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ABSTRACT 

Alzheimer’s disease (AD) is a neurodegenerative disease of aging thought to be 

initiated by production of Amyloid-β peptide, which leads to synaptic dysfunction and 

progressive memory loss, and the eventual formation of β-Amyloid plaques and 

neurofibrillary Tau tangles.  Working memory is one of the first cognitive impairments in 

AD.  We therefore wanted to explore the cellular mechanisms underlying working 

memory impairments in AD utilizing a well-known triple transgenic mouse model of 

Alzheimer’s disease (3xTg-AD) carrying mutations in APP, PS1, and Tau.  We 

evaluated working memory using an 8-arm radial maze, and synaptic transmission and 

plasticity using an ex vivo hippocampal slice preparation to measure field Excitatory 

Post-Synaptic Potentials (fEPSP) in the CA1 region of ventral hippocampus.  

Unexpectedly, young 3xTg-AD mice at 3 months of age, typically considered to be 

presymptomatic, were significantly impaired in the spatial working memory task 

compared to Nontransgenic (NonTg) control mice.  Measurements of fEPSPs to 

evaluate Long-Term Potentiation (LTP) as an indicator of long-term synaptic plasticity 

showed the NMDA receptor-dependent component of LTP (NMDAR LTP) was reduced 

in 3xTg-AD mice compared to NonTg mice.  The remaining non-NMDA receptor-



dependent component of LTP (non-NMDAR LTP) however was increased, resulting in a 

total LTP that was not different between 3xTg-AD and NonTg mice.  At 8 months of age, 

3xTg-AD mice were again significantly impaired in the spatial working memory task, and 

NMDAR LTP was again reduced in 3xTg-AD mice.  The non-NMDAR LTP however was 

also reduced in 3xTg-AD mice, resulting in a total LTP that was now reduced in 3xTg-

AD mice.  The majority (>90%) of non-NMDAR LTP is mediated by Voltage-Dependent 

Calcium Channels (VDCC), and attempts to block LTP using NMDAR and VDCC 

antagonists were unsuccessful, indicating 3xTg-AD mice have compensatory 

mechanisms for LTP expression that occur independently of NMDAR or non-NMDAR 

dependent mechanisms.  In addition, 3xTg-AD mice also showed impairments in short-

term synaptic plasticity and basal synaptic transmission at both 3 and 8 months of age.  

These impairments in synaptic transmission and plasticity coincide with impairments in 

spatial working memory, and understanding the nature of these altered mechanisms 

may lead to therapeutic targets for disorders such as AD. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1  Historical Perspective 

In 1901, Dr. Alois Alzheimer was a German psychiatrist working at The Hospital 

for the Mentally Ill and for Epileptics in Frankfort, Germany.  On November 25th 1901, 

Auguste Deter was admitted by her husband, and examined by Dr. Alzheimer.  She was 

51 years old.  Her condition was described as being one of reduced comprehension and 

memory, disorientation, unpredictable behavior, paranoia, and pronounced 

psychosocial behavior (the general term for dementia at the time).  Her husband 

described her to be delusional, carry items from one place to another hiding objects, 

and to cry out loudly believing someone was trying to kill her.  Over the next four days, 

Dr. Alzheimer asked her a series of basic questions such as: “What is your name”?  

“Where you are”?  “What is your husband’s name”?  She knew her first name and age, 

but could not remember her last name, husband’s name, where she was, how long she 

had been there, where she lived, or what year it was.  She was unable to determine 

what food she was eating, and when shown common recognizable objects, would forget 

them moments later.  When asked to write her name, she could not, as she would forget 

what was asked of her, all the while repeating the phrase "Ich hab mich verloren" (I 

have lost myself).  Dr. Alzheimer documented his observations, concluding his patient 

had: a complete disorientation of time and place, memory loss, confusion, 



2 
 

hallucinations, mistrust, and at times, complete helplessness.  Over the next several 

years, Auguste D. became increasingly worse and eventually passed on April 8th 1906.  

By this time, Dr. Alzheimer had moved to the Royal Psychiatric Clinic in Munich under 

director Emil Kraepelin, but had continued to follow her case until her death.  Upon 

learning of Auguste’s passing a day later, Dr. Alzheimer requested her records and 

brain be sent to him for further study.  Trained in pathology by a former colleague, Franz 

Nissl, and using a new silver staining technique of the time (Bielschowsky method), Dr. 

Alzheimer was able to examine sections of Auguste’s brain with high contrast.  Upon 

observation, there was profound neurodegeneration estimated at between 25%-30% of 

the cerebral cortex.  There was also the description of two pathological features that 

would eventually go on to become the hallmarks of Alzheimer’s disease: 

“Distributed all over the cortex, but especially numerous in the upper layers, there 
are minute miliary foci which are caused by the deposition of a special substance 
in the cortex.  This substance can be observed without dye, but it is very 
refractory to dyeing.” 
 
“Inside of a cell which appears to be quite normal, one or several fibrils can be 
distinguished by their unique thickness and capacity for impregnation.” 

 
These descriptions are referring to the characteristic β-Amyloid plaques and 

neurofibrillary tangles, respectively.  These findings were published the following year in 

1907 under the title “Über eine eigenartige Erkankung der Hirnrinde” (About a peculiar 

disease of the cerebral cortex) [1-3].  That same year, Fischer published a detailed 

account of the histopathological changes occurring in dementia [4], and the following 

year in 1908, Bonfiglio reported a similar case in a patient only 60 years old [5].  In 1909 

Perusini published a paper consisting of five case studies on dementia [6], the first of 

which was a re-examination of Auguste D. from Dr. Alzheimer’s original case, per Dr. 
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Alzheimer’s request.  While senile dementia was known to occur in some individuals of 

advanced age, this form of dementia was in relatively younger patients, and thus termed 

“presenile” dementia.  It was however, in 1910 that Dr. Kraepalin published the medical 

textbook “Psychiatrie VIII Auflage” (Psychiatry, 8th edition) in which the eponym 

“Alzheimer’s Disease” was first used as a tribute to his colleague [7].  In 1911, Dr. 

Alzheimer published his second case study of Alzheimer’s disease from patient Johann 

F. [8].  These events marked the beginning of what would ultimately become the most 

widely studied memory disorder to date. 

 

1.2  General Overview of Alzheimer’s Disease 

Alzheimer’s disease (AD) is a neurodegenerative disease of aging.  It is a global 

epidemic affecting nearly 35 million individuals worldwide [9].  It is the most common 

form of dementia in the elderly accounting for more than 50% of all cases [9, 10], and is 

the second most feared disease in the world after cancer [11].  Approximately 1 in 9 

individuals in the United States over the age of 65 have AD [12].  This increases to 1 in 

3 individuals over the age of 85 [12].  There is an estimated 4.7 million people currently 

living in the U.S. with AD, and this number is expected to increase to nearly 14 million 

by 2050 [12].  Health care costs in the United States alone total more than $172 billion 

annually to provide care for these individuals [10].  It is a medical and economic 

problem that significantly and profoundly decreases the quality of life for both patients 

and their families. 

Alzheimer’s disease is present in two forms: a sporadic form (late-onset), and an 

autosomal dominant familial form (early-onset).  While both forms have the same 
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characteristic pathological features, there are different mechanisms thought to drive 

each form.  As much as 10% of cases occur before the age of 65 (early-onset) and may 

begin in the late 30’s [10].  Signs of AD may vary but most commonly include memory 

loss, confusion, and disorientation [9].  Despite efforts to understand and treat AD, there 

is currently no known cure, and treatment options are limited.  Progression cannot be 

stopped or reversed, and can only be minimally slowed, giving patients an additional 2-3 

years at best once advanced symptoms begin. 

Gross pathology of AD is characterized by cortical atrophy, reductions in 

hippocampal volume, and dilation of cerebral ventricles (Figure 1.1).  Early stages of 

neurodegeneration begin with a loss of cholinergic input to brain regions important for 

cognitive function such as the hippocampus [13, 14], followed in late stages by 

widespread loss of both neurons and glia across multiple brain regions.  Estimated brain 

atrophy in late-stage individuals is between 30%-40% of total cerebral volume [15, 16], 

and between 25%-40% of total hippocampal volume [17, 18].  Gross anatomical 

changes in AD can be directly imaged using structural MRI [19] (Figure 1.1C). 

Histopathology of AD is characterized by the presence of extracellular 

accumulations of β-Amyloid plaques and intracellular neurofibrillary tangles of 

hyperphosphorylated Tau protein [20] (Figure 1.2).  The emergence of β-Amyloid 

plaques begin in the cerebral cortex (stage 1) and progress to the hippocampus (stage 

2), and eventually to other regions including the striatum, brainstem, and cerebellum 

(stage 3), while the emergence of neurofibrillary tangles begins considerably later than 

β-Amyloid plaques and follows the opposite pattern beginning in the hippocampal region 

and progressing to the cerebral cortex [20].  The presence of β-Amyloid deposits can be 
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imaged in vivo using the Amyloid binding radioactive tracer Pittsburg compound B 

([11C]PiB) and Positron Emission Tomography [21] (Figure 1.1B).  In addition to β-

Amyloid plaques and neurofibrillary tangles, there is sometimes the presence of dense 

spherical intracellular inclusions called Lewy bodies, or rod shaped intracellular 

inclusions called Hirano bodies [9].  The onset of AD pathology leads to a series of 

inflammatory and metabolic events that ultimately result in synaptic loss and energy 

failure within the brain. 

1.2.1  Amyloid Precursor Protein and the production of Amyloid-β 

The most prominent pathological feature of AD is the accumulation of Amyloid-β 

(Aβ) peptides to form extracellular β-Amyloid plaques.  Aβ peptides are cleavage 

products of Amyloid Precursor Protein (APP) [22], an integral membrane protein 

concentrated in the synaptic membrane of neurons.  APP has several functions 

including synapse formation, repair, and anterograde axonal transport.  Neuronal 

activity increases the turnover rate of APP and there are two pathways responsible for 

APP processing: Amyloid producing and non-Amyloid producing (Figure 1.3).  Both 

pathways occur in normal individuals with the non-amyloidogenic pathway being 

dominant.  The non-amyloidogenic pathway involves the cleavage of APP by the 

membrane protein α-secretase at position 83 from the C-terminus.  This produces a 

soluble APPα fragment that is released into the extracellular space.  The remaining 

transmembrane C83 fragment is then subsequently cleaved by γ-secretase, a 

membrane bound complex of enzymes containing Presenilin (PS) 1 or 2, Nicastrin, 

anterior pharynx defective protein, and Presenilin enhancer 2.  Cleavage by γ-secretase 

produces a small p3 fragment that is also released into the extracellular space, and an 
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APP intracellular domain (AICD) fragment that is released into the cytoplasm.  AICD is 

known to be translocated to the nucleus upon phosphorylation, and has been implicated 

in intracellular signaling and gene expression [23, 24]. 

The amyloidogenic pathway involves the initial cleavage of APP by β-secretase, 

also known β-site APP cleaving enzyme 1 (BACE-1), at position 99 instead of 83 [25].  

This produces a soluble APPβ fragment that is released into the extracellular space.  

The remaining transmembrane C99 fragment is then subsequently cleaved by γ-

secretase to produce a small Aβ peptide fragment that is released into the extracellular 

space, and an intracellular AICD fragment.  Aβ peptides range in length from 33-49 

amino acids with Aβ40 and Aβ42 being the most common, and both representing the 

dominant species overproduced in AD [26].  A small portion of Aβ is also produced 

intracellularly at both Endoplasmic Reticulum (ER) and Golgi sites, and may be 

secreted extracellularly [27, 28].  ER products are predominately Aβ42, while Golgi 

products are predominately Aβ40.  In non-disease individuals, Aβ fragments are cleared 

from the extracellular space by astrocytes [29] and microglia [30] by endocytic 

scavenger receptors [31, 32], or degraded by neuronal and glial surface enzymes such 

as neprilysin [33, 34].  Astrocytes may also shuttle Aβ to the perivascular space where it 

enters systemic circulation and is degraded by liver enzymes [35]. 

AD individuals show increases in both APP and Aβ isoforms.  Alternative splicing 

produces four isoforms of APP capable of producing Aβ peptides with APP695 being 

the most abundantly expressed followed by APP751, APP770, and APP714 [36-38].  

APP751 and APP770 both carry the Kunitz protease inhibitor (KPI) domain which may 

offer protection against enzymatic degradation [39].  Both neurons and astrocytes 
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contain multiple isoforms of APP with neurons containing predominately APP695 

(~80%), and glial cells containing predominately KPI-APP isoforms (~90%) [40].  The 

normal ratio of 695:751:770 in cerebral cortex of control individuals is 20:10:1, but 

decreases to 10:2:1 in the AD brain [36].  On average APP770 shows the largest 

increase (6.8 fold) followed by APP695 (3.3 fold) and APP751 (1.6 fold).  APP variants 

differentially increase in different cerebral lobes in AD, and the largest increase occurs 

in the temporal lobe by APP770, increasing 12 fold over control brains, while both 

APP770 and APP695 increase more than 6 fold in frontal cortex over control brains [36].  

KPI-APP variants have been positively correlated with plaque load in spontaneous AD 

patients, but also in plaques of non-demented controls [41].  In AD, there seems to be 

two events occurring concurrently, the increased expression of certain APP isoforms, 

particularly KPI-APP, and the increase in amyloidogenic processing to yield Aβ 

peptides.  It could be that total APP expression in AD is not significantly different from 

non-AD individuals, but that mutations in APP influence alternative splicing mechanisms 

to preferentially produce specific isoforms, which are themselves more prone to 

amyloidogenic processing [42].  It is unclear if the change in APP expression occurs in 

both sporadic and familial AD patients to the same degree, or if the increase in KPI-APP 

in AD is primarily from neurons or glia, although one study does correlate increases in 

APP695 (non-KPI APP) in dementia patients with neurons, but not glia [43]. 

Mutations in APP, PS1, or PS2 shifts APP processing towards the amyloidogenic 

pathway leading to an increase in Aβ production and favors the production of Aβ42 [44-

52].  Mutations in APP generally increase the affinity of β-secretase for APP.  Some 

mutations increase total Aβ, increasing both Aβ40 and Aβ42, while others increase 
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Aβ42 only, and significantly change the ratio between Aβ42 and Aβ40 [26].  There are 

no known mutations in β-secretase in AD.  The mechanism of PS mutations is less clear 

but generally they increase the probability of cleaving the CT fragment in a way that 

favors Aβ42 over Aβ40.  Most all PS mutations increase the Aβ42/40 ratio by either 

increasing Aβ42 or decreasing Aβ40, or both [26].  Measurement of Aβ in the cerebral 

spinal fluid can be used as a biomarker for early detection of AD, and the Aβ42/40 ratio 

has been shown to be a more accurate predictor of AD than total Aβ42 [53]. 

Cell culture studies report Aβ42 makes up around 10-18% of the total Aβ 

population when expressing wild-type alleles.  Cells expressing various mutations of 

APP or PS show an increase in Aβ42 production of approximately 1.5-2 fold with APP 

mutants [46], and up to 4-4.5 fold with PS1 [48] or PS2 [49] mutants.  The 

overproduction and failure to adequately clear Aβ42 initiates pathogenicity leading to 

AD.  Soluble Aβ42 monomers aggregate into oligomers of 2-14 peptides, of which, 

dimers, trimers, tetramers, and pentamers have been shown to be highly neurotoxic 

[54-58] with trimers being the most neurotoxic [56].  As monomer production continues, 

oligomeric pentamers form into decamers, which serve as nucleaters for protofibrillar 

formation.  Increasing molecular strain induces Aβ42 protofibrils to undergo structural 

reconfiguration to a parallel, in-register β-sheet conformation, which allows rapid 

formation of insoluble Aβ42 fibrils, and the addition of new monomers in a staggered 

unidirectional fashion [58].  In contrast, Aβ40 can form oligomers of 200-400 peptides, 

and is slower to convert to the less toxic fibrillar form than Aβ42, but also has a 

disorganized oligomeric form [59].  In addition, Aβ40 oligomers and fibrils both show β-

sheet morphology whereas Aβ42 oligomers do not.  This is attributed to the last two 
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additional residues that give Aβ42 a different secondary structure, and allows Aβ42 to 

form stable, ordered, intermediate oligomeric structures before continuing on to the less 

toxic fibrillar form [60, 61].  This represents a significant structural and functional 

difference between Aβ40 and Aβ42, and thus explains the more toxic nature of Aβ42. 

The hydrophobic insoluble nature of Aβ fibrils creates a problem for astrocytes 

and microglia attempting to clear fibrils from the extracellular space, allowing for the 

formation of the characteristic β-Amyloid plaques (also referred to as senile plaques or 

neuritic plaques).  The interests by Glenner and Wong to determine the nature of 

circulating precursors for non-neuronal Amyloid deposits led to the discovery that the 

core composition of Amyloid deposits in meningeal vessels of AD and Down’s 

syndrome patients (Amyloid angiopathy) was identical to that found in neuritic plaques 

of AD and Down’s syndrome brains (Down’s syndrome individuals typically develop AD-

like pathology in their 30’s due to overexpression of APP on chromosome 21) [62-64].  

A few years later, it was determined that the core subunit of neuritic plaques was 

generated from the proteolytic processing of a larger cell-surface molecule (APP), 

allowing the full identification of the Aβ peptide as the central core of neuritic plaques in 

AD [65]. 

The β-Amyloid plaque is composed predominantly of Aβ peptides along with a 

small variety of other non-Amyloid constituents including soluble APP, proteoglycans, 

inflammatory compounds, ApoE, cholinesterase, and metal ions like Cu+2, Zn+2, and 

Fe+3/+2 [66-68].  Plaques are morphologically typed as diffuse, fibrillar, or densely 

compacted referring to the deposition pattern of Aβ fibrils, and are accompanied by an 

invading network of dystrophic neurites (disorganized neural projections occurring at 
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damaged or necrotic sites), most likely from axonal sprouting, that increase as the 

plaque matures [69] (Figure 1.2D).  The fibrillar forms of both Aβ40 and Aβ42 have 

been identified in β-Amyloid plaques from AD patients, with Aβ42 present in 100% of 

plaques and Aβ40 present in about 33% of plaques from sporadic AD patients.  In 

diffuse plaques present in early AD, and in AD patients carrying a mutation in APP, 

plaques were almost exclusively Aβ42 positive and Aβ40 negative [70-72].  Patients 

carrying PS1 mutations also show a predominant Aβ42 deposition with only a small 

fraction of plaques positive for Aβ40 [72, 73].  In short, Aβ42 deposition begins long 

before Aβ40 deposition, and familial AD individuals have a much higher Aβ42 

deposition than sporadic AD individuals. 

1.2.2  Tau protein and the formation of neurofibrillary tangles 

The other major pathological feature of AD is the presence of intracellular 

neurofibrillary tangles of the protein Tau.  Tau is abundantly expressed throughout the 

nervous system in both neurons and oligodendrocytes, and also in the kidneys, lung, 

and testis [74].  Tau is present in all compartments of the neuron but most concentrated 

in the axon [75].  There are 12 isoforms of Tau produced through alternative splicing 

which are characterized by the number of microtubule binding domains present and the 

number of N-terminal exons included.  Tau is a multifunctional protein having multiple 

binding targets that include enzymes, cytoskeletal elements, signaling molecules, and 

lipids [74].  Tau itself does not have enzyme activity, but can activate or inhibit enzymes 

by binding to them [76-78], and also serves as a scaffold for assembly of enzyme 

complexes [76, 78]. 
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The most well-studied role of Tau is that of a microtubule binding protein.  The 

majority of Tau present in neurons is bound to microtubules in a gradient fashion along 

the axon with the highest concentrations near the axon terminal [74, 79].  While Tau is 

thought to promote assembly and stability, Tau-bound microtubules also have the 

highest turnover rate of any microtubule population [80].  Tau is subject to extensive 

post-translational modification by many different mechanisms including phosphorylation 

[81, 82], acetylation [83, 84], cross-linking [85], glycation [86], nitration [87, 88], and 

ubiquitination [89], just to name a few.  Tau activity is highly regulated primarily through 

phosphorylation of serine/threonine residues.  In AD, aberrant signaling causes Tau to 

become hyperphosphorylated, disrupting its normal physiological roles [90-94].  This 

leads to the disassociation of Tau from microtubules, and potentially other complexes, 

and the refolding into an abnormal conformation with high affinity for aggregation [95-

97].  This leads to the formation of hyperphosphorylated soluble Tau oligomers that 

eventually aggregate to form insoluble filaments of neurofibrillary tangles [74] (Figure 

1.4). 

There are several known mutations in Tau that lead to hyperphosphorylation and 

formation of neurofibrillary tangles, and subsequently promote wide scale neurotoxicity 

in tauopathic conditions like frontotemporal lobar dementia [98].  But interestingly, there 

are no known mutations for Tau in AD [74].  All aberrant Tau activity in AD is through 

wild-type Tau that is mediated through aberrant Aβ signaling. 

1.2.3  Apolipoprotein E4 

As mentioned previously, astrocytes and microglia are responsible for clearing 

Aβ from the extracellular space by internalization and enzymatic degradation [29, 30].  
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The efficacy of Aβ clearance by astrocytes may be determined by Apolipoprotein E 

(ApoE).  ApoE is a lipid binding protein primarily responsible for cholesterol transport, 

but also binds Aβ [29, 99].  It is produced systemically by many tissues but primarily by 

the liver, and in the CNS by astrocytes.  ApoE has three variants (E2, E3, and E4), with 

each one imposing a different risk for developing AD.  ApoE3 is the most common 

variant and individuals homozygous for E3 carry a neutral risk of 1.  Individuals 

homozygous for ApoE4 carry the biggest risk with an odds ratio of 14.9, while 

individuals homozygous for ApoE2 carry the lowest risk with an odds ratio of 0.6, and 

seem to carry some protection against AD development [100].  ApoE4 mice clear Aβ 

less efficiently than either E2 or E3 variants [99], and actually promote Aβ plaque 

formation.  ApoE4 binds Aβ with high affinity, promotes fibril formation, and is a 

component of β-Amyloid plaques [101, 102].  There is some controversy as to whether 

ApoE is even necessary for Aβ clearance since cultured astrocytes from ApoE-/- 

knockouts clear Aβ with higher efficiency than any ApoE variant, suggesting ApoE4 

provides interference to Aβ clearance [103].  This could occur by either promoting 

plaque formation, and/or competing for the same LRP-1 receptor on astrocytes, which 

has been shown to bind and internalize both Aβ and ApoE4 [104].  ApoE4 is the single 

largest genetic risk factor for the development of sporadic (late-onset) AD. 

1.2.4  Calcium dysregulation and oxidative stress 

Calcium dysregulation is another common feature of AD that has widespread and 

far reaching consequences.  Since Ca2+ regulates many cellular processes from 

neurotransmitter release and synaptic plasticity to apoptosis, it is not surprising that an 

inability to regulate Ca2+ homeostasis leads to detrimental effects in neurons.  Cytosolic 
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Ca2+ levels are partly regulated by Presenilin, which can act as passive leak channels 

on internal Ca2+ storage sites like ER [105].  Cultured embryonic mouse fibroblasts 

expressing transfected PS1 mutations specific to AD show increased cytosolic Ca2+ 

leak [105, 106], and cultured fibroblasts from mice carrying a PS1 knockin mutation 

show a potentiation of ligand-activated transient Ca2+ release from ER [107].  There is 

some evidence this is due to over filling of the ER [107], however this is controversial 

[108].  In neurons, Ca2+ release from the ER is predominately through either the IP3 

receptor (IP3R), or the Ca2+ activated Ryanodine receptor (RyR).  Hippocampal neurons 

from a triple transgenic mouse model of AD (3xTg-AD) carrying mutations in APP, PS1, 

and Tau, show significantly higher ligand-activated Ca2+ release from the ER compared 

to control mice [109, 110].  3xTg-AD mice show an increase in IP3R-mediated Ca2+ 

release that is not a result of increased IP3R expression [111].  IP3R activity is mediated 

by Presenilin through a functional association with the IP3R, and PS1 and PS2 mutants 

specific to AD increase IP3R current and alter gating kinetics [112].  This leads to an 

increase in resting intracellular Ca2+ levels that can be rescued by IP3R antagonists 

[113].  Release of Ca2+ from IP3Rs can then activate RyRs.  Of the three known RyR 

isoforms, RyR2 shows nearly a 3 fold increase in mRNA expression in 3xTg-AD mice 

[109].  Comparatively, medial cortex tissue from human subjects show a significant 

increase in RyR2 mRNA expression from patients exhibiting mild cognitive impairment, 

and an increase in RyR3 mRNA expression in patients showing severe cognitive 

impairment from fully developed AD [114].  Increases in RyR2 mRNA expression from 

3xTg-AD mice was shown at approximately 6 weeks of age, and may represent the mild 

cognitive impairment stage, although behavioral studies of cognition in 3xTg-AD mice at 



14 
 

that age have not been done, nor has evaluation of RyR3 mRNA expression in older 

animals when AD-like signs are more developed.  Presenilins are also functionally 

associated with RyRs and have been shown to modulate their activity similar to the way 

they modulate IP3Rs [115].  Presenilins and RyRs play important roles in regulating 

intracellular Ca2+ homeostasis and mediating synaptic processes such as 

neurotransmitter release [116, 117].  Transgenic mice carrying only a mutated PS1 

knockin show increased IP3R and RyR-mediated Ca2+ release similar to transgenic mice 

carrying multiple mutant alleles [118, 119].  ER-associated Presenilins carrying 

mutations specific to AD that function independently of those involved in Aβ production 

are most likely responsible for the early disruptions in Ca2+ homeostasis observed in AD 

model mice. 

ER Ca2+ release is also linked to the control of mitochondrial associated anti- and 

proapoptotic pathways within specialized signaling microdomains through direct ER-

mitochondrial membrane connections [120].  Mutated PS1 [121] and PS2 [122] proteins 

linked to RyR-dependent Ca2+ release sensitizes neurons to Ca2+ induced apoptosis 

through activation of Caspase 12 and 3 respectfully.  Sustained increases in cytosolic 

Ca2+ can also inhibit α-secretase activity, shifting activity of β-secretase and further 

increasing production of intracellular Aβ [123].  Aβ can form cationic leak channels in 

lipid membranes and allow influx of Ca2+ from extracellular or potentially intracellular 

Ca2+ stores [124].  Aβ aids in the production of both reactive oxygen and nitrogen 

species [125] producing oxidative stress in mitochondria.  Aβ can also attack 

mitochondrial machinery directly, specifically cytochrome C [126] and Amyloid Binding 
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Alcohol Dehydrogenase (ABAD) [127], and Aβ accumulation has been found in 

mitochondria of both transgenic animals [128] and human AD patients [129]. 

In summary, increases in Ca2+ leakage, upregulation of RyRs, and potentiation of 

IP3R and RyR current, all lead to a dysregulation of Ca2+ homeostasis that can lead to 

increases in intracellular Aβ and Ca2+ driven mechanisms detrimental to neuronal health 

such as mitochondrial collapse and Ca2+ induced apoptosis. 

1.2.5  Hirano bodies and Lewy bodies 

In addition to neurofibrillary tangles, there are two other types of inclusions that 

are sometimes present in AD pathology: Hirano bodies and Lewy bodies.  First 

described by Asao Hirano in 1968 [130], Hirano bodies are rod shaped eosinophilic 

inclusions found in the brains of patients with several neurological conditions including 

Alzheimer’s disease, Amyotrophic Lateral Sclerosis, Parkinson with dementia, 

Creutzfeldt-Jakob Disease, and to a much lesser extent, normal aging [130-133].  They 

are located primarily in the dendrites and cell bodies of hippocampal pyramidal neurons 

[132, 134] but are also present in glia [135].  Hirano bodies are paracrystalline 

structures composed predominately of filamentous actin (F-actin) [136, 137], a variety of 

actin binding proteins [138], microtubule associated proteins [139], and various 

enzymes, cytokines, and other proteins including Amyloid Precursor Protein Intracellular 

Domain [140] (AICD, the intracellular cleavage product of APP) and Tau [141].  Hirano 

bodies are distinguished from other types of actin based inclusions by their 

ultrastructure [132].  It is unclear what role, if any, Hirano bodies play, or what exactly 

their influence on cell physiology may be.  There is evidence they may be both 

protective [142] and damaging [143].  The origin of their formation is also unclear. 
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The other type of inclusion commonly found in the brains of patients with some 

neurodegenerative conditions is Lewy bodies, discovered by Fritz Lewy in 1912 while 

working in the lab of Alois Alzheimer [144].  Lewy bodies are spherical shaped 

eosinophilic structures composed of aggregated α-synuclein, and make up a class of 

conditions termed α-synucleinopathies [145].  Lewy bodies are most commonly found in 

Parkinson disease, Parkinson with dementia, dementia with Lewy bodies, multiple 

system atrophy, and to a lesser extent, Alzheimer’s disease [145].  Not all AD cases 

have Lewy bodies, and when present, they seem to be predominately located in the 

amygdala [146, 147], although some non-Lewy body α-synuclein inclusions do occur in 

the hippocampus of some AD patients [146], and α-synuclein is also a component of β-

Amyloid plaques [148].  Aggregation of α-synuclein results from post-translational 

modifications such as phosphorylation [149, 150], nitration [151, 152], and ubiquitination 

[153], resulting in a misfolding of the α-synuclein protein into insoluble oligomers [154].  

Mutations in α-synuclein may increase aberrant post-translational modification [155] and 

subsequent formation of Lewy bodies, which may contribute to neurotoxicity similar to 

neurofibrillary tangles. 

 

1.3  General Overview of Learning and Memory 

The hallmark sign of AD is cognitive impairment.  This includes many aspects of 

cognition, but most commonly refers to memory loss, confusion, and disorientation that 

can severely affect problem solving and decision making abilities.  Memory is the neural 

representation of information, and memory formation and function is composed of 

several steps: encoding (conversion of sensory information into a network 
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representation of information – the formation of a memory trace), consolidation 

(conversion of the memory trace from short-term to long-term storage), and retrieval 

(recall of the memory trace).  Stored information of experiences can then be used to 

influence behavior or complete a specific task or challenge. 

Memory is broadly organized into short-term and long-term storage systems.  In 

brief, short-term memory is generally considered to have a time span of a few seconds 

to a few minutes, is unstable, and decays rapidly.  Long-term memory however, is more 

stable and persistently maintained, and has a time span of a few minutes to decades, or 

a lifetime.  Long-term memory can be divided into procedural (motor memory such as 

learning to throw a ball), or declarative, which is further divided into semantic (facts and 

figures) and episodic (autobiographical events relating to what, where, when, and why 

the events took place).  The manipulation and use of short-term and long-term memory 

is through the cognitive process known as working memory.  Working memory utilizes 

both informational storage and informational processing to preform cognitive tasks.  The 

most currently accepted model of working memory is the Baddeley and Hitch model 

[156], which incorporates a multicomponent approach to managing complex tasks 

(Figure 1.5A). 

The general idea behind this model proposes that working memory is governed 

by the central executive.  This is the attentional and informational processing 

component of working memory that manages and oversees the other memory systems 

when performing multiple tasks simultaneously.  When a cognitive task is performed, 

the central executive directs incoming sensory information, or retrieval of information 

from long-term memory storage, into several subtypes of short-term memory.  Auditory 
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information is directed into the phonological loop and visual information is directed into 

the visuo-spatial sketch pad.  Information is then loaded from these short-term memory 

areas into the episodic buffer, and then into the central executive for manipulation and 

processing of information.  Information from long-term memory can also be loaded 

directly into the episodic buffer before proceeding to the central executive. 

The central executive is believed to be located predominately in the prefrontal 

cortex of the frontal lobe with task specific localization in the dorsolateral [157], 

ventrolateral [158], and medial prefrontal cortex [159].  Imaging studies indicate both the 

prefrontal and parietal cortex, along with the medial temporal lobe, to be involved in 

working memory tasks [160-162], and indicate central executive functions may also be 

dependent on connections between these areas rather than localized to one specific 

region (Figure 1.5B).  Short-term memory areas are spread over various cortices 

depending on whether visual or auditory information is being accessed [163].  Long-

term memory is also widely distributed throughout the cortex with various components 

of a particular memory stored in different locations of the cortex pertaining to that 

specific modality of the memory [164, 165].  Working memory load can influence 

activation of different memory systems.  Simple tasks with a small working memory load 

(remembering a set of three objects) involve short-term memory systems and are 

primarily prefrontal and parietal cortex dependent [166].  Increasing working memory 

load will also increase prefrontal cortex activity, but when working memory load exceeds 

the capacity of short-term memory systems (remembering more than seven objects for 

some amount of time while completing a separate unrelated cognitive task such as 

solving a math problem), long-term memory systems are activated [167, 168].  When 
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newly processed or incoming sensory information is directed for storage into long-term 

memory, even if only temporarily, the medial temporal lobe is specifically involved [167, 

169].  Long-term memory is a tightly integrated component of working memory and 

there is considerable communication between the medial temporal lobe and prefrontal 

cortex [160, 170, 171].  Studies using functional MRI show an increase in prefrontal 

cortex and medial temporal lobe activity as working memory load increases [170], and 

studies show the medial prefrontal cortex and medial temporal lobe subserve different 

functional roles specific to working memory [172]. 

Medial temporal lobe structures important for memory consolidation include the 

hippocampal formation and associated parahippocampal cortices: the perirhinal, 

postrhinal and entorhinal cortices [173-175].  Information from all association cortices 

enter into the perirhinal and postrhinal cortices and then into the entorhinal cortex.  The 

entorhinal cortex is the main entry point into the hippocampus.  The hippocampus is a 

slightly curved cylindrical structure that runs anterior to posterior along the ventral 

portion of the medial temporal lobe in humans, but runs dorsal to ventral under the 

parietal lobe in quadrupeds (Figure 1.6).  There are two hippocampi, one in each 

hemisphere, and each receives and returns information from virtually every sensory 

modality of the cortex, primarily through the entorhinal cortex (Figure 1.7A).  The 

hippocampus (sometimes referred to as the hippocampal formation) contains three 

major regions: the dentate gyrus, the hippocampus proper, and the subiculum (Figure 

1.7C & D).  The dentate gyrus and the hippocampus proper each form a layer of 

densely packed excitatory neurons, and during development, each layer folds over on 

the other resulting in two curved interlocking layers.  Neurons of the dentate gyrus are 
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granule cells and neurons of the hippocampus proper are pyramidal cells.  The 

hippocampus proper contains three subregions designated CA1, CA2 and CA3, after 

Cornu Ammonis (ram’s horn).  The subiculum is the main exit point for information out 

of the hippocampus. 

