
 

 

 
 

ACTIVITY-DEPENDENT REGULATION OF AMYLOID PRECURSOR PROTEIN (APP) 
BY POLO-LIKE KINASE 2 (PLK2): NOVEL ROLES IN SYNAPTIC PLASTICITY 

 
 
 
 

A Dissertation 
 submitted to the Faculty of the 

Graduate School of Arts and Sciences 
of Georgetown University 

in partial fulfillment of the requirements for the 
degree of 

Doctor of Philosophy 
 In Pharmacology 

 
 
 

By 
 
 
 
 

Ji Soo Lee, M.S. 
 
 
 
 
 

Washington, DC 
June 28, 2016



 

ii 
 

 
 
 
 
 
 
 
 
 
 
 

Copyright 2016 by Ji Soo Lee 
All Rights Reserved 

  



 

iii 
 

ACTIVITY-DEPENDENT REGULATION OF AMYLOID PRECURSOR PROTEIN (APP) 
BY POLO-LIKE KINASE 2 (PLK2): NOVEL ROLES IN SYNAPTIC PLASTICITY 

 
Ji Soo Lee, M.S. 

 
Thesis Advisor:  Daniel T.S. Pak, Ph.D.  

 
ABSTRACT

 
The brain uses a special feature, synaptic plasticity, for learning and memory. As forms 

of synaptic plasticity, associative plasticity, long-term potentiation (LTP) and long-term 

depression (LTD), is a positive feedback mechanism for memory encoding, whereas homeostatic 

plasticity (HSP) is a tuning process to stabilize neural networks. The synaptic plasticity is 

impaired in neurodegenerative disorders, including Alzheimer disease (AD). AD demonstrates 

pathological hallmarks, neurofibrillary tangles and amyloid plaques. The plaques are formed by 

aggregation and accumulation of amyloid β (Aβ) which is a proteolytic fragment of the amyloid 

precursor protein (APP). While APP expression facilitates synaptic formation and transmission, 

APP processing by synaptic activity and APP knock-out contribute to synaptic depression, 

suggesting APP involvement in synaptic plasticity. However, the physiological roles of APP and 

APP processing are not well understood.  

Herein, we identify novel functions of APP and APP processing in synaptic plasticity and 

suggest their contribution to memory and AD pathogenesis. In heightened synaptic activity, 

Polo-like kinase 2 (Plk2), a homeostatic repressor of overexcitation, phosphorylates T668 and 

S675 of APP and promotes APP β-processing. Plk2 levels in brains of AD mouse models and 

patients are elevated in both a spatial and temporal manner. Genetic blockade of Plk2 kinase 

function prevents plaque deposits and activity-dependent Aβ production, and pharmacological 
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inhibition hinders Aβ formation, synapse loss, and memory decline in AD mouse models. 

Furthermore, APP phosphorylation at T668 and S675 by Plk2 promotes GluA2 endocytosis in 

HSP. On the other hand, blocking phosphorylation of S655 and T686 inhibits GluA2 

internalization in NMDAR-LTD. The synaptic connection between APP and GluA2 appears to 

occur via N-ethylmaleimide-sensitive factor (NSF).  

Overall, Plk2-mediated Aβ production links synaptic overactivity to APP β-processing 

and synaptic depression; this process supports a physiological role for Plk2 as a homeostatic 

modulator. Pathological conditions in AD, however, disturb this homeostatic balance and 

increase Aβ production by Plk2. Moreover, regulation of GluA2-containing AMPAR trafficking 

by exclusive dual phosphosites of APP in HSP and LTD implicates a role for APP in the cellular 

mechanisms underlying learning and memory. Thus, alterations in APP phosphorylation or 

related kinases may have effects on cognitive processes in the brains.    
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INTRODUCTION 
 
Associative synaptic plasticity and homeostatic synaptic plasticity in the brain 

The central nervous system (CNS) uses sensory experience through interaction with the 

environment to acquire knowledge. We are trying to understand how the CNS remembers the 

experience and learns from it during knowledge acquisition. The CNS is made up of neurons, 

which communicate via electrical and chemical signals. Neurons are attached to each other at 

specialized junctions, called synapses. A fascinating feature of synapses is their ability to change 

size and shape, which is known as synaptic plasticity. This change occurs on both short and long 

timescales. Synapses can be transiently strengthened or weakened in short-term plasticity, 

whereas, in long-term plasticity, the facilitated or depressed synaptic transmission can last for 

several days or even longer 1.  

