairments are shown at early time points (30).  This 

apparent discrepancy is likely due to the Morris water maze performance being evaluated 

primarily as a test of spatial reference memory, rather than spatial working memory (34,35).  The 

retention interval delay in our radial maze test phase served to increase memory load, which 

revealed an impairment of spatial working memory in the 3 month 3xTg-AD mice. 

 Assessments of spatial learning and memory depend upon intact hippocampal function 

(32,36-38).  More recently, a primary role for the ventral sector of the hippocampus in spatial 

working memory has been reported (39), consistent with the direct anatomical connection 

between the ventral hippocampus and the medial prefrontal cortex (40).  It is clear that the dorsal 

and ventral sectors of the hippocampus are distinct entities, both anatomically and functionally 

(41).  Therefore, in the current studies we have obtained electrophysiological recordings in 

hippocampal slices taken from the ventral third of the hippocampus to determine if synaptic 

function is altered in the 3xTg-AD mice when behavioral effects were evident in a spatial 

working memory task dependent upon intact function in this brain region.  With respect to 

Alzheimer’s disease, evidence indicating that early loss of hippocampal tissue is more prominent 

in the anterior (ventral) sector (42,43) supports our findings of early behavioral impairment in 

spatial working memory in the 3xTg-AD mice. 

  Previous investigations of short-term synaptic plasticity have shown that measurements 

of paired pulse facilitation in the CA1 region of both 1 and 6 month old 3xTg-AD mice are not 

different from NonTg mice (24).  In contrast, our results demonstrate that the paired-pulse 

facilitation ratio is significantly decreased in 3xTg-AD mice at both 3 and 8 months (Figure 5).  

Other previous work has shown dysregulation of calcium homeostasis in 3xTg-AD mice 

resulting in higher resting calcium levels as early as 6 weeks of age (44).  This increase in resting 
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presynaptic calcium levels would be expected to result in a greater initial release of 

neurotransmitter and a subsequent decrease in paired-pulse facilitation ratio (45).  Thus, our 

observation here of a reduction in paired-pulse ratio in ventral hippocampal slices from 3xTg-

AD mice may be an early neurophysiological indicator of a functional synaptic abnormality that 

is consistent with the dysregulation of calcium homeostasis and excitatory neurotransmission 

(46). 

 In addition to evaluating short-term synaptic plasticity, we also investigated a form of 

long-term synaptic plasticity, long-term potentiation.  At least two forms of LTP are known to 

occur at CA3-CA1 synapses in the hippocampus, NMDAR-dependent (13) and non-NMDAR- 

dependent (15).  As both of these forms of LTP have been shown to be involved in spatial 

learning and memory performance (47,48), we investigated the potential involvement of these 

two forms of LTP in behaviorally tested 3xTg-AD mice.  Our results show that NMDAR LTP is 

significantly reduced in 3xTg-AD mice at both 3 and 8 months, coinciding with the failure to 

show improvement in the test phase assessment of spatial working memory.  This is in contrast 

to the training phase results, which show no impairment in a spatial short-term memory task.  

Together these results suggest a specific role for NMDAR LTP in spatial working memory, as 

has been previously demonstrated (49).  Interestingly, at 3 months the relative contribution of 

each component of LTP is different between the 3xTg-AD and NonTg mice.  Non-NMDAR LTP 

is increased in 3xTg-AD mice and as a result the combination of NMDAR LTP with non-

NMDAR LTP yields a total LTP that is not significantly different between groups.  This could 

explain previous findings in which LTP assessed at earlier ages was not found to be altered in the 

3xTg-AD mice (24).  Our results demonstrate a specific relationship between loss of NMDAR 
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LTP in the ventral hippocampus and impaired performance in the test phase of our spatial 

working memory task. 

 By 8 months, our 3xTg-AD mice show a significant reduction in total LTP.  Elevated 

levels of soluble Aβ42 disrupts synaptic function and is responsible for decreases in LTP (50), 

enhanced activation of long-term depression (51), and synaptic loss (52).  Aβ42 levels in the 

brains of 3xTg-AD animals are significantly elevated by 4 months (30), and in our current study 

a significant increase of total Aβ42 in the ventral hippocampus of 3xTg-AD mice is observed by 

3 months.  This increase in Aβ42 levels in our mice coincides with the behavioral and 

electrophysiological alterations observed at this age as discussed previously.  At 8 months, total 

Aβ42 levels continue to increase, but with similar influence on maze performance as compared 

to 3 months.  Given that soluble Aβ42 levels remain constant over a period of 2-6 months (30), 

the continued increase in total Aβ42 measured at 8 months is likely due to its accumulation 

within amyloid plaques (Figure S1).  Interestingly, a comparison of Aβ42 levels with the total 

number of errors accrued in the test phase from individual mice show there is a relationship 

between total Aβ42 levels and spatial working memory performance (Figure 3).  This 

observation adds further support to the suggestion that soluble Aβ may be important for early 

synaptic deficits associated with the disease state (52).  For the 3xTg-AD model, our findings of 

behavioral impairment in spatial working memory at the 3 month time point is the earliest noted 

to date and is at least 3 months before the observation of plaque formation in these animals (30).  