There are multiple entry and exit pathways of the hippocampus and a complete 

description is beyond the scope of this review, so only the relevant perforant, Mossy, 

and Schaffer pathways will be discussed here.  The perforant pathway is the first of a 

trisynaptic circuit comprising the pyramidal cells of the entorhinal cortex, granule cells of 

the dentate gyrus, and pyramidal cells of CA3 and CA1 [176] (Figure 1.7D).  Information 

coming in from the entorhinal cortex synapse on granule cell dendrites (EC→DG), 

granule cell axons (Mossy fibers) synapse on CA3 dendrites (DG→CA3), and CA3 

axons (Schaffer collaterals) complete the circuit by synapsing on CA1 dendrites 

(CA3→CA1).  CA1 axons synapse on subiculum pyramidal neurons which project to 

multiple regions including the perirhinal, entorhinal, parietal, and prefrontal cortices, and 

hypothalamus [177], or synapse directly with entorhinal cortex to complete a trisynaptic 

circuit loop [176].  All synapses in the trisynaptic circuit are excitatory glutamatergic 

synapses and activity within the circuit is regulated by a complex integration of 

GABAergic interneurons and modulatory input from cholinergic (medial septum) [178, 

179], serotonergic (raphe nuclei) [180], dopaminergic (ventral tegmentum) [181], 

adrenergic (locus coeruleus) [182], and histaminergic [183] neurons.  Other notable 

connections from the hippocampus occur through the fornix and include the 

mammillothalamic tract (mammillary bodies to anterior thalamic nuclei), cingulate gyrus, 
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and lateral septal nuclei.  In short, the hippocampus receives input and projects output 

to multiple brain regions and is involved in many different cognitive processes. 

In addition to the synaptic sequence described above, the entorhinal cortex also 

has direct input to CA3, CA1 and subiculum [173, 175].  CA3 serves as the pacemaker 

of the trisynaptic circuit and contains recurrent collateral feedback to itself, and is the 

key regulation point for consolidation of memory from short-term to long-term [184-187].  

CA3 and CA1 work together to support different aspects of memory and lesions specific 

to CA3 or CA1 produce specific deficits in memory acquisition and consolidation [188-

193].  For example, in associative learning tasks with spatial and temporal elements, 

CA3 contributes predominately to spatial coding while CA1 contributes to temporal 

elements [190, 193].  The greater the temporal load (holding information over some 

period of time), the greater importance of CA1 activity [191].  Importantly, both CA1 and 

subiculum have unidirectional, monosynaptic projections directly to the prefrontal cortex 

[194-196] (Figure 1.7B).  Hippocampal and medial prefrontal cortex activity show 

coordinated phase-lock theta rhythms during working memory tasks involving 

exploratory spatial navigation [197].  The hippocampus also plays a role in retrieval of 

long-term (remote) memory and CA3 is specifically associated with retrieval precision 

[198], although evidence suggests that the hippocampus is not essential for retrieval of 

certain parts of remote memories [166].  One of the most famous patients in cognitive 

neuroscience history was Henry Molaison (H.M.), who underwent a double 

hippocampalectomy (and portions of the entorhinal cortex) in 1953 to relieve epileptic 

seizures [166].  The surgery was successful in controlling seizures, but afterwards H.M. 

developed severe anterograde amnesia and was unable to form new long-term explicit 
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memories.  Despite this however, H.M. could still perform short-term memory tasks 

normally, and had intact procedural learning, despite not remembering performing or 

learning these tasks.  H.M. was also able to recall fragments of remote memories prior 

to hippocampal removal, and the older the memory, the more complete the recall.  

Thus, the hippocampus may be the primary route for memory retrieval, but if damaged 

or absent, alternative pathways seem to exist.  The hippocampus is however, essential 

in the formation of new explicit memories. 

The hippocampus is not a storage site for memory per se, but rather a memory 

processing point for transition of a memory trace from short-term to long-term.  The 

general idea is that short-term working memory traces route through the hippocampus, 

and if a particular trace is to be stored as a long-term memory, most likely influenced by 

extrahippocampal modulatory input, the hippocampus has the ability to modify the trace 

output in a way that allows for permanent storage within the cerebral cortex of the 

information the trace represents.  A permanently stored trace is termed an engram.  

Once an engram is formed, the hippocampus may continue to modify and refine the 

engram for months to years [199]. 

 

1.4  Memory and Synaptic Plasticity 

The cellular mechanism behind memory consolidation is thought to involve 

modification of the neural circuitry involved in the processing of an experience.  

Attention to an experience in the form of rehearsal, emotion, context, and state-

dependent conditions can increase the probability that an experience will be committed 

to memory.  These attentional modifiers can influence the activity of a memory trace, 
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thereby causing a change in the strength of the trace.  It is believed that these changes 

occur at the synaptic level.  The idea that a change in synaptic efficacy could lead to a 

learning process was first suggested by Ramon Y. Cajal in 1894 [200].  A more formal 

description of this idea came from Donald Hebb in “The Organization of Behavior” in 

1949 [201], and has since been known as Hebbian learning.  The ability of synapses to 

undergo changes in synaptic efficacy is known as synaptic plasticity. 

Hebbian learning, also known as associative learning, predicts that spike-timing 

dependent plasticity induces changes in the strength of connection between synapses 

resulting in experience-dependent learning [202].  The early work of Eric Kandel 

demonstrated that changes in synaptic efficacy corresponds to changes in behavior 

(i.e., learning).  Taking a reductionist approach, Kandel used the sea slug Aplysia 

californica, which has a simple nervous system, large neurons easily accessible to 

electrophysiological measurements, and responds well to behavioral modification.  

Aplysia has a water intake siphon that when tactilely stimulated, will produce a gill 

withdrawal reflex.  Sensory neurons connected to the siphon are directly connected to 

motor neurons of the gill withdrawal muscles.  When the siphon is repeatedly 

stimulated, the gill withdrawal reflex time will become longer, showing habituation.  

Simultaneous intracellular recordings from presynaptic sensory neurons and 

postsynaptic motor neurons demonstrated a reduction in the Excitatory Post-Synaptic 

Potential (EPSP) in the postsynaptic motor neuron during habituation of the gill 

withdrawal reflex [203].  Thus, habituation of the gill withdrawal reflex is due to a 

depression of synaptic efficacy. 



24 
 

Administration of a brief tail shock prior to siphon stimulation produces a 

sensitization and enhancement of the gill withdrawal reflex due to presynaptic facilitation 

of neurotransmitter release, resulting in an increase in the EPSP of the postsynaptic 

motor neuron [204].  Sensitization lasts approximately 15 min.  Demonstration of 

Hebbian type associative learning by repeatedly pairing the gill withdrawal reflex with a 

tail shock will produce an enhanced gill withdrawal reflex that now last for several days 

[205, 206].  The motor neuron now shows a persistent increase in the EPSP in 

response to the activation of the presynaptic neuron during tactile stimulation of the 

siphon only [207].  This occurs through activation of serotonergic neurons in the tail that 

synapse on both the presynaptic sensory neuron of the siphon and the postsynaptic 

motor neuron of the gill withdrawal muscles.  Serotonin enhances synaptic efficacy by 

persistent facilitation of neurotransmitter release through G-protein activated signaling 

mechanisms involving PKA, PKC, and CREB [208, 209]. 

Examples of changes in synaptic efficacy associated with learned behavior in 

mammals is best seen in studies of cued fear conditioning.  This type of Hebbian 

learning associates a conditioned stimulus (such as an auditory tone) with some form of 

punishment (such as a footshock).  This form of fear memory is strongly associated with 

the amygdala, the emotional learning and memory center, which also has strong 

connections with the hippocampus [210-212].  Auditory associated fibers from the 

medial geniculate nucleus of the thalamus synapse with neurons of the lateral 

amygdala.  Field Excitatory Post-Synaptic Potentials (fEPSP) in the lateral amygdala 

occur in response to an auditory tone.  When the tone is paired with a footshock, the 

animal learns to associate the sound of the tone with an unpleasant experience, 
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producing a conditioned fear response.  The tone (fear cue) now evokes an increased 

fEPSP in the lateral amygdala [213].  When the paired association is extinguished, the 

fEPSP returns to baseline amplitude.  Increased fEPSPs in the hippocampus have also 

been observed using inhibitory avoidance learning that pairs a foot shock with a location 

or condition, such as entering a particular room, and can be observed after only one trial 

of associative training [214]. 

As mentioned previously, increases in working memory load and activation of 

long-term memory mechanisms involve activation of hippocampal circuitry.  Much 

attention has been devoted to studying synaptic plasticity in the hippocampus as it 

relates to memory, in particular spatial memory.  Spatial navigation is a hippocampal 

dependent process making it ideal for the study of spatial memory.  Rats trained in the 

Morris Water Maze (MWM) task, in which animals use visual cues to navigate to a 

hidden platform under the surface in a pool of water, show hippocampal dependent 

navigation [215-217] and lesioning of hippocampal areas produce deficits in spatial 

navigation and spatial reference memory [184-187, 190, 215, 216].  A functional MRI 

study shows activation of hippocampal activity during virtual reality navigation in 

humans [218].  Place cells in the hippocampus (location specific) [219, 220] and grid 

cells in the entorhinal cortex (positional orientation) [221] work together to create a 

cognitive map that allows successful navigation through an area.  It is estimated that 

approximately 80% of CA3 and CA1 pyramidal neurons participate in place specific 

processing [222]. 

Direct measurement of changes in synaptic efficacy in the hippocampus in the 

awake behaving animal during a spatial navigation task has been difficult due to 
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technical challenges in collecting such data.  The hippocampal network is also 

significantly more complex than what is observed in Aplysia, or even the medial 

geniculate-amygdala pathway.  There are multiple synaptic check points that have the 

potential to be modified and the change in synaptic weights throughout a specific 

network are likely to play a role in the encoding, consolidation, and maintenance of a 

memory trace.  There are however, several lines of evidence that support synaptic 

plasticity in the hippocampus as necessary for learning and memory. 

If changes in synaptic efficacy are reflective of learning and memory, then there 

should be a measurable difference in synaptic efficacy after behavioral training.  Indeed, 

rats exposed to spatially complex novel environments show an increase in fEPSP and 

population spike amplitude in the dentate gyrus compared to non-exposed controls 

[223].  The same observation occurs in rats after explorative learning in the MWM task 

and last for approximately 20 minutes [224].  Based on these observations, one can 

reasonably conclude that altering the ability of synapses to undergo changes in synaptic 

efficacy should impact learning and memory.  It is hypothesized that variable patterns of 

synaptic weights throughout a network pertain to specific learning experiences [225].  

Preventing synapses within a network from regulating variability in synaptic weights by 

artificially inducing a maximal increase in signal potentiation should produce a 

saturation effect, thereby interfering with learning.  When perforant fibers (EC→DG) are 

tetanized with high frequency stimulation from bilaterally implanted electrodes to 

produce a persistent increase in fEPSPs in the dentate gyrus, a profound deficit in 

learning spatial information necessary to complete the Barns maze is observed [226].  

This finding was duplicated in the MWM as well [227].  Neither study had any effect on 
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already learned information, indicating this specifically disrupted the acquisition of new 

information.  In the MWM, learning capability returned after the decay of potentiated 

fEPSPs back to baseline levels, which took approximately 1 hour [227].  In addition, a 

later study which took a similar approach using implanted electrodes for tetanic 

stimulation of the angular bundle perforant pathway to saturate the postsynaptic 

response in all hippocampal regions (DG, CA1, CA3, and subiculum) before MWM 

testing, was able to later determine the degree of saturation by measuring the amount 

of residual synaptic potentiation left over after MWM testing by administering an 

additional tetanic stimulation [228].  Performance in the MWM correlated to the amount 

of residual synaptic potentiation showing animals with the largest amounts of residual 

potentiation (least amount of initial saturation, i.e., greater potential for changes in 

synaptic efficacy) were the best performers, and animals with the lowest amounts of 

residual potentiation were the worst performers.  Lastly, studies using the MWM show 

that age-related impairments in spatial long-term memory is significantly correlated with 

reductions in hippocampal synaptic potentiation in CA1 pyramidal neurons [229].  Thus, 

animals with the greatest potential to modulate changes in synaptic efficacy show the 

highest acquisition of spatial learning and memory. 

 

1.5  Cellular Mechanisms of Synaptic Plasticity 

The mechanisms by which changes in synaptic efficacy occur have been an area 

of intense research for over 50 years.  Synaptic plasticity is the ability of neurons to 

change their strength of connection at the synapse.  These changes can be short-term 

or long-term, and both presynaptic and postsynaptic neurons participate in synaptic 
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plasticity.  The changes described for Aplysia are predominately presynaptic.  In 

mammals, changes in long-term synaptic efficacy are predominately a postsynaptic 

mechanism involving changes in postsynaptic receptor density [230], although some 

presynaptic mechanisms that produce long-term facilitation of neurotransmitter release 

in specialized populations of CNS neurons, such as pyramidal neurons of the cerebral 

cortex and CA3 subregion of the hippocampus, have been described [231].  This review 

will focus on synaptic plasticity in mammals. 

Short-term synaptic plasticity is typically a presynaptic event and usually involves 

the facilitation or depression of neurotransmitter release [232].  Synaptic efficacy 

changes over time in response to the recent history of the neuronal firing pattern.  Early 

studies of axons at the neuromuscular junction demonstrated an increase in the EPSP 

of muscle cells upon repeated stimulations of presynaptic axons [233].  EPSPs will 

continue to increase with successive stimulations until a plateau is reached, which will 

be maintained until neurotransmitter is depleted.  The mechanism behind short-term 

facilitation involves residual Ca2+ left over from the previous stimulation, that when 

combined with incoming Ca2+ from current stimulations, results in higher cytosolic Ca2+ 

and an increase in neurotransmitter release probability [232].  Whole cell recordings in 

presynaptic neurons with the addition of an intracellular photolabile Ca2+ chelater 

prevents both facilitation of neurotransmitter release and increases in EPSPs in the 

postsynaptic cell [234]. 

Short-term plasticity occurs very rapidly (< 10ms) and can modulate synaptic 

efficacy nearly instantaneously.  Sustained external stimuli can modify network 

dynamics through short-term plasticity mechanisms.  Transient external stimuli can also 
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modify network dynamics by prolongation of the neural signal through recurrent 

interactions between neurons within a circuit.  Neurons that make up a circuit loop, or 

neurons within a specific region of a circuit (CA3 for example), that contain an 

autosynapse (axonal collaterals that synapse back on themselves) create a positive 

feedback loop sustaining neuronal activity by persistent recurrent firing within a group of 

neurons after the external stimuli has stopped, and are subject to short-term plasticity 

mechanisms that influence the recurrent signal and can modify network dynamics [235, 

236].  This stimulus induced residual activity is thought to serve as the neural substrate 

for short-term information storage and represents our best and most current hypothesis 

for the short-term memory trace [237, 238]. 

Long-term synaptic plasticity is predominately a postsynaptic event leading to a 

Long-Term Potentiation (LTP) or Long-Term Depression (LTD) of synaptic strength 

[230].  In 1966, Terje Lømo began a PhD in the laboratory of Per Anderson at the 

University of Oslo in Norway.  He was studying perforant pathway activation in the 

hippocampus of anaesthetized rabbits by stimulating the perforant pathway and 

measuring subsequent fEPSPs in the dendritic field of the dentate gyrus (EC→DG, 

synapse 1 of the trisynaptic circuit) [239].  It was during that time when he observed 

brief high stimulus trains (tetanus) delivered to the perforant fibers resulted in an 

increase in the synaptic efficacy of single pulse responses in the dentate gyrus that 

were stable for several hours [240].  Two years later in 1968, Tim Bliss joined the lab 

and together they published a more thorough account of Lømo’s previous findings in 

what is now considered to be the primary reference for LTP [241].  Shortly after, LTP 

was demonstrated at every synapse in the trisynaptic circuit (EC→DG→CA3→CA1) for 
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both rat [242, 243] and mouse [244-246].  While other regions such as cortex, 

cerebellum, and amygdala all show the ability to modify synaptic efficacy, the 

hippocampus has become the standard model for studying synaptic plasticity and LTP, 

and much of what the field has learned about LTP has come from studies of ex vivo 

hippocampal slice preparations [230] (Figure 1.8). 

1.5.1  Molecular mechanisms of NMDA receptor-dependent long-term potentiation 

Long-term synaptic plasticity is an adaptation of synaptic efficacy based on the 

previous history of neuronal activity.  The induction, expression, and maintenance of 

LTP at excitatory glutamatergic synapses depends on different underlying molecular 

mechanisms.  Fast excitatory glutamatergic transmission results from activation of the 

postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor, 

and by itself is not sufficient to induce LTP.  When a sufficient increase in presynaptic 

activation frequency occurs, a facilitation in neurotransmitter release (a short-term 

plasticity mechanism) results in a temporary increase in AMPA receptor activation and 

sustained depolarization of the postsynaptic membrane, allowing the activation of the 

postsynaptic N-methyl-D-aspartate (NMDA) receptor [247-249].  Both AMPA and NMDA 

receptors are ligand-gated ionotropic glutamate receptors permeable to cations with the 

NMDA receptor being highly permeable to Ca2+ ions [250, 251].  The NMDA receptor 

also contains a Mg2+ block in its ion pore and is not activated at subthreshold 

depolarizations.  Only under conditions sufficient to depolarize the membrane enough to 

remove the Mg2+ block does the NMDA receptor activate and allow the influx of Ca2+ 

leading to a series of Ca 2+ mediated processes responsible for the persistent 

expression of postsynaptic LTP [249, 252-256]. 
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Activation of the NMDA receptor is sufficient for the induction of LTP, but in a 

synapse specific manor.  Cortical pyramidal neurons, and hippocampal dentate granule 

and CA1 pyramidal neurons all show NMDA receptor-dependent LTP [230, 257, 258], 

however CA3 neurons at mossy fiber synapses do not, and are instead dependent on 

both presynaptic and postsynaptic kainate receptors for LTP induction [259-261].  

Blockage of the NMDA receptor with the competitive antagonist 2-Amino-5-

phosphonovalerate (APV) during the induction phase prevents LTP expression in 

cortical, granule and CA1 neurons [247, 257, 262], and has no effect on synaptic 

transmission before or after tetanizing stimulations [262, 263].  Induction of LTP in 

Mossy fiber CA3 neurons is unaffected by APV, and is instead blocked by the kainate 

specific antagonist LY382884 [259, 261].  The following is a brief description of the 

general mechanisms of NMDA receptor-dependent LTP. 

Induction 

Induction occurs from a transient facilitation of glutamate release and a transient 

increase in postsynaptic intracellular Ca2+ concentration [230].  The transient increase in 

postsynaptic Ca2+ during the induction phase is a necessary and sufficient mediator of 

LTP in hippocampal CA1 pyramidal cells [254] and blocking Ca2+ with Ca2+ chelaters 

prevents LTP [254, 264, 265].  In hippocampal slice preparations it takes at least 1 sec, 

but not more than 2.5 sec, of increased Ca2+ concentration to induce LTP regardless of 

induction time, which can be significantly less [265].  When sufficient increases in 

intracellular Ca2+ concentration occur, Ca2+ binds calmodulin (Ca2+/CaM), which in turn 

binds to and activates Calcium/Calmodulin-dependent Protein Kinase Type II (CaMKII), 

a serine/threonine protein kinase [266, 267].  Injection of CaMKII into hippocampal CA1 
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pyramidal cells [268], or viral transduction of constituently active CaMKII to hippocampal 

slices [269], produces an increase in EPSPs that cannot be further potentiated with 

tetanus, nor does further potentiation result if tetanus induced LTP occurs first [268].  

Ca2+/CaM induces potentiated EPSPs in hippocampal CA1 pyramidal cells through 

activation of CaMKII that are identical to potentiated EPSPs from tetanus induced LTP 

[268].  As with tetanus induced LTP, activation of CaMKII is synapse specific [270], but 

is also involved in synaptic tag and capture [271], a phenomenon by which induction of 

LTP at one synapse can sensitize surrounding synapses to induction.  If Ca2+/CaM or 

CaMKII activity is blocked using Ca2+ chelaters [254, 264, 265] or specific kinase 

inhibitors [266, 272-274], or in mutant mice lacking functional CaMKII [275, 276], LTP 

and spatial learning are severely impaired. 

Expression 

Activation of CaMKII initiates the expression of LTP.  Studies of hippocampal 

slice preparations organize LTP expression into 3 stages.  Stage 1 is composed of 3 

parts and begins with post-tetanic potentiation (PTP) and last seconds to minutes, 

followed by short-term potentiation (STP) lasting approximately 30 min, and ends with 

early LTP (E-LTP) which typically last 1 hour post-induction.  Intermediate and Late-LTP 

(L-LTP) is composed of stages 2 and 3 and are maintenance stages involving new 

protein synthesis form preexisting mRNA transcripts (stage 2) and transcription of new 

mRNA (stage 3). 

Immediately following induction, a sharp rise in the EPSP can be observed due 

to the temporary facilitation of neurotransmitter release from the presynaptic neuron.  

High frequency tetanic stimulation increases presynaptic Ca2+ concentration in the 
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synaptic end bulb sufficient to bind calmodulin which initiates myosin light chain kinase 

(MLCK) to interact with myosin II, driving translocation of neurotransmitter vesicles from 

the slow releasing pool to the fast releasing pool, effectively increasing the size of the 

fast releasing Ready Releasable Pool, and thus facilitating the temporary increase in 

neurotransmitter release and PTP [277] 

In the postsynaptic neuron, a sufficient rise in Ca2+/CaM drives CaMKII to 

become autophosphorylating at Thr286 on the α subunit [278], and Thr287 on the β 

subunit [279], and depending on the phosphorylation state of other sites (Thr305/306), 

can initiate either LTP or LTD [280].  Thr286 seems to be specifically associated with 

learning and memory and mutations at this location produce deficits in LTP and spatial 

learning without affecting other Ca2+/CaM dependent functions [278, 281].  When 

activated, CaMKII dissociates from F-actin and translocates from the cytosol to the 

postsynaptic density (PSD) by way of microtubule associated mechanisms [267, 282, 

283].  Translocation efficiency is dependent on the expression ratio of α to β isoforms 

and dissociation from F-actin increases its own affinity to Ca2+/CaM, thereby promoting 

and prolonging localization to the PSD [283].   

Translocation of CaMKII into the PSD forms a CaMKII/NMDA receptor complex 

[267, 284, 285].  CaMKII binds both the NR2A and NR2B subunits of the NMDA 

receptor, but has a high affinity for the NR2B subunit [286, 287] that is regulated by the 

phosphorylation state of Ser1303 of the NR2B subunit [288].  The binding of CaMKII to 

NMDA receptors locks CaMKII into the active state by potentially configuring Thr286 

into the catalytic site of neighboring subunits and effectively shielding it from 

phosphatase activity [286, 289].  The binding of CaMKII to NMDA receptors produce 
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CaMKII clusters that strategically localize CaMKII within NMDA receptor-mediated Ca2+ 

microdomains that further enhance CaMKII activity [290]. 

This configuration localizes CaMKII in close proximity to synaptic AMPA 

receptors and provides a mechanism for CaMKII phosphorylation of individual 

receptors.  There are multiple phosphorylation sites located on the C-terminal tail of the 

GluR1 subunit.  CaMKII phosphorylates AMPA receptors at Ser831 of the GluR1 

subunit [291, 292] producing an increase in the unitary conductance by lowering the 

activation energy required for opening, and also increasing the frequency of opening 

[293, 294].  Phosphorylation of Ser831 correlates with autophosphorylation of CaMKII 

and is blocked by CaMKII inhibitors such as KN-62 [291]. 

Transient increases in postsynaptic Ca2+ from LTP induction induces lateral 

diffusion of extrasynaptic AMPA receptors into the synaptic field and upregulation of 

AMPA receptor density [295].  Real-time imaging of surface AMPA receptor dynamics 

using single molecule fluorescence microscopy (quantum dot coupling to AMPA 

receptor antibodies) show AMPA receptors in the extrasynaptic membrane undergo 

freely moving fast and slow lateral diffusion through what appears to be Brownian 

motion, while AMPA receptors within the synaptic field are more stationary [296, 297].  

NMDA receptor-dependent synaptic activity induces a transient increase in AMPA 

receptor mobility followed by rapid incorporation and immobilization of extrasynaptic 

AMPA receptors into the synaptic field [298-300], presumably by rapid Ca2+ dependent 

phosphorylation events that promote trapping within the PSD.  The AMPA receptor 

auxiliary subunit stargazin is a transmembrane AMPA receptor regulatory protein 

(TARP) associated with the GluR1 subunit, and is the major regulator of membrane 
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trafficking for AMPA receptors [301-308].  Phosphorylation of the C-terminal PDZ 

binding domain of stargazin by either CaMKII or PKC [305] promotes incorporation of 

AMPA receptors into the synaptic field by interaction of stargazin with PSD-95, thereby 

stabilizing and anchoring AMPA receptors within the PSD [301-303, 307].  

Phosphorylation of the AMPA receptor GluR1 subunit at Ser818 and Thr840 by PKC 

also influences incorporation into the synaptic field [309, 310].  PKC also 

phosphorylates Ser831 on GluR1, the same as CaMKII [294, 311], changing receptor 

kinetics.  It is unclear whether phosphorylation of Ser831 by either CaMKII or PKC 

occurs before or after movement of AMPA receptors into the synaptic field, and may 

represent a separate step from the initial fast phosphorylation of Ser831 by the 

CaMKII/NMDA complex.  Stargazin has also been shown to regulate AMPA receptor 

kinetics by increasing channel opening rate [304, 306, 312]. 

Induction of LTP also promotes insertion of intracellular AMPA receptors into the 

extrasynaptic membrane through exocytosis of AMPA receptor containing endosomes 

[295].  This replenishes the extrasynaptic receptor pool and allows additional receptors 

to further incorporate into the synaptic field.  There are numerous studies indicating this 

process is regulated by phosphorylation of Ser845 on the C-terminal tail of the GluR1 

subunit by PKA [313-315].  The C-terminal of the GluR1 subunit is also associated with 

synaptic associated protein 97 (SAP97), which anchors AMPA receptors (AMPA 

receptor containing endosomes) to the actin cytoskeleton [316, 317].  Phosphorylation 

of GluR1 by PKA [313-315] and SAP97 by CaMKII [317, 318] initiates trafficking of 

AMPA receptor containing endosomes to the extrasynaptic membrane utilizing the actin 

motor protein myosin VI through a SAP97/myosin VI complex [319] where it docks with 
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the extrasynaptic membrane at perisynaptic exocytic zones through SNARE-mediated 

fusion [299]. 

Fast upregulation of AMPA receptors into the extrasynaptic membrane or 

synaptic field are primarily GluR1 containing receptors.  AMPA receptors occur as 

heteromeric tetramers typically consisting of homomeric dimer dimers from four possible 

subunit isoforms (GluR1-4), and most commonly occur as GluR1/2 or GluR2/3 

heteromers.  GluR1 containing receptors are responsible for fast upregulation in 

response to LTP induction, while GluR2/3 receptors are typically for maintenance of 

existing AMPA receptors and are responsible for the normal cycling of AMPA receptors 

into and out of the synaptic membrane [320].  Thus, after upregulation of GluR1 

containing subunits as a result of synaptic plasticity, GluR1 containing receptors are 

gradually switched out for GluR2/3 receptors [321].  Each subunit has its own set of 

regulatory proteins that contribute to the trafficking and diffusion of AMPA receptors into 

and out of the synaptic field.  When regulatory proteins for GluR1 (4.1N/G, SAP97, 

AKAP150/79) and GluR2 (NSF/AP2, GRIP/ABP, PICK1) are both present, such as in 

GluR1/2 receptors, GluR1 regulatory mechanisms take dominance over GluR2 [320, 

322].  The regulatory proteins associated with each subunit bind to the C-terminal tail, 

and the GluR2 subunit exists in an alternative splice variant with either a short or long 

C-terminal tail.  It is possible that fast acting GluR1/2 receptors contain the long C-

terminal tail, while the GluR2/3 receptors contain the short C-terminal tail, owing to the 

GluR1 dominance in GluR1/2 receptors. 

 

 



37 
 

Maintenance 

Maintenance of LTP involves the persistent enhancement of synaptic efficacy 

through activation of proteins that serve as a molecular switch from E-LTP to L-LTP.  

Intermediate (stage 2, hours 2-3) and L-LTP (stage 3, > 3 hours) involves protein 

synthesis and production of new AMPA receptors along with a variety of other proteins 

important for dendritic spine enhancement.  Sustained activation of kinases such as 

PKA and PKC during E-LTP leads to activation of MAPKs such as ERK1/2, which 

activate Mnk1, which activate eIF4E/G forming an eIF4E,G/4A/Mnk1 complex that 

initiates translation of preexisting mRNAs (CaMKII, PKC, PSD-95, F-actin, etc...) 

located within the dendrites [323-326].  This leads to remodeling and enhancement of 

the PSD and actin cytoskeleton resulting in spine enlargement, or in some cases 

splitting to form perforated spines, that results in multiple synaptic contacts [327-329].  

Both GluR1 and GluR2 subunit mRNA is also found localized within dendrites indicating 

AMPA receptors can also be synthesized at dendritic locations [330].  All necessary 

organelles for protein production are present within the dendrites including ribosomes, 

dendritic extensions of ER, and Golgi outposts that allow AMPA receptors and other 

membrane bound proteins to be synthesized and packaged into endosomes and 

transported to spines along dendritic microtubules using dynein and kinesin motor 

proteins [329, 331, 332]. 

NMDA receptor density is also upregulated during the maintenance phase of LTP 

to maintain the correct AMPA/NMDA receptor ratio.  The rapid change in receptor ratio 

observed after induction and during E-LTP is temporary and NMDA receptor 

potentiation is delayed by approximately 2 hours in cortical pyramidal neurons from both 
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slice and culture studies [333].  There is some work that challenges the timing of NMDA 

receptor trafficking, showing a more rapid increase in adult CA1 neurons [334], but the 

overwhelming majority of literature concludes NMDA receptor trafficking occurs with a 

substantial delay, if at all, compared to AMPA receptors [335].  NMDA receptors are 

heteromeric tetramers similar to AMPA receptors and exist as a homomeric NR1 dimer 

with a homo- or heteromeric NR2(A-D) dimer.  NMDA receptor trafficking is driven by 

the NR2 subunit owing to its long cytoplasmic tail with binding sites for multiple 

regulatory proteins [336].  The general hypothesis is that NR2B containing receptors are 

mostly extrasynaptic and are responsible for incorporation of new NMDA receptors into 

the synaptic field which are then replaced with the more stable NR2A containing 

receptors [337, 338].  Transgenic mice with overexpression of the NR2B subunit show 

enhanced LTP in hippocampus and increased learning and memory in the MWM [339].  

NMDA receptor trafficking has not received the same attention as AMPA receptor 

trafficking, and literature on the exact mechanisms are somewhat fragmented.  The 

process seems to be regulated, at least in part, by mGluR1/5 activation [340, 341] and 

the interaction of CaMKII, PKC and MAPK signaling pathways [342-344]. 

The final stage of LTP involves transcription of new gene products (stage 3).  

There are multiple pathways that can lead to plasticity induced transcription with most of 

them converging on the activation of the transcription factor CREB (cAMP Response 

Element Binding protein) [345].  Activation of CREB in neurons occurs through a variety 

of Ca2+ mediated pathways, most notably Ca2+/CaM activation of CaMKIV [346] and 

Adenylate cyclase [347], which induces cAMP activation of PKA [348].  CaMKII also 

activates CREB and has been shown to function as both a positive and negative 
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regulator through phosphorylation at an additional site [346], as opposed to negative 

regulation through phosphatase activity utilizing the more well-known Calcineurin/PP1 

or ATF4 pathway [345, 349].  Modulatory neurotransmitter systems also influence 

transcription through activation of MAPK signaling pathways and are themselves 

influenced by PKA interaction with ERKs for translocation of ERKs to the nucleus 

(TrKB/EGF/EphB2 receptor activation → SOS → RAS/RAF → MEK → ERK1/2 → RSK 

→ CREB) [345, 350, 351].  Phosphorylation of CREB by either CaMKII [346], CaMKIV 

[346], PKA [352], or RSK [353] at Ser133 relieves CREB inhibition allowing recruitment 

of CREB binding protein (CBP) and transcriptional activation of immediate early genes 

such as zif268, Arc, c-fos, BDNF, and C/EBPs (CCAAT Enhancer Binding Protein) 

[345].  Some immediate early genes are themselves transcription factors that activate 

transcription of late response genes for various other associated synaptic physiology 

proteins [345].  Transcribed mRNA important for synaptic enhancement is either 

translated within the soma for axonal-somatic synapses, or packaged into mRNA 

containing granules and transported into dendrites along microtubules using the kinesin 

motor protein KIF5 [329, 354], or actin filaments via the Myosin Va motor protein [355], 

for local translation near dendritic spines.  This process is activity dependent and 

glutamatergic signaling has been shown to promote bidirectional modulation and 

clustering of Arc and AMPA receptor mRNAs at synaptic sites in cultured hippocampal 

neurons [356-358]. 

Inhibition of translation or transcription show profound effects on LTP and 

learning and memory.  Recordings of fEPSPs in hippocampal slices that have been 

microdissected to disconnect CA1 dendrites from the soma show normal STP and E-
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LTP, then begin to decay 2-3 hours post-tetanus compared to intact hippocampal slices, 

which show robust L-LTP for at least 10 hours post-tetanus.  When protein synthesis 

inhibitors are applied, LTP begins to decay approximately 1 hour post-tetanus [359, 

360].  This demonstrates not only that persistence of LTP past the E-LTP stage is 

reliant upon translation of local preexisting dendritic mRNAs, but also that continued 

persistence beyond 3 hours post-tetanus is dependent on transcription and continued 

translation of new gene products.  Blocking translation of Arc mRNA in the 

hippocampus of awake behaving animals with infused anti-sense oligomers impairs 

long-term memory in a spatial reference task using the MWM while leaving short-term 

memory and task acquisition unaffected.  Maze performance coincides with the 

impairment of L-LTP in vivo of behaviorally naive awake animals [361].  CREB mutant 

mice with targeted disruptions in several CREB isoforms show profound impairments in 

long-term memory performance in the MWM and fear conditioning that coincides with 

the absence of L-LTP, while short-term memory performance and STP and E-LTP 

remain intact [362].  Mutant mice of the CREB downstream immediate early gene zif268 

have impaired long-term memory, impaired spatial representation, and impaired L-LTP, 

although studies indicate this deficiency may be partially overcome with rehearsal 

training [363, 364]. 