Long-term synaptic plasticity is considered to be the cellular mechanism that underlies 

learning and memory in the CNS 2. In 1949, Donald Hebb introduced a theory called Hebb's rule 

“fire together, wire together” 3, suggesting alteration in the efficacy of synaptic transmission 

during the learning process as associative synaptic plasticity. Neuronal connections can be 

reinforced through repeated and concurrent activity, while irrelevant synapses are weakened 4. In 

this manner, synapses are modified in response to two opposite events, long-term potentiation 

(LTP) and long-term depression (LTD). These long-lasting forms of synaptic potentiation and 

depression constitute the cellular processes involved in encoding information 1.  

At excitatory synapses, where glutamate is the general neurotransmitter, the postsynaptic 

response is mediated by two major types of ionotropic glutamate receptors, a-amino-3-hydroxy-

5-methyl-4- isoxazole propionic acid receptors (AMPARs) and N-methyl-D-aspartate receptors 
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(NMDARs). In response to strong synaptic stimulation with massive surges of glutamate release 

to the synapses, monovalent cations (sodium and potassium) pass across the cell membrane via 

AMPARs, and the cells are depolarized. The depolarization removes magnesium block of the 

NMDARs and permits calcium to enter the cells through the NMDARs to trigger LTP 5. Upon 

calcium influx, various kinases, including calcium/calmodulin-dependent protein kinase II 

(CaMKII), protein kinase A (PKA), and protein kinase C (PKC), are activated and phosphorylate 

a subunit of AMPARs, GluA1, at serines 845 and 831 6–8. This leads to AMPAR insertion at the 

postsynaptic membrane and an increase in synaptic currents 9–11. Signaling cascades triggered by 

the activation of NMDARs promote gene transcription and protein production to maintain LTP 

12,13. In contrast, in LTD, weak activation of NMDARs causes a sustained increase in low levels 

of intracellular calcium and stimulates different signaling pathways, including dephosphorylation 

of synaptic proteins by the serine/threonine phosphatase, calcineurin. This condition gives rise to 

removal of GluA2-containing AMPARs from the cell membrane 1. In addition to calcineurin, 

NMDAR-dependent LTD involves several serine/threonine kinases such as glycogen synthase 

kinase-3 (GSK-3) in the internalization of AMPARs 14–16. Metabotropic glutamate receptors 

(mGluRs) also contribute to LTD induction. PKC that is activated through the mGluR pathway 

phosphorylates GluA2 at serine 880, which then leads to GluA2 endocytosis 17–19.  

This positive feedback mechanism for long-term plasticity may drive neurons and their 

networks towards an epileptogenic or quiescent state. To counteract this maladjusted 

consequence, a concept called homeostatic plasticity (HSP) has been proposed and investigated 

20,21.  HSP is a tuning process, which allows neurons to be in the optimal range of synaptic 

activity for stabilization of the neuronal circuit. One of the proteins involved in homeostatic 
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plasticity is Polo-like kinase (Plk) 2, also called serum-inducible kinase or SNK 22. Roles for 

Plks have been investigated mainly in cell division processes, including regulation of mitotic 

entry and cell cycle progression 23. They bind to and phosphorylate target proteins through the C-

terminal polo box domain and N-terminal kinase domain, respectively. They comprise a family 

member of four kinase proteins (Plk1-4), and only Plk2 and Plk3 expressions have been found in 

adult brain 24. Under basal conditions, low levels of Plk2 and Plk3 are detected, but strong 

synaptic activity induces upregulation of them 24. Hyperactivity-induced Plk2 has been reported 

to depress synapses by dismantling postsynaptic scaffold proteins and removing AMPARs from 

the cell membrane through various mechanisms, leading to a decrease in spine number and size 

25–28. 

 

Alzheimer’s disease and beta-amyloid as pathogenesis of AD 

Impaired synaptic plasticity is observed in many neurodegenerative diseases 29–31. One of 

these is Alzheimer’s disease (AD) 29. AD was named after Dr. Alois Alzheimer who, in 1907, 

first documented altered brain tissues and cognitive functions in a patient with mental problems 

including memory and language deficits 32,33. He also reported a relationship between memory 

loss and two pathological hallmarks, neurofibrillary tangles (NFT) and amyloid plaques. The 

amyloid plaques are composed of aggregates of a small protein called beta-amyloid (Aβ) 34 and 

have gained attention with regard to pathogenesis of AD, based on amyloid hypothesis. 