A correlation between individual Aβ42 burden and behavioral performance in the Morris water 

maze has been identified at a time when amyloid plaque is present (53).  Notably, here we have 

demonstrated that a behavioral impairment in spatial working memory can be observed prior to 

evidence of amyloid plaque accumulation in the ventral hippocampus. 
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 In the current series of studies, we have characterized early behavioral and 

electrophysiological alterations in 3xTg-AD model mice.  The earliest reported observation of 

plaque formation in these animals occurs at 6 months, and the large majority of assessments of 

cognitive function in these younger mice describe them as being presymptomatic with respect to 

their behavioral performance in spatial memory tasks.  Our findings of altered synaptic function 

that coincide with significant impairments in radial arm maze performance provide an example 

linking the loss of particular components of synaptic plasticity, such as decreased paired-pulse 

facilitation and NMDAR LTP in the ventral hippocampus, with a specific form of spatial 

working memory.  These observations demonstrate that 3-month 3xTg-AD mice show functional 

and behavioral signs that are present at an age previously referred to by many investigators as 

presymptomatic.  The significant correlation between total Aβ42 levels and spatial working 

memory performance in the 3-month age group indicates that individuals producing more Aβ42 

suffer greater memory impairment prior to the presence of amyloid plaque deposition in the 

hippocampus.  Our additional finding that 3xTg-AD mice also show an increase in non-NMDAR 

LTP at a young age is intriguing, and warrants further investigation into this potentially 

compensatory mechanism in the early stages of Alzheimer’s disease. 
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Figure 1.  Training phase results for 3xTg-AD and NonTg mice in the 8-arm radial maze at 

3 and 8 months.  Mice collect food rewards in each open, baited arm (8 arms open, 8 arms 

baited as illustrated in the schematic).  Revisits to arms where the food rewards were previously 

obtained are errors. A) NonTg (black bars, n=11) and 3xTg-AD (white bars, n=12) mice at 3 

months old.  B) NonTg (black bars, n=11) and 3xTg-AD (white bars, n=11) at 8 months old.  

Both the NonTg and 3xTg-AD mice significantly improved their performance as the number of 

training sessions increased, as evidenced by a decrease in errors (* p < 0.05, ** p < 0.01).  There 

were no differences between the genotypes or ages of the mice. The values represent mean + 

SEM of the first 2 days or the last 2 days of the training phase. 
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Figure 2.  Test phase results for 3xTg-AD and NonTg mice in the 8-arm radial maze using 

a delayed spatial win-shift procedure at 3 and 8 months.  A)  Schematic illustration of 2-

phase delayed spatial win-shift procedure.  Mice collect food rewards in each open, baited arm (4 

arms open (white), 4 arms baited (•)) in the study phase.  The black arms represent inaccessible 

arms.  A short retention interval of 4 minutes occurs between the study and test phase.  During 

the test phase, 8 arms are open with the 4 previously inaccessible arms now baited.  Revisits to 

food troughs where the food rewards were previously obtained are errors. B) NonTg (black bars, 

n=11) and 3xTg-AD (white bars, n=12) mice at 3 months old.  C) NonTg (black bars, n=11) and 

3xTg-AD (white bars, n=12) at 8 months old.  The NonTg mice significantly improved their 

performance as the number of training sessions increased as evidenced by a decrease in errors at 

both 3 and 8 months (* p < 0.05).  In contrast, the 3xTg-AD mice do not improve at either 3 or 8 

months.  In addition, there is a significant difference between the performance of the NonTg and 

the 3xTg-AD mice at days 19-20 at 8 months. The values represent mean + SEM of the first 2 

days or the last 2 days of the test phase.  Significance was determined using either a paired t-test 

(within genotype, ** p < 0.01) or unpaired t-test (between genotypes, *p < 0.05). 
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Figure 3.  Aβ42 quantification and relation to maze performance in 3xTg-AD and NonTg 

mice.  A) Comparison of total Aβ42 levels in ventral hippocampal tissue at 3 and 8 months for 

3xTg-AD (white bars, 3 months, n=12; 8 months, n=11) and NonTg mice (black bars, 3 months, 

n=8; 8 months, n=10).  Values represent the mean ± SEM; significance was determined using an 

unpaired t-test between genotypes (**p < 0.01).  B) Total Aβ42 versus total errors in the delayed 

win-shift test phase at 3 and 8 months in 3xTg-AD (open and light grey circles, respectively) and 

NonTg (black and dark grey circles, respectively) mice. At both 3 and 8 months, 3xTg-AD mice 

show a significant correlation between total Aβ42 and total errors (p < 0.05, p < 0.01, 

respectively). Significance was determined using Pearson’s correlation coefficient. 
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Figure 4.  Field Excitatory Post-Synaptic Potentials (fEPSP) recorded from the CA1 region 

of ventral hippocampus in 3xTg-AD and NonTg control mice.  A) Stimulus-response curves 

for 3xTg-AD (white circles, n=54(12)) and NonTg (black circles, n=56(11)) mice at 3 months. 