Until recently, a constitutively active isoform of PKC known as PKMζ was thought 

to serve as a master molecular switch for consolidation and maintenance of long-term 

memory.  Mice given an inhibitor of PKMζ known as ZIP (Zeta Inhibitory Peptide), show 

profound deficits in learning and memory and L-LTP [365].  Not only that, ZIP has the 

ability to reverse established L-LTP in hippocampal slices up to 5 hours post-tetanus 
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[366], and erase recently formed memories up to a month later [367].  This prompted 

many articles exploring the nature of ZIP and PKMζ.  That all changed in 2013 when 

two different groups produced PKMζ knockout mice that showed normal learning and 

memory and L-LTP [368, 369].  When ZIP is given to PKMζ KOs, they display the same 

impairments in learning and LTP as wild-type mice, even erasure of recently formed 

memories [369].  This suggests ZIP is acting outside of PKMζ inhibition and efforts to 

determine exactly which molecules and processes ZIP is acting on is an active area of 

intense research.  Despite the elusiveness of the ZIP target, this does not diminish the 

fact that LTP is still representative of stored information, and the erasure of LTP results 

in the erasure of associated information. 

 

1.6  NMDA Receptors in Complex Learning and Memory 

As discussed previously, LTP is associated with increases in cognitive 

performance.  Blocking NMDA receptors to prevent LTP in brain regions important for 

cognitive function impairs behavioral performance in LTP dependent tasks.  

Intracerebral ventricular (i.c.v.) or intrahippocampal infusion of the NMDA receptor 

antagonist APV directly into the brains of awake behaving animals results in significant 

impairments in both reference memory (use of previously learned rules or information to 

complete a task) and working memory (holding information in a temporary memory 

buffer for use in problem solving). 

The standard test for reference memory is the Morris Water Maze developed by 

Richard Morris in 1986 [217].  In this task, animals swim in a pool of opaque water to 

find a hidden platform submerged just beneath the surface in order to escape.  Animals 
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use visual cues in the surrounding environment to orient themselves and navigate to the 

escape platform.  Performance is measured by escape latency (time to platform – less 

is better), a probe test (how much time the animal spends in the area where the 

platform was previously located – more is better) and reversal training (how quickly the 

animal learns a new location of the platform – less is better).  In rats, i.c.v. infusion of 

APV at concentrations shown to also block hippocampal LTP in vivo (as low as 10 mM) 

show impaired escape latency, probe test, and reversal training [370, 371].  Pretraining 

animals to proficiency in a spatial navigation task prior to APV infusion however, has 

shown conflicting results.  One study shows only minimal improvement in escape 

latency in pretrained animals with APV, compared to untrained animals with APV [370], 

while the other shows pretraining negates the effects of APV, allowing animals to 

perform similarly to control animals without APV [372].  Both studies however, agree 

that pretraining significantly improves probe test results.  Infusion of APV directly into 

the dorsal hippocampus also produces impairments in learning acquisition and probe 

trials at a range of concentrations (10-30 mM) that also block LTP in vivo.  Interestingly, 

pretraining to proficiency prior to APV infusion can negate the effects of APV at low 

doses (10 mM), but not at high doses (20, 30 mM) [373].  Pretraining however, does not 

seem to influence or rescue spatial learning in the MWM when there is a new (but 

similar) task that is sufficiently novel and performed under the influence of APV [374]. 

While the MWM is an accepted test of spatial reference memory, a more 

stringent test of reference memory, and working memory, can be achieved using the 

Radial Arm Maze (RAM) developed by Olton and Samuelson in 1976 [375].  The RAM 

consists of a circular central hub with 6, 8, or 16 arms extending out from the center hub 
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with equal distance between each arm.  The most common configuration is the 8-arm 

radial maze.  Animals use external visual cues to orient themselves and navigate 

through the maze to retrieve a food reward at the end of each arm.  After collecting the 

reward, animals must return to the central hub before making the next choice.  The 

basic reference memory task involves only 4 of the 8 arms being baited with food while 

the other 4 are not.  The location of the food does not change from day to day, forcing 

the animal to remember the location of each food reward (reference memory) in order to 

successfully complete the task.  Entering 1 of the 4 arms that does not contain food is 

an error in reference memory.  Reentering an arm previously visited during a testing 

session, regardless if the arm originally contained food or not, is an error in short-term 

working memory. 

Testing various aspects of working memory gives the RAM more flexibility than 

the MWM, and is the more common use of this type of maze.  A standard test of short-

term working memory is the uninterrupted 8-arm task, in which animals are to retrieve a 

food reward from all 8 arms without reentering any previously visited arms.  A more 

stringent working memory test that involves long-term working memory is the 8-arm task 

with an interposed delay.  In this task, the test is interrupted after the first 4 correct 

choices and the animal is returned to the home cage for a specified amount of time.  

Upon returning to the central hub, the animal must retrieve the remaining food rewards 

from the 4 unvisited arms of the earlier session.  The RAM uses a Win-Shift learning 

strategy in which a successful outcome (a “win”) encourages the animal to then choose 

a different option (a “shift”), as opposed to a Win-Stay strategy that encourages the 

animal to continue with the same successful choice.  This type of learning involves a 
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decision making process dependent on the use of trial specific information that must be 

held in memory for an extended period of time, then utilized in order to successfully 

complete the remainder of the task (the animal must remember the first 4 correct 

choices from trial 1 in order to complete the last 4 correct choices in trial 2 while 

avoiding previous wins from both trials).  Rats begin to show impairments with a delay 

of approximately 2 hours [376].  A retention curve for the limits of working memory in 

mice has not been explored. 

Studies exploring effects of NMDA receptor antagonists on learning and 

acquisition of RAM tasks are surprisingly rare, although some using the non-competitive 

channel blocker MK-801 do exist, and show profound impairments on task acquisition 

[377, 378].  Instead, many studies focus on different types of working memory 

performance after an animal has already learned the RAM task, the equivalent of 

pretraining seen in the MWM.  Rats trained to proficiency in the reference memory task 

(4/8 arms baited) show impairments in both short-term working and reference memory 

when 20 or 40 mM APV is infused to dorsal hippocampus 15 minutes prior to testing 

[379], while rats receiving continuous i.c.v. infusion of 30 mM APV show no impairments 

in either short-term working or reference memory [377].  Results in the uninterrupted 8-

arm task (8/8 arms baited) also show mixed results with some studies indicating an 

impairment in short-term working memory with dorsal hippocampal infusion of APV 15-

20 minutes prior to testing [376, 380], while one study with continuous i.c.v. infusion 

showed no impairment in the uninterrupted 8-arm task [381], and another with i.c.v. 

infusion showed a substantial impairment [377].  Rats in these studies were all trained 

to proficiency prior to APV infusion and used similar concentrations of APV at 
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approximately 30 mM.  These differences could arise due to the level of proficiency 

each study achieved prior to testing, or differences in APV administration (dorsal 

hippocampal verses intraventricular) which may result in differences in the way multiple 

brain regions interact with each other.  Two of these studies ([379, 380]) had very low n-

values, averaging approximately 3 animals per treatment group, compared to the other 

studies that averaged approximately 8 animals per group.  Behavioral testing in animals 

can show considerable variance between subjects, and n-values of even 8 subjects is 

probably borderline for what is acceptable to draw reliable conclusions. 

Regardless of whether APV is administered to the hippocampus directly, or to the 

ventricles, studies agree that either is sufficient to produce impairments in the 8-arm 

task with an interposed delay [376, 381].  Administration of APV before trial 1 or trial 2 

show impairments in trial 2.  Trial 2 tests both long-term working memory (information 

held from trial 1) and short-term working memory (information immediately used during 

trial 2).  When a 2 hour delay is imposed between trials, impairments in both types of 

working memory can be seen depending on when APV is administrated [376].  If APV is 

administered prior to trial 1, long-term working memory is impaired in trial 2, but not 

short-term working memory (animals enter arms visited in trial 1, but do not reenter 

arms once visited).  Working memory errors from trial 1 are low due to the simplicity of 

trial 1 and probability of choosing any 4 unvisited arms successfully, even if by chance.  

If given APV prior to trial 2, animals make short-term working memory errors that also 

result in long-term working memory errors.  This indicates that even though trial 1 may 

be successful, preventing short-term working memory during trial 2 also prevents 

utilization of long-term working memory information.  This fits with the Baddeley-Hitch 
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model which suggests working memory circuits must be functional in order to utilize 

both short-term and long-term memory mechanisms, or in this case, temporary long-

term memory in the form of long-term working memory.  Given the effects of NMDA 

receptor antagonists on trial 2 performance when administered prior to trial 1, it is 

believed that long-term working memory utilizes hippocampal dependent LTP 

mechanisms to retain working memory information for later use in subsequent trials.  

This hypothesis has not been directly tested however, and can only be inferred as 

virtually no studies explore the correlation between long-term working memory and LTP 

(or STP), but only show associations. 

Further complexity arises when non-NMDA receptor-dependent mechanisms of 

LTP occur.  Grover and Teyler have demonstrated at least two forms of LTP coexist at 

CA3→CA1 synapses, NMDA and non-NMDA receptor-dependent, with the latter 

occurring via activation of the high threshold L-type Voltage-Dependent Calcium 

Channel (VDCC) [382-384].  Immuno-gold labeling and electron microscopy of rat CA1 

pyramidal neurons indicate VDCCs are located throughout the dendritic tree and soma 

at both synaptic and extrasynaptic locations with proportionally higher concentrations 

occurring in apical dendrites [385].  VDCCs have a higher threshold of activation than 

dendritic NaP, NaV or CaT channels, so local depolarization sufficient for generating 

dendritic action potentials, or activation of NMDA receptors, does not necessarily 

activate L-type channels.  In rat CA1 neurons of hippocampal slices, a weak tetanizing 

stimulation (25 Hz 1s, 1x) induces fast onset LTP that is completely blocked in the 

presence of 25 µM APV.  A strong tetanizing stimulation (200 Hz 0.5s, x4) produces a 

late-onset LTP even in the presence of up to 100 µM APV, that is significantly blocked 
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by the L-type VDCC antagonist Nifedipine [382].  Thus, when sufficient stimulation 

occurs, activation of VDCCs results in a non-NMDA receptor-dependent component of 

LTP.  In summary, high frequency stimulation can result in the induction of both NMDA 

receptor-dependent and non-NMDA receptor-dependent (VDCC) activation of LTP 

mechanisms (Figure 1.9). 

Activation of VDCCs have been shown to induce signaling mechanisms similar to 

NMDA receptor activation, including activation of CaMKII specifically in the head and 

neck of dendritic spines [270].  There also seems to be distinct signaling between 

NMDA receptor and L-type VDCC LTP: serine/threonine kinase inhibitors block NMDA 

receptor LTP, but not L-type VDCC LTP, while tyrosine kinase inhibitors block L-type 

VDCC LTP but not NMDA receptor LTP [384].  There is even some evidence apical 

verses basal L-type VDCCs show differences in signaling activation [386].  Studies of 

learning and memory suggest VDCCs play a specific role in the processing of memory 

during the consolidation phase.  I.p. injections of the L-type VDCC antagonist Verapamil 

show no effect on the acquisition of a spatial reference memory task (4/8 arms baited) 

using the 8-arm radial maze [387, 388].  After the final day of training, a delay period of 

10 days is used to evaluate long-term retention of spatial information.  During the 

retention test under the same drug conditions, animals show a profound impairment in 

long-term spatial reference memory.  Short-term working memory performance during 

the reference memory task are mixed however, and different studies (from the same 

lab) show impairments in one study [388], but not the other [387].  This is in contrast to 

animals from the same studies that are given i.p. injections of MK-801, which do show 

impairments in reference memory during task acquisition, but are still able to improve.  
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Results of the retention test are again mixed between studies with one showing no 

impairment [388] and the other showing impairments in reference memory but not short-

term working memory [387].  Animals given both MK-801 and Verapamil together show 

nearly a complete block of acquisition and memory during all testing.  Mice with an L-

type VDCC knockout (Cav1.2) in the hippocampus show impairments in L-LTP and 

spatial learning in a modified MWM task [389], while mice with a L-type VDCC 

conditional knockout of the same channel in both hippocampus and cortex show normal 

learning acquisition and normal probe trials in a standard MWM task, but 30 days later 

show significant impairment during a probe trial [390], indicating a failure to retain long-

term spatial information.  The role of VDCCs specifically in a long-term working memory 

task, such as an 8-arm radial maze task with an interposed delay, have not been 

evaluated. 

The studies described above generally show no impairment in learning when L-

type VDCCs are blocked during the acquisition of the task itself, but seem to show 

profound impairments some time later when task specific information is required to 

repeat the task.  A one-time dose of Nifedipine directly into the dorsal hippocampus 

immediately following a probe trial after acquisition of standard MWM task, shows a 

significant impairment in subsequent probe trials both 24 hours and 5 days later [391].  

If Nifedipine is given 30 minutes after the probe trial instead of immediately after, 

animals show normal performance in subsequent probe trials.  This indicates that L-type 

VDCCs play a role in consolidation and reconsolidation of long-term memories, and this 

consolidation process occurs within a very narrow time window after the task is 

completed.  When memories are initially formed, the memory trace is said to be in a 
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liable state to which it is subject to deterioration.  If the trace goes through a 

consolidation phase, it becomes an engram.  When that information is retrieved, the 

trace is reactivated and if task specific reinforcement occurs (platform present, e.g., a 

training trial), the trace is strengthened.  If however, task specific information is not 

present during retrieval (platform not present, e.g., a probe test), the non-reinforced 

retrieval causes the trace to become liable again, and the trace must be reconsolidated.  

Reconsolidation of long-term memory is L-type VDCC-dependent.  Reconsolidation is 

also protein synthesis and CaMKII dependent, and blocking either during the 

reconsolidation process produces the same effect as blocking L-type VDCCs [391, 392].  

Blocking NMDA receptors during the reconsolidation process by direct infusion of APV 

into the dorsal hippocampus seems to have no effect on reconsolidation [391]. 

The role of NMDA receptors and VDCCs in learning and memory also seem to 

be subject to the effects of aging.  While both forms of LTP exist throughout the 

lifespan, young animals display predominately NMDA receptor-mediated LTP.  As 

animals age, there is a natural decline in NMDA receptor-mediated LTP, and an 

increase in L-type VDCC-mediated LTP [393].  This increase in L-type VDCC LTP in 

aged animals is believed to play a compensatory role in cognitive function.  Animals 

tested in the MWM show young animals (6 months of age) perform better than aged 

animals (24 months of age), and have higher NMDA receptor LTP than aged animals 

[394].  There are however, two distinct groups within the aged animals: aged impaired 

and aged unimpaired.  When separated by performance, aged unimpaired animals have 

higher L-type VDCC LTP than aged impaired animals.  This indicates animals that are 
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able to effectively adjust the NMDA receptor to L-type VDCC ratio as they age, are 

better able to maintain cognitive function throughout the lifespan. 

Our understanding of NMDA receptors and VDCCs (and others) in learning and 

memory is under continuous revision.  NMDA receptors and VDCCs seem to have 

specific roles in different types of memory, and seem to modulate different aspects of 

learning and memory.  Some of these differences may even be synapse specific (CA3 

versus CA1 synapses).  Their role in associational and spatial reference memory is the 

most well studied, while working memory data is still somewhat fragmented.  A 

summary of the roles of NMDA receptors and VDCCs in spatial reference memory is 

shown in Figure 1.10. 

 

1.7  Synaptic Impairment in Alzheimer’s Disease 

In a previous section, we described the mechanisms involved in the production of 

Aβ42.  In this section, we discuss the consequences of increased Aβ42 production and 

the impact on synaptic physiology and cognition. 

Alzheimer’s disease is a disease of synaptic failure, driven by the excessive 

production of Aβ42 and the hyperphosphorylation of Tau.  The effects of Aβ42 on 

synaptic physiology include impairments in basal synaptic transmission, and 

impairments in both short-term and long-term synaptic plasticity mechanisms.  Aβ42 

shows a hormetic dose response, meaning small amounts may be beneficial, but 

moderate and excessive amounts are deleterious.  APP processing increases during 

periods of normal synaptic activity, especially during synaptic plasticity events [395], 

and picomolar concentrations (~200 pM) of Aβ42 have been shown to increase 
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performance in the MWM and increase LTP in the CA1 subregion when acutely applied 

to hippocampal slices ex vivo [396].  Aβ40 has also been shown to increase LTP in the 

dentate gyrus when acutely applied ex vivo at nanomolar concentrations (~200nM) 

[397].  Thus, both Aβ40 and Aβ42 may be beneficial in small doses.  Increasing 

concentrations of either Aβ40 or Aβ42 however, show deleterious effects once a 

neurotoxic threshold is crossed, with Aβ42 (10 pM) having a significantly lower 

threshold for toxicity than Aβ40 (400 pM) when measured in vivo at CA1 after i.c.v. 

injection of Aβ [398]. 

Direct comparisons of the effects of Aβ under different conditions is difficult due 

to the different variants of Aβ used in research.  Studies have demonstrated that Aβ40, 

Aβ42, the C-terminal fragment of β-APP, and the Aβ fragment consisting of amino acids 

(25-35), are all capable of eliciting an effect on synaptic physiology [398, 399].  Aβ42 

and Aβ(25-35) are the two most common and potent Aβ variants available, with Aβ(25-

35) representing the active neurotoxic fragment of the Aβ peptide [400].  In addition, 

most studies involving the application of synthetic or naturally isolated Aβ to brain tissue 

for neurophysiological or cognitive studies consists of a heterogeneous mixture of 

monomers, oligomers, and fibrillar forms.  It has been demonstrated that the monomer 

form does not significantly contribute to pathology [54], and the fibrillar form is only 

mildly pathogenic [401, 402].  Most studies now agree the soluble oligomeric form of Aβ 

is the most detrimental to synaptic physiology [54], neuronal viability [401, 402], and 

cognitive function.  I.c.v. injection of soluble Aβ oligomers produces impairments in 

learning and memory, but i.c.v. injection of monomer or fibrillar forms of Aβ do not [55, 

403, 404]. 
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Impairments in functional synaptic plasticity is likely the underlying cause of 

cognitive impairment in AD, and the application of Aβ40, Aβ42 or Aβ(25-35) all produce 

significant impairments in synaptic plasticity.  Acute application of exogenous Aβ to 

hippocampal slices ex vivo produces a significant reduction in LTP in CA1 [56, 57, 396, 

399, 405] and dentate gyrus [399, 406-408] without affecting basal synaptic 

transmission.  In vivo measurements after i.c.v. injection of Aβ also show significant 

reductions in LTP in CA1 pyramidal neurons [54, 398, 405, 409, 410], and it is the 

soluble oligomeric form of Aβ, not the monomeric form, responsible for these reductions 

[54].  Aβ impairs LTP in a concentration- and time-dependent manor.  Higher 

concentrations are increasingly more effective than lower concentrations at disrupting 

synaptic function for both Aβ40 [410] and Aβ42 [406, 409], however lower 

concentrations can have similar effects as higher concentrations if animals are exposed 

to Aβ for longer periods of time [409].  As a result, animals exposed to Aβ also have 

significant impairments in cognitive function.  I.c.v. injection of either Aβ40 or Aβ42 

produces impairments in spatial reference memory in the MWM [411-415], spatial 

working memory in the RAM [416] and Y-maze [412-414], passive avoidance behavior 

(a non-spatial reference memory test) [57, 412-415], novel object recognition (NOR) (a 

non-spatial working memory test) [403], and an alternating lever cyclic ratio test (a 

complex lever press assay for sequence learning) [55, 416].  Taken together, Aβ 

induced impairments in synaptic plasticity are most likely responsible for the impaired 

cognitive behavior observed in Aβ exposed animals. 

Direct application of Aβ has been useful for studying acute effects within a short 

time frame, but long-term exposure outcomes and developmental progression of Aβ 
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pathophysiology is best accomplished through the use of transgenic animals.  The 

engineering of mice carrying human transgenes with mutations in APP, PS1, or PS2 

have aided greatly in the understanding of how Aβ affects cognition and 

neurophysiology over the course of months to years of continuous exposure.  A variety 

of different mutations in APP have been described and are typically named based on 

the geographic region in which these mutations were discovered, although that’s not 

always the case.  For example APP(Swe) refers to a particular mutation first identified in 

a family from Sweden [417].  There are currently 44 different APP mutations listed in the 

Alzforum.org mutation database, 25 of which are classified as pathogenic.  Of these, 9 

have been incorporated into transgenic mouse models with the Swedish 

(K670N/M671L), London (V717I), and Indiana (V717F) mutations being the most 

commonly used.  For the Presenilins, there are 230 known mutations in PS1 (212 are 

pathogenic, 11 have been incorporated into transgenic models) and 39 in PS2 (16 are 

pathogenic but only 1 has been incorporated into transgenic models).  There is even 

one known APP mutation that offers protection against AD by inhibiting β-secretase 

from recognizing APP, preventing Aβ production [418]. 

Transgenic models have confirmed that overexpression of mutated forms of APP 

and PS characterized in AD patients do in fact lead to histological and behavioral 

disturbances consistent with the AD phenotype and physiological alterations consistent 

with exogenous Aβ exposure.  APP transgenic mice have reduced LTP in CA1 [419-

421], CA3 [422], and dentate gyrus [419, 423], and show impairments in reference 

memory [420, 424, 425] and short-term working memory [419, 424, 425] in the MWM, 

RAM, Y/T-maze, and NOR test.  APP transgenic mice also recapitulate AD 
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histopathology [420, 424, 426, 427].  APP mice show increased Aβ42 production and β-

Amyloid plaque formation beginning on average around 10 months of age, and range 

from diffuse plaques in early stages to dense core plaques in late stages.  Aβ42 

deposition occurs first, with Aβ40 deposition following later.  In addition, dystrophic 

neurites (indicative of hyperphosphorylated Tau) and GFAP+ reactive astrocytes (an 

indication of injury/inflammatory response) are associated with mature plaques.  

Synaptic decline and cytoskeletal alterations are also detected, and one study has even 

reported the presence of Hirano body-like structures [427].  Unlike AD patients, APP 

mice do not seem to show widespread neuronal loss or full neurofibrillary tangle 

formation, but this could be a factor of age as most studies do not continue past 18 

months. 

PS mice show a delay in disease progression compared to APP mice.  PS1 

transgenic mice show an increase in LTP [428-431] and a reduction in the threshold for 

inducing LTP [432] in CA1 of younger (3-4 month old) mice.  This increase is transient 

however, and normalizes to wild-type levels around 10 months of age, and by 13-14 

months of age develop reduced LTP [431].  By comparison, APP mice begin to show 

reduced LTP on average between 5-6 months [420, 421].  PS1 mice also show delayed 

cognitive impairment relative to APP models.  At least five different PS1 mutations do 

not produce cognitive impairment in reference memory in the MWM up to at least 10 

months of age [430, 432-434], although one study reported a slight impairment at 10 

months [435], and there have been mixed results in NOR tests [430, 434].  Some 

reports even show enhanced cognition occurring around 6 months of age [430, 434], a 

time when LTP is known to be enhanced in PS1 mice.  By comparison, most APP mice 
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begin to show deficits on average between 6-9 months.  While some PS1 mice do show 

hyperphosphorylation of Tau and the beginnings of dystrophic neurites around 10 

months (but not neurofibrillary tangles) [430, 435], they lack detectable β-Amyloid 

plaques up to at least 17 months of age despite having significantly increased levels of 

Aβ42 as early as 6 months [434, 436-438] and staining positive for intracellular Aβ42 

[438].  PS mice also show a potentiated intracellular Ca2+ response to glutamate 

exposure, which could account for the facilitation of LTP and enhanced cognition at 

younger ages, but also sensitizes neurons to Ca2+ induced excitotoxicity [432, 439].  

The enhanced Ca2+ response observed in young transgenic animals may temporarily 

offset the deleterious effects of increased Aβ production.  PS mice show an increase in 

spine density at 6 months, the same time as increased LTP and enhanced cognition, 

that decreases to control levels around 10 months [431], but eventually begin to show 

neuronal loss around 13 months [438], presumably due to Ca2+ induced excitotoxic 

mechanisms. 

The most popular transgenic models of AD are ones that coexpress mutated 

forms of both APP and PS1.  APP/PS1 mice show the same pathology as individual 

APP or PS1 mice carrying the same mutations, but at a highly accelerated rate.  Aβ42 is 

increased and definitive plaque formation is observed around 6 months in APP/PS1 

mice [440], compared to 12 months in APP mice [424].  Behavioral and physiological 

measurements are highly variable in APP/PS1 mice.  APP mice show impairments in 

short-term working memory at 3 months in the Y-maze, and in reference memory 

around 9 months in the MWM [424].  APP/PS1 mice also show impairments in the Y-

maze at 3 months, but show normal cognition in the MWM up to 14 months [441].  
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Another study however, using the same APP/PS1 model, report short-term working 

memory deficits at 3 months and reference memory deficits at 6 months in the radial 

arm water maze [442] (a hybrid of the RAM and MWM where animals must swim to a 

submerged escape platform at the end of one of the arms).  Studies of synaptic 

plasticity show APP mice have reduced LTP in CA1 at 12 months [443, 444], but may 

begin as early as 6-7 months [445] with no change in PPF or basal synaptic 

transmission at any age tested up to at least 16 months [419].  APP/PS1 mice show 

significant reductions in LTP in CA1 as early as 3 months [442]. 

The APP/PS1 model discussed above refers to a model produced by crossing 

APP(Swe) x PS1(M146L), but it should be noted that a variety of different APP/PS1 

models exist and each combination of APP/PS1 mutations will produce a different 

phenotypic expression of AD [26, 446].  Add this in combination to mice engineered with 

transgenes verses knockins, or transgenes under a variety of different promoters, or 

any number of other production variables, and the number of available models becomes 

quite numerous, and results between them can vary greatly.  Some models overexpress 

wild-type APP by itself, or with mutant PS, that may show some aspects of AD [447-

449], and some others combine multiple mutations within the same gene such as the 

5xFAD mouse (APP carrying Swedish/London/Florida mutations, and PS1 carrying 

M146L/L286V mutations) that develops plaques after only 60 days [450].  One of the 

more popular AD models overexpress mutant forms of APP, PS1, and Tau (3xTg-AD), 

and forms both plaques and full neurofibrillary tangles [451].  Thus, when evaluating the 

literature it is important to note exactly which models are used in order to make the 

appropriate comparisons between studies. 
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1.7.1  Mechanisms of Amyloid-β induced neurotoxicity 

There are numerous studies showing soluble oligomeric Aβ in the absence of β-

Amyloid plaques is highly neurotoxic (see above sections).  Transgenic AD mice 

support the hypothesis that soluble Aβ is the pathogenic initiator of AD and not β-

Amyloid plaques.  Transgenic mice show impairments in LTP and cognition when 

soluble Aβ42 levels rise, and long before β-Amyloid plaques appear [420, 421, 423, 

425, 426, 452], and cognitive impairment in both mice and humans correlate with 

soluble Aβ levels, but not with plaque load [453-457].  Plaques appear to be a late-stage 

end product of Aβ fibrillization and have minimal impact on AD progression.  That is not 

to say however, that plaques are completely inert.  Plaques may not contribute directly 

to behavioral deficits or pathophysiology, but they do attract reactive astrocytes and 

activated microglia that promote chronic inflammation which will impact neurophysiology 

(LTP) [458], and inflammation has been shown to be a highly prevalent part of AD 

pathology [459]. 

How then does soluble Aβ exert its effects on synaptic physiology and 

subsequently behavior?  Impairments in LTP and cognition occur long before synaptic 

decline and neuronal loss.  3xTg-AD mice have similar dendritic spine density as wild-

type mice in both the hippocampus and cortex up to around 13 months of age [460], yet 

these mice show reductions in LTP and cognition by 6 months of age [451, 461].  The 

rise in soluble oligomeric Aβ42 that strongly correlates with synaptic dysfunction, and 

has been shown to be the pathogenic initiator of AD, must have effects prior to synaptic 

or neuronal loss that are responsible for these impairments, even if degeneration is the 

eventual outcome.  The reduction in LTP observed in AD mice seems to be driven in 
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part by activity dependent LTD.  Activation of LTD mechanisms leads to a reduction in 

synaptic AMPA receptors, and thus a reduced synaptic response [230].  The presence 

of Aβ has been shown to facilitate LTD mechanisms and the removal of AMPA 

receptors from the synaptic membrane [462-464].  In addition, AMPA receptor trafficking 

to the synaptic membrane during LTP has also been shown to be impaired in the 

presence of Aβ [463-465].  In support of reduced AMPA receptor expression in AD, 

there is evidence that 3xTg-AD mice may change expression levels of AMPA receptor 

subunits as they age, although the only study to date is inconclusive due to low 

observations [466].  This study suggests there is an overall reduction in GluR subunit 

expression in aged 3xTg-AD mice (12 months of age) that supports studies showing a 

reduction in AMPA receptor expression as a result of AD pathology [467].  Interestingly, 

control mice show an age dependent increase in GluR2 subunit expression, while 3xTg-

AD mice show a significant reduction in all GluR subunits except GluR2.  The GluR2 

subunit regulates Ca2+ permeability and this difference in GluR2 subunit expression 

may allow for a potential compensatory mechanism that would resist changes to the 

Ca2+ impermeable/permeable AMPA receptor ratio in 3xTg-AD mice.  In summary, one 

current hypothesis to explain reduced LTP in AD is that both LTD and LTP mechanisms 

may be occurring simultaneously, resulting in an average of the two. 

Glutamatergic signaling: Metabotropic glutamate receptors and NMDA receptors 

LTD at hippocampal CA3→CA1 synapses is mediated by NMDA receptors or 

metabotropic glutamate receptors (mGluR) [468, 469].  Exogenously applied Aβ to 

hippocampal slices produces a reduction in LTP that can be rescued in the presence of 

mGluR antagonists [470].  In addition to LTD facilitation, Aβ has also been sown to 
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sensitize neurons to subthreshold activation of LTD, both of which can be blocked in the 

presence of mGluR antagonists [471].  Activation of extrasynaptic NR2B containing 

NMDA receptors can also contribute to reduced LTP, which can be partially rescued by 

NR2B antagonists, although not to control levels [472].  Both mGluR and extrasynaptic 

NR2B containing receptors utilize overlapping signaling pathways such as p38 MAPK 

signaling that could lead to downstream activation of LTD mechanisms, and blocking 

p38 signaling improves Aβ induced impairments in LTP [470, 473].  Aβ induced 

reduction of LTP may be driven predominately by impairments in glutamate clearance 

rather than interactions between Aβ and mGluR or NR2B containing receptors directly.  

Application of a glutamate scavenger enzyme prevents Aβ induced LTD facilitation [471] 

and rescues LTP [472] similar to mGluR or NR2B antagonists.  Likewise, application of 

a glutamate reuptake inhibitor produces LTD facilitation and reduced LTP similar to 

exogenously applied Aβ [471, 472]. 

Cholinergic signaling: Nicotinic acetylcholine receptors 

Aβ interferes with cholinergic signaling, and manipulation of the cholinergic 

system is an active area of AD research.  Cholinergic neurons of the basal forebrain 

have wide spread projections to the cortex and hippocampus [474, 475], and neurons 

from this region are one of the first to show substantial neurodegeneration in AD [476, 

477], along with a significant reduction in nicotinic receptors throughout the AD brain 

[478].  Modulation of hippocampal pyramidal, granule, and interneuron activity by 

Acetylcholine (ACh) can affect both LTP and LTD depending on the timing of ACh 

receptor activation during glutamatergic or GABAergic transmission [479, 480].  Aβ42 

binds to both the α7 and α4β2 nicotinic acetylcholine receptors and significantly reduces 
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cationic current when activated by nicotine [481].  Both Aβ40 and Aβ42 have been 

shown to bind the α7 nicotinic acetylcholine receptor (α7nAChR) at the α-bungarotoxin 

site, with Aβ42 binding at much higher affinity than Aβ40 [482, 483].  Whole cell slice 

recordings show Aβ42, but not Aβ40, reduces α7nAChR current by approximately 40% 

in hippocampal interneurons [484]. 

Application of nicotine facilitates LTP in CA1 and dentate gyrus of hippocampal 

slices [485, 486].  Blocking nicotinic receptors reduces LTP in CA1, indicating an 

important modulatory role in LTP induction.  When co-applied with Aβ42, nicotine 

rescues Aβ42 induced impairments in LTP in both CA1 and dentate gyrus [485, 487].  

Application of other agonists specific for α7nAChRs have also demonstrated rescue of 

LTP in the presence of Aβ [487].  In addition, co-application of an α7nAChR antagonist 

with Aβ [470], or application of Aβ to hippocampal slices from an α7 knockout mouse 

[485], does not worsen Aβ induced impairments of LTP.  Chronic nicotine injections 

prior to and during continuous i.c.v. infusion of Aβ42 completely rescues short-term 

working and reference memory in rats [488, 489], and transgenic APP-α7 KO mice have 

shown improvements in MWM performance and LTP at CA1 [490]. 

The α7nAChR is Ca2+ permeable, providing another avenue for Ca2+ 

dysregulation, and influences LTP specifically through PKA activation associated with 

the α7nAChR [485], and blocking PKA prevents nicotinic enhancement and the rescue 

of LTP in the presence of Aβ.  Like the mGluR and NR2B containing receptors, MAPK 

signaling is also modulated by α7nAChR signaling [491].  In summary, Aβ may interfere 

with nicotinic signaling by either antagonizing nicotinic receptors, or influencing receptor 

density by causing bound receptors to be internalized, either of which will affect 
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cholinergic modulation of synaptic activity through dysregulation of intracellular signaling 

cascades important for plasticity, and subsequently cognition.  

Cellular Prion Protein and hyperphosphorylation of Tau 

Aβ has been shown to bind to and activate the cellular Prion Protein (PrP) with 

nanomolar affinity [492], and antibody targeting and inhibition of PrP rescues Aβ 

induced impairments in LTP and LTD facilitation [492-494].  Binding of Aβ to PrP utilizes 

the associated membrane spanning protein caveolin-1 [495] to activate the tyrosine 

kinase Fyn [496].  Fyn is currently the most likely candidate driving the 

hyperphosphorylation of Tau.  Fyn has been shown to be associated with Tau during 

microtubule extension [497] and the synaptic scaffolding protein PSD-95 [498].  Tau is 

necessary for Fyn to localize into dendritic spines where it phosphorylates the NR2B 

subunit of dendritic NMDA receptors [498].  Aβ drives the mislocalization of excessive 

Tau/Fyn into dendritic spines [499] where it phosphorylates NMDA receptors and it 

thought to contribute to excitotoxicity.  This also explains the localization of 

hyperphosphorylated Tau present in dystrophic neurites. 

 

1.8  Final Thoughts 

In summary, synaptic plasticity is the ability of synapses to change their strength 

of connection in response to activity dependent stimuli.  Activation of NMDA receptors 

and L-type VDCCs results in a long-term potentiation of synaptic strength through 

activation of postsynaptic Ca2+ mediated pathways.  This ultimately leads to an 

upregulation of postsynaptic AMPA receptors and a potentiation of the synaptic signal.  

LTP is associated with learning and memory, and represents a cellular model for 
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information storage in the central nervous system.  Preventing LTP by blocking either 

NMDA receptors or L-type VDCCs produces impairments in cognitive performance. 