The amyloid hypothesis postulates that Aβ aggregates and plaque depositions induced by 

abnormal Aβ metabolism instigate pathological cascades, including NFT formation and synaptic 

loss, eventually leading to dementia 35,36. In support of this hypothesis, it has been shown that 
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patients with familial AD (FAD) have genes that promote Aβ production and cause early-onset 

disease 37–41. AD mouse models with FAD-associated mutant genes also exhibit remarkably 

increased levels of Aβ and the similar pathological progression as shown in AD patients 42. 

Although most of the AD cases are late-onset or sporadic and obvious risk factors, other than 

aging, are unknown, modification of Aβ metabolism remains the primary therapeutic target 43,44.  

Aβ is derived from the amyloid precursor protein (APP). Proteolytic cleavage of APP is 

regulated by two competing pathways, the non-amyloidogenic and amyloidogenic pathways 

(Introduction Fig. 1) 45,46. In the non-amyloidogenic pathway, APP is processed by α-secretase, 

which liberates an extracellular domain (sAPPα) and a membrane tethered-C-terminal fragment 

(α-CTF). The α-CTF is cleaved by γ-secretase into an APP intracellular domain (AICD) and a p3 

peptide. Conversely, in the amyloidogenic pathway, β-secretase (BACE-1) cleaves APP to 

generate sAPPβ and β-CTF. The β-CTF is further cleaved by γ-secretase, which releases AICD 

and Aβ.  

The γ-secretase generates several Aβ variants ranging from 37 to 43 amino acids. Aβ40 is 

composed of 40 amino acids and is the predominant species generated in the amyloidogenic 

pathway 47. However, Aβ with 42 amino acids (Aβ42) is the hydrophobic and highly 

fibrillogenic major isoform found in beta-amyloid plaques 48,49,50. The Aβ peptides have a 

propensity for self-association into different aggregation states, ranging from dimers and 

oligomers to fibrils. Aβ42 appears to be critical for the seeding of amyloid fibril formation 48, 

and soluble Aβ oligomers impair synaptic plasticity and induce synaptotoxicity 51,52. 
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Genetics of Familial Alzheimer’s disease and mouse models of Alzheimer’s disease  

 Changes in Aβ metabolism toward the amyloidogenic pathway have been found in 

genetic studies of FAD.  FAD involves mutations in APP and presenilin (PS1 and PS2 are the 

main proteins constituting the catalytic subunits of γ-secretase complex) genes 53. APP mutation 

sites (APP amino acid numbering based on the isoform 770) lie in or near the Aβ sequence and 

secretase cleavage regions (Introduction Fig. 2) 54. For example, the Swedish mutation has a 

double mutation (K670N and M671L) at the β-secretase cleavage site and promotes overall Aβ 

production 55. Mutations near the α-secretase cleavage site, such as the Dutch (E693Q) and Iowa 

(D694N) mutations, promote fibrillogenic formation due to the altered biochemical features of 

Aβ 56–59. Furthermore, in the vicinity of the γ-secretase cleavage site, the Florida (I716V) and 

London (V717I) mutations give rise to enhanced ratios of Aβ42 over Aβ40 without alterations in 

overall Aβ levels 60–62. The increased Aβ42/Aβ40 ratio has also been reported in PS mutations 

63,64.     

 The discovery of mutations in FAD has enabled researchers to develop transgenic AD 

mouse models. This allows us to appreciate the pathophysiology of the disease and test potential 

therapeutics.  A mouse has certain benefits such as short life span and low cost, but rodent Aβ is 

not able to aggregate and form plaques, leading to the absence of histological hallmarks seen in 

human AD patients 65. However, insertion of human APP and/or the PS genes with FAD 

mutations induces Aβ-associated pathological progression including Aβ deposits and cognitive 

dysfunctions, similar to those found in human AD 42,66,67.  