Input intensities are 40, 50, 60, 75, 90, 110, 130, and 150 µA. The insets above are averaged 

fEPSP sweeps for stimulus-response curves in panel A. The vertical bar represents 2 mV and the 

sweeps are 50 ms in duration. Line values represent the mean ± SEM from n slices. The 3xTg-

AD mice exhibited significantly lower fEPSP than NonTg mice at the highest stimulus 

intensities, 130 and 150 µA.  B. Same as panel A except at 8 months for 3xTg-AD (n=39(11)) 

and for NonTg (n=47(11)) mice. The 3xTg-AD mice exhibited significantly lower fEPSP than 

NonTg mice at stimulus intensities greater than 60 µA.  Significance between genotypes was 

determined using an unpaired t-test (*p < 0.05; **p < 0.01) 
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Figure 5.  Paired-pulse Field Excitatory Post-Synaptic Potentials (fEPSP) recorded from 

the CA1 region of ventral hippocampus in 3xTg-AD and NonTg control mice.  A)  Paired-

pulse ratios at 50, 100, 200, and 500 ms in 3xTg-AD (open bars, n=54(12)) and NonTg (black 

bars, n=58(11)) control mice at 3 months.  Inset above represents averaged fEPSP sweeps for 

paired-pulse ratios in panel A.  The vertical bar represents 2 mV, and the sweeps are 90 ms in 

duration.  B) Same as panel A except at 8 months for 3xTg-AD (n=36(11)) and NonTg 

(n=42(11)) control mice.  Bar graph values represent the mean ± SEM from n slices.  

Significance between genotypes was determined using an unpaired t-test (* = p < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



315



	
   316	
  

Figure 6.  Long-Term Potentiation (LTP) of Field Excitatory Post-Synaptic Potentials 

(fEPSP) recorded from the CA1 region of ventral hippocampus in 3xTg-AD and NonTg 

mice.  A) Summary plot of normalized fEPSP slope values in 3-month-old NonTg mice for total 

LTP (black circle, (n=25(10)) and bath-applied DL-AP5 (50 µM) representing non-NMDAR 

LTP (dark grey circle, n=25(10)), before and after high frequency stimulation (HFS) (4 x 

200Hz/0.5 sec at 5 sec intervals) indicated by the arrow at 30 minutes.  Insets above represent 

averaged fEPSP sweeps before and after HFS for total LTP and non-NMDAR LTP. B) Same as 

panel A except in 3-month-old 3xTg-AD mice for total LTP (white circle, (n=23(12)) and non-

NMDAR LTP (light grey circle, n=25(12)).  C) Summary quantification of total LTP and non-

NMDAR LTP for NonTg and 3xTg-AD mice at 1 hr post-HFS. There is no significant difference 

in total LTP between the 3xTg-AD and NonTg mice.  In the presence of DL-AP5, the non-

NMDAR component of LTP is significantly greater in 3xTg-AD than NonTg mice. D, E, & F) 

Same as A, B, & C above except at 8 months of age.  There was a significant decrease in the 

total LTP of 3xTg-AD mice. In addition, the non-NMDAR component constitutes a larger 

proportion of the total LTP than NonTg mice, similar to that found at 3 months.  For NonTg 

mice (total LTP, n=17(9); Non-NMDAR LTP, n=23(11)), and 3xTg-AD mice (total LTP, 

n=15(11); Non-NMDAR LTP, n=18(11)).  Values represent the mean ± SEM from n slices.  

Significance was determined using an unpaired t-test, both between genotypes and within 

genotype for component LTP comparison (*p < 0.05, **p < 0.01). 
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Figure S1.  Supplementary Figure 1.  Characterization of 3xTg-AD pathology in the CA1 

region of ventral hippocampus.  Sections of 3xTg-AD and NonTg mice at 3 and 8 months were 

stained with BAM-10 (specific for total Aβ), pTau199/202 (site-specific phosphorylation of tau 

at Ser 199 and 202), pTau231 (site-specific phosphorylation of tau at Thr 231), and Tau396 (site-

specific phosphorylation of tau at Ser 396).  3xTg-AD mice exhibit intra-neuronal Aβ at both 3 

and 8 months.  Small plaque deposits can be seen at 8 months, but not 3 months in 3xTg-AD 

mice.  Phosphorylated tau is present at 8 months but not 3 months in 3xTg-AD mice. Scale bar = 

50 µm. 
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