Alzheimer’s disease is a disease aging and of synaptic failure brought on by the 

aberrant production of the Amyloid-β peptide.  Animal models exist to study the 

biochemical, behavioral, and physiological progression of AD, with most studies 

focusing on cellular pathways for Aβ production.  Although studies characterizing the 

basic parameters of learning and neurophysiology have been done in some models, 

less attention has been given to the specific subtypes of cognitive impairments in these 

models, such as impairments in different types of memory, and the physiological 

processes driving these behaviors.  In addition, different AD models develop AD 

pathology and impairments in distinctly different ways, and characterization in one 

model does not necessarily apply to all models. 

Long-term working memory deficit is one of the first types of memory 

impairments observed in AD patients, however the physiological mechanism behind this 

is unknown.  This specific memory impairment is also unexplored in AD mouse models 

outside of delayed alternation using a T-maze, which is a relatively simple task, and 

does not model daily challenges of patients with mild cognitive impairment or early AD.  

Very few studies to date have explored synaptic plasticity mechanisms as they relate to 

memory impairments in AD.  In this dissertation, the investigation of NMDA receptor and 

VDCC-dependent LTP as it relates to working memory in AD is explored using a well-

known 3xTg-AD model mouse that produces both plaques and tangles.  Given the 

effects of VDCCs on learning and memory in the aged animal, and the alterations in 

Ca2+ signaling in AD, exploring the relationship between NMDA receptors, VDCCs, and 
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AD could lead to a more precise understanding of how AD pathology influences deficits 

in specific types of working memory, and the underlying synaptic alterations that may 

contribute to these impairments.  The characterization of a novel mouse model of 

Hirano bodies, a cellular inclusion observed in some neurodegenerative diseases 

including AD, will also be explored to determine the influence of these pathological 

structures on cognition and synaptic plasticity. 
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Figures 
 

 
 
 
Figure 1.1.  Gross pathology and clinical diagnostics of Alzheimer’s disease.  A) 

Comparison of brains from a cognitively normal (CN) individual and an Alzheimer’s 

disease patient (AD).  The AD brain has noticeable cortical atrophy showing a 

narrowing of gyri and widening of sulci, particularly in the frontal and temporal lobes.  B) 

Positron Emission Tomography of CN and AD individuals with the Amyloid binding 

radioactive tracer Pittsburg compound B ([11C]PiB).  Horizontal (top) and sagittal 

(bottom) planes show the highest signal intensity in the frontal, temporal, and parietal 

associational cortices in the AD patient.  The low signal seen in the brainstem of the CN 

individual represents slow clearance of nonspecific binding [11C]PiB.  Intensity is 

measured in Logan distribution volume ratios, and relative to cerebellum.  Scans were 
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measured 90 minutes post-administration of [11C]PiB.  C) Structural MRI of CN and AD 

individuals in the coronal plane.  The AD patient shows several key anatomical changes 

indicated by the red arrows: dilation of cerebral ventricles (top arrow), atrophy of the 

medial temporal lobe (middle arrow), and a reduction in hippocampal volume (bottom 

arrow).  Part (A) adapted from the University of Alabama at Birmingham Department of 

Pathology Public Digital Library.  Part (B) adapted from Mathis et al., 2007 [21].  Part 

(C) adapted from Vemuri et al., 2010 [19]. 
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Figure 1.2.  Histopathology of Alzheimer’s disease.  Photomicrographs of characteristic 

histopathological lesions found in Alzheimer’s disease (AD).  A) Immunohistochemistry 

of Amyloid-β deposition (brown deposits) showing plaque formation.  B) Hematoxylin 

and Eosin stain highlighting a neurofibrillary tangle in a hippocampal pyramidal neuron 

(arrow).  C) Silver stain showing both Amyloid-β deposition (large brown deposit) and 

neurofibrillary tangle (arrow).  Scale bars = 100 µm.  D) 3D reconstruction of a β-

Amyloid plaque generated from confocal microscopy imaging.  The image shows an 

integrated relationship between extracellular Amyloid-β deposits (red) and dystrophic 

neurites containing hyperphosphorylated Tau (green).  Parts (A, B, & C) adapted from 

Serrano-Pozo et al., 2011 [20].  Part (D) adapted from Masters et at., 2011 [68].  
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Figure 1.3.  Amyloid Precursor Protein (APP) processing and Amyloid-β production.  

Two pathways exists for APP processing: nonamyloidogenic initiated by α-secretase, 

and amyloidogenic initiated by β-secretase.  Cleavage products from both pathways are 

further processed by γ-secretase resulting in a p3 fragment from the nonamyloidogenic 

pathway, and Amyloid-β (Aβ) from the amyloidogenic pathway.  In Alzheimer’s disease 

(AD), the production of Aβ results in β-Amyloid deposits from either the overproduction 

of Aβ in familial AD, or failure to clear Aβ in sporadic AD. 
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Figure 1.4.  Hyperphosphorylation of Tau protein.  Over activation of the tyrosine kinase 

Fyn results in hyperphosphorylation of the microtubule stabilizing protein Tau, resulting 

in microtubule destabilization and the formation of soluble Tau oligomers.  Tau 

oligomers then aggregate to form insoluble neurofibrillary tangles characteristic of 

Alzheimer’s disease. 
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Figure 1.5.  Neurobiology of working memory.  A) Organizational model of working 

memory revised and adapted from Baddeley and Hitch’s original 1974 model using a 

multicomponent approach for managing multiple tasks at one time.  Sensory input 

and/or long-term memory information (yellow) is loaded into the short-term memory 
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component (blue), which is then managed by the central executive (green) to perform 

executive functions (e.g., problem solving, decision making).  B) Functional MRI 

showing the anatomical representation of the central executive during a working 

memory task.  B1 & B2 show a surface rendering of neural activity localized to parts of 

the frontal and parietal cortex.  B3 & B4 show activation of the hippocampus (red 

arrows) through a parasagittal (B3) and coronal (B4) plane during the same task as 

performed in B1 & B2.  Part (B) adapted from Shaphaan et al., 2009 [500]. 
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Figure 1.6.  Comparative anatomy of mouse and human hippocampus.  Anatomical 

location of the hippocampus in mouse (left column) and human (right column) from a 

sagittal view (top row), anterior view (middle row), and dorsal view (bottom row).  The 
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hippocampus is highlighted in bright green.  Images were generated from data obtained 

from the Allen Brain Atlas. 
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Figure 1.7.  Hippocampal anatomy and circuitry.  A) Horizontal section through mouse 

brain showing the location of the hippocampus (HC), subiculum (Sub), and entorhinal 

cortex (EC), all outlined in white.  The white line (top image) indicates the plane of 

section shown below (bottom image).  The hippocampus is highlighted in bright green.  

B) Injection of a recombinant adeno-associated viral vector-GFP tracer into CA1 and 
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subiculum of the right hippocampus highlighting the projection of axons (orange) out of 

the hippocampus and terminating in the prefrontal cortex (PFC).  There are a total of six 

injection sites: dorsal CA1/Sub, middle CA1/Sub, ventral CA1/Sub.  The approximate 

location of the dorsal, middle, and ventral injection sites are indicated by the white 

arrows.  CA1 and subicular axons exit the hippocampus through the fornix (not shown) 

and exit the fornix to terminate in the PFC.  Projections from the middle and ventral 

injection sites show the highest density of PFC synapses.  Injections to other 

hippocampal regions (DG and CA3) showed no, or very weak, projections to PFC, 

respectively (data not shown).  The CA1 and subiculum regions are highlighted in bright 

green (DG and CA3 regions have been omitted for clarity).  Projections from CA1 and 

subiculum to other brain regions (e.g., EC) have been omitted for clarity.  Tracer data 

was generated using serial 2-photon tomography.  C) Nissl stain of mouse 

hippocampus with labeling of the major layers of the CA1 subregion: stratum oriens 

(s.o.), pyramidal cell layer (p.c.l.), stratum radiatum (s.r.), stratum lacunosum-

moleculare (l.m.).  D) Major regions of the hippocampus: dentate gyrus (DG, red), CA3 

(yellow), CA1 (green), and subiculum (Sub, orange).  Arrows indicate the direction of 

information flow through the hippocampus.  Only neurons in the trisynaptic circuit are 

shown, other pathways have been omitted for clarity.  Scale bar = 500 µm.  A & B were 

generated from projection data obtained from the Allen Brain Atlas.  C & D unlabeled 

Nissl stain section acquired from brainmaps.org. 
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Figure 1.8.  Recording of field Excitatory Post-Synaptic Potentials (fEPSP) in the ex vivo 

hippocampal slice.  A) Diagram illustrating the location of stimulating and recording 

electrodes in the hippocampal slice preparation.  The stimulating electrode is placed in 

the stratum radiatum of CA1 to stimulate Schaffer collateral axons from CA3 pyramidal 

neurons that synapse on CA1 dendrites.  The recording electrode is placed in the same 
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layer of CA1 to record changes in the local field potential that result from local dendritic 

synaptic activity.  An example of a fEPSP recording is shown to the right.  The initial 

downward slope of the synaptic response (shaded blue area) is measured to generate 

the data points shown below in (B).  B) Data plot summary of normalized fEPSP slope 

values demonstrating a typical Long-Term Potentiation (LTP) experiment.  After 30 

minutes of baseline recording, a high frequency stimulation (arrow, HFS) is delivered to 

the slice, resulting in an increase in the initial slope of the synaptic response.  Values 

are normalized by dividing all slope values by the average of the 5 responses recorded 

immediately prior to HFS (red data points, 1).  The last 5 normalized slope values 

recorded 3 hours post-HFS (red data points, 2) are averaged to determine the change 

in synaptic strength.  The different components of the LTP time course are indicated 

above the data points: Post-Tetanic Potentiation (PTP), Short-Term Potentiation (STP), 

Early-LTP (E-LTP), Intermediate-LTP (I-LTP), Late-LTP (L-LTP).  C) Averaged fEPSP 

recordings representing the 5 data points before HFS (1) and 5 data points 3 hours 

post-HFS (2) (generated from the red data points in part B).  D) Quantification of LTP 

from the last 5 data points 3 hour-post HFS. 
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Figure 1.9.  Cellular mechanisms of synaptic plasticity at CA3→CA1 synapses.  A) 

Under basal activation, action potentials in CA3 axons trigger the release of glutamate 

from the presynaptic membrane.  This results in the activation of postsynaptic AMPA 

receptors by glutamate, and the subsequent influx of Na+ into CA1 dendritic spines 

causing a local depolarization at the postsynaptic membrane.  B) High frequency 

activation of CA3 axons results in a temporary facilitation of neurotransmitter release (a 

form of short-term synaptic plasticity).  Sustained activation of postsynaptic AMPA 

receptors allows sufficient depolarization to relieve the Mg2+ block in postsynaptic 

NMDA receptors, allowing for their activation by glutamate and subsequent influx of 

Ca2+.  Continued postsynaptic depolarization eventually triggers the activation of 

Voltage-Dependent Calcium Channels (VDCC), allowing for additional influx of Ca2+.  
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Increased intracellular Ca2+ activates CaMKII, which initiates a series of signaling 

cascades resulting in the upregulation of surface AMPA receptors as depicted in (C).  

C) A return to basal activation now shows a long-term potentiation of the synaptic 

response (a form of long-term synaptic plasticity) due to the upregulation of 

postsynaptic AMPA receptors, which upon activation results in an increased 

postsynaptic depolarization. 
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Figure 1.10.  The role of NMDA receptors and VDCCs in spatial learning and memory of 

the Morris Water Maze task.  Illustrations show the swim path for animals to reach a 

submerged escape platform (dashed circle) under different experimental conditions.  

Performance is improved over 5 days of training in the control and VDCC groups.  In the 

30 day probe trial, the escape platform has been removed and the number of crossings 

where the platform was previously located is measured.  Only the control group shows 

retention of the platform location.  Data represent a consensus of existing literature, see 

text for details. 
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CHAPTER 2 

ALTERATIONS IN SYNAPTIC PLASTICITY COINCIDE WITH DEFICITS IN SPATIAL 

WORKING MEMORY IN 3xTg-AD MICE1 

 

  

                                            
1 Clark JK, Furgerson M, Crystal JD, Fechheimer M, Furukawa R, Wagner JJ. Alterations in synaptic 

plasticity coincide with deficits in spatial working memory in presymptomatic 3xTg-AD mice. 
Neurobiology of Learning and Memory. 2015 Nov;125:152-62. 
Reprinted here with permission. 
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Abstract 

Alzheimer’s disease is a neurodegenerative condition believed to be initiated by 

production of Amyloid-β peptide, which leads to synaptic dysfunction and progressive 

memory loss.  Using a mouse model of Alzheimer’s disease (3xTg-AD), an 8-arm radial 

maze was employed to assess spatial working memory.  Unexpectedly, the younger (3 

month old) 3xTg-AD mice were as impaired in the spatial working memory task as were 

the older (8 month old) 3xTg-AD mice when compared with age-matched NonTg control 

animals.  Field potential recordings from the CA1 region of slices prepared from the 

ventral hippocampus were obtained to assess synaptic transmission and capability for 

synaptic plasticity.  At 3 months of age, the NMDA receptor-dependent component of 

LTP was reduced in 3xTg-AD mice.  However, the magnitude of the non-NMDA 

receptor-dependent component of LTP was concomitantly increased, resulting in a 

similar amount of total LTP in 3xTg-AD and NonTg mice.  At 8 months of age, the 

NMDA receptor-dependent LTP was again reduced in 3xTg-AD mice, but now the non-

NMDA receptor-dependent component was decreased as well, resulting in a 

significantly reduced total amount of LTP in 3xTg-AD compared with NonTg mice.  Both 

3 and 8 month old 3xTg-AD mice exhibited reductions in paired-pulse facilitation and 

NMDA receptor-dependent LTP that coincided with the deficit in spatial working 

memory.  The early presence of this cognitive impairment and the associated alterations 

in synaptic plasticity demonstrate that the onset of some behavioral and 

neurophysiological consequences can occur before the detectable presence of plaques 

and tangles in the 3xTg-AD mouse model of Alzheimer’s disease. 
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2.1  Introduction 

 Alzheimer’s disease (AD) 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-β (Aβ) peptide, which is 

generated through sequential cleavage of the Amyloid Precursor Protein by β- and γ-

secretase [2].  During disease progression, the microtubule associated protein Tau is 

subject to extensive post-translational modification including hyperphosphorylation and 

acetylation, modifications that are prerequisites to Tau aggregation and formation of 

neurofibrillary tangles [3].  The exact mechanisms linking these pathologies to memory 

impairment are unclear, however a growing body of evidence suggests the inability of 

neurons to maintain Ca2+ homeostasis may be an underlying factor during the early 

events of AD [4, 5]. 

 One aspect of Ca2+ signaling related to learning and memory involves the cellular 

mechanisms underlying Long-Term Potentiation (LTP) of synaptic strength.  LTP is a 

model for information storage within the brain, and synaptic plasticity is thought to play 

an important role in cognitive processes such as learning and memory [6, 7].  Large, 

transient increases in intracellular Ca2+ and subsequent activation of Ca2+ mediated 

responses lead to the induction and expression of LTP [8].  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) and a non-NMDA receptor-

dependent LTP (non-NMDAR LTP), with the latter predominantly mediated via 

activation of high threshold L-type Voltage-Dependent Calcium Channels (VDCC) [9-
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11].  Pharmacological evidence indicates that both forms of LTP can contribute to 

spatial memory as either NMDAR antagonists [12] or Ca2+ channel antagonists [13] can 

impair spatial learning and memory. 

 NMDA receptors play an important role in assessments of spatial working 

memory using the radial arm maze [14-16].  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 

spatial working memory using a T-maze delayed alternation task [17].  NR2A-/- mice 

show impairments in spatial working memory but not spatial reference memory in the 6-

arm radial maze [18], demonstrating the contribution of specific NMDARs to specific 

memory functions.  Finally, studies in humans have also shown that blockage of 

NMDARs with ketamine have decreased accuracy on spatial working memory tests 

[19]. 

 A triple transgenic mouse model of Alzheimer’s disease (3xTg-AD) has been 

developed that produces both β-Amyloid plaques and neurofibrillary Tau tangles [20-

22].  We have further characterized this AD mouse model using both behavioral (spatial 

working memory using an 8-arm radial maze) and neurophysiological (extracellular 

recording from ex vivo slices in the CA1 region of ventral hippocampus) assessments.  

Our results demonstrate that 3xTg-AD mice have significant impairments in spatial 

working memory and significant alterations in neurotransmission and synaptic plasticity 

at both 3 and 8 months of age. 
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2.2  Methods 

2.2.1  Animals and euthanasia 

All animals used in this study were male mice and consisted of Alzheimer’s 

disease model mice (3xTg-AD) homozygous for three mutant transgenes: APP(Swe), 

PsenI, and TauP301L, (B6/129-Psen1tm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax) 

obtained from the MMRRC (ID 034830-JAX) through Jackson Laboratories, and 

nontransgenic (NonTg) control mice (B6129SF2/J) from Jackson Laboratories (101045 

JAX, Bar Harbor, ME).  The generation of 3xTg-AD mice has been described elsewhere 

[22].  Briefly, two separate transgene constructs each encoding human APP cDNA (695 

isoform) harboring the Swedish mutation (KM670/671NL), or human Tau cDNA (4R/0N) 

harboring the P301L mutation, each under control of mouse Thy1.2 regulatory 

elements, were comicroinjected into single-cell embryos from homozygous PS1M146V 

knockin mice.  Embryos were screened for cointegration of both cassettes to the same 

locus.  Embryos were then reimplanted into foster mothers and the resulting offspring 

were genotyped to identify 3xTg-AD mice.  Hemizygous F1 3xTg-AD mice were then 

crossed to produce 3xTg-AD mice homozygous for all three transgenes.  Both 3xTg-AD 

and NonTg mice are on the same genetic and strain background (129/C57BL6 hybrid), 

except NonTg mice harbor the endogenous wild-type PS1 gene.  Breeding pairs for 

each group were obtained and animals were bred in house at the University of Georgia 

animal facilities.  Mice were housed individually in an AAALAC accredited facility on a 

12 hour light/dark timed schedule and had ad libitum access to food (except during 

behavioral studies) and water during this study.  Mice began testing in the radial arm 

maze at approximately 2.5 and 7.5 months of age.  After completion of radial arm maze 

http://www.mmrrc.org/strains/34830/034830.html
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testing, 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 by decapitation.  The 

University of Georgia Institutional Animal Care and Use Committee approved all animal 

protocols and experiments. 

2.2.2  Radial arm maze apparatus and animal preparation 

 Learning and memory assessments were conducted using an 8-arm radial maze 

(Med Associates, St. Albans, VT) as described previously for rats [23].  This maze 

consists of a central chamber with 8 equally spaced arms extending outward.  The 

central chamber is equipped with motorized guillotine doors positioned at the interface 

of the central chamber and arms.  Each arm has two sets of photosensors to track 

movement of the animals into and out of the arms.  At the distal end of each arm is a 

food trough with a 20 mm food dispenser activated by a photosensor to detect mouse 

head entries.  The sides and top of each arm are composed of clear plastic to allow 

mice to use external visual cues 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 assessments in the radial arm maze were measured at either 3 or 8 

months of age.  Thirteen days prior to the start of behavioral testing, mice were 

individually housed and a 3 day average of individual animal body weight was 

determined.  Mice were diet restricted to reduce and maintain a body weight of 
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approximately 87.0% of their free fed body weight for the duration of the behavioral 

testing.  Mice were behaviorally shaped to associate a single head entry with obtaining 

a single sucrose-flavored food reward (Bio-Serve F0071, Frenchtown, NJ) by allowing 

each animal free access to 4 of the 8 arms until a single food reward from each arm 

was retrieved.  Behavioral shaping was carried out once a day for 4 consecutive days 

prior to testing. 

 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. 

2.2.3  Radial arm maze testing to assess spatial short-term working memory 

 Spatial short-term working memory was assessed using a standard 8-arm 

uninterrupted task.  Each mouse was placed in the central chamber for a 2 minute 

acclimation period, after which all 8 doors simultaneously opened allowing free access 

to all arms for the duration of the testing session (8 arms open, 8 arms baited).  Only a 

single food reward is delivered per baited arm, and a revisit to a previously visited food 

trough is considered an error in spatial short-term working memory.  After collecting the 

last food reward, or after 15 minutes of elapsed time, the session ends and the doors 

close.  For this task, the dependent variable is the number of errors in the first 8 

choices.  Comparisons are results obtained from the first 2 days and last 2 days of 

testing.  The experiments are performed once a day, at the same time of day for 10 

consecutive days.  All mice achieved the criterion of no more than 2 errors within the 
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first 10 choices for 3 consecutive days by the 10th day of testing and were continued in 

the study.  Following 10 consecutive days of spatial short-term memory testing, animals 

proceeded directly to the spatial long-term working memory task containing a retention 

interval delay. 

2.2.4  Radial arm maze testing to assess spatial long-term working memory 

 On the following day after completion of spatial short-term working memory 

testing, spatial long-term working memory was tested using a modified delayed spatial 

win-shift assay.  This is a 2-phase procedure similar to a standard 8-arm task with an 

interposed delay.  This test consisted of a study phase and test phase, conducted in the 

same day for 10 consecutive days.  For the initial study phase, the mouse was placed in 

the central chamber of the maze for a 2 minute acclimation period.  After acclimation, 

only 4 of the 8 doors simultaneously opened, allowing free access to all open arms for 

the duration of the testing session (4 arms open, 4 arms baited).  The 4 arm sequence 

during this phase was randomly chosen for each mouse on each day.  Only a single 

food reward is delivered per baited arm, and a revisit to a previously visited food trough 

is considered an error in spatial short-term working memory.  After collecting the last 

food reward, or after 15 minutes of elapsed time, the session ends and the doors close.  

The mouse was then subjected to a retention interval by returning to the home cage for 

3 minutes while the maze is cleaned of any urine or feces that could potentially serve as 

visitation cues.  The mouse was then returned to the central chamber to begin the 

subsequent test phase.  After a 1 minute acclimation period (4 minute total interval), all 

8 doors simultaneously opened allowing free access to all open arms for the duration of 

the testing session.  Only arms that were previously closed during the study phase were 
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baited during the test phase (8 arms open, 4 arms baited).  Each animal must collect 

the food reward available at the end of each of the 4 newly baited arms.  Only a single 

food reward is delivered per baited arm, and a visit to a previously baited food trough 

from the study phase was considered an error in spatial long-term working memory 

(maximum of 4 errors), and a revisit to any food trough during the test phase (whether 

baited in the training or test phase), was considered an error in spatial short-term 

working memory.  All animals tested made only negligible short-term working memory 

errors during the test phase (NonTg, 0.09 errors in 4; 3xTg, 0.13 errors in 4, for both 3 

and 8 months, data not shown) so both short-term and long-term working memory 

errors were combined into a total working memory error variable that we report herein 

as working memory errors.  After collecting the last food reward, or after 15 minutes of 

elapsed time, the session ends and the doors close.  In the test phase, the dependent 

variable is the number of errors in the first 4 choices.  Comparisons are results obtained 

from the first 2 days and last 2 days of testing. 

2.2.5  Chemicals and reagents 

 Except where noted, specialty chemicals and antibodies were obtained from 

Sigma Aldrich (St. Louis, MO). 

2.2.6  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 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 
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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.  The primary antibodies Beta-Amyloid 

Monoclonal antibody-10 (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 x3 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). 

2.2.7  Amyloid-β extraction 

 Aβ extraction was performed as previously described [24].  Briefly, ventral 

hippocampal tissue from behaviorally tested animals taken at the time of sacrifice for 

electrophysiological testing was obtained and stored at -80ºC.  The tissue was 

transferred to a Potter-Elvehjem homogenizer containing 4x brain volumes of 6.25 M 

guanidine HCl in 50 mM Tris buffered saline (50 mM Tris-HCl pH 8.0, 140 mM NaCl, 3 

mM KCl, 5 mM EDTA, and 2 mM 1,10-phenathroline) with 5 µL protease inhibitor 

cocktail (5 mM EGTA, 1 mM DTT, 10 µg/mL leupeptin, 1 µL/mL pepstatin, 0.1 M PMSF, 

0.1 M benzamidine, and 0.5 M ε-aminocaproic acid).  After homogenization, samples 
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were transferred to a 1.5 mL microcentrifuge tube and rocked on a platform for 2 hours 

at room temperature before centrifugation at 12,000 rpm for 30 minutes.  The 

supernatant was collected and stored at -80ºC until the ELISA. 

2.2.8  Enzyme-linked immunosorbent assay (ELISA) 

 ELISAs were performed as previously described [24-26].  Briefly, 96-well Costar 

plates were coated with 4.0 µg/mL BAM-10 for capture of all Aβ isoforms.  Aβ 1-42 

(Aβ42) levels were detected using a 1/250 dilution (2.5 µg/mL) of rabbit Aβ42 antibody.  

Wells were subsequently incubated with 100 µL of 1/500 biotinylated anti-rabbit 

antibody followed by incubation with (1/1000) Avidin D-horseradish peroxidase (Vector 

Laboratory, Burlingame, CA).  Wells were washed x3 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 320, EM 460) (Winooski, VT). 

2.2.9  Extracellular field recording 

 Hippocampal slices were prepared from behaviorally tested 3 and 8 month old 

3xTg-AD and NonTg 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 using a 

vibratome through the horizontal plane into 400 µm thick slices.  The hippocampus was 

then dissected free from slices obtained between the levels of Bregma -4.0 mm to 
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Bregma -2.4 mm.  We estimate such slices were from the ventral 35-40% of the 

hippocampus with respect to the longitudinal axis.  We also excluded slices from the 

extreme 10% of the ventral pole, where it is difficult to clearly distinguish the CA1 

pyramidal region from the CA2/3 and subicular regions.  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.  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 layer of CA1.  Field Excitatory 

Post-Synaptic Potentials (fEPSPs) were recorded at Schaffer collateral→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).  For baseline recording, the stimulation intensity was adjusted to 

obtain a fEPSP of approximately 35-40% of the maximum response.  Paired-pulse 

stimulations were performed at intervals of 50, 100, 200, and 500 ms.  Five pairs of 
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pulses were performed and averaged together for each interval.  The initial slope of the 

averaged second pulse was divided by the initial slope of the averaged first pulse to 

obtain the paired-pulse ratio for each slice.  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).  LTP values for the 1 hour time point were determined 

by averaging 5 minutes of normalized slope values at 55-60 minutes post-HFS.  The 

HFS protocol used to induce LTP in all experiments consisted of 4 episodes of 200 

Hz/0.5 s stimulus trains (100 pulses x4) administered at 5 s inter-train intervals.  In order 

to pharmacologically separate the NMDAR-dependent from the non-NMDAR-dependent 

component of LTP, the NMDAR antagonist D,L-AP5 (50 µM) (Tocris Bioscience, 

Minneapolis, MN) was bath applied for 30 minutes prior to HFS, continued for 5 minutes 

post-HFS, and washed out for the remainder of recording.  Reported n-values (x(y)) 

indicate the number of slices (x) and the number of animals (y) assessed. 

2.2.10  Statistics 

 Tests of significance were performed using either ANOVA, or paired and 

independent t-tests as appropriate. 

 

2.3  Results 

 Spatial working memory was evaluated in NonTg and 3xTg-AD mice at 3 and 8 

months of age.  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. 
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2.3.1  Spatial memory testing 

Spatial memory was tested in an 8-arm radial maze utilizing two different 

protocols.  The first tested spatial short-term working memory utilizing an 8-arm 

uninterrupted task as shown in the top schematic diagram of Figure 2.1, and the second 

tested spatial long-term working memory utilizing a delayed spatial win-shift task as 

shown in the middle schematic diagram of Figure 2.1.  The 8-arm uninterrupted task (8 

arms open, 8 arms baited) showed no difference between genotypes at either 3 or 8 

months of age (Figure 2.1A & B).  Data from the 8-arm uninterrupted task (Figure 2.1A 

& B) were subjected to a 2 genotype (NonTg versus 3xTg-AD) x 2 training levels (first 2 

versus last 2 days) x 2 ages (3 versus 8 months) mixed ANOVA.  Within-subjects 

analysis showed there was a significant effect of training (F(1,41)=26.472, p < 0.001).  

None of the other factors were significant (all p values > 0.2).  No significant effects 

were observed between-subjects.  This indicates that both NonTg mice (3 month old, 

n=11; 8 month old, n=11) and 3xTg-AD mice (3 month old, n=12; 8 month old, n=11) 

performed similarly during the 10 days of testing, showing significant improvement from 

initial to terminal days, and demonstrating intact learning acquisition and spatial short-

term working memory function. 

Beginning on day 11, the same mice from the 8-arm uninterrupted task were 

evaluated using a delayed spatial win-shift assay as shown in the middle schematic 

diagram of Figure 2.1.  In the study phase (4 arms open, 4 arms baited), mice at both 3 

and 8 months of age showed no difference between genotypes (data not shown), as 

this task is a simplified version (4-arm uninterrupted task) of the 8-arm uninterrupted 

task depicted in the top schematic diagram of Figure 2.1.  Upon completion of the study 
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phase, a 4 minute retention interval occurred before the subsequent test phase (8 arms 

open, 4 arms baited).  Data from the test phase (Figure 2.1C & D) were subjected to a 2 

genotype (NonTg versus 3xTg-AD) x 2 training levels (first 2 versus last 2 days) x 2 

ages (3 versus 8 months) mixed ANOVA.  Within-subjects analysis showed there was a 

significant effect of training (F(1,41)=7.906, p < 0.01) and a significant interaction of 

training x genotype (F(1,41)=15.195, p < 0.001).  The significant interaction within-

subjects demonstrates that the NonTg mice benefited from training more than did the 

3xTg-AD mice.  Follow up within-subjects comparisons with paired t-tests showed 

NonTg mice produced fewer errors as a consequence of training (p < 0.01 at both 3 and 

8 months of age), whereas errors for 3xTg-AD mice remained unchanged despite 

training (p > 0.05 at both 3 and 8 months of age).  Notably, the inability of 3xTg-AD mice 

to improve is not age-dependent.  The mixed ANOVA showed no significant between-

subjects effects, however a follow up between-subjects comparison using an 

independent t-test evaluating terminal performance (days 19-20) shows NonTg mice 

make fewer spatial working memory errors than 3xTg-AD mice at 8 months (p < 0.05; 

Figure 2.1D).  This trend is also present at 3 months, but is not statistically significant (p 

= 0.104, Figure 2.1C).  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 using a rigorous 

delayed spatial win-shift assay that involves long-term working memory mechanisms. 

2.3.2  Characterization of 3xTg-AD pathology and progression 

 To determine the histopathological state of 3xTg-AD mice, immunohistochemical 

analysis at 3 and 8 months was performed (Figure 2.2).  Using a non-isoform specific 
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Aβ 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 hyperphosphorylation, 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. 

Since Aβ is suspected to be the initiating factor in the development of AD 

pathology, we wanted to determine if there were changes in hippocampal Aβ levels that 

coincide with the observed impairments in spatial working memory, and if individual Aβ 

levels correlated with behavioral measurements of cognitive performance.  To quantify 

the amount of Aβ peptide, 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 

[20, 21], ELISAs 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 (Figure 2.3A) [21, 22, 27].  The total Aβ42 data were subjected to a 2 

genotype (NonTg versus 3xTg-AD) x 2 ages (3 versus 8 months) ANOVA.  There was a 

significant effect of age (F(1,37)=68.4, p < 0.001), genotype (F(1,37)=616.6, p < 0.001), 

and interaction of age x genotype (F(1,37)=63.9, p < 0.001).  As can be seen in Figure 

2.3A, the interaction confirms the visual impression that Aβ42 accumulation significantly 
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increased as a function of age for the 3xTg-AD mice but not for the NonTg mice, which 

is consistent with the immunohistochemistry.  At both 3 and 8 months of age, 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 2.3B) (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 correlated with 

decreased cognitive performance.  Additional comparisons between total LTP, NMDAR 

LTP, or non-NMDAR LTP and maze performance or Aβ42 levels were also conducted 

but did not result in any significant correlations (Data not shown). 

2.3.3  Electrophysiology 

 To determine if neurophysiological differences exist between 3xTg-AD and 

NonTg mice at 3 and 8 months of age, fEPSPs from the CA1 region of ventral 

hippocampal slices were recorded.  Stimulus response curves were generated to 

evaluate the functional range of synaptic activity (Figure 2.4).  At 3 months of age, 

baseline fEPSPs for both groups were largely similar.  The 3xTg-AD mice (n=54(12)) 

exhibited significantly lower fEPSP slope values than NonTg mice (n=56(11)) at the 

highest stimulus intensities (Figure 2.4A, 130 and 150 µA, p < 0.05).  At 8 months of 

age, fEPSP slopes at intensities greater than 60 µA were significantly reduced (p < 

0.01) in 3xTg-AD mice (n=39(11)) compared to NonTg mice (n=47(11)) (Figure 2.4B). 

 Short-term synaptic plasticity was evaluated using a paired-pulse stimulus 

protocol to determine the degree of synaptic facilitation (Figure 2.5).  At 3 months of 

age, both 3xTg-AD and NonTg mice showed paired-pulse facilitation at all intervals 
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tested except 500 ms (Figure 2.5A).  The 3xTg-AD mice (n=54(12)) showed significantly 

less facilitation (p < 0.01) than NonTg mice (n=58(11)).  Paired-pulse facilitation in 8 

month old mice showed similar results, as the 3xTg-AD mice (n=36(11)) showed 

significantly less facilitation (p < 0.01) than NonTg mice (n=42(11)) at stimulus intervals 

of 50,100, and 200 ms (Figure 2.5B).  In addition, a modest but significant difference (p 

< 0.05) in the 500 ms paired-pulse response was also present between 3xTg-AD and 

NonTg mice at 8 months of age. 

 Long-term synaptic plasticity was evaluated by inducing LTP using a multiple 

train stimulus induction protocol previously shown to elicit a compound potentiation 

consisting of both NMDAR and non-NMDAR components of LTP [28] (Figure 2.6).  The 

non-NMDAR component of LTP was measured utilizing the selective NMDAR 

antagonist D,L-AP5 to block the NMDAR component of LTP.  LTP data were subjected 

to a 2 genotype (NonTg versus 3xTg-AD) x 2 treatment group (No drug (total LTP) 

versus D,L-AP5 (non-NMDAR LTP)) ANOVA for multiple group comparisons at each 

age.  The ANOVA revealed a significant effect of genotype (F(1,94)=5.879, p < 0.05) 

and treatment (F(1,94)=10.926, p < 0.01) at 3 months.  While there was no statistical 

interaction of genotype x treatment, it was close to significance (F(1,94)=3.730, p = 

0.056).  At 8 months of age, there was a significant effect of treatment (F(1,71)=13.366, 

p < 0.01) and a significant interaction of genotype x treatment (F(1,71)=5.533, p < 0.05), 

indicating that genotype influenced the response to treatment.  ANOVAs were followed 

by Tukey’s post-hoc analysis to determine significance between specific treatment 

groups and between genotypes for each treatment. 
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At 3 months of age, there was no significant difference in total LTP between 

3xTg-AD mice (47 ± 4%, n=23(12)) and NonTg mice (45 ± 2%, n=25(10)) (Figure 2.6A, 

B, & C).  However, in the presence of D,L-AP5 (50 µM), the potentiated fEPSP slope 

value was significantly reduced in NonTg mice (28 ± 3%, n=25(10)) but not significantly 

altered in 3xTg-AD mice (42 ± 4%, n=25(12)) as compared with their respective total 

LTP values (Figure 2.6C).  In addition, the non-NMDAR component of LTP was 

significantly greater (p < 0.01) in 3xTg-AD mice than in the NonTg mice (Figure 2.6C).  