 Examples of such models include APP-SwDI and 5XFAD mice. APP-SwDI mice express 

FAD-related gene mutations (Swedish, Dutch, and Iowa) under the brain-specific Thy-l promoter 
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in a C57BL/6 background. Heterozygous mice show Aβ accumulation in the subiculum, 

hippocampus, and cortex starting at 3 months, and by 6 months, the areas of plaque distribution 

are extended into the olfactory bulb, thalamus, and cerebrovascular regions. In 1 year-old mice, 

Aβ deposits spread throughout the forebrain 68. Spatial memory impairment also begins as early 

as 3 months old and continues until 12 months 69.  5XFAD mice are a double transgenic line of 

APP and PS1. Mutated APP (Swedish, Florida, and London) and PS1 (M146L and L286V) 

genes are expressed in neurons under the control of the Thy-1 promoter. The mice were 

originally maintained as hemizygotes on a C57/BL6-SJL background. Mice with the C57BL/6 

background are also available and do not carry a retinal degeneration gene. Because of mutations 

in APP near the γ-secretase cleavage site and in PS1, the 5XFAD mice exhibit a considerable 

amount of Aβ42 over Aβ40 production, causing more aggressive Aβ aggregation and deposits. 

Intraneuronal Aβ production starts at 1.5 months, and amyloid deposits occur in the subiculum 

and cortical layer 5 as early as 2 months old in parallel with gliosis. By 6 months, the plaque 

accumulation is dispersed throughout the cortex and hippocampus 70. Synapse loss can also be 

observed around 4 months old 70, and subsequently LTP is impaired around 6 months 71. 

Accordingly, cognitive dysfunctions such as spatial and recognition memory start to appear in 4-

5-month-old mice 70,72,73.  

   

Amyloid precursor protein 

The APP gene is located on chromosome 21, which also contains the genes that cause 

Down syndrome (DS). This similar chromosomal location may explain the development of AD-

associated neuropathology in DS 74. The APP gene is translated into different isoforms by 
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alternative splicing; these isoforms include APP695, 751, and 770 75,76. APP751 and APP770 are 

widely expressed throughout the body, but APP695 is the most abundant form in the brain and is 

mainly expressed in neurons 77–79. All of the spice variants contain a long extracellular N-

terminal domain and a short intracellular C-terminal domain with a single membrane-spanning 

domain 80. A Kunitz-type protease inhibitor (KPI) domain is located in the middle of N-terminal 

domain of APP751 and 770, but not in APP695 81. APP isoforms containing the KPI domain 

(APP 751/770) affect wound healing by inhibiting coagulation factor XIa in platelets 82. The 

transmembrane domain partially contains an Aβ region that begins in the juxtamembrane 

ectodomain.  

The intracellular domain (AICD) has 47 amino acids and eight phosphorylation sites, 

seven of which have been detected in AD brains (Y653, S655, T668, S675, Y682, T686, and 

Y687; numbering for APP695) 83. Multiple kinases are involved in APP phosphorylation. 

CaMKII phosphorylates T654 and S655, and PKC and APP kinase I phosphorylate S655 84–87. 

The APP kinase I purified from rat brains is a novel kinase with a molecular weight of 43 or 53 

kDa and has lower maximum rate of reaction and affinity for APP than PKC and CaMKII 87.  

T668 is also phosphorylated by several kinases, including cyclin-dependent kinase 5 (cdk5) and 

GSK-3 88,89. This site has been regarded as a critical site in AD pathogenesis because 

pharmacological inhibition of cdk5 or GSK-3 attenuates Aβ generation 90,91. Moreover, the 

AICD interacts with several binding partners via a conserved YENPTY motif. The sequence of 

this motif is located from 682 to 687 and recognized by proteins interacting with 

phosphotyrosine domains. Numerous binding proteins are associated with this site and regulate 

cellular functions and gene transcription. For example, ShcA and Grb2 interact with the C-
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terminal domain of APP via the phosphorylated tyrosine (Y) 682 92,93 and activate Ras-ERK 

signaling cascades involved in cell differentiation and proliferation 94.  Fe65 also binds to AICD 

through this functional motif and recruits transcription factors such as histone acetyltransferase 

TIP60, resulting in enhanced expression of target proteins that include APP, BACE, and GSK-3β 

95. In addition to the YENPTY motif, a YTSI region positioned between 653 and 656 in the 

AICD interacts with Pat 1, a microtubule-binding protein, indicating control in APP trafficking 96. 