At 8 months, total LTP was significantly reduced (p < 0.05) in 3xTg-AD mice (31 ± 4%, 

n=15(11)) compared to NonTg mice (46 ± 4%, n=19(9)) (Figure 2.6D, E, & F).  These 

results agree with a previous report describing the timing of impairment in total LTP 

magnitude in the 3xTg-AD mice [22].  In the presence of D,L-AP5 (50 µM), the 

potentiated fEPSP slope value was again significantly reduced (p < 0.01) in NonTg mice 

(24 ± 2%, n=23(11)), and was not significantly altered in 3xTg-AD mice (27 ± 5%, 

n=18(11)) as compared to their respective total LTP values (Figure 2.6F).  Note that the 

significant difference in the magnitude of the non-NMDAR component of LTP observed 

between the two genotypes at 3 months is not evident at 8 months of age (Figure 2.6C 

& F).  Thus, the significant decrease in total LTP at 8 months of age in the 3xTg-AD 

mice is most likely due to the decrease in the non-NMDAR component of LTP. 

 

2.4  Discussion 

 In this study, behavioral deficiencies in spatial working memory were found in the 

3xTg-AD mouse model using the 8-arm radial maze.  At both 3 and 8 months of age, 

these mice failed to demonstrate improvements in spatial working memory performance 
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in the test phase of a delayed spatial win-shift assay, compared to their NonTg 

counterparts (Figure 2.1C & D).  This is in contrast to results from the 8-arm 

uninterrupted task, which assesses spatial short-term working memory and yielded 

similar improvement across session days in both 3xTg-AD and NonTg mice (Figure 

2.1A & B).  A significant decrease in paired-pulse facilitation was consistently observed 

in the 3xTg-AD mice at both 3 and 8 months of age (Figure 2.5), and although the total 

magnitude of LTP in the CA1 region of the hippocampus was equivalent for the NonTg 

and 3xTg-AD mice at 3 months, the contribution of non-NMDAR LTP was significantly 

greater in 3xTg-AD than NonTg mice (Figure 2.6).  The impairment in spatial working 

memory in the test phase of our delayed spatial win-shift assay was concurrent with 

alterations in both short-term presynaptic plasticity and the NMDAR-dependent 

component of LTP in 3xTg-AD mice at both 3 and 8 months.  In addition, impairments in 

spatial working memory of individual 3xTg-AD mice were positively correlated with total 

Aβ42 levels in both of these age groups (Figure 2.3). 

 The results from the 8-arm uninterrupted task demonstrate that both NonTg and 

3xTg-AD mice have intact spatial learning and navigation (i.e., they show equivalent 

levels of learning the rules required to complete the radial maze task, equivalent 

perception of spatial cues, equivalent levels of motivation and locomotor control).  Due 

to the continuous nature of this task the working memory load is low, making the 

procedure dependent upon immediately accessible information from short-term memory 

[29, 30].  In order to specifically examine spatial working memory involving a long-term 

component, the mice were tested in a 2-phase delayed spatial win-shift assay, which 

included a retention interval delay of 4 minutes.  The incorporation of a time delay 
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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 beyond the capability of short-term memory.  This 

allowed discrimination in performance between NonTg and 3xTg-AD mice, as the 

NonTg mice showed improvement across sessions 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 location-specific information) when long-term working memory 

mechanisms are required.  This is likely a profound impairment specifically for this type 

of spatial working memory, since the 8-arm uninterrupted task results indicated intact 

acquisition of the maze rules (making a general impairment in learning capability 

unlikely). 

Assessments of spatial learning and memory depend upon intact hippocampal 

function [29, 31-33].  From analysis of anatomical, genetic, and functional data from 

primarily animal models, it was proposed that the dorsal and ventral sectors of the 

hippocampus are distinct entities, both anatomically and functionally [34].  However, 

there is some controversy to ascribing particular functions solely to the dorsal or ventral 

hippocampus (reviewed in [35]).  More recently, a primary role for the ventral sector of 

the hippocampus in spatial working memory has been reported [36], as well as a report 

of ventral hippocampus involvement in goal-directed spatial learning [37].  Both of these 

observations are consistent with the presence of a direct anatomical connection 

between the ventral hippocampus and the medial prefrontal cortex [38, 39].  Finally, with 

respect to the possible relevance of the ventral hippocampus for being involved in early 

AD deficits, evidence indicates that early loss of hippocampal tissue in AD patients is 
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more prominent in the anterior (ventral) sector [40, 41].  Therefore, in the current studies 

we obtained electrophysiological recordings from hippocampal slices taken from the 

ventral third of the hippocampus to determine if synaptic function is altered in 3xTg-AD 

mice when behavioral impairments are evident in a spatial working memory task 

dependent upon intact ventral hippocampal function. 

 Basal synaptic transmission is largely similar between genotypes at 3 months of 

age, but at 8 months a reduction in the fEPSP responses were observed in both NonTg 

and 3xTg-AD mice, with the 3xTg-AD mice being significantly less responsive than the 

NonTg mice (Figure 2.4).  This reduction in NonTg mice at 8 months is most likely due 

to a normal age-related decline of synaptic AMPAR activity, possibly related to reduced 

postsynaptic AMPAR activity [42, 43].  In the 8 month old 3xTg-AD mice, this age-

related decline in synaptic transmission may be exaggerated due to Aβ-induced 

AMPAR trafficking [44] or changes in Ca2+ homeostasis [45].  Previous investigations of 

short-term synaptic plasticity have reported that measurements of paired-pulse 

facilitation in the CA1 region of both 1 and 6 month old 3xTg-AD mice are not 

significantly different from NonTg mice [22, 46].  In contrast, our results demonstrate the 

paired-pulse facilitation ratio is significantly decreased in 3xTg-AD mice at both 3 and 8 

months of age (Figure 2.5).  Other work has shown dysregulation of Ca2+ homeostasis 

in 3xTg-AD mice as early as 6 weeks of age [47].  Alterations in presynaptic Ca2+ levels 

would be expected to affect paired-pulse facilitation [48], however the specific 

underlying mechanism at work here is uncertain.  Our observation of a reduction in 

paired-pulse ratio in ventral hippocampal slices from 3xTg-AD mice may be an early 
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neurophysiological indicator of a functional synaptic abnormality that is consistent with 

the dysregulation of Ca2+ homeostasis and excitatory neurotransmission [49]. 

 In addition to evaluating short-term synaptic plasticity, we also investigated a 

form of long-term synaptic plasticity by evaluating the ability of mice to sustain a long-

term potentiation of synaptic strength, LTP.  At least two forms of LTP are known to 

coexist at CA3→CA1 synapses, NMDAR LTP and non-NMDAR LTP [9-11], both of 

which have been shown to be involved in spatial learning and memory [50, 51].  Our 

results demonstrate that NMDAR LTP was significantly reduced in 3xTg-AD mice at 

both 3 and 8 months of age, coinciding with the spatial working memory failure in the 

test phase of our delayed spatial win-shift assay.  Interestingly, while the NMDAR 

component of LTP was reduced in 3xTg-AD mice, the non-NMDAR component of LTP 

increased.  As a result, the combination of NMDAR LTP with non-NMDAR LTP yielded 

a total LTP that was not significantly different between 3xTg-AD and NonTg mice at 3 

months of age.  At 8 months however, 3xTg-AD mice showed a significant reduction in 

total LTP compared to NonTg mice.  These results (no difference at 3 months, reduction 

at 8 months) are consistent with previous work [22]. 

The importance of NMDAR function in spatial working memory has been 

demonstrated in numerous studies.  NMDARs that are pharmacologically blocked prior 

to behavioral tests of working memory [14-16, 51, 52], or knock-out mice with non-

functional NMDARs due to missing NR2A or NR2BΔFb subunits [53, 54], show profound 

deficits in spatial working memory.  Pharmacological blockade of NMDARs in wild-type 

animals assessed for short-term and working memory performance in spatial tasks 

similar to our own have impairments in working memory, but not short-term memory 
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[52].  Together these results suggest a specific role for NMDAR LTP in spatial working 

memory [14-16, 51-57].  In light of these findings, the reduction in NMDAR LTP we 

observed in 3xTg-AD mice at both 3 and 8 months of age appears likely to play a 

causative role in the spatial working memory impairment we have observed in the 

current study.  Others have reported reduced NMDAR currents in CA1 pyramidal cells 

of either PS1 [58] or APP [59] mutant mice and reported reductions in LTP.  

Interestingly, in an APP/PS1 mutant mouse the loss of NMDAR-mediated cGMP 

production occurred without an associated loss of NMDAR density, demonstrating that a 

change in receptor expression is not required for altered signal transduction [60]. 

In unimpaired aged rats performing a reference memory task, the loss of NMDAR 

LTP was accompanied by a compensatory increase in non-NMDAR LTP [57].  In the 

current study, 3xTg-AD mice had increased non-NMDAR LTP at 3 months, an age they 

were thought to be cognitively unimpaired.  This could account for previous findings 

which demonstrated that 3xTg-AD mice were unimpaired at 2 months in the Morris 

Water Maze (MWM) [20], as the MWM is primarily a test of spatial reference memory as 

opposed to spatial working memory [61, 62].  Furthermore, our studies indicated the 

majority of LTP in 3xTg-AD mice is non-NMDAR LTP at both 3 and 8 months of age.  

Thus the reduction in total LTP at 8 months is possibly due to reduced activation of 

VDCCs, as the majority of non-NMDAR LTP in wild-type animals is VDCC-dependent 

[28].  Interestingly, it has been reported that APP/PS1 mutant mice have reduced 

somatic Na+ currents resulting in reduced VDCC activation [63], this potentially could 

result in the decreased non-NMDAR LTP we observed in our 8 month old 3xTg-AD 

animals.  Other possibilities for mechanisms involved in non-NMDAR LTP include 
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synaptic plasticity mediated by Aβ and metabotropic glutamate receptor signaling [64, 

65], or NR2B containing NMDARs [66]. 

The 3xTg-AD mice used in our study are homozygous for three mutant 

transgenes: APP(Swe), PsenI, and TauP301L, with expression driven by the Thy1.2 

promoter.  In contrast to exogenously applied Aβ42, neurons in 3xTg-AD mice are 

continuously exposed to Aβ42 from a very young age and potential compensatory 

mechanisms to synaptic dysfunction could therefore develop as the mouse ages.  The 

increased non-NMDAR LTP observed in the 3 month old mice of the current study may 

be an example of such compensation.  It is important to note that such effects are likely 

not observed in acute slice studies.  For example, the effects of acutely applied 

exogenous Aβ42 to ex vivo slices are probably manifested via alterations of NMDAR 

LTP, but without the associated increase in non-NMDAR LTP. 

 The effect of Aβ42 on synaptic loss and its consequences for memory functions 

are complex.  The increase in Aβ42 levels at 3 and 8 months in our mice coincides with 

the presence of intraneuronal Aβ at 3 months, and intraneuronal Aβ and β-Amyloid 

plaques at 8 months, and with the behavioral and electrophysiological alterations we 

have observed at these ages.  A comparison of Aβ42 levels with the total number of 

errors accrued in the test phase of our 8-arm radial maze task, show there is a 

significant relationship between total Aβ42 levels and spatial working memory 

performance.  At 8 months, total Aβ42 was significantly higher than at 3 months, but 

without concomitantly increased detriment to maze performance.  Given that soluble 

Aβ42 levels remain constant over a period of 2-6 months in this 3xTg-AD model [20], 

the continued increase in total Aβ42 measured at 8 months is likely due to its 
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accumulation within insoluble depositions.  This may explain why an increase in total 

Aβ42 levels at 8 months does not result in further decrement of maze performance if the 

age-associated accumulation of insoluble Aβ42 is extraneous.  These findings suggest 

that intraneuronal Aβ42 may act as an initiator of synaptic impairment that drive 

impairments in cognitive performance.  The first demonstration fully developed 

impairments in long-term spatial reference memory in 3xTg-AD mice occurs by 6 

months, a time when β-Amyloid plaque is present [20].  The first signs of spatial 

reference memory impairment however, show up as impairments in day to day trial 

training at 4 months (3xTg-AD mice perform worse than NonTg mice on the first trial of 

each day during MWM acquisition training, but perform similarly by the last trial of each 

day, and perform similarly overall throughout the course of 5 consecutive days of 

training), a time when only intraneuronal Aβ is present.  In another study using a 2xTg-

AD (APP/PS1) model, a correlation between Aβ42 levels and spatial reference memory 

impairment in the MWM was also only identified at a time when β-Amyloid plaque was 

present [67].  In human AD patients, the total amount of cortical Aβ42 was positively 

correlated with mild clinical dementia prior to Tau pathology  [68].  Transgenic mice that 

produce high levels of Aβ42 but do not form β-Amyloid plaques or Tau pathology show 

significant synaptic loss and behavioral impairments similar to mice that do [69].  These 

observations add further support to the suggestion that soluble Aβ42 may be important 

for early synaptic deficits associated with the disease state [70].  However, the total Aβ 

load may also be important, depending upon the behavioral endpoint being assessed.  

A multimetric statistical analysis of four transgenic mouse lines differing in Aβ deposition 

was assessed by a large battery of behavioral tests [71].  The results of this analysis 
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showed impaired acquisition and memory retention in the MWM were correlated with 

the “diffuse” and “compact” Aβ deposition in the brain, respectively.  While relationships 

between Aβ42 levels and spatial working memory performance were evident in the 

current study, correlations between Aβ42 and other measures of electrophysiology were 

not found.  For example, LTP values were not correlated with spatial working memory 

performance in the current study, although other forms of memory, such as spatial 

reference memory, have been shown to correlate to LTP [57]. 

In the current series of studies, we have characterized early behavioral and 

electrophysiological alterations, and total Aβ42 in 3xTg-AD model mice.  Our findings of 

behavioral impairment in spatial working memory at 3 months of age is at least 3 

months before the observation of plaque formation in the hippocampus of these mice 

[20, 22].  Our findings of altered synaptic plasticity, such as decreased paired-pulse 

facilitation and decreased NMDAR LTP in the ventral hippocampus, coincide with 

significant impairments in radial arm maze performance, intraneuronal Aβ, and 

increased Aβ42 levels.  The linear relationship between Aβ42 levels and spatial working 

memory errors demonstrates that individuals producing more Aβ42 suffered greater 

memory impairment.  These observations in 3xTg-AD mice show that physiological and 

behavioral deficiencies are present at an age previously referred to by many 

investigators as presymptomatic for these animals.  Our additional finding that 3xTg-AD 

mice also exhibited an increase in non-NMDAR LTP at 3 months of age is intriguing, 

and warrants further investigation into this potentially adaptive mechanism during the 

early stages of AD.  Such observations regarding the early functional and behavioral 

consequences of increased Aβ42 in a mouse model of AD provides new insight at the 
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mechanistic level for potentially understanding the early cognitive impairments observed 

in AD patients. 
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Figure 2.1.  Short-term and working memory in the 8-arm radial maze.  The Schematic 

above each data set illustrates the protocol used for testing.  (•) represents baited arms.  

Blacked out arms represent inaccessible arms.  A & B) 8-arm uninterrupted task for 

3xTg-AD and NonTg control mice at 3 and 8 months.  A) NonTg (black bars, n=11) and 

3xTg-AD (open bars, n=12) mice at 3 months of age.  B) NonTg (black bars, n=11) and 

3xTg-AD (open bars, n=11) at 8 months of age.  C & D) Test phase of the delayed 

spatial win-shift assay for 3xTg-AD and NonTg control mice at 3 and 8 months.  C) 

NonTg (black bars, n=11) and 3xTg-AD (open bars, n=12) mice at 3 months of age.  D) 

NonTg (black bars, n=11) and 3xTg-AD (open bars, n=11) mice at 8 months of age.  

Values represent the mean + SEM of the first 2 days or the last 2 days of testing for 

each phase from n animals.  Significance was determined using mixed ANOVA, and 

paired and independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 2.2.  Characterization of Alzheimer’s-type pathology in the CA1 region of ventral 

hippocampus in 3xTg-AD and NonTg control mice.  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 intraneuronal 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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Figure 2.3.  Aβ42 quantification and relation to maze performance in 3xTg-AD and 

NonTg control mice.  A) Comparison of total Aβ42 levels in ventral hippocampal tissue 

at 3 and 8 months of age for 3xTg-AD (open bars, 3 months n=12, 8 months n=11) and 

NonTg (black bars, 3 months n=8, 8 months n=10) mice.  Values represent the mean ± 

SEM from n animals.  Significance was determined using ANOVA (* p < 0.05, ** p < 

0.01).  B) Scatter plot showing the relationship between total Aβ42 and total errors in 

the test phase at 3 and 8 months in 3xTg-AD (open/dark grey circles) and NonTg 

(black/light grey circles) mice.  Values represent individual subject performance and 

Aβ42 quantification.  Significance was determined using Pearson correlation.  Both 3 (p 

< 0.05) and 8 (p < 0.01) month 3xTg-AD mice show a significant correlation between 

total errors and total Aβ42. 
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Figure 2.4.  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 (open circles, n=54(12)) and NonTg (black circles, 

n=56(11)) mice at 3 months of age.  Input intensities are 40, 50, 60, 75, 90, 110, 130, 

and 150 µA.  The averaged fEPSP sweeps are shown above the stimulus response 

curves.  B) Same as panel A except at 8 months of age for 3xTg-AD (n=39(11)) and 

NonTg (n=47(11)) mice.  Values represent the mean ± SEM from n slices(animals).  

Significance was determined using independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 2.5.  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 intervals in 3xTg-AD (open bars, 

n=54(12)) and NonTg (black bars, n=58(11)) mice at 3 months of age.  The averaged 

fEPSP sweeps are shown above the paired-pulse ratios.  B) Same as panel A except at 

8 months of age for 3xTg-AD (n=36(11)) and NonTg (n=42(11)) mice.  Values represent 

the mean ± SEM from n slices(animals).  Significance was determined using 

independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 2.6.  Long-Term Potentiation (LTP) of field Excitatory Post-Synaptic Potentials 

(fEPSP) recorded from the CA1 region of ventral hippocampus in 3xTg-AD and NonTg 

control mice.  A) Summary plot of normalized fEPSP slope values in 3 month old NonTg 

mice for total LTP (black circles, (n=25(10)) and bath applied D,L-AP5 (50 µM) 

representing non-NMDAR LTP (light grey circles, n=25(10)), before and after high 

frequency stimulation (HFS) (4 x 200Hz/0.5 s at 5 s intervals) indicated by the arrow at 

30 minutes.  The averaged fEPSP sweeps before and after HFS for total LTP and non-

NMDAR LTP are shown above the plot.  B) Same as panel A except in 3 month old 
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3xTg-AD mice for total LTP (open circles, (n=23(12)) and non-NMDAR LTP (dark grey 

circles, n=25(12)).  C) Summary quantification of total LTP and non-NMDAR LTP for 

NonTg and 3xTg-AD mice at 1 hour post-HFS.  D, E, & F) Same as A, B, & C above 

except at 8 months of age for NonTg (total LTP, n=17(9); non-NMDAR LTP, n=23(11)) 

mice and 3xTg-AD (total LTP, n=15(11); non-NMDAR LTP, n=18(11)) mice.  Values 

represent the mean ± SEM from n slices(animals).  Significance was determined using 

ANOVA and independent t-tests (* p < 0.05, ** p < 0.01). 
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CHAPTER 3 

ALTERATIONS IN SYNAPTIC TRANSMISSION AND SYNAPTIC PLASTICITY IN 

YOUNG 3xTg-AD MICE1 

 

  

                                            
1 Clark JK, Furukawa R, Fechheimer M, Wagner JJ. Alterations in Locomotor Behavior and Synaptic 

Transmission and Plasticity in Young 3xTg-AD Mice. Submitted to Neuroscience. 
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Abstract 

Alzheimer’s disease is a neurodegenerative condition thought to be initiated by 

production of the Amyloid-β peptide, which leads to synaptic dysfunction, and 

progressive memory and behavioral disturbances.  Using a triple transgenic mouse 

model of Alzheimer’s disease (3xTg-AD), we evaluated the onset of synaptic 

disturbances by measuring hippocampal synaptic plasticity in 3xTg-AD and NonTg 

control mice at 21 days, 2 months, and 3 months of age.  Field potential recordings from 

the CA1 region of hippocampal slices were obtained to assess synaptic transmission 

and potential for synaptic plasticity.  High frequency stimulations designed to invoke 

both NMDAR-dependent and VDCC-dependent components of Long-Term Potentiation 

(LTP) showed total LTP was similar between 3xTg-AD and NonTg mice at all ages 

tested, however application of the NMDAR antagonist AP5, and the VDCC antagonist 

Nifedipine, showed 3xTg-AD mice were resistant to AP5 at 2 months of age, and 

resistant to both AP5 and Nifedipine at 3 months of age, indicating additional 

compensatory mechanisms are present for inducing LTP in the 3xTg-AD model.  

NMDAR-mediated synaptic responses were not different between 3xTg-AD and NonTg 

mice, indicating these alterations were not due to changes in NMDAR activity.  In 

addition, 3xTg-AD mice also showed a reduced paired-pulse facilitation ratio at 2 and 3 

months of age, and a reduction in basal synaptic responses at 3 months of age.  These 

findings should provide a new perspective on the early cellular mechanisms that occur 

in the early stages of Alzheimer’s disease. 
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3.1  Introduction 

Alzheimer’s disease (AD) is a disease of aging, and the most common form of 

dementia accounting for more than 50% of all cases [1].  AD patients show deficits in 

cognitive processes that include progressive memory loss, confusion, and 

disorientation.  AD pathology is characterized by the presence of extracellular β-Amyloid 

plaques and intracellular accumulations of hyperphosphorylated Tau protein leading to 

the formation of neurofibrillary tangles [2, 3].  The primary initiator of AD pathology is 

thought to be the overproduction of soluble Amyloid-β (Aβ) peptide, produced through 

sequential cleavage of Amyloid Precursor Protein by the membrane bound enzymes β- 

and γ-secretase [3].  The increased production of the Aβ peptide leads to synaptic 

impairment and eventual neurodegeneration from excitotoxicity, oxidative stress, and 

apoptosis [1].  In addition, the dysregulation of Ca2+ homeostasis seems to be an early 

feature of AD pathology [4, 5].  Studies show AD neurons release excessive Ca2+ upon 

stimulation [6], and older neurons may have higher resting Ca2+ levels, making them 

more sensitive to Ca2+ regulated processes [7]. 

Ca2+ plays many roles in the cell.  In neurons, it is responsible for a variety of 

functions including neurotransmitter release and synaptic plasticity, the modification of 

synaptic strength as a result of experience.  Activation of postsynaptic glutamatergic N-

methyl-D-aspartic acid (NMDA) receptors produces a transient increase in intracellular 

Ca2+ concentration, leading to a series of Ca2+ mediated responses that can lead to the 

Long-Term Potentiation (LTP) of the synaptic signal through upregulation of 

postsynaptic glutamatergic α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid 

(AMPA) receptors [8-11].  LTP represents the most current model for information 
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storage in the CNS, and is therefore suspected to play important roles in cognitive 

processes such as learning and memory [12].  The hippocampus is one of the major 

brain regions important for mediating learning and memory, and at least two different 

mechanisms of LTP are known to coexist at hippocampal CA3→CA1 synapses, NMDA 

receptor-dependent LTP (NMDAR LTP) and non-NMDA receptor-dependent LTP (non-

NMDAR LTP), with the latter predominately mediated via activation of high threshold L-

type Voltage-Dependent Calcium Channels (VDCC) [13-15].  Both forms of LTP have 

been shown to be important for cognition, with the relative contribution of each form 

changing as the animal ages [16, 17].  Young animals rely primarily on NMDAR-

dependent LTP, but this mechanism may naturally decrease with age, affecting 

cognitive performance in certain tasks.  Some aged animals however, show a 

compensatory increase in non-NMDAR-dependent LTP, and it has been suggested that 

the ability to effectively alter the ratio between these two mechanisms may allow for 

compensation of reduced NMDAR-dependent mechanisms, and maintenance of 

cognitive abilities for some tasks [18].  Hippocampal function is one of the first 

significantly impacted processes observed in AD, and it is therefore important to 

understand how LTP mechanisms are affected during the early stages of AD. 

A triple transgenic mouse model of Alzheimer’s disease (3xTg-AD) has been 

developed that produces both β-Amyloid plaques and neurofibrillary Tau tangles [19].  

In a previous study we showed 3xTg-AD mice have severe impairments in long-term 

working memory using the 8-arm radial maze at 3 months old, an age generally 

considered to be presymptomatic [20].  We also showed 3xTg-AD mice have altered 

NMDAR LTP that coincides with these impairments in working memory, despite having 
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total LTP that is not different from nontransgenic (NonTg) control mice.  In the current 

study, we explore the early changes that occur in 3xTg-AD mice using a variety of 

neurophysiological (extracellular recording from ex vivo slices in the CA1 region of 

ventral hippocampus) assessments to investigate the age of onset and progression of 

these changes, and to further examine of the nature of the neurophysiological 

differences observed in our previous study.  Our results indicate that 3xTg-AD mice 

develop significant differences in neurotransmission and synaptic plasticity at 

hippocampal CA3→CA1 synapses beginning between 1 and 2 months of age.  By 3 

months of age, 3xTg-AD mice show differences in both NMDAR- and VDCC-dependent 

mechanisms responsible for the induction and expression of LTP. 

 

3.2  Methods 

3.2.1  Animals and euthanasia 

All animals used in this study were male mice and consisted of Alzheimer’s 

disease model mice (3xTg-AD) homozygous for three mutant transgenes: APP(Swe), 

PsenI, and TauP301L, (B6/129-Psen1tm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax) 

obtained from the MMRRC (ID 034830-JAX) through Jackson Laboratories, and 

nontransgenic (NonTg) control mice (B6129SF2/J) from Jackson Laboratories (101045 

JAX, Bar Harbor, ME).  The generation of 3xTg-AD mice has been described elsewhere 

[19].  Briefly, two separate transgene constructs each encoding human APP cDNA (695 

isoform) harboring the Swedish mutation (KM670/671NL), or human Tau cDNA (4R/0N) 

harboring the P301L mutation, each under control of mouse Thy1.2 regulatory 

elements, were comicroinjected into single-cell embryos from homozygous PS1M146V 

http://www.mmrrc.org/strains/34830/034830.html
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knockin mice.  Embryos were screened for cointegration of both cassettes to the same 

locus.  Embryos were then reimplanted into foster mothers and the resulting offspring 

were genotyped to identify 3xTg-AD mice.  Hemizygous F1 3xTg-AD mice were then 

crossed to produce 3xTg-AD mice homozygous for all three transgenes.  Both 3xTg-AD 

and NonTg mice are on the same genetic and strain background (129/C57BL6 hybrid), 

except NonTg mice harbor the endogenous wild-type PS1 gene.  Breeding pairs for 

each group were obtained and animals were bred in house at the University of Georgia 

animal facilities.  Mice were housed in an AAALAC accredited facility on a 12 hour 

light/dark timed schedule and had ad libitum access to food and water during this study.  

Physiological testing occurred at three different time points: 21 days (20-22 days old), 2 

months (60-67 days old), and 3 months (90-100 days old).  Pre-weaned mice at 21 days 

were tested instead of 1 month old mice to avoid any stress induced effects from the 

weaning process that could potentially influence neurophysiological measurements.  

Euthanasia of mice occurred under deep anesthesia with halothane followed by 

decapitation.  The University of Georgia Institutional Animal Care and Use Committee 

approved all animal protocols and experiments. 

3.2.2  Chemicals and reagents 

Except where noted, specialty chemicals were obtained from Sigma Aldrich (St. 

Louis, MO). 

3.2.3  Extracellular field recording 

Hippocampal slices were prepared from naive 21 day, 2 month, and 3 month old 

3xTg-AD and NonTg mice.  Mice were deeply anesthetized with halothane prior to 

decapitation.  The brain was removed and submerged in ice-cold, oxygenated (95% O2 / 
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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 using a vibratome through the horizontal plane into 400 µm thick slices.  

The hippocampus was then dissected free from slices obtained between the levels of 

Bregma -4.0 mm to Bregma -2.4 mm.  We estimate such slices were from the ventral 

35-40% of the hippocampus with respect to the longitudinal axis.  We also excluded 

slices from the extreme 10% of the ventral pole, where it is difficult to clearly distinguish 

the CA1 pyramidal region from the CA2/3 and subicular regions.  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.  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 layer of CA1.  Field Excitatory 

Post-Synaptic Potentials (fEPSPs) were recorded at Schaffer collateral→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. 
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Stimulus response curves were obtained at the beginning of each experiment 

with stimulus pulses delivered at 40, 50, 60, 75, 90, 110, 130, 150, 170, and 190 µA 

once every 60 s (0.0167 Hz).  For baseline recording, the stimulation intensity was 

adjusted to obtain a fEPSP of approximately 35-40% of the maximum response.  

Paired-pulse stimulations were performed at an interval of 50 ms.  Five pairs of pulses 

were performed and averaged together.  The initial slope of the averaged second pulse 

was divided by the initial slope of the averaged first pulse to obtain the paired-pulse 

ratio for each slice.  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).  LTP values for the 1 hour time point were determined by averaging 5 

minutes of normalized slope values at 55-60 minutes post-HFS.  Two different HFS 

protocols were used to induce LTP.  The strong HFS protocol consisted of 4 episodes of 

200 Hz/0.5 s stimulus trains (100 pulses x4) administered at 5 s inter-train intervals.  

The weak HSF protocol consisted of 1 episode of 50 Hz/0.5 s (25 pulses x1).  In order 

to pharmacologically separate or block the NMDAR-dependent and non-NMDAR-

dependent components of LTP, the NMDAR antagonist D,L-AP5 (50 µM) (Tocris 

Bioscience, Minneapolis, MN) and the L-type VDCC antagonist Nifedipine (20 µM) 

(Sigma Aldrich, St. Louis, MO) were bath applied for 30 minutes prior to HFS, continued 

for 10 minutes post-HFS, and washed out for the remainder of recording.  Isolation of 

NMDAR-mediated fEPSPs was achieved using nominally Mg2+ free ACSF with high 

Ca2+ (4 M) to maintain proper osmolarity.  The AMPAR antagonist CNQX (10 M) 

(Tocris Bioscience, Minneapolis, MN) and VDCC antagonist Nifedipine (20 M) were 
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bath applied for the entirety of NMDAR-mediated fEPSP experiments.  Reported n-

values (x(y)) indicate the number of slices (x) and the number of animals (y) assessed. 

3.2.4  Statistics 

Tests of significance were performed using either ANOVA, or independent t-tests 

as appropriate. 

 

3.3  Results 

To determine if neurophysiological differences exist between 3xTg-AD and 

NonTg mice at 21 days, 2 months, and 3 months of age, electrophysiological recordings 

of fEPSPs from the CA1 region of ventral hippocampal slices were recorded to evaluate 

synaptic transmission and synaptic plasticity in this region. 

Stimulus response curves were generated to evaluate the functional range of 

synaptic activity (Figure 3.1).  Data were subjected to a 2 genotype (NonTg versus 

3xTg-AD) x 10 stimulus intensity (40-190 A) mixed ANOVA.  There was a significant 

effect of stimulus intensity at 21 days (F(9,378)=206.648, p < 0.001), 2 months 

(F(9,126)=124.424, p < 0.001), and 3 months (F(9,441)=212.921, p < 0.001), indicating 

a significant increase in synaptic response as stimulus intensity increased, as would be 

expected.  There was no difference between genotypes at either 21 days (3xTg-AD, 

n=21(8); NonTg, n=23(9)) (Figure 3.1A) or 2 months (3xTg-AD, n=8(3); NonTg, n=8(3)) 

(Figure 3.1B).  By 3 months however, there existed a significant difference between 

genotypes for synaptic response (F(1,49)=9.303, p < 0.01) (Figure 3.1C).  Within-

subjects analysis showed a significant interaction of stimulus intensity x genotype 

(F(9,441)=2.482, p < 0.001), indicating genotype influenced synaptic response as 
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stimulus intensities increased.  Follow up between-subjects comparisons of stimulus 

intensity using independent t-tests showed 3xTg-AD mice (n=37(11)) have lower 

synaptic responses than NonTg mice (n=58(19)) at stimulus intensities ≥ 90 µA (p < 

0.05). 

Short-term synaptic plasticity was evaluated using a paired-pulse stimulus 

protocol to determine the degree of synaptic facilitation (Figure 3.2).  Both 3xTg-AD and 

NonTg mice showed paired-pulse facilitation at all ages.  The 3xTg-AD and NonTg mice 

showed similar levels of facilitation at 21 days (3xTg-AD, n=23(8); NonTg, n=25(9)), but 

by 2 months (3xTg-AD, n=23(8); NonTg, n=25(9)) and 3 months (3xTg-AD, n=23(8); 

NonTg, n=25(9)), 3xTg-AD mice showed significantly less facilitation than NonTg mice 

(2 months p < 0.05, 3 months p < 0.01), indicating impairments in short-term synaptic 

plasticity begin as early as 2 months of age. 

Long-term synaptic plasticity was evaluated by inducing LTP using a multiple 

train stimulus induction protocol previously shown to elicit a compound potentiation 

consisting of both NMDAR and non-NMDAR-dependent components of LTP [15] 

(Figure 3.3).  The non-NMDAR component of LTP was isolated by blocking the NMDAR 

component of LTP utilizing the selective NMDAR antagonist D,L-AP5.  The remaining 

non-NMDAR component of LTP was blocked using the VDCC antagonist Nifedipine.  

Hippocampal slices from 21 day, 2 month, and 3 month old NonTg and 3xTg-AD mice 

were subjected to 3 treatment conditions: No drug (total LTP), D,L-AP5 (AP5), and AP5 

and Nifedipine together (AP5/Nif).  LTP data were subjected to a 2 genotype (NonTg 

versus 3xTg-AD) x 3 treatment group (No drug versus AP5 versus AP5/Nif) ANOVA for 

multiple group comparisons at each age.  There was a significant effect of treatment at 
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21 days (F(2,57)=2.425, p < 0.001) and 2 months (F(2,41)=12.684, p < 0.001), but only 

at 3 months was there a significant effect of treatment (F(2,44)=9.588, p < 0.001) and 

genotype (F(1,44)=10.195, p < 0.001).  Additional ANOVA by genotype for each age 

confirmed a significant effect of treatment for 3xTg-AD and NonTg mice at 21 days and 

2 months, but only for NonTg mice at 3 months.  A Tukey’s post-hoc analysis was 

performed as a follow up to determine significance between treatments, and planned 

comparisons using independent t-tests were performed to evaluate similar treatments 

across genotype. 

At 21 days, NonTg mice (total LTP, n=14(5); AP5, n=9(3); AP5/Nif, n=11(4); 

F(2,31)=51.522, p < 0.001) and 3xTg-AD mice (total LTP, n=10(4); AP5, n=9(3); 

APV/Nif, n=11(4); F(2,26)=41.835, p < 0.001) both showed similar results for LTP under 

each treatment condition (Figure 3.4A, B, & C).  AP5 and AP5/Nif significantly reduced 

LTP from total LTP (p < 0.01), and AP5/Nif did not further decrease LTP from AP5 

alone.  There was no difference in LTP between NonTg and 3xTg-AD mice (across 

genotype) for total LTP, AP5, or AP5/Nif treatment groups.  At 2 months, NonTg mice 

(total LTP, n=8(3); AP5, n=8(3); AP5/Nif, n=9(3); F(2,22)=12.271, p < 0.001) showed 

similar results to those obtained at 21 days (Figure 3.4D & F), with AP5 and AP5/Nif 

treatments significantly reducing LTP from total LTP (AP5, p < 0.05; AP5/Nif, p < 0.01).  

While treatment with AP5/Nif was visibly lower than AP5 alone, it was not statistically 

different (p = 0.12).  In contrast, 3xTg-AD mice (total LTP, n=8(3); AP5, n=7(3); AP5/Nif, 

n=7(3); F(2,19)=3.552, p < 0.05) begin to show differences in response to treatment at 2 

months (Figure 3.4E & F).  AP5 did not significantly reduce LTP from total LTP (p = 

0.62), however AP5/Nif did (p < 0.05).  AP5 and AP5/Nif treatments were not 
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statistically different despite AP5/Nif being visibly lower (p = 0.249).  As at 21 days, 

there was no difference across genotypes for any treatment group at 2 months.  At 3 

months, NonTg mice (total LTP, n=10(4); AP5, n=10(4); AP5/Nif, n=11(4); 

F(2,28)=17.585, p < 0.001) again showed similar results to those at 21 days and 2 

months (Figure 3.4G & I).  AP5 and AP5/Nif significantly reduced LTP from total LTP (p 

< 0.01), with the addition that AP5/Nif further reduced LTP significantly over AP5 alone 

(p < 0.05).  In stark contrast, 3xTg-AD mice (total LTP, n=7(3); AP5, n=6(3); AP5/Nif, 

n=6(3); F(2,16)=0.698, p = 0.51), showed no difference in LTP between any treatment 

at 3 months (Figure 3.4H & I).  Neither AP5 nor AP5/Nif significantly reduced LTP from 

total LTP (AP5, p = 0.74; AP5/Nif, p = 0.49), nor was LTP different between AP5/Nif and 

AP5 alone (p = 0.91).  In addition, differences between NonTg and 3xTg-AD mice were 

now seen for AP5 (p < 0.05) and AP5/Nif groups (p < 0.01). 

These results show there is a change in NMDAR LTP in 3xTg-AD mice beginning 

as early as 2 months, and established by 3 months.  To determine if this change is a 

result of differences in NMDAR activity, fEPSPs were generated under conditions that 

isolate NMDAR-mediated synaptic responses.  Basal synaptic activity as measured by 

fEPSPs is mediated by AMPARs.  The NMDAR is not activated under basal stimulating 

conditions due to the presence of a Mg2+ block within the channel pore that is not 

relieved by subthreshold depolarizations of local dendritic fields.  In order to 

pharmacologically isolate NMDAR-mediated fEPSPs under basal stimulating conditions, 

the AMPAR antagonist CNQX (10 µM), along with the VDCC antagonist Nifedipine (20 

µM), and nominally Mg2+ free ACSF, were bath applied to hippocampal slices for 

recording.  In order to evaluate the functional range of NMDAR-mediated synaptic 
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responses, stimulus response curves of NMDAR-mediated fEPSPs were generated 

(Figure 3.4A).  Data from 3xTg-AD mice (n=15(5)) and NonTg mice (n=14(5)) were 

subjected to a 2 genotype (NonTg versus 3xTg-AD) x 10 stimulus intensity (40-190 A) 

mixed ANOVA.  Results show there was a significant effect of stimulus intensity 

(F(9,189)=195.574, p < 0.001), as expected, and surprisingly, a statistical interaction of 

genotype x stimulus intensity (F(9,189)=2.465, p < 0.05), indicating that genotype 

influences synaptic response as stimulus intensity increases.  This is likely due to the 

3xTg-AD mice showing slightly higher NMDAR-mediated responses at lower intensity 

stimulations, but lower responses at higher intensity stimulations.  There was not 

however, an overall effect of genotype (F(1,21)=0.135, p = 0.717), and a follow up 

between-subjects analysis confirmed there was no difference across genotype at any 

stimulus intensity tested, which agrees with the visual impression of the two curves.  We 

next sought to determine if the presence of Aβ (or some other factor) in 3xTg-AD mice 

may be interfering with the efficacy of AP5.  To evaluate this, basal synaptic activity of 

NMDAR-mediated fEPSPs was measured, and bath application of AP5 (50 µM) was 

used to determine the effectiveness of AP5 antagonism (Figure 3.4B).  Results showed 

no difference in the efficacy of AP5 antagonism on NMDAR-mediated fEPSPs between 

3xTg-AD (n=11(5)) and NonTg mice (n=13(5)). 

To further examine the contribution of NMDARs in long-term synaptic plasticity in 

3xTg-AD mice, NMDAR LTP was induced in 3 month old 3xTg-AD (n=12(5)) and NonTg 

mice (n=13(5)), and evaluated in 5 minute increments for 30 minutes, and also at 1 

hour, post-tetanus (Figure 3.5).  The NMDAR component of LTP was isolated using a 

weak HFS protocol shown to elicit NMDAR-dependent-only LTP.  In addition, the VDCC 
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antagonist Nifedipine (20 µM) was bath applied as a precaution against possible 

inadvertent induction of non-NMDAR LTP.  LTP data were subjected to a 2 genotype 

(NonTg versus 3xTg-AD) x 7 point elapsed time (0-30 minutes in 5 minute blocks, and 

at 1 hour) mixed ANOVA.  There was a significant effect of time (F(6,138)=28.758, p < 

0.001) and a significant interaction of genotype x time (F(6,138)=5.327, p < 0.001), 

indicating genotype influenced LTP as time progressed.  This most likely is due to 

differences in LTP within the first 30 minutes post-tetanus.  There was no overall effect 

of genotype (F(1,23)=2.390, p = 0.136), but follow up between-subjects analysis 

confirmed the first 10 minutes of LTP post-tetanus is different (p < 0.05) between 3xTg-

AD and NonTg mice. 

 

3.4  Discussion 

In this study, we observed neurophysiological changes in both synaptic 

transmission and synaptic plasticity in 3xTg-AD mice.  A significant change in baseline 

synaptic response at 3 months of age (Figure 3.1), and a significant reduction in paired-

pulse facilitation at 2 and 3 months of age (Figure 3.2), were observed in 3xTg-AD mice.  

Total LTP in the CA1 region of ventral hippocampus was similar between 3xTg-AD and 

NonTg mice at all ages tested, but the apparent contribution of each component of LTP 

(NMDAR- or VDCC-dependent) was different in 3xTg-AD mice by 2 and 3 months of 

age respectively, compared to NonTg mice (Figure 3.3).  Analysis of NMDAR-mediated 

fEPSPs indicate there are subtle differences in NMDAR-mediated synaptic responses 

that are present at 3 months of age (Figure 3.4), and while direct measurement of 

NMDAR LTP is similar between 3xTg-AD and NonTg mice after 1 hour, differences in 
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the LTP timecourse and NMDAR-dependent short-term potentiation were observed 

between genotypes (Figure 3.5). 

The hallmark sign of AD is cognitive impairment, and the hippocampus is one of 

the major brain regions important for cognitive performance, and one of the first regions 

impacted by AD [21].  Our previous work has shown 3xTg-AD mice have a profound 

cognitive impairment that coincides with changes in NMDAR LTP at 3 months of age 

[20].  To investigate changes that occur in the hippocampus prior to these events, we 

obtained electrophysiological recordings from ventral hippocampal slices to determine 

the onset of altered synaptic function in 3xTg-AD mice. 

Basal synaptic transmission is similar between genotypes at 21 days and 2 

months of age, but at 3 months of age there is a reduction in synaptic response in 3xTg-

AD mice at the higher stimulus intensities.  This result is similar to what we have 

observed previously in these mice at 3 months [20].  The reduction in synaptic response 

does not seem to be due to synaptic loss, as 3xTg-AD and NonTg mice show similar 

dendritic spine density in the hippocampus and cortex up to around 13 months of age 

[22].  The observed reduction in synaptic response may to be due to a reduction in 

postsynaptic AMPARs.  There is evidence that Aβ promotes removal of AMPARs from 

the synaptic membrane through mGluR-dependent signaling mechanisms [23-25].  In 

our own experiments, application of the AMPAR antagonist CNQX (10 µM) resulted in a 

complete block of basal synaptic transmission for both genotypes (data not shown), 

indicating our measurement of fEPSPs to assess basal synaptic transmission is 

AMPAR-mediated, supporting the hypothesis that 3xTg-AD mice may have reduced 

AMPAR activity at 3 months of age. 
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The paired-pulse facilitation ratio is significantly less in 3xTg-AD mice at 2 and 3 

months, indicating an impairment in short-term synaptic plasticity by 2 months of age.  

Paired-pulse facilitation is mediated by presynaptic Ca2+ [26].  In addition to N-type Ca2+ 

channels associated with vesicle release, intracellular Ca2+ is also regulated by ER-

associated Ca2+ activated Ryanodine receptors (RyR) and IP3-mediated receptors 

(IP3R).  Presenilins (PS) that function independently of those associated with Aβ 

production play a role in regulating intracellular Ca2+ homeostasis by forming Ca2+ leak 

channels within the ER [27], and have functional associations with RyRs that modulate 

their activity [28].  Presenilin and RyR activity in presynaptic neurons have been shown 

to functionally mediate synaptic physiology such as neurotransmitter release [29, 30].  

Mutated Presenilins of the type found in AD have been shown to increase both RyR 

expression and RyR-associated Ca2+ release in neurons of PS1 transgenic mice [31].  

The 3xTg-AD mice used in our own studies carry the same mutated form of Presenilin 

(M146V), and these mice have been shown to have a potentiated release of intracellular 

Ca2+ via altered RyR and IP3R activity [6, 32].  This leads to a dysregulation of 

intracellular Ca2+ homeostasis, and has been shown to alter vesicle release probability 

and increase spontaneous vesicle fusion events in 3xTg-AD mice as early as 6 weeks 

of age [32, 33].  Alterations such as these would surely be expected to affect paired-

pulse facilitation, and our results at 2 and 3 months support this rational.  Previous 

investigations of short-term synaptic plasticity in 3xTg-AD mice have reported paired-

pulse facilitation in the CA1 region is not different from NonTg mice at 4 [19] and 6-8 

weeks of age [32], indicating the emergence of altered short-term synaptic plasticity 

begins by at least 2 months of age.  One of these studies however, has reported no 
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difference in paired-pulse ratio between 3xTg-AD and NonTg mice at 6 months [19], 

which is in contrast to our current and previous findings that paired-pulse ratio is 

reduced at 3 months of age [20].  In our own studies, we report data from a substantially 

higher number of observations, which may explain, in addition to differences in 

experimental protocol, the differences reported for paired-pulse ratios.  Our observation 

of a reduced paired-pulse ratio at 2 and 3 months is at an age when Ca2+ dysregulation 

is known to occur in 3xTg-AD mice, and would support the hypothesis that disruptions in 

Ca2+ homeostasis can lead to early changes in synaptic physiology in AD.  Thus, the 

reduction of the paired-pulse ratio we observed in the CA1 region of 2 month old 3xTg-

AD mice could potentially serve as an early indicator of a functional synaptic impairment 

that is supportive of a Ca2+ dysregulation hypothesis of AD [34]. 

To investigate the potential for long-term synaptic plasticity, we evaluated the 

ability of mice to sustain a long-term potentiation of synaptic strength.  LTP represents 

the best and most current hypothesis for information storage in the CNS, and the 

hippocampus is an important brain region mediating information storage in learning and 

memory.  Both NMDAR- and VDCC-dependent LTP coexist at hippocampal CA3→CA1 

synapses [13-15], and the importance of NMDARs and VDCCs in cognition, especially 

in learning and memory, has been well established [17, 35-39].  Hippocampal function is 

one of the first resources compromised in AD, and it is therefore necessary to 

understand how these LTP mechanisms are affected in order to better understand the 

nature of cognitive diseases such as AD. 

In a previous study, we found 3xTg-AD mice showed reduced NMDAR LTP 

compared to NonTg mice, and a subsequent increase in non-NMDAR LTP which 
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resulted in a total LTP that was not different between genotypes [20].  For our current 

study, we wanted to determine when these changes in NMDAR and non-NMDAR LTP 

begin to occur, and explore the nature of non-NMDAR LTP in 3xTg-AD mice.  We did 

not find any difference between genotypes at 21 days for total LTP, or either component 

of LTP, indicating 3xTg-AD mice are neurophysiologically not different from NonTg mice 

at 21 days old.  We also found total LTP is not different between genotypes at 2 and 3 

months of age.  Other groups have also reported total LTP in 3xTg-AD mice is not 

different from NonTg mice at 4 [19] and 6-8 weeks of age [6], with 6 months being the 

earliest report to date of total LTP being significantly reduced from NonTg mice [19].  

The contribution of the NMDAR- and VDCC-dependent components of LTP were not 

reported in those studies.  In the current study using 21 day, 2 month, and 3 month old 

NonTg mice, blocking NMDARs (AP5) significantly blocked LTP, and blocking NMDARs 

and VDCCs together (AP5/Nif) produced a ≥ 90% block of LTP, similar to what other 

studies have shown using wild-type animals [13-15].  In 3xTg-AD mice however, we did 

not observe a significant block of LTP with AP5 at 3 months of age, duplicating the AP5 

results from our previous study [20].  Additionally, we observed similar results at 2 

months, indicating the change in the NMDAR contribution to LTP begins by 2 months of 

age.  We hypothesized that the increase in non-NMDAR LTP was VDCC-dependent 

based on observations in wild-type animals, but our attempt to block the non-NMDAR 

component of LTP with the VDCC antagonist Nifedipine was unsuccessful.  There was 

in fact, some reduction of LTP at 2 months of age with the application of both AP5 and 

Nifedipine together, although not as much as that seen in NonTg mice.  By 3 months of 



178 
 

age however, the application of both AP5 and Nifedipine failed to significantly block LTP 

in 3xTg-AD mice. 

Our initial hypothesis for the change in NMDAR LTP we observed in 3xTg-AD 

mice was that there may be a reduction in NMDAR activity or receptor density, but our 

measurement of NMDAR-mediated fEPSPs indicated no difference in NMDAR-

mediated synaptic responses compared to NonTg mice.  Previous studies specifically 

examining the density and expression of hippocampal NMDARs in both human AD 

patients [40, 41] and APP/PS1 transgenic mice [42] showed no difference in 

hippocampal NMDAR density from age-matched controls.  We then considered the 

possibility that AP5 may have reduced efficacy in 3xTg-AD mice, potentially through a 

mechanism whereby Aβ directly interferes with AP5 binding to NMDARs, but application 

of AP5 to NMDAR-mediated fEPSPs showed no change in efficacy of AP5 in 3xTg-AD 

mice compared to NonTg mice, resulting in a complete block of NMDAR-mediated 

fEPSPs in both genotypes.  These results prompted us to look at NMDAR LTP directly 

by inducing LTP using a stimulus protocol that activates NMDARs but not VDCCs.  We 

found the initial stages post-HFS (PTP and STP) were significantly reduced in 3xTg-AD 

mice compared to NonTg mice, despite LTP being similar after 1 hour. 

These findings suggest that while the net output of total LTP is similar between 

3xTg-AD and NonTg mice, there are distinctly different mechanisms driving LTP.  We 

have demonstrated that 3xTg-AD mice are resistant to drugs that typically block the 

majority (>90%) of LTP.  Ca2+ is a mediator of LTP (and synaptic plasticity in general, 

both short-term and long-term), and increases in postsynaptic intracellular Ca2+ for the 

generation of LTP normally occur through activation of postsynaptic NMDARs or 
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VDCCs [8, 43].  Despite their exposure to antagonism however, LTP still occurs in 

3xTg-AD mice at 3 months of age.  Our studies, as well as others, indicate NMDARs 

and VDCCs function normally in 3xTg-AD mice at 3 months.  Neither NMDAR nor 

VDCC current is different in 3xTg-AD mice compared to NonTg mice in either CA1, 

CA3, or dentate granule neurons until at least 12 months of age [44], so the rise in 

intracellular Ca2+ necessary to elicit LTP must be occurring through an alternative 

mechanism.  The primary source of intracellular Ca2+ is the ER, which liberates Ca2+ 

through both IP3Rs and Ca2+ activated RyRs.  Different induction protocols elicit 

different forms of LTP utilizing specific Ca2+ sources dependent on stimulus intensity 

[45].  NMDARs and RyRs are activated first, followed by IP3Rs, and finally VDCCs.  

Different induction protocols have also shown different results in the presence of Aβ that 

are independent of NMDAR activity, and reductions in LTP observed in the presence of 

Aβ cannot be explained by effects on NMDARs [46, 47].  As mentioned above, 3xTg-AD 

mice have been shown to have a dysregulation of intracellular Ca2+ homeostasis as a 

result of potentiated RyR activity that is most likely mediated by the functional 

association with mutated PS1.  This results in an increase in RyR expression of nearly 3 

fold in 3xTg-AD mice, and a functional potentiation of intracellular Ca2+ release upon 

activation [32]. 

How then, might the activation of Ca2+ activated RyRs occur under conditions 

that block external Ca2+ entry?  One potential mechanism involves metabotropic 

glutamate receptor (mGluR) signaling.  Postsynaptic mGluR signaling activates 

Phospholipase C (PLC), which results in the generation of IP3 from PIP2.  IP3 activates 

the IP3R, releasing Ca2+ that then could activate RyRs.  It has been demonstrated that 
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exposure to Aβ leads to excessive mGluR activation through interference with 

glutamate reuptake transporters, prolonging glutamate clearance and mGluR activation 

[23].  Activation of mGluRs in 3xTg-AD mice show an increase in IP3R-mediated Ca2+ 

release that is not a result of increased IP3R expression [48].  IP3R activity is mediated 

by PS similar to RyRs, and PS1/2 FAD mutants increase IP3R current and alter gating 

kinetics [49].  This leads to an increase in resting intracellular Ca2+ levels that can be 

rescued by IP3R antagonists [7], and dysregulations in LTP that can be rescued by 

reducing IP3R expression [48].  This potentially also explains the reduction in AMPAR-

mediated synaptic response, and reductions in LTP observed in older 3xTg-AD mice, 

which may be a consequence of LTD dependent mechanisms also initiated by 

excessive mGluR signaling. 

The strong 200 Hz stimulus protocol we have used to induce long-term plasticity 

is specifically designed to activate both NMDAR- and VDCC-dependent LTP, but the 

differences between genotype that mediate the induction of each component of LTP are 

only resolved with pharmacological intervention.  The use of the weak 50 Hz stimulus 

protocol further resolves differences in LTP induction between 3xTg-AD and NonTg 

mice without the use of pharmacological intervention.  These specific differences 

observed in 3xTg-AD mice could potentially contribute to previous observations of 

cognitive impairment at similar ages, including the working memory results of our 

previous study [20], as well as impairments observed in MWM training at 4 months, in 

which 3xTg-AD mice had small impairments in day to day memory during consecutive 

daily training, but overall performed similarly to control mice in repeated training within 

each day, and overall by the end of 5 days of training [51].  Cognitive performance in 
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these types of working memory tasks could be more dependent on short-term plasticity 

(neurotransmitter facilitation), or short-term potentiation mechanisms (neurotransmitter 

facilitation, AMPAR phosphorylation, AMPAR trafficking), rather than long-term 

potentiation mechanisms such as LTP (protein synthesis and gene expression).  The 

timing of these behavioral tests occur in the time frame of minutes instead of hours, and 

measurements of short-term plasticity such as paired-pulse ratio, or short-term 

potentiation which occurs within the first 30 minutes after HFS, may actually be a better 

predictor of cognitive performance than 1 hour LTP in these specific tasks. 

In the current study, we show 3xTg-AD mice have impairments in short-term and 

long-term synaptic plasticity by 2 months of age, and additional impairments in basal 

synaptic transmission by 3 months of age.  Our results demonstrate that while the net 

output of total LTP is similar between 3xTg-AD and NonTg mice, NMDAR LTP and non-

NMDAR LTP develop differently in 3xTg-AD mice compared to NonTg mice.  We show 

that 3xTg-AD mice are resistant to drugs that typically block LTP, yet despite their 

resistance to NMDAR and VDCC antagonism, results from previous working memory 

studies show they still have a profound impairment in cognitive function at 3 months of 

age [20].  There is substantial evidence to support LTP as a mediator of learning and 

memory, and the degree of LTP can be correlated to cognitive performance [18, 52], but 

we have shown that just being able to generate LTP does not equate to cognitive 

performance in all tasks.  LTP must be generated through the proper signaling 

mechanisms in the proper context for it to make the desired contribution to learning and 

memory performance.  If not, the integrity of cognition may be compromised.  

Compensatory alterations in LTP induction and expression in 3xTg-AD mice can occur 
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independently of NMDAR or VDCC activation, and understanding the nature of these 

altered mechanisms may prove useful not only in understanding the precise role for 

each mechanism in learning and memory, but also may lead to therapeutic targets for 

memory disorders such as AD. 
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Figures 
 

 
 
 
Figure 3.1.  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 (open circles, n=21(8)) and NonTg (black circles, n=23(9)) 

mice at 21 days old.  Input intensities are 40, 50, 60, 75, 90, 110, 130, 110, 150, and 

190 A.  The averaged fEPSP sweeps are shown above the stimulus response curves.  

B) Same as panel A except at 2 months of age for 3xTg-AD (n=8(3)) and NonTg 

(n=8(3)) mice.  C) Same as panel A except at 3 months of age for 3xTg-AD (n=37(11)) 

and NonTg (n=58(19)) mice.  Values represent the mean ± SEM from n slices(animals).  

Significance was determined using repeated measures ANOVA and independent t-tests 

(* p < 0.05, ** p < 0.01). 
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Figure 3.2.  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 ratio in 3xTg-AD (open bars) and NonTg (black bars) mice at 21 days old 

(3xTg-AD, n=23(8); NonTg, n=25(9)), 2 months of age (3xTg-AD, n=8(3); NonTg, 

n=8(3)), and 3 months of age (3xTg-AD, n=39(11); NonTg, n=27(11)).  The paired-pulse 

interval is 50 ms.  The averaged fEPSP sweeps are shown above the paired-pulse 

ratios.  Values represent the mean ± SEM from n slices(animals).  Significance was 

determined using independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 3.3.  Long-Term Potentiation (LTP) of field Excitatory Post-Synaptic Potentials 

(fEPSP) recorded from the CA1 region of ventral hippocampus in 3xTg-AD and NonTg 

control mice.  A) Summary plot of normalized fEPSP slope values in 21 day old NonTg 

mice for total LTP (black circles, (n=14(5)), bath applied D,L-AP5 (AP5) (50 M) (light 

grey circles, n=9(3)), and bath applied AP5 (50 M) and Nifedipine (20 M) together 

(AP5/Nif) (lightest circles, n=11(4)), before and after strong high frequency stimulation 

(HFS) (4 x 200 Hz/0.5 s at 5 s intervals) indicated by the arrow at 30 minutes.  The 

averaged fEPSP sweeps before and after HFS for each condition are shown above the 

plot.  B) Same as panel A except in 21 day old 3xTg-AD mice for total LTP (open 

circles, (n=10(4)), bath applied AP5 (dark grey circles, n=9(3)), and bath applied 

AP5/Nif (lightest circles, n=11(4)).  C) Summary quantification of LTP for each condition 

for NonTg and 3xTg-AD mice at 1 hour post-HFS.  D, E, & F) Same as A, B, & C above 

except at 2 months of age for NonTg (total LTP, n=8(3); AP5, n=8(3); AP5/Nif, n=9(3)) 

mice and 3xTg-AD (total LTP, n=8(3); AP5, n=7(3); AP5/Nif, n=7(3)) mice.  G, H, & I) 

Same as A, B, & C above except at 3 months of age for NonTg (total LTP, n=10(4); 

AP5, n=10(4); AP5/Nif, n=11(4)) mice and 3xTg-AD (total LTP, n=7(3); AP5, n=6(3); 

AP5/Nif, n=6(3)) mice.  Values represent the mean ± SEM from n slices(animals).  

Significance was determined using ANOVA and independent t-tests (* p < 0.05, ** p < 

0.01). 
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Figure 3.4.  NMDAR-mediated 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 NMDAR-mediated fEPSPs in 3xTg-AD (open 

circles, n=15(5)) and NonTg (black circles, n=14(5)) mice at 3 months of age.  

Recordings are in nominally Mg2+ free ACSF in the presence of CNQX (10 M) and 

Nifedipine (20 M).  Input intensities are 40, 50, 60, 75, 90, 110, 130, 110, 150, and 190 

A.  The averaged fEPSP sweeps are shown above the stimulus response curves.  B) 

Summary plot of normalized NMDAR-mediated fEPSP slope values in 3 month old 

3xTg-AD (n=11(5)) and NonTg (n=13(5)) control mice before and after bath application 

of D,L-AP5 (AP5) (50M) as indicated by the line above the plot points at 10 minutes.  

After recordings in panel A, stimulatory intensity was returned to baseline and AP5 was 

bath applied.  The averaged NMDAR-mediated fEPSP sweeps before and after AP5 

application are shown above the plot (1=before AP5 application, 2=30 minutes after 

AP5 application).  There was no difference between genotypes for NMDAR-mediated 
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fEPSPs to the sensitivity of AP5 antagonism.  Values represent the mean ± SEM from n 

slices(animals).  Significance was determined using repeated measures ANOVA and 

independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 3.5.  NMDA receptor-dependent Long-Term Potentiation (LTP) of field Excitatory 

Post-Synaptic Potentials (fEPSP) recorded from the CA1 region of ventral hippocampus 

in 3xTg-AD and NonTg control mice.  A) Summary plot of normalized fEPSP slope 

values in 3 month old 3xTg-AD (open circles, (n=12(5)) and NonTg (black circles, 

(n=13(5)) mice, before and after weak high frequency stimulation (HFS) (1 x 50 Hz/0.5 

s) indicated by the arrow at 30 minutes.  Recordings are in standard ACSF in the 

presence of Nifedipine (20 M).  The averaged fEPSP sweeps before and after HFS are 

shown above the plot.  B) Summary quantification of LTP for 3xTg-AD and NonTg mice 

up to 1 hour post-HFS.  Values represent the mean ± SEM from n slices(animals).  

Significance was determined using independent t-tests (* p < 0.05, ** p < 0.01). 
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CHAPTER 4 

OPEN FIELD BEHAVIOR IN YOUNG 3xTg-AD MICE1 

 

  

                                            
1 Clark JK, Furukawa R, Fechheimer M, Wagner JJ. Alterations in Locomotor Behavior and Synaptic 

Transmission and Plasticity in Young 3xTg-AD Mice. Submitted to Neuroscience. 
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Abstract 

Alzheimer’s disease is a neurodegenerative condition thought to be initiated by 

production of the Amyloid-β peptide, which leads to synaptic dysfunction, and 

progressive memory and behavioral disturbances.  Using a triple transgenic mouse 

model of Alzheimer’s disease (3xTg-AD), we evaluated the onset of behavioral 

disturbances by measuring locomotor activity in 3xTg-AD and NonTg control mice at 21 

days, 2 months, and 3 months of age.  Using an open field arena, we measured the 

total locomotor activity, and crossings into a center zone, as a measure of the general 

psychological state of the animal and potential for anxiogenic behavior.  3xTg-AD mice 

show reduced locomotor activity at 21 days and 2 months of age, but not at 3 months of 

age compared to NonTg mice.  At 21 days, NonTg mice display significantly higher 

center zone crossings compared to 3xTg-AD mice, which may be indicative of either 

anxiogenic behavior in 3xTg-AD mice, or hyperactivity in NonTg mice.  All groups 

displayed habituation to the novel environment with the exception of NonTg mice at 21 

days.  These findings should provide a new perspective on the early behavioral 

disturbances that may occur in the early stages of Alzheimer’s disease. 
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4.1  Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease of aging, and the most 

common form of dementia [1].  AD patients show deficits in cognitive processes that 

include progressive memory loss, confusion, and disorientation, but may also show 

behavioral changes that include increased agitation, anxiety, and sleep disturbances [2, 

3].  AD pathology is characterized by the presence of extracellular β-Amyloid plaques 

and intracellular neurofibrillary tangles of hyperphosphorylated Tau protein [4, 5].  The 

primary initiator of AD pathology is thought to be the overproduction of soluble Amyloid-

β (Aβ) peptide, produced through sequential cleavage of Amyloid Precursor Protein by 

the membrane bound enzymes β- and γ-secretase [5].  The increased production of the 

Aβ peptide leads to synaptic impairment and eventual neurodegeneration resulting in 

both cognitive and behavioral disturbances [1]. 

A triple transgenic mouse model of Alzheimer’s disease (3xTg-AD) has been 

developed that produces both β-Amyloid plaques and neurofibrillary Tau tangles [6].  In 

a previous study we showed 3xTg-AD mice have severe impairments in long-term 

working memory using the 8-arm radial maze at 3 months old, an age generally 

considered to be presymptomatic [7].  In the current study, we explore the potential 

early behavioral changes that may occur in 3xTg-AD mice using behavioral (open field 

locomotor activity) assessments to investigate the onset and progression of 

disturbances in the general psychological state of the animal.  Our findings show 

differences in locomotor activity, habituation to a novel environment, and center zone 

crossings between 3xTg-AD and NonTg mice beginning as early as 21 days old. 
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4.2  Methods 

4.2.1  Animals and euthanasia 

All animals used in this study were male mice and consisted of Alzheimer’s 

disease model mice (3xTg-AD) homozygous for three mutant transgenes: APP(Swe), 

PsenI, and TauP301L, (B6/129-Psen1tm1Mpm Tg(APPSwe, tauP301L)1Lfa/Mmjax) 

obtained from the MMRRC (ID 034830-JAX) through Jackson Laboratories, and 

nontransgenic (NonTg) control mice (B6129SF2/J) from Jackson Laboratories (101045 

JAX, Bar Harbor, ME).  The generation of 3xTg-AD mice has been described elsewhere 

[6].  Briefly, two separate transgene constructs each encoding human APP cDNA (695 

isoform) harboring the Swedish mutation (KM670/671NL), or human Tau cDNA (4R/0N) 

harboring the P301L mutation, each under control of mouse Thy1.2 regulatory 

elements, were comicroinjected into single-cell embryos from homozygous PS1M146V 

knockin mice.  Embryos were screened for cointegration of both cassettes to the same 

locus.  Embryos were then reimplanted into foster mothers and the resulting offspring 

were genotyped to identify 3xTg-AD mice.  Hemizygous F1 3xTg-AD mice were then 

crossed to produce 3xTg-AD mice homozygous for all three transgenes.  Both 3xTg-AD 

and NonTg mice are on the same genetic and strain background (129/C57BL6 hybrid), 

except NonTg mice harbor the endogenous wild-type PS1 gene.  Breeding pairs for 

each group were obtained and animals were bred in house at the University of Georgia 

animal facilities.  Mice were housed in an AAALAC accredited facility on a 12 hour 

light/dark timed schedule and had ad libitum access to food and water during this study.  

Behavioral testing occurred at three different time points: 21 days (20-22 days old), 2 

months (60-67 days old), and 3 months (90-100 days old).  Pre-weaned mice at 21 days 

http://www.mmrrc.org/strains/34830/034830.html
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were tested instead of 1 month old mice to avoid any stress induced effects from the 

weaning process that could potentially influence behavioral measurements.  Euthanasia 

of mice occurred under deep anesthesia with halothane followed by decapitation.  The 

University of Georgia Institutional Animal Care and Use Committee approved all animal 

protocols and experiments. 

4.2.2  Open field arena 

Behavioral activity was measured in the open field arena, which consisted of a 

square chamber (43 x 43 cm) with clear plastic walls (30.5 cm high) and a removable 

smooth metal floor (Med Associates, St. Albans, VT, USA).  The chambers are 

individually housed in sound attenuating cubicles with house lighting (20 lx) positioned 

in 2 of the 4 corners, and a ventilation fan which also provided ambient background 

noise.  Two banks, each containing 16 infrared photobeams, are mounted at right 

angles to each other, with paired photodetectors mounted opposite each bank, creating 

a 16 x 16 photobeam grid 2 cm from the floor.  Activity Monitor software counts 

photobeam breaks to determine both ambulatory (sequential) and stereotypic 

(repetitive; movement without displacement) movements based on patterning of beam 

breaks.  For locomotor activity, mice were placed in the center of the open field arena 

and allowed to roam freely for 30 minutes.  Both ambulatory and stereotypic counts 

were combined into total horizontal counts, and summed into 10 minute blocks.  For 

center zone analysis, a defined square area of 26.3 x 26.3 cm (37.5% of total area) in 

the center of the chamber was designated as the center zone to count crossings into 

this area.  All animals were subjected to a single 30 minute session in the midafternoon 

during the midpoint of their circadian light cycle. 
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4.2.3  Statistics 

Tests of significance were performed using either ANOVA, or independent t-tests 

as appropriate. 

 

4.3  Results 

To determine if behavioral differences exist between 3xTg-AD and NonTg mice 

at 21 days, 2 months, and 3 months of age, open field behavior in a novel environment 

was measured to evaluate the general psychological state of the animal. 