 

Amyloid precursor protein and synaptic plasticity 

 Although significant emphasis has been on the pathological features of APP, several 

physiological characteristics of APP have also been reported. APP is necessary for neuronal 

migration. When APP is knocked down using in utero electroporation, the location of APP-

deleted neurons is restricted to the intermediate zone.  Conversely, neurons overexpressing APP 

are highly positioned in the cortical plate. This suggests APP is important for proper positioning 

of neurons during development 97.  APP is also involved in cell proliferation and differentiation. 

Secreted APP (sAPP) is purified from conditioned media of heterologous cells stably 

overexpressing APP and promotes the growth of neural stem cell lines 98. Furthermore, the sAPP 

triggers differentiation of human embryonic stem cells 99. Interestingly, APP phosphorylated at 

T688 increases during neuronal differentiation in PC12 cells and is observed in growth cones. 

Mutation of T688 to glutamate causes a reduction in neurite extension, but the alanine mutant 

has no effect when compared to wild-type 100. Phosphorylation of T668, a site related to AD 

pathogenesis, appears to play a role in cell differentiation during brain development.   
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 In addition, APP affects spine formation. Spines are small protrusions on the neuronal 

dendrites where excitatory synaptic transmission occurs and vary in their shapes and sizes based 

on the strength of synapses. Overexpression and knock-down of APP in cultured hippocampal 

neurons increases and decreases the number of spines, respectively. Supporting this, enhanced 

spine density is observed in 1-month-old transgenic mice overexpressing APP, whereas the 

density of spines in 12-month-old APP null mice is reduced in the hippocampal CA1 area and 

cortical layer II/III 101. Another independent group has also reported reduction in the length of 

dendrites in aging APP knock-out mice between 8 and 12 months old in the hippocampal CA1 

region 102. In parallel with spines formation, both synapse formation and synaptic plasticity are 

altered by APP. Knocked down APP diminishes PSD-95, Basson, and GluA2 (but not GluA1), 

but overexpression of APP increases these proteins in cultured neurons 101. CA1 regions of the 

hippocampus from 8-12-month-old APP-null mice also exhibit diminution in synaptophysin 

levels and impairment in LTP 102,103. Conversely, mice with moderate levels of APP expression 

have greater synaptophysin than those with low APP expression levels in the frontal cortex 104.   

 However, contradictory findings have been reported in the relationship between APP and 

spine/synapse formation. In 4-6-month-old mice, mature and long-lasting spines with stubby and 

mushroom shapes are more prevalent in the apical dendrites of somatosensory cortical layer I/II 

in mice without APP genes than in ones with APP genes, although no differences were observed 

in 16-day-old mice 105,106. In mature cultured hippocampal neurons obtained from APP knock-

out mice, excitatory postsynaptic current (EPSC) and miniature EPSC (mEPSC) are elevated. 

Concurrently, levels of synaptophysin and dendritic length are increased 107. One possible 

explanation for this conflicting information is that the data was collected from mice of different 
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ages and brain regions, using diverse experimental methods. Therefore, further studies are 

required to reconcile these findings.  

  APP processing is also involved in synaptic plasticity. Aβ generation is modulated by 

chronic synaptic activity 108–110. For example, a reduction in synaptic activity by tetrodotoxin 

(TTX), a sodium channel blocker, attenuates Aβ production while an increase in activity by 

picrotoxin (PTX), a GABAa receptor inhibitor, promotes Aβ formation 110. This activity-induced 

Aβ production drives a reduction in NMDAR- and AMPAR-mediated synaptic transmission and 

mEPSC frequency in excitatory synapses 111. Aβ oligomers promotes AMPAR internalization, 

which leads to synaptic depression and dendritic spine loss 112,113. Therefore, Aβ generated by 

heightened synaptic activity causes synaptic depression, implying its functional role as a 

homeostatic regulator.  

 APP and APP processing appears to be closely related to synaptic plasticity. Thus, we 

have been interested in how they are connected to synaptic plasticity, the mechanism of 

connection, and the contribution of this system to pathogenesis in AD.     
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Introduction Figure 1 Amyloidogenic and nonamyloidogenic pathway of APP (Taken from 
Zhang et al., 2009) 
 

 

Introduction Figure 2 APP mutations based on FAD  (Taken from Kumar-Singh, 2009) 
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METHODS 
 

Cell cultures  

Hippocampal neurons were prepared from E18 rat embryos and early postnatal (P0-P1) mice 114. 