To evaluate general locomotor activity and anxiety, open field behavior in a novel 

environment was observed and total locomotor activity and center zone crossings were 

measured (Figure 4.1).  Locomotor data for each genotype at each age were first 

subjected to individual ANOVA to assess the degree of habituation to a novel 

environment.  All groups, except for the 21 day old NonTg group, showed a significant 

reduction in locomotor activity (p < 0.01) from 0-30 minutes, indicating habituation to the 

novel environment (Figure 4.1A, B, & C).  The 21 day NonTg group did show a 

reduction in total locomotor activity over 30 minutes, but was not statistically significant 

(p = 0.17), suggesting NonTg mice at this age did not habituate to the novel 

environment as the 3xTg-AD mice did.  Locomotor data for each age group were then 

subjected to a 2 genotype (NonTg versus 3xTg-AD) x 3 point elapsed time (0-30 

minutes in 10 minute blocks) mixed ANOVA.  At 21 days, 3xTg-AD mice (n=11) differed 

from NonTg mice (n=12) in total locomotor activity (Figure 4.1A).  Within-subjects 

analysis showed there was a significant effect of time (F(2,42)=18.469, p < 0.001), and 

a significant interaction of time x genotype (F(2,42)=3.486, p < 0.05) on locomotor 
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activity, indicating NonTg mice habituate differently to the novel environment than 3xTg-

AD mice, which was expected since NonTg mice did not show significant habituation.  

Between-subjects analysis showed there was a significant effect of genotype 

(F(1,21)=5.493, p < 0.05), and follow up between-subjects comparisons using 

independent t-tests showed NonTg mice remain more active than 3xTg-AD mice past 

10 minutes.  At 2 months, 3xTg-AD mice (n=8) also differed from NonTg mice (n=8) in 

total locomotor activity (Figure 4.1B).  Within-subjects analysis showed there was a 

significant effect of time (F(2,28)=102.372, p < 0.001), but no significant interaction of 

time x genotype (F(2,28)=0.408, p = 0.67) on locomotor activity.  Between-subjects 

analysis showed there was a significant effect of genotype (F(1,14)=14.480, p < 0.01), 

and follow up between-subjects comparisons using independent t-tests showed NonTg 

mice were again more active than 3xTg-AD mice at each increment tested, although 

unlike the 21 day group, NonTg mice did habituate to the novel environment similarly to 

3xTg-AD mice.  At 3 months, 3xTg-AD mice (n=15) did not differ from NonTg mice (n=9) 

in total locomotor activity (Figure 4.1C).  Within-subjects analysis showed there was a 

significant effect of time (F(2,44)=128.205, p < 0.001), and a significant interaction of 

time x genotype (F(2,44)=7.885, p < 0.01) on locomotor activity, indicating NonTg mice 

habituate differently to the novel environment than 3xTg-AD mice, even though both 

genotypes do show a significant degree of habituation.  This result is most likely a 

consequence of the last 10 minutes in which 3xTg-AD mice had less locomotor activity 

at 20 minutes, but higher locomotor activity by 30 minutes (although not significantly).  

This is in combination with NonTg mice continuing to show habituation from 20-30 

minutes (p < 0.001), but 3xTg-AD mice do not (p = 0.372), despite both groups showing 
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an overall habituation from 0-30 minutes.  Between-subjects analysis showed there was 

no significant effect of genotype (F(1,22)=0.070, p = 0.794), and follow up between-

subjects comparisons using independent t-tests confirmed 3xTg-AD mice are not 

different from NonTg mice at any increment tested. 

 We also examined center zone crossings as a measure of anxiety.  A defined 

square area in the center of the open field arena representing approximately 38% of the 

total area was designated as the center zone.  This test assesses the tension between 

a rodent’s natural exploratory behavior versus the instinct to remain in protected areas 

(such as close to a wall or in a corner) under stressful conditions.  Our results showed 

crossings into the center zone were significantly less (p < 0.01) in 3xTg-AD mice (n=11) 

compared to NonTg mice (n=12) at 21 days old (Figure 4.1D).  Center zone crossings at 

2 months (3xTg-AD, n=8; NonTg, n=4) and 3 months (3xTg-AD, n=13; NonTg, n=4) 

were not significantly different between genotypes. 

 

4.4  Discussion 

In this study, we observed behavioral differences in 3xTg-AD mice compared to 

NonTg controls.  Behavioral differences were found in 3xTg-AD mice using an open 

field assessment of locomotor activity.  3xTg-AD mice showed reduced locomotor 

activity at 21 days and 2 months of age, and reduced center zone crossings at 21 days 

old (Figure 4.1). 

Locomotor activity following introduction to a novel environment is useful as an 

evaluation of the general psychological state of the animal.  Exposure to 

psychopharmacological agents or certain pathological conditions can alter behavioral 
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circuitry that may express sensitivity through changes in locomotor activity [8-10].  In our 

current study, NonTg and 3xTg-AD mice both showed habituation to the novel open 

field environment at all ages tested except for the 21 day NonTg mice.  3xTg-AD mice 

displayed less exploratory behavior and greater habituation to the novel environment at 

21 days than NonTg mice.  At 2 months of age, 3xTg-AD mice continue to show less 

exploratory behavior, but habituate to the novel environment similarly to NonTg mice.  

At 3 months of age however, there is not a significant difference in overall locomotor 

activity between NonTg and 3xTg-AD mice, but 3xTg-AD mice show less habituation to 

the novel environment during the last 10 minutes of the open field assay.  The results of 

the center zone analysis agree with the locomotor activity at these ages showing 3xTg-

AD mice were less willing to explore away from the periphery by having less center 

zone crossings than NonTg mice, indicating a reduction in the natural exploratory 

behavior as compared to NonTg mice of similar age.  Reservation to explore the central 

zone area can be used as an indicator of anxiogenic behavior, and our results suggest 

3xTg-AD mice display an anxiogenic effect at 21 days.  It should be noted however, that 

NonTg mice failed to adequately habituate to the novel environment, making it difficult 

to interpret center zone crossings in combination with locomotor data.  It is the 3xTg-AD 

mice at 21 days that appear to respond normally to the open field environment rather 

than NonTg mice, thus we cannot exclude the possibility that the NonTg mice may have 

been hyperactive, rather than the 3xTg-AD mice being hypoactive due to an anxiogenic 

state.  Comparison of our 21 day NonTg results to those of other studies was difficult 

due to a lack of similar studies in the current literature.  By 3 months of age, the visual 

appearance of locomotor activity was not different between genotypes, but statistical 



203 
 

analysis revealed 3xTg-AD mice habituated to the open field environment differently 

than NonTg mice, most likely a result of the last 10 minutes of locomotor activity 

influencing the overall effect.  Center zone entries were increased in 3xTg-AD mice over 

NonTg, something not observed at earlier ages, but this was not significant.  Open field 

studies on young 3xTg-AD mice are limited, although one study has shown 3xTg-AD 

mice have less locomotor activity than NonTg mice at 20-22 days old [11], which 

somewhat agree with our own results, however this study only evaluated open field 

behavior for 5 minutes, making comparisons of habituation to a novel environment 

difficult.  Most studies of locomotor behavior in 3xTg-AD mice however, are with 

substantially older animals (9-15 months on average) after AD pathology is present, and 

measure subtly different variables.  Those studies indicate that older 3xTg-AD mice 

have less locomotor activity, and make less center zone entries [12], but spend more 

time in the central zone [13] compared to NonTg mice.  These results in combination 

with our own observations suggest 3xTg-AD mice are behaviorally different from a very 

early age, long before the presence of characteristic AD pathology (plaques and 

tangles), and this difference seems to persist throughout the life of the animal. 

In the current study, we show 3xTg-AD mice exhibit less locomotor activity than 

NonTg mice at 21 days and 2 months of age, but have similar activity at 3 months of 

age.  In addition, at 21 days and 3 months of age, but not at 2 months of age, the 

genotype influences how locomotor activity changes with time.  All groups habituate to 

the novel environment, with the exception of the NonTg mice at 21 days, which also 

show significantly higher center zone crossings.  Further evaluation of behaviors such 

as those measured by the open field arena may provide a more thorough understanding 
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of the behavioral changes observed in AD patients, and may potentially influence 

strategies for behavioral treatment. 
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Figures 
 

 
 
 
Figure 4.1.  Open field behavior in 3xTg-AD and NonTg control mice.  A) Locomotor 

activity in 21 day old 3xTg-AD (open circles, n=11) and NonTg (black circles, n=12) 

mice measured for 30 min, and summed into 10 minute blocks.  B) Same as panel A 

except at 2 months of age for 3xTg-AD (n=8) and NonTg (n=8) mice.  C) Same as panel 

A except at 3 months of age for 3xTg-AD (n=15) and NonTg (n=9) mice.  D) Center 

zone entries during the 30 minutes of locomotor activity for 3xTg-AD (black bars, 21 

days, n=11; 2 months, n=8; 3 months, n=13) and NonTg (open bars, 21 days, n=12; 2 

months, n=4; 3 months, n=4) mice.  Values represent the mean ± SEM from n animals.  

Significance was determined using repeated measures ANOVA and independent t-tests 

(* p < 0.05, ** p < 0.01). 
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CHAPTER 5 

IMPAIRMENTS IN SPATIAL WORKING MEMORY IN A NOVEL MOUSE MODEL OF 

HIRANO BODY EXPRESSION1 

 

  

                                            
1 Clark JK, Furgerson M, Crystal JD, Wagner JJ, Fechheimer M, Furukawa R. Hirano body expression 

impairs spatial working memory in a novel mouse model. Acta Neuropathologica Communications. 
2014 Sep 2;2(1):131. 
Reprinted here with permission. 
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Abstract 

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 impact of Hirano bodies due to the 

lack of an animal model system.  Utilizing a Lox/Cre system, we have generated a new 

mouse model, which develops an age-dependent increase in the number of Hirano 

bodies present in both the CA1 region of the hippocampus and frontal cortex.  These 

mice develop normally and experience no overt neuronal loss.  Mice containing Hirano 

bodies have no abnormal anxiety or locomotor activity as measured in an open field 

arena.  Mice with Hirano bodies do however, develop age-dependent spatial working 

memory impairments.  Despite this cognitive impairment, basal synaptic responses, 

paired-pulse facilitation, and long-term potentiation measurements in the CA1 region of 

ventral hippocampus were not different compared to control mice.  In addition, an 

inflammatory response can be detected at 8 months of age as measured by presence of 

reactive astrocytes.  These findings suggests that Hirano bodies may contribute to 

disease progression.  This new model mouse provides a tool to now 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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5.1  Introduction 

Neurodegenerative diseases are characterized by the progressive loss of neural 

structure or function, which can result in cognitive decline, motor impairments, and 

changes in behavior [1].  Two of the most prevalent neurodegenerative conditions 

affecting cognition are Alzheimer’s disease (AD) and Frontotemporal lobar degeneration 

(FTLD) [2, 3].  Both of these diseases are characterized pathologically by the deposition 

of protein aggregates [1].  While the brains of AD patients develop extracellular β-

Amyloid plaques and intracellular neurofibrillary Tau tangles (NFT), FTLD patients 

develop only NFTs without any overt Amyloid pathology [4, 5].  In addition, patients with 

AD, FTLD, and other neurodegenerative diseases, may also develop a secondary 

pathology known as Hirano bodies [6-10]. 

Hirano bodies are intracellular, eosinophilic rod-shaped inclusions that may be 

found in the soma and axons of CNS (brain and spinal cord) neurons and glia in a 

variety of conditions including Alzheimer’s disease, FTLD, Amyotrophic Lateral 

Sclerosis, Creutzfeldt–Jakob disease, and occasionally in normal individuals of 

advanced age [6-12].  Hirano bodies are paracrystalline structures primarily composed 

of filamentous actin (F-actin) and actin-associated proteins [7, 13], and 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 also present in 

Hirano bodies, implicating these structures in AD and FTLD [17-19]. 
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Despite decades of research, very little is known about the impact of Hirano 

bodies on cellular physiology.  Due to the lack of a vertebrate model system, research 

has been limited to studying Hirano body frequency, components, and structure in post-

mortem tissue.  However, an in vitro model system for studying Hirano bodies does 

exists in the slime mold Dictyostelium discoideum through expression of a 34 kDa actin-

binding protein truncation mutant that results in the production of the carboxy-terminal 

(CT) protein fragment [20, 21].  Expression of the CT peptide does not affect total actin 

levels, but does cause a redistribution in the ratio of globular-actin to F-actin, and the 

formation of rod shaped, actin-rich, intracellular inclusions [21].  These structures slow 

the growth and development of Dictyostelium, but only moderately, and are not 

detrimental to cell survival [21].  Ultrastructural analysis of these CT induced actin-rich 

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

bodies from human tissue [21].  Formation of model Hirano bodies through expression 

of CT has also been successful in mammalian cell lines, including primary neurons, and 

model Hirano bodies formed in mammalian cells contain many of the same protein 

components as authentic Hirano bodies found in humans, including the same hallmark 

ultrastructure and filament spacing [22-24]. 

The physiological impact of model Hirano bodies has been investigated, although 

studies are very limited.  Hirano bodies found in both humans and model systems 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 

autophagy and proteasome pathways that have been assessed through the use of 

pharmacology, and an autophagy mutant of Dictyostelium [25].  The influence of model 
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Hirano bodies on AICD and Tau biology has been investigated in cell culture studies 

since these proteins colocalize with both human and model Hirano bodies [19, 22-24].  

AICD has been shown to play a role in transcription [26, 27], but the presence of model 

Hirano bodies drastically reduces AICD nuclear localization [23].  This resulted in a 

decrease in AICD-induced transcription, and surprisingly, a reduction in AICD- and Tau-

induced cell death [23, 24].  These results imply Hirano bodies may serve as a sink for 

aberrant production that may result in the inadvertent protection of cellular integrity. 

While cell culture models may provide some useful insight into the physiological 

impact of Hirano bodies at a cellular level, an animal model is required to study the 

physiological impact at a systems level in complex disease states.  Recently, we have 

created a mouse model with brain specific expression of CT by crossing a CT-GFP 

transgenic mouse (R26CT) with a Thy1.2-CRE mouse [28].  These mice develop rod-

shaped eosinophilic inclusions in the CA3 region of the hippocampus that are identical 

in ultrastructure to authentic Hirano bodies [28].  The formation of Hirano bodies in CA3 

did not induce neuron loss, but did result in electrophysiology measurements that were 

different from control mice for both short-term and long-term synaptic plasticity at 

CA3→CA1 synapses.  Behavioral studies such as locomotor and cognitive tasks 

however, were not evaluated.  Furthermore, Hirano bodies in human disease are found 

predominately in the hippocampal CA1 region, not CA3, as observed in our previous 

mouse model [12, 16, 28].  In order to generate Hirano bodies with increased 

expression in the hippocampal CA1 region, R26CT mice were crossed with a CaMKIIa-

CRE mouse, which directs CRE expression predominately to hippocampal CA1 and 

forebrain [29, 30].  In our current study, this new mouse model is characterized using 
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histopathological (H&E, IHC, TEM), behavioral (spatial working memory using an 8-arm 

radial maze), and neurophysiological (extracellular recording from ex vivo slices in the 

CA1 region of ventral hippocampus) methods to evaluate the impact of Hirano bodies 

on cognitive and neurophysiological processes. 

 

5.2  Methods 

5.2.1  Animals and euthanasia 

All mice used in this study were generated by crossing male transgenic mice  

homozygous for a mutation producing a truncated carboxy-terminal fragment of an actin 

binding protein tagged with a green fluorescent protein (CT-GFP) targeted to the 

Rosa26 locus (C57Bl/6-Gt(ROSA)26Sor tm1(CT-GFP)UGA) (R26CT) [28] with CaMKIIa-CRE 

female mice (B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, Jax ID: 005359) [29] to produce 

offspring that express the CT-GFP peptide (R26CT-CRE), and others that do not 

(R26CT), and serve as control mice.  All R26CT-CRE mice used in this study were 

homozygous for the CT-GFP transgene.  All R26CT and R26CT-CRE mice used in 

behavioral and neurophysiological experiments were male.  Mice were housed 

individually in an AAALAC accredited facility on a 12 hour light/dark timed schedule and 

had ad libitum access to food (except during behavioral studies) and water during this 

study.  Mice began testing in the radial arm maze at approximately 2.5 and 7.5 months 

of age.  After completion of maze testing, 5 days elapsed before testing in the open field 

arena.  After completion of open field testing, 5 days elapsed before electrophysiological 

studies commenced to reduce any potential temporary enrichment from exposure to the 

maze or open field environment.  Euthanasia of mice occurred under deep anesthesia 
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with halothane followed by decapitation.  The University of Georgia Institutional Animal 

Care and Use Committee approved all animal protocols and experiments. 

5.2.2  Chemicals and reagents 

 Except where noted, specialty chemicals and antibodies were obtained from 

Sigma Aldrich (St. Louis, MO). 

5.2.3  Genotyping 

PCR was utilized to genotype mice for the presence of the R26CT transgene with 

the primers: P1 5’ -TTGGAGGCAGGAAGCACTTG -3’ ; P2  5’ –CATCAAGGAAACCC 

TGGACTACTG- 3’ ; and P3  5’ –CCGACAAAACCGAAAATCTGTG-3’ using genomic 

DNA obtained from tail snip biopsies 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 presence of the Cre transgene, the 

primers were: 5’ -CCAGGCCTTTTCTGAGCATACC- 3’ and 5’ –CAACACCATTTTTT 

CTGACCCG-3’, producing a product of 641 bp.   

5.2.4  Brain sectioning and histology 

For cryosections utilized in immunofluorescence, dissected whole brains were 

fixed with 4% paraformaldehyde in phosphate buffered saline (PBS, pH 7.4) overnight, 

followed by cryoprotection in 30% sucrose, embedding in OCT (Optical Cutting 

Temperature, Tissue-Tek 4583), and storage in liquid nitrogen.  Sagittal sections 8 μm 

thick 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 with 4% paraformaldehyde in 

PBS, pH 7.4, at 4° C overnight, dehydrated in a graded series of 50, 75, 90, 96 and 
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100% ethanol, equilibrated with xylene, embedded in paraffin, and sectioned on a 

sliding microtome (Leica RM2155, Richmond, IL) at a thickness of 5-10 μm and 

mounted on slides.  Staining was performed as follows: after dewaxing with xylene, 

sections were stained with Gill’s No. 2 hematoxylin and counterstained with eosin (H&E) 

solution (Sigma-Aldrich Chemical Co., St. Louis, MO). 

5.2.5  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 by incubating 

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.  Secondary 

biotinylated goat anti-mouse and goat anti-rabbit antibodies were used at 1/450 dilution.  

Slices were incubated with streptavidin-HRP polymer complex (1/1000) (Vector 

Laboratory, Burlingame, CA).  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 manufacturer’s 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). 
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5.2.6  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 x3 times in 

4% milk in TBST for 5 minutes each, followed by 1 hour incubation with rabbit anti-GFP 

(1/500) (Sigma-Aldrich Chemical Co., St. Louis, MO), FITC labeled goat anti-rabbit 

secondary (1/1000) (Sigma-Aldrich Chemical Co., St. Louis, MO) and 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. 

5.2.7  Transmission electron microscopy 

TEM was performed as previously described with slight modification [31].  Whole 

mouse brains were dissected to isolate the hippocampus.  Hippocampal tissue blocks 

were fixed by immersion with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M 

cacodylate buffer, pH 7.4 overnight, and post-fixed 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. 

5.2.8  Western blot 

Brain samples were dissected from mice and flash frozen in liquid nitrogen and 

stored at -80°C until processed.  Tissues were homogenized in a Potter-Elvehjem 
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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 

minutes at 4°C.  Supernatant was stored at -80°C until used.  Protein concentrations of 

the supernatants were determined by bicinchoninic acid assay using BSA as a standard 

[32].  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 3 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). 

5.2.9  Open field arena 

Behavioral activity was measured in the open field arena, which consisted of a 

square chamber (43 x 43 cm) with clear plastic walls (30.5 cm high) and a removable 

smooth metal floor (Med Associates, St. Albans, VT, USA).  The chambers are 
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individually housed in sound attenuating cubicles with house lighting (20 lx) positioned 

in 2 of the 4 corners, and a ventilation fan which also provided ambient background 

noise.  Two banks, each containing 16 infrared photobeams, are mounted at right 

angles to each other, with paired photodetectors mounted opposite each bank, creating 

a 16 x 16 photobeam grid 2 cm from the floor.  Activity Monitor software counts 

photobeam breaks to determine both ambulatory (sequential) and stereotypic 

(repetitive; movement without displacement) movements based on patterning of beam 

breaks.  Five days after completion of radial arm maze testing, mice were placed in the 

center of the open field arena and allowed to roam freely for 60 minutes to assess 

general locomotor activity.  Both ambulatory and stereotypic counts were combined into 

total horizontal counts, and summed into 10 minute blocks.  For center zone analysis, a 

defined square area of 26.3 x 26.3 cm (37.5% of total area) in the center of the chamber 

was designated as the center zone to count crossings into this area during the first 30 

minutes of activity.  All animals were subjected to a single 60 minute session in the 

midafternoon during the midpoint of their circadian light cycle. 

5.2.10  Radial arm maze apparatus and animal preparation 

 Learning and memory assessments were conducted using an 8-arm radial maze 

(Med Associates, St. Albans, VT) as described previously for rats [33].  This maze 

consists of a central chamber with 8 equally spaced arms extending outward.  The 

central chamber is equipped with motorized guillotine doors positioned at the interface 

of the central chamber and arms.  Each arm has two sets of photosensors to track 

movement of the animals into and out of the arms.  At the distal end of each arm is a 

food trough with a 20 mm food dispenser activated by a photosensor to detect mouse 
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head entries.  The sides and top of each arm are composed of clear plastic to allow 

mice to use external visual cues 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 assessments in the radial arm maze were measured at either 3 or 8 

months of age.  Thirteen days prior to the start of behavioral testing, mice were 

individually housed and a 3 day average of individual animal body weight was 

determined.  Mice were diet restricted to reduce and maintain a body weight of 

approximately 87.0% of their free fed body weight for the duration of the behavioral 

testing.  Mice were behaviorally shaped to associate a single head entry with obtaining 

a single sucrose-flavored food reward (Bio-Serve F0071, Frenchtown, NJ) by allowing 

each animal free access to 4 of the 8 arms until a single food reward from each arm 

was retrieved.  Behavioral shaping was carried out once a day for 4 consecutive days 

prior to testing. 

 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. 
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5.2.11  Radial arm maze testing to assess spatial short-term working memory 

 Spatial short-term working memory was assessed using a standard 8-arm 

uninterrupted task.  Each mouse was placed in the central chamber for a 2 minute 

acclimation period, after which all 8 doors simultaneously opened allowing free access 

to all arms for the duration of the testing session (8 arms open, 8 arms baited).  Only a 

single food reward is delivered per baited arm, and a revisit to a previously visited food 

trough is considered an error in spatial short-term working memory.  After collecting the 

last food reward, or after 15 minutes of elapsed time, the session ends and the doors 

close.  For this task, the dependent variable is the total number of errors.  Comparisons 

are results obtained from the first 3 days and last 3 days of testing.  The experiments 

are performed once a day, at the same time of day for 10 consecutive days.  All mice 

achieved the criterion of no more than 2 errors within the first 10 choices for 3 

consecutive days by the 10th day of testing and were continued in the study.  Following 

10 consecutive days of spatial short-term memory testing, animals proceeded directly to 

the spatial long-term working memory task containing a retention interval delay. 

5.2.12  Radial arm maze testing to assess spatial long-term working memory 

 On the following day after completion of spatial short-term working memory 

testing, spatial long-term working memory was tested using a modified delayed spatial 

win-shift assay.  This is a 2-phase procedure similar to a standard 8-arm task with an 

interposed delay.  This test consisted of a study phase and test phase, conducted in the 

same day for 10 consecutive days.  For the initial study phase, the mouse was placed in 

the central chamber of the maze for a 2 minute acclimation period.  After acclimation, 

only 4 of the 8 doors simultaneously opened, allowing free access to all open arms for 



220 
 

the duration of the testing session (4 arms open, 4 arms baited).  The 4 arm sequence 

during this phase was randomly chosen for each mouse on each day.  Only a single 

food reward is delivered per baited arm, and a revisit to a previously visited food trough 

is considered an error in spatial short-term working memory.  After collecting the last 

food reward, or after 15 minutes of elapsed time, the session ends and the doors close.  

The mouse was then subjected to a retention interval by returning to the home cage for 

2 minutes while the maze is cleaned of any urine or feces that could potentially serve as 

visitation cues.  The mouse was then returned to the central chamber to begin the 

subsequent test phase.  After a 1 minute acclimation period (4 minute total interval), all 

8 doors simultaneously opened allowing free access to all open arms for the duration of 

the testing session.  Only arms that were previously closed during the study phase were 

baited during the test phase (8 arms open, 4 arms baited).  Each animal must collect 

the food reward available at the end of each of the 4 newly baited arms.  Only a single 

food reward is delivered per baited arm, and a visit to a previously baited food trough 

from the study phase was considered an error in spatial long-term working memory 

(maximum of 4 errors), and a revisit to any food trough during the test phase (whether 

baited in the training or test phase), was considered an error in spatial short-term 

working memory.  Both short-term and long-term working memory errors were 

combined into a total working memory error variable that we report herein as working 

memory errors.  After collecting the last food reward, or after 15 minutes of elapsed 

time, the session ends and the doors close.  In the test phase, the dependent variable is 

the total number of errors.  Comparisons are results obtained from the first 3 days and 

last 3 days of testing. 
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5.2.13  Extracellular field recording 

Hippocampal slices were prepared from behaviorally tested 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 using a 

vibratome through the horizontal plane into 400 µm thick slices.  The hippocampus was 

then dissected free from slices obtained between the levels of Bregma -4.0 mm to 

Bregma -2.4 mm.  We estimate such slices were from the ventral 35-40% of the 

hippocampus with respect to the longitudinal axis.  We also excluded slices from the 

extreme 10% of the ventral pole, where it is difficult to clearly distinguish the CA1 

pyramidal region from the CA2/3 and subicular regions.  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.  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 layer of CA1.  Field Excitatory 

Post-Synaptic Potentials (fEPSPs) were recorded at Schaffer collateral→CA1 synapses 

using a stimulus pulse consisting of a single square wave of 270 µs duration.  Data 
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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).  For baseline recording, the stimulation intensity was adjusted 

to obtain a fEPSP of approximately 35-40% of the maximum response.  Paired-pulse 

stimulations were performed at intervals of 50, 100, 200, and 500 ms.  Five pairs of 

pulses were performed and averaged together for each interval.  The initial slope of the 

averaged second pulse was divided by the initial slope of the averaged first pulse to 

obtain the paired-pulse ratio for each slice.  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).  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 minute, 120 minute, and 180 minute time points post-HFS, respectively.  The HFS 

protocol used to induce LTP in all experiments consisted of 3 episodes of 100 Hz/1 s 

stimulus trains (100 pulses x3) administered at 20 s inter-train intervals.  Reported n-

values (x(y)) indicate the number of slices (x) and the number of animals (y) assessed. 

5.2.14  Statistics 

Tests of significance were performed using either ANOVA, or paired and 

independent t-tests as appropriate. 
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5.3  Results 

5.3.1  Histopathology 

Mice expressing CT-GFP in the hippocampus and frontal cortex were generated 

by crossing R26CT mice with CaMKIIa-CRE mic.  To verify that CT-GFP expression, 

immunofluorescence was performed on cryosections of 1 month old R26CT and 

R26CT-CRE mice using anti-GFP antibodies (Figure 5.1).  The presence of CT-GFP 

was also verified by western blot analysis using tissue from hippocampus and frontal 

cortex of R26CT and R26CT-CRE mice (Figure 5.1). 

To determine if expression of CT-GFP resulted in the production of Hirano 

bodies, H&E staining was performed on paraffin sections of brains from 3 and 8 month 

old R26CT and R26CT-CRE mice.  No eosinophilic inclusions were seen in 3 month old 

R26CT mice in either the cortex or the hippocampus (Figure 5.2).  At low frequency, 3 

month R26CT-CRE mice exhibited eosinophilic inclusions in the hippocampus, but not 

in the cortex (Figure 5.2).  In 8 month old R26CT-CRE mice, eosinophilic inclusions 

appear predominately in the CA1 of the hippocampus and are found rarely in the cortex 

(Figure 5.3).  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 5.4).  Structures with the 

characteristic features of Hirano bodies were not observed in R26CT mice. 

Since inflammation is a common observation in neurodegenerative diseases, we 

wanted to determine if the presence of model Hirano bodies induces an inflammatory 
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response in 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 5.5 and Figure 5.6).  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 showing that neither reactive astrocytes nor activated microglia are 

present (Figure 5.5).  ED1 staining of 8 month old R26CT and R26CT-CRE brain 

sections revealed no activated microglia in either hippocampus or cortex (Figure 5.6).  

Further, 8 month old R26CT mice show no GFAP staining in either hippocampus or 

cortex.  At 8 months however, R26CT-CRE mice have GFAP staining in the 

hippocampus but not cortex, indicating that the presence of model Hirano bodies 

induces inflammation at a later age (Figure 5.6).  To verify these results, western blot 

analysis was performed using brain homogenate from 3 and 8 month old R26CT and 

R26CT-CRE mice (Figure 5.7).  At 3 months of age, neither ED1 nor GFAP levels were 

significantly different between R26CT and R26CT-CRE mice (Figure 5.7A & B).  At 8 

months of age, ED1 levels were not different between R26CT and R26CT-CRE mice, 

but contrastingly, GFAP levels were approximately 4 fold higher in R26CT-CRE mice 

compared to R26CT mice (Figure 5.7C & 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. 



225 
 

5.3.2  Behavioral assessment 

Changes in anxiety and cognition can be two clinical signs in patients suffering 

from neurodegenerative conditions with Hirano bodies [36].  To examine the behavior of 

R26CT and R26CT-CRE mice, we used an open field arena and an 8-arm radial maze 

to evaluate anxiety and cognition respectively.  The open field test showed no difference 

in locomotor activity between R26CT (3 month, n=11; 8 month, n=11) and R26CT-CRE 

(3 month, n=12; 8 month, n=12) mice at either age (Figure 5.8A & B).  R26CT and 

R26CT-CRE mice also made a similar number of entrances to the center zone, 

suggesting no differences in the general psychological state or anxiety at either age 

(Figure 5.8C). 

For cognitive assessments, spatial memory was tested in an 8-arm radial maze 

utilizing two different protocols.  The first tested spatial short-term working memory 

utilizing an 8-arm uninterrupted task as shown in the top schematic diagram of Figure 

5.9, and the second tested spatial long-term working memory utilizing a delayed spatial 

win-shift task as shown in the middle schematic diagram of Figure 5.9.  In the 8-arm 

uninterrupted task (8 arms open, 8 arms baited), R26CT (3 month, n=11; 8 month, 

n=11) and R26CT-CRE mice (3 month, n=12; 8 month, n=12) performed similarly, 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 5.9A & B).  These observations were 

confirmed by subjecting data from the 8-arm uninterrupted task (Figure 5.9A & B) to a 2 

genotype (R26CT versus R26CT-CRE) x 2 training levels (first 3 versus last 3 days) x 2 

ages (3 versus 8 months) mixed ANOVA.  The number of errors declined with 
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experience (F(1,42)=56.94, p < 0.001), none of the other variables or interactions were 

significant. 

Beginning on day 11, the same mice from the 8-arm uninterrupted task were 

evaluated using a delayed spatial win-shift assay as shown in the middle schematic 

diagram of Figure 5.9.  In the study phase (4 arms open, 4 arms baited), 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 8-arm uninterrupted task, and the study phase is a 

simplified version of this (4-arm uninterrupted task).  Upon completion of the study 

phase, a 3 minute retention interval occurred before the subsequent test phase.  In the 

test phase (8 arms open, 4 arms baited), 3 month old R26CT and R26CT-CRE mice 

showed improvement across sessions, but due to the high variability within the R26CT 

group, the improvement was not statistically significant, despite R26CT mice making 

less errors by the end of the 10 day testing period compared to the beginning (Figure 

5.9C).  At 8 months, R26CT mice showed significant improvement in performance 

across sessions, but in contrast, R26CT-CRE mice did not (Figure 5.9D).  In addition, 

there was a statistically significant difference between R26CT and R26CT-CRE mice (* 

p < 0.05) by the end of the 10 day testing period (days 18-20) (Figure 5.9D).  Data from 

the test phase (Figure 5.9C & D) were subjected to a 2 genotype (R26CT versus 

R26CT-CRE) x 2 training levels (first 3 versus last 3 days) x 2 ages (3 versus 8 months) 

mixed ANOVA.  The was a significant effect of training (F(1,42)=28.03, p < 0.001), and 

a significant interaction of training 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 
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training x genotype ANOVAs separately for ages 3 and 8 months.  At both ages, there 

was a significant effect of training (3 months, F(1,21)=17.05, p < 0.001; 8 months, 

(F1,21)=11.25, p < 0.01).  However, the interaction of training x 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 that R26CT-

CRE mice develop an impairment in spatial working memory by 8 months of age.  

Moreover, the 8 month old R26CT-CRE mice showed an impairment at the end of 

training that was absent in the 3 month old mice.  Importantly, the impairment was 

selective to the test phase of our cognitive tasks, which isolates the impairment as 

driven by the memory load imposed by the retention interval.  The absence of an 

impairment in the 8-arm uninterrupted task rules out nonspecific impairments (such as 

motivational or locomotor factors) and highlights the impairment as memory driven. 

5.3.3  Neurophysiological assessment 

Several neurodegenerative conditions are characterized by synaptic loss or 

reduction in synaptic density that correlate with cognitive impairment [37-40].  Since 8 

month old R26CT-CRE mice show cognitive impairments in spatial working memory, 

levels of synaptophysin were measured as a qualitative indicator of synaptic density 

[35].  Synaptophysin levels were approximately equal between R26CT and R26CT-CRE 

mice at both 3 and 8 months of age, suggesting spatial working memory impairments in 

R26CT-CRE mice are not due to decreases in synaptic density (Figure 5.7). 

In order to determine whether the presence of Hirano bodies impact synaptic 

function, fEPSPs were recorded at CA3→CA1 synapses in the stratum radiatum layer 

of ventral hippocampus.  Stimulus response curves to test the functional range of 
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synaptic activity were generated at both 3 and 8 months.  There was no difference in 

synaptic response between R26CT (3 month, n=10(19); 8 month, n=10(20)) and 

R26CT-CRE (3 month, n=12(18); 8 month n=12(19)) mice at any stimulus intensity 

tested at either age (Figure 5.10).  Next, short-term synaptic plasticity was evaluated 

using paired-pulse stimulus protocols to determine the paired-pulse ratio.  Both 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 exhibited paired-pulse facilitation at 50, 100, and 200 ms intervals at 

both 3 and 8 months, but there was no difference in the amount of facilitation between 

genotypes at either age, or at any stimulus interval tested (Figure 5.11).  These results 

indicate that impairments in spatial working memory in 8 month R26CT-CRE mice are 

likely not attributed to synaptic density or short-term plasticity in the ventral hippocampal 

CA1 region. 

Lastly, Long-term synaptic plasticity was evaluated by inducing Long-Term 

Potentiation (LTP) using a high frequency stimulus induction protocol (100 pulses x3).  

Following the induction of LTP, fEPSPs were recorded for 3 hours post-induction to 

measure early (< 3 hr) and late (> 3 hr) 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 60, 

120, or 180 minutes post-induction (Figure 5.12).  Taken together, these results suggest 

that the expression of CT-GFP, and subsequent formation of Hirano bodies, have no 

impact on synaptic density, baseline synaptic responses, or synaptic plasticity in the 

CA1 region of ventral hippocampus, as late as 8 months of age. 
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5.4  Discussion 

A new transgenic mouse model was created to study the impact of Hirano bodies 

on cognition and neurophysiology in vivo.  A mouse model forming Hirano bodies had 

been previously studied by crossing homozygous R26CT mice with a Thy1.2-CRE 

mouse (R26CT x Thy1.2-CRE) [28].  These animals produced Hirano bodies in the 

hippocampus as well, but were predominately reported in the CA3 region.  This is not 

surprising since the Thy1.2-CRE mouse has been shown to have higher expression of 

the CRE transgene in the CA3 region rather than CA1 [28].  In this study, R26CT mice 

were crossed with a CaMKIIa-CRE mouse (R26CT x CaMKIIa-CRE) because the 

CaMKIIa-CRE mouse is known to express CRE predominantly in the forebrain and CA1 

region 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 in the pyramidal cell layer of the CA1 region [6, 15, 16, 42, 43].  In our 

current study, R26CT-CRE mice expressed eosinophilic inclusions predominately in the 

CA1 region, instead of CA3.  In contrast with the previously study, in which Hirano 

bodies were not detected by light microscopy until 6 months of age [28], our current 

study shows eosinophilic inclusions in the hippocampus of R26CT-CRE mice as early 

as 3 months, but not before.  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, or CaMKIIa has activity dependent expression, 

while Thy1.2 shows a ubiquitous basal level of expression.  The CT-GFP construct is 

under control of the Rosa26 promoter, which shows a basal level of expression, and 
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very well may be the limiting factor.  If this were true, differences in expression levels of 

Cre wouldn’t matter.  Differences in Cre expression levels between CaMKIIa-CRE mice 

used in our current study, and Thy1.2-CRE mice used in our previous study were not 

compared.  In human disease, Hirano body appearance is not observed in young 

patients below 11 years of age, and once present, increase with age and disease 

severity [15, 44, 45].  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 other 

than Hirano bodies such as ADF/cofilin rods (AC rods) and hyaline bodies [46-48].  

Hirano bodies are differentiated from these other actin aggregates by their eosinophilic 

nature, ability to interact with phalloidin, and distinct ultrastructure [8, 44, 47, 49].  To 

definitively prove an actin inclusion is a Hirano body, electron microscopy must be 

performed for Ultrastructural analysis.  In humans, they often appear as fingerprint or 

spheroid/spindle shaped [8].  Hirano bodies in R26CT-CRE mice also display these 

alternative patterns (Figure 5.4A & B).  In humans, smaller Hirano bodies not visible 

through light microscopy are more frequent than larger Hirano bodies as assessed by 

electron microscopy [16].  These smaller Hirano bodies are noted as appearing less 

compact and more irregular than those visible through light microscopy [16].  R26CT-

CRE mice also show smaller structures not visible by light microscopy, which contain 

both ordered filaments and amorphous electron dense material (Figure 5.4D).  In 

Dictyostelium, small nascent model Hirano body structures observed by TEM fuse 

together by an unknown process involving microtubules and myosin II to form larger 

Hirano bodies [21, 50, 51].  Expression of CT in cell culture systems often results in 
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alternative fibrillar structures or small aggregates [22, 25].  These smaller structures 

have also been noted in the brains of humans [52] and in the brains of R26CT-CRE 

mice (Figure 5.4C).  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 5.4C). 

Inflammation is a phenomenon occurring in neurodegenerative conditions such 

as AD, 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, 53-55].  Markers of reactive astrocytes or 

activated microglia were measured in order to determine if Hirano bodies accompany an 

innate immune response in the brain.  Our study showed 3 month old R26CT-CRE mice 

had no signs of inflammation (Figure 5.5 and Figure 5.7).  However, by 8 months of age 

R26CT-CRE mice had significantly higher levels of GFAP compared to aged matched 

R26CT mice (Figure 5.6 and Figure 5.7).  There are several factors that can initiate 

astrogliosis, including cell damage, ischemia, neuronal hyperactivity, and foreign 

pathogens including abnormal protein aggregates [56].  In AD, reactive astrocytes are 

often found in close proximity to deposits of β-Amyloid plaques, and neurons containing 

intracellular NFTs [35, 57-61].  Reactive astrocytes have been reported to surround 

ghost tangles (extracellular NFTs) where they are thought to be clearing these 

structures from the brain [62, 63].  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 
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R26CT-CRE mice have sparse Hirano bodies, they are more abundant in 8 month old 

mice, and release of Hirano bodies may explain why 8 month old R26CT-CRE mice 

exhibit reactive astrocytes. 

The most important goal of this study was to assess the impact of Hirano bodies 

on neural physiology in the brain.  To determine if CT-GFP expression and subsequent 

formation of Hirano bodies impacts certain areas of cognition, behavioral studies were 

performed using both the open field arena and the 8-arm radial maze.  The open field 

arena can be used as a measure of general locomotor activity, which can be indicative 

of the general psychological state of the animal, and a measure of factors such as 

anxiety [64].  At 3 and 8 months of age, R26CT and R26CT-CRE mice show similar 

levels of locomotor activity (Figure 5.8A & B).  General anxiety was also evaluated by 

recording the number of center zone entries between R26CT and R26CT-CRE mice 

(Figure 5.8C).  No differences between groups at either age were found, implying that 

the presence of Hirano bodies do not contribute to anxiety or impair general locomotor 

function. 

In our test of cognition, the 8-arm uninterrupted task demonstrated that both 

R26CT and R26CT-CRE mice have intact spatial learning and navigation since both 

groups learn the rules associated with completion of the radial maze task.  In addition, 

both R26CT and R26CT-CRE mice appear to have equivalent perception of spatial 

cues, levels of motivation, and motor control.  The 8-arm uninterrupted task is 

continuous, and thus the working memory load is low, making the procedure primarily 

dependent upon immediately accessible information from short-term working memory 

[65, 66].  The incorporation of a time delay however, forces retention of trial-unique 
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spatial information.  To successfully complete phase 2, the mice must remember which 

arms were visited in phase 1, which increases 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.  At 8 months however, a 

discrimination in performance between R26CT and R26CT-CRE mice was apparent.  

The test phase results suggest that 8 month R26CT-CRE mice have impaired spatial 

working memory since the 8-arm uninterrupted task results indicated intact acquisition 

of maze rules, making this a working memory impairment, and not a learning 

impairment.  Furthermore, the working memory deficiencies observed at 8 months 

coincide with the observed increase in frequency of Hirano bodies. 

Spatial memory performance is known to depend upon intact hippocampal 

function [65, 67, 68].  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 synaptic plasticity measurements at 3 and 8 months of age 

showed that paired-pulse facilitation was unchanged in R26CT-CRE mice compared to 

R26CT mice (Figure 5.12).  This data is in contrast with the previous characterization of 

the R26CT-CRE mouse with a Thy1.2 CRE driver, which showed a paired-pulse 

depression at a 50 ms stimulus interval [28].  This is likely due to differences in the 

expression pattern of CT-GFP.  In our current study, CT-GFP expression and Hirano 

body formation were more predominant in the CA1 region of the hippocampus, versus 

the previous mouse model that showed expression and Hirano body formation 

predominately in the CA3 region [28-30].  In both our current and previous studies, our 

field potential experiments were performed by stimulating the Shaffer collaterals of CA3 
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axons, and measuring the synaptic response at CA3→CA1 synapses on dendrites of 

CA1 pyramidal neurons.  In the previous study using the Thy1.2-CRE driver, Hirano 

bodies were formed in presynaptic CA3 neurons [28].  In our current study that uses the 

CaMKIIa-CRE mice, Hirano bodies were formed in postsynaptic CA1 pyramidal 

neurons.  Paired-pulse stimulation is a measurement that reflects the active transport 

recovery of Ca2+ and trafficking of neurotransmitter vesicles to replenish the ready 

releasable pool of vesicles [69].  Since the trafficking of these neurotransmitter vesicles 

is also modulated by the actin cytoskeleton, the paired-pulse depression seen in the 

R26CT-CRE mice driven by the Thy1.2-CRE driver was explained as a change in 

vesicular trafficking due to the presence of the Hirano body sequestration of F-actin 

[70], but this would not be the case in our current study since CaMKIIa-CRE is 

predominately expressed in the postsynaptic neuron, and the formation of Hirano 

bodies is predominately observed in postsynaptic CA1 neurons.  Thus, the difference in 

the effect of Hirano bodies on paired-pulse facilitation in the Thy1.2-CRE and CaMKIIa-

CRE driver models is readily explained.  Further, these results show clearly that the 

effect of model Hirano bodies in the brain depend significantly on the location in which 

they form. 

In addition to evaluating short-term synaptic plasticity, a form of long-term 

synaptic plasticity, LTP, that has been shown to be involved in spatial learning and 

memory was also investigated [71, 72].  Long-term potentiation has an early and a late 

phase.  The early phase relies on redistribution and rearrangement of available synaptic 

proteins while the latter involves gene expression and protein synthesis to maintain 

changes in synaptic strength [73].  Both the early and late phases of LTP are associated 
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with an increase in actin assembly [74-76], and in the late phase can result in structural 

changes such as increases in the number and size of dendritic spines, and expansion of 

the postsynaptic density [74, 75].  Model Hirano bodies are known to shift the globular-

actin to F-actin ratio [21], increasing the proportion of cellular F-actin, and may 

consequently impact synaptic plasticity.  Therefore, LTP was measured for 3 hours 

post-induction to determine if the presence of Hirano bodies impact early (< 3 hr) or late 

(> 3 hr) phase LTP.  Interestingly, despite the important role of actin in LTP, we found 

no measureable difference between R26CT and R26CT-CRE mice in the induction, 

expression, and maintenance of LTP at either 3 or 8 months of age (Figure 5.12).  

These results are in contrast to those in the previous study, in which the R26CT-CRE 

mouse with the Thy1.2-CRE driver showed a deficit in the early, but not the late, phase 

of LTP [28].  Thus, presence of Hirano bodies in the CA1 region of ventral hippocampus 

for our current R26CT-CRE mouse with the CaMKIIa-CRE driver appears to be benign 

as assessed by our paired-pulse and LTP measurements. 

Despite no apparent deficits in either short-term or long-term synaptic plasticity 

measurements, 8 month R26CT-CRE mice do show an impairment in spatial working 

memory in the 8-arm radial maze [77-79].  Both the hippocampus and prefrontal cortex 

work together in spatial working memory tasks, and this seeming discrepancy between 

hippocampal LTP and working memory performance could be due to prefrontal cortex 

impairments rather than hippocampal impairments [65, 80].  The CaMKIIa promoter that 

is used to drive Cre expression is activated in both the hippocampus and prefrontal 

cortex [29, 30], and we show that R26CT-CRE mice develop Hirano bodies in the 

prefrontal cortex in addition to the hippocampus at 8 months of age (Figure 5.3).  Thus, 
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it is possible that our electrophysiological measurements in the CA1 of ventral 

hippocampus is either not sensitive enough to detect changes in synaptic physiology, or 

the hippocampus is resistant to the impact of Hirano bodies in R26CT-CRE mice under 

the CaMKIIa-CRE driver.  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 working memory. 

In 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 brain.  Consistent with humans, this transgenic 

mouse develops Hirano bodies in the CA1 region of the hippocampus as well as in the 

frontal cortex.  Behavioral analyses of Hirano body model mice 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 serves a useful tool to investigate how Hirano bodies 

interact with other pathologies associated with neurodegenerative diseases such as AD. 
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Figures 
 

 
 
 
Figure 5.1.  Immunofluorescence and western blot of CT-GFP expression in R26CT-

CRE mice.  A) Immunofluorescence on cryosections from 1 month old R26CT and 

R26CT-CRE mouse hippocampus.  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 mice do not.  B) A western blot 

was performed using brain homogenate from hippocampus and frontal cortex of 1 
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month old R26CT and R26CT-CRE mice using anti-GFP antibodies to detect CT-GFP 

expression.  To ensure 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 5.2.  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 5.3.  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 5.4.  Electron micrographs of inclusions in 8 month 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, 52].  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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Figure 5.5.  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.  At 3 months, 

R26CT and R26CT-CRE mice show no GFAP or ED1 staining in either the 

hippocampus or cortex.  Scale bars represent 50 or 500 μm. 

 

  



251 
 

 
 

 
 
 
Figure 5.6.  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.  At 8 months, 

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 5.7.  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 using 

anti-ED1 and GFAP antibodies.  A) At 3 months, 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, 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.  D) Quantification of data in C. 
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Figure 5.8.  Open field behavior in R26CT control mice and R26CT-CRE mice.  A) 

Locomotor activity in 3 month old R26CT (black circles, n=11) and R26CT-CRE (open 

circles, n=12) mice measured for 60 min, and summed into 10 minute blocks.  B) Same 

as panel A except at 8 months for R26CT (n=11) and R26CT-CRE (n=12) mice.  C) 

Center zone entries during the 30 minutes of locomotor activity for R26CT and R26CT-

CRE mice.  Values represent the mean ± SEM from n animals.  Significance was 

determined using independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 5.9.  Short-term and working memory in the 8-arm radial maze.  The Schematic 

above each data set illustrates the protocol used for testing.  (•) represents baited arms.  

Blacked out arms represent inaccessible arms.  A & B) 8-arm uninterrupted task for 

R26CT control mice and R26CT-CRE mice at 3 and 8 months.  A) R26CT (black bars, 

n=11) and R26CT-CRE (open bars, n=12) mice at 3 months of age.  B) R26CT (black 

bars, n=11) and R26CT-CRE (open bars, n=11) at 8 months of age.  C & D) Test phase 

of the delayed spatial win-shift assay for R26CT control mice and R26CT-CRE mice at 

3 and 8 months.  C) R26CT (black bars, n=11) and R26CT-CRE (open bars, n=12) mice 

at 3 months of age.  D) R26CT (black bars, n=11) and R26CT-CRE (open bars, n=11) 

mice at 8 months of age.  Values represent the mean + SEM of the first 3 days or the 

last 3 days of testing for each phase from n animals.  Significance was determined 

using mixed ANOVA, 2-way ANOVA, and paired and independent t-tests (* p < 0.05, ** 

p < 0.01). 
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Figure 5.10.  Field Excitatory Post-Synaptic Potentials (fEPSP) recorded from the CA1 

region of ventral hippocampus in R26CT control mice and R26CT-CRE mice.  A) 

Stimulus response curves for R26CT (black circles, n=19(10)) and R26CT-CRE (open 

circles, n=18(12)) mice at 3 months of age.  Input intensities are 30, 40, 50, 60, 75, 90, 

110, 130, 150 and 170 µA.  The averaged fEPSP sweeps are shown above the stimulus 

response curves.  B) Same as panel A except at 8 months of age for R26CT (n=20(10)) 

and R26CT-CRE (n=19(12)) mice.  Values represent the mean ± SEM from n 

slices(animals).  Significance was determined using independent t-tests (* p < 0.05, ** p 

< 0.01). 
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Figure 5.11.  Paired-pulse field Excitatory Post-Synaptic Potentials (fEPSP) recorded 

from the CA1 region of ventral hippocampus in R26CT control mice and R25CT-CRE 

mice.  A) Paired-pulse ratios at 50, 100, 200, and 500 ms intervals in R26CT (black 

bars, n=19(10)) and R26CT-CRE (open bars, n=18(12)) mice at 3 months of age.  The 

averaged fEPSP sweeps are shown above the paired-pulse ratios.  B) Same as panel A 

except at 8 months of age for R26CT (n=20(10)) and R26CT-CRE (n=21(12)) mice.  

Values represent the mean ± SEM from n slices(animals).  Significance was determined 

using independent t-tests (* p < 0.05, ** p < 0.01). 
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Figure 5.12.  Long-Term Potentiation (LTP) of field Excitatory Post-Synaptic Potentials 

(fEPSP) recorded from the CA1 region of ventral hippocampus in R26CT control mice 

and R26CT-CRE mice.  A) Summary plot of normalized fEPSP slope values in 3 month 

old R26CT control mice (black circles, (n=17(11)) and R26CT-CRE mice (open circle, 

n=16(11)) before and after high frequency stimulation (HFS) (3 x 100Hz/1 s at 20 s 

intervals) indicated by the arrow at 30 minutes.  Insets show the averaged fEPSP 

sweeps before and after HFS.  B) Summary quantification of LTP for R26CT and 

R26CT-CRE mice at 1, 2, and 3 hours post-HFS.  C & D) Same as A & B above except 
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at 8 months of age for R26CT (black square, (n=18(9)) and R26CT-CRE (open circle, 

(n=18(11)).  Values represent the mean ± SEM from n slices(animals).  Significance 

was determined using independent t-tests (* p < 0.05, ** p < 0.01). 
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CHAPTER 6 

CONCLUSIONS AND FINAL THOUGHTS 

 

6.1  Summary of Experimental Findings 

Alzheimer’s disease is a neurodegenerative condition of aging believed to be 

initiated by the production of Amyloid-β peptide, which leads to synaptic dysfunction and 

progressive memory loss, and the eventual formation of β-Amyloid plaques and 

neurofibrillary Tau tangles.  Using a triple transgenic mouse model of Alzheimer’s 

disease (3xTg-AD) carrying mutations for APP, PS1, and Tau, an 8-arm radial maze 

was employed to assess spatial working memory.  Unexpectedly, the younger (3 month 

old) 3xTg-AD mice were just as impaired in the spatial working memory task as were 

the older (8 month old) 3xTg-AD mice when compared with age-matched NonTg control 

mice.  Field potential recordings from the CA1 region of ventral hippocampal slices were 

obtained to assess synaptic transmission and capability for synaptic plasticity.  At 3 

months, basal synaptic transmission was largely similar between 3xTg-AD and NonTg 

mice except at high stimulus inputs (≥ 130 µA).  An evaluation of short-term synaptic 

plasticity showed 3xTg-AD mice have significantly reduced paired-pulse facilitation 

compared to NonTg mice, indicating an impairment in short-term synaptic plasticity.  

Evaluation of long-term synaptic plasticity showed 3xTg-AD mice have a significant 

reduction in the NMDAR-dependent component of LTP, despite having a total LTP that 

is not different from NonTg mice.  This was a result of the non-NMDAR-dependent 



261 
 

component of LTP being concomitantly increased.  The reduction in paired-pulse 

facilitation and NMDAR LTP coincided with impairments in spatial working memory, 

which also coincided with the presence of intracellular Aβ42 in hippocampal CA1 

pyramidal neurons, and an increase in hippocampal Aβ42 levels that significantly 

correlated with spatial working memory impairments.  Results at 8 months were similar 

to those at 3 months, with the exception that total LTP in 3xTg-AD mice was now also 

significantly reduced compared to NonTg mice, and histological preparations showed 

the presence of β-Amyloid plaques and neurofibrillary Tau tangles.  The early presence 

of this cognitive impairment, and the associated alterations in synaptic plasticity, 

demonstrate that the onset of some behavioral and neurophysiological consequences 

can occur before the detectable presence of plaques and tangles in the 3xTg-AD mice, 

lending further support to the Amyloid hypothesis, and that the emergence of 

extracellular β-Amyloid plaques are secondary to soluble or intraneuronal Aβ42 in 

regards to disease pathogenesis. 

These findings prompted us to explore the progression of synaptic changes in 

young presynaptic 3xTg-AD mice, and determine the nature of the non-NMDAR 

component of LTP.  The 21 day old animals showed no difference between genotypes 

in any electrophysiological measurements or response to antagonism of NMDARs or 

VDCCs.  At 2 months however, 3xTg-AD mice had reduced paired-pulse facilitation and 

were resistant to NMDAR antagonism with AP5.  By 3 months, 3xtg-AD mice showed a 

reduction in synaptic response at higher stimulus inputs, reduced paired-pulse 

facilitation, and LTP that was independent of NMDAR or VDCC activation.  Antagonism 

of NMDARs and VDCCs failed to prevent LTP expression, producing LTP that was not 
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different from total LTP.  A weaker HFS induction protocol revealed a substantial 

difference between 3xTg-AD and NonTg mice for post-tetanic potentiation (PTP) and 

short-term potentiation (STP) expression, indicating differences in neurotransmitter 

facilitation similar to our paired-pulse results, and differences in the decay of STP.  

These leveled out to similar LTP levels that were not different between genotypes after 

1 hour.  Measurements of NMDAR-mediated fEPSPs indicate there is no difference 

between genotypes in NMDAR-mediated neurotransmission, and the differences in the 

induction of LTP between 3xTg-AD and NonTg mice originate from mechanisms other 

than the normal mechanisms of extracellular Ca2+ entry. 

 

6.2  The Big Picture 

Alzheimer’s disease is a complex and formidable disease.  There are many 

groups around the world working on many aspects of AD in an effort to understand 

exactly how this particular disease inflicts so much damage, and better yet, how to treat 

it.  But the more questions that are answered, the more questions that are generated.  

Conquering AD begins with understanding AD, which begins with useful model systems 

that accurately recapitulate specific aspects of the disease process.  There are many 

AD model mice available, but the 3xTg-AD model is one of the only, if not the only, 

models that produces both plaques and tangles.  These mice are an ideal choice for 

study due to their natural progression of AD pathology that mimics the human condition.  

Since there is no such thing as an ideal model however, there are some points of 

interest that we have observed in our own studies that may be of importance to AD field 

in moving forward with studies involving this model.  The first is that these mice may not 
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be truly presymptomatic, maybe not at any age.  While we did not find any 

neurophysiological deficits at 21 days, we did observe a reduction in locomotor activity 

at 21 days.  It is unclear if this behavioral phenotype constitutes a functional impairment 

or not, but behavioral testing of cognition at this age, or sooner, is likely to be unreliable.  

Our radial arm maze results for assessment of spatial working memory at 3 months 

represent the earliest reported cognitive impairment to date in 3xTg-AD mice, at least 1 

month before subtle impairments in reference memory, and 3 months before full long-

term reference memory impairments.  This observation is the second point of interest.  

In human AD patients, impairments in working memory of this type are generally the 

first observed, and these findings confirm that working memory is affected before 

reference memory in the 3xTg-AD model, adding another criterion by which 3xTg-AD 

mice mimic the human AD condition. 

We have also learned something new about learning and memory in general, 

and its relation to cellular models of information storage such as LTP.  Measurements 

such as paired-pulse facilitation, PTP, or STP may be more predictive of working 

memory performance rather than LTP, which is traditionally associated with long-term 

reference memory.  A reevaluation of data from chapter 2 that compares working 

memory errors from the test phase of the radial arm maze with paired-pulse facilitation 

or total LTP across both age groups (3 and 8 months) supports this hypothesis (Figure 

6.1).  A comparison of working memory errors with total LTP does not show a functional 

correlation between these two factors (Figure 6.1B).  However, when working memory 

errors are compared against paired-pulse facilitation ratios, a significant correlation 

exists for NonTg animals (Figure 6.1A).  This correlation does not hold up in 3xTg-AD 
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mice.  The important observation is that NonTg mice show a strong relationship 

between short-term synaptic plasticity and working memory performance, but 3xTg-AD 

mice do not, which have both impaired short-term synaptic plasticity and impaired 

working memory.  The ideal scenario would show a relationship in both genotypes, with 

the 3xTg-AD performance data shifted below that of NonTg mice, but since we did not 

observe this however, we would simply argue that a relationship exists under 

nonimpaired conditions, but completely falls apart under the disease state due to the 

breakdown of associated regulatory mechanisms.  Thus, measurements such as 

paired-pulse facilitation may be useful as early indicators of neurophysiological 

impairments associated with AD or other cognitive disorders.  In light of these 

observations, we have potentially uncovered a possible cellular mechanism to explain 

early working memory deficits that are observed in AD patients, although additional 

work is needed to confirm this hypothesis. 

 

6.3  Where do we go from here? 

Studying AD has the potential to not only solve the problems that occur as a 

result of AD, but to also answer important basic science questions about general 

learning and memory processes.  With regards to our own work, we have formulated a 

working model of how we believe synaptic plasticity becomes dysregulated in the early 

AD patient.  This model is based on our own studies, as well as those of others 

exploring related questions, but still requires further investigation for conformation. 

We show 3xTg-AD mice are resistant to NMDAR and VDCC antagonists during 

the induction of LTP, but it is still unclear if there is a change in NMDAR or VDCC 
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density, current, or activation kinetics in animals in our 3 month age range, the first 

indication when the changes to LTP induction and expression seem to be fully 

developed.  Our studies only looked at NMDAR-mediated synaptic response, which is 

informative, but not a complete picture.  Studies suggest there is no change in NMDAR 

or VDCC current until at least 12 months of age in 3xTg-AD mice [1], indicating there 

should not be a change at 3 months either, but this has not been confirmed.  It is also 

unclear at 12 months if these changes occur as a result of increased NMDAR or VDCC 

expression, or a change in activation kinetics, although whole cell current data indicate 

there may be an increase in VDCC density, but channel kinetics were not evaluated.  

Interestingly, the current is shown to increase, not decrease.  This increase occurs at a 

time when there should be decreased synaptic response and impairments in LTP, 

potentially as a compensatory effort to boost synaptic efficacy just before complete 

synaptic collapse, but none of the studies that compared NMDAR and VDCC current 

examined any form of synaptic response or synaptic plasticity.  Thus, the first goal is to 

determine if NMDARs and VDCCs are expressed at control levels, produce control level 

currents, and follow control activation kinetics.  If and when these factors change (and 

studies show they will), when and why?  Our current model does not explain differences 

in LTP in the early AD patient by changes in NMDAR or VDCC expression or activity. 

The induction of LTP requires a transient rise in intracellular Ca2+ concentration.  

Our current model suggests there is a transient rise in intracellular Ca2+ despite blocking 

the normal routs for external Ca2+ entry into neurons.  The second goal is to determine if 

3xTg-AD mice do in fact show an increase in intracellular Ca2+ concentration in the 

presence of NMDAR and VDCC antagonists.  Studies indicate 3xTg-AD mice have 
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enhanced Ca2+ release from the ER via increases in Ryanodine receptor (RyR) 

expression, although these studies are in mice 6-8 weeks of age [2].  If mice in our age 

range do show a transient increase in intracellular Ca2+ concentration, we should 

confirm (or refute), the source is in fact, ER Ca2+ released via RyRs.  A combination of 

fluorescent Ca2+ imaging and a variety of high frequency stimulation induction protocols 

sufficient to elicit LTP can be performed in the presence of NMDAR, VDCC, and RyR 

antagonists to sufficiently answer this question. 

Since RyRs are Ca2+ activated channels, there would still need to be an initial 

Ca2+ trigger.  The most likely candidate is the ER-associated IP3R.  Activation of the 

IP3R by IP3 may occur after activation of PLC, which metabolizes PIP2 to form DAG and 

IP3.  PLC is a target of G-protein activation coupled to Group I mGluRs located on 

postsynaptic neurons.  Exogenous application of Aβ to hippocampal slices indicates Aβ 

interferes with glutamate reuptake, prolonging glutamate clearance and excessively 

activating mGluRs [3].  Performing LTP experiments as before (blocking activation of 

NMDARs and VDCCs) but with an antagonist for IP3Rs instead of RyRs would be a 

logical next step, followed by antagonism of Group I mGluRs instead of ER-associated 

Ca2+ channels.  If these experiments produce positive results, determining the nature of 

mGluR activation would follow by determining if glutamate uptake was in fact delayed 

by impaired glutamate transporter function by performing glutamate reuptake assays for 

comparison between genotypes.  Attempts to normalize this process with the use of 

glutamate scavenger systems would confirm this mechanism.  While this represents an 

ideal scenario, there are some potential pitfalls to consider.  If blocking IP3Rs still yields 

a Ca2+ response from RyRs, there is the small possibility that T-type Ca2+ channels may 
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be in play.  T-type Ca2+ channels are low voltage activated regulatory channels that 

modulate membrane potential, and could potentially be a source of external Ca2+ if 

activation properties are altered in AD.  T-type channels are beginning to be looked at in 

both aging and AD as a potential source of Ca2+ dysregulation [4, 5].  If blocking 

mGluRs still produces a response, the next likely candidate would be extrasynaptic 

NR2B containing NMDARs.  Studies have suggested that extrasynaptic NR2B 

containing receptors can be activated by glutamate spill over [6].  In addition, Aβ has 

also been shown to stimulate glutamate release from astrocytes via α7 nicotinic 

receptors to activate extrasynaptic NMDARs [7].  NMDARs are unique in that they have 

recently become the only described receptor to show both ionotropic and metabotropic 

capabilities [8-10].  In other words, it may function as both an ion channel, and a G-

protein coupled receptor.   

Aβ has been shown to elicit synaptic depression through activation of the metabotropic 

function of extrasynaptic NR2B containing receptors [9], and metabotropic NMDAR 

activity is required for LTD [8].  On a related note, this finding may also explain decades 

of subtle, inconsistent results between different NMDAR antagonists such as AP5 (a 

competitive antagonist) and MK-801 (a noncompetitive channel blocker). 

In summary, others have demonstrated a dysregulation in intracellular Ca2+ 

homeostasis in very young animals, but not in adult or older animals.  Others have 

shown there are no changes in NMDA or VDCC current or density, or changes in 

synaptic density, but none have demonstrated functional consequences of these 

findings.  We have shown there are changes in paired-pulse facilitation and LTP 

induction that lead to altered expression of LTP, but we have not demonstrated this 



268 
 

results as a dysregulation of intracellular Ca2+ homeostasis.  Our data, as well as 

others, have also characterized the onset of different types of learning and memory 

impairments in 3xTg-AD mice.  Together, these data allow for the construction of our 

current model of synaptic plasticity impairments in the early AD state.  Moving forward, 

the mechanisms driving dysregulation of intracellular Ca2+ homeostasis need to be 

verified as having a functional effect on synaptic plasticity, which leads to behavioral 

impairments. 

Taken together, we have summarized the following model for synaptic 

impairment in the early-stage AD patient: Mutated APP and PS1/2 result in a shift in 

amyloidogenic processing that leads to an increase in Aβ production, predominately 

Aβ42 for most mutations.  Release of glutamate as a result of synaptic activity results in 

prolonged glutamate clearance due to Aβ interaction with glutamate transporters.  This 

results in excessive activation of AMPARs, NMDARs, and mGluRs.  This may also 

result in glutamate spillover which could potentially activate extrasynaptic NR2B 

containing NMDARs.  In addition, Aβ induces glutamate release from astrocytes, which 

augments activation of extrasynaptic NR2B containing receptors.  These events result 

in an enhanced rise in intracellular Ca2+ concentration, that is further enhanced by Ca2+ 

activated Ca2+ release from increased expression of RyRs, and a potentiated Ca2+ 

current from RyRs mediated by mutated PS1 that functions independently from 

Presenilins involved in Aβ production.  There is also Ca2+ release from IP3Rs activated 

by mGluR signaling.  This results in a dysregulation of Ca2+ homeostasis that allows for 

excitotoxic mechanisms, and altered regulation of synaptic plasticity processes.  

Eventually, excessive activation over time of mGluRs and extrasynaptic NR2B NMDARs 
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results in LTD mechanisms that remove AMPARs from the synaptic membrane and 

impair AMPAR trafficking.  Excessive Ca2+ dysregulation eventually results in excitotoxic 

mechanisms that cause oxidative stress and mitochondrial collapse, eventually ending 

in apoptosis and wide spread neurodegeneration in the late-stage AD patient. 

 

6.4  A Final Thought on the Future of Alzheimer’s Disease Research 

The ultimate success of AD research is to learn enough to prevent it from ever 

occurring in the first place.  Until that happens however, we are faced with the daunting 

task of characterizing what seems to be an overwhelming number of divergent effects 

all stemming from the overproduction of a single peptide.  The scientific literature is 

filled with novel approaches that claim to offer some improvement for cognitive abilities, 

but these findings rarely progress on to human studies.  Current FDA approved 

therapeutics fall into two classes: Cholinergic esterase inhibitors, and the NMDAR low-

affinity channel blocker Memantine [11].  The RyR antagonist Dantrolene has gained in 

popularity, producing positive results in animal models of AD, restoring cognition [12, 

13]  and neurophysiology [14].  Dantrolene and other RyR antagonists have been 

involved in clinical trials, but for cardiovascular and musculoskeletal related diseases, 

not for AD.  In addition, antibody therapies against Aβ have also shown great promise in 

AD models [15-20], but have ultimately failed in clinical trials [21, 22].  Despite setbacks, 

Amyloid immunotherapy remains one of the most optimistic approaches by the research 

community.  Current therapies directed at regulating cellular processes down stream of 

Aβ production are likely to be unsuccessful.  Once Aβ is produced, there is simply too 

many avenues for destruction of cellular processes.  It seems the most beneficial 
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strategy at this point would be to focus efforts on limiting the production of Aβ at the 

source.  With this in mind, BACE-1 (β-secretase) inhibition is an attractive therapeutic 

strategy, however many BACE-1 inhibitors show undesirable side effects due to the role 

of BACE-1 in other systems, particularly muscle physiology [23].  Despite this, Merck 

and AstraZeneca currently have BACE-1 inhibitors in Phase III clinical trials.  Thus, in all 

likely hood, the successful treatment of AD will ultimately be a multifaceted approach 

through enzymatic inhibition, antibody targeting, and nutritional, physical, and lifestyle 

modification.  Until then, understanding the intricate details of cellular and synaptic 

impairment as a result of AD pathology is both a necessary and valuable endeavor for 

both the future of AD research, and the field of learning and memory as a whole.  
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Figures 
 

 
 
 
Figure 6.1.  Neurophysiology relation to maze performance in 3xTg-AD and NonTg 

control mice.  A) Scatter plot showing the relationship between paired-pulse facilitation 

ratio (100 ms interval) and total working memory errors in the test phase of our working 

memory task in 3xTg-AD (open circles, n=23) and NonTg (black circles, n=22) mice.  B) 

Scatter plot showing the relationship between total LTP and total working memory 

errors in the test phase of our working memory task in 3xTg-AD (open circles, n=23) 

and NonTg (black circles, n=19) mice.  Values represent individual subject 

electrophysiological measurements and individual subject maze performance.  

Significance was determined using Pearson correlation with Bonferroni probability 

statistic (* p < 0.05, ** p < 0.01). 
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