Coverslips were submerged in nitric acid for 2 days and then in water overnight, followed by 

overnight baking at 200°C. The coverslips were coated with poly-D-lysine overnight and then 

laminin over 5 hours in 12-well plates. Neurobasal media (Invitrogen) supplemented with B27, 

0.5 mM glutamine and 12.5 µM glutamate was added in the plates at least an hour before plating 

neurons. Neurons were plated at ~75,000 cells/well (~150 cells/mm2) and grown at 37°C in a 

humidified chamber with 95% O2/5% CO2. Between DIV 20-24, neurons were transfected with 2 

µg DNA using Lipofectamine 2000 for 3 days. Sindbis viruses were infected to the mature 

neurons for 18 hours at high titer to achieve complete infection of the culture. COS-7 cells were 

grown in DMEM with 10% fetal bovine serum and 0.1% gentamicin and transfected with 1 µg of 

DNA using Lipofectamine 2000 (Invitrogen) for 24 h. 

 

Antibodies  

Rabbit Plk2 antibodies (#7382, ICC (immunocytochemistry) 1:200, IB (immunoblotting) 1:500) 

used for western blotting and immunoprecipitation and guinea pig SPAR (ICC 1:400) antibodies 

have been described27. The following antibodies were purchased from the indicated suppliers and 

used at the indicated dilutions: APP-N (Sigma A8967, ICC 1:400, IB 1:1000); RB9023 (Thermo 

Scientific, ICC 1:5); M3.2 (Biolegend, ICC 1:500); 4G8 (Biolegend, ICC 1:500); APP-C (Sigma 

A8717, ICC 1:1000); Y188 (OriGene, ICC 1:500, IB:1:1000~1:7000); C1/6.1 (Biolegend, ICC 
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1:400); sAPPβ (Immuno-Biological Laboratories, IB 1:500); sAPPα (Immuno-Biological 

Laboratories 2B3, IB 1:100); 6E10 (Covance, ICC 1:500, IB 1:1000); 22C11 (Millipore, 

MAB348, IB:1:1000); Plk2 C-terminal H-90 (Santa Cruz, ICC 1:200, IB 1:400); GFP 

(Invitrogen and NeuroMAb, ICC 1:200, IB 1:1000); GluA2 (BD Pharmingen, ICC 1:50~1:100); 

anti-mouse PSD-95 (NeuroMAb, ICC 1:200); synaptophysin (Sigma, IB 1:500); mouse NSF 

(Oncogene). AlexaFluor-488 and AlexaFluor-555 (Invitrogen, ICC 1:200~400) were secondary 

antibodies used for immunocytochemistry.  

 

Inhibitors 

The following inhibitors were used: β-secretase inhibitor II (BSI, Calbiochem, 1 µM), DAPT 

(Calbiochem, 1 µM), BI2536 (Axon MedChem, 50 nM), or phosphatase inhibitor I and II 

(Sigma). Volasertib (BI6727) was purchased from Selleckchem.  

 

Pharmacological synaptic activity modulation in primary cultured hippocampal neurons 

PTX (ACROS) was freshly prepared as a 10 mM stock in 0.1 M NaOH and treated at 25 µM 

final concentration in the cultured neurons for 18-20 hours. NMDA and AMPA were obtained 

from Sigma and DHPG from Tocris. NMDA and DHPG was dissolved in DMSO and prepared 

in 50mM (NMDA) and 100mM (DHPG) as stock concentrations. 100mM AMPA was used as 

stock concentration. For chemical LTD induction, neurons were treated with 50uM NMDA for 5 

minutes, followed by 25 minutes of recovery time for GluA2 endocytosis before surface live-

labeling staining. For DHPG induced-LTD, 50uM DHPG was applied to neurons for 10 minutes, 

and then recovery time for 25 minutes were given prior to surface live-labeling staining.  For 
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agonist mediated AMPA receptor endocytosis, 100uM AMPA was incubated in cultures for 20 

minutes, followed by surface live-labeling staining.    

 

DNA constructs  

Myc epitope-tagged Plk2, kinase-dead Plk2 (Plk-KD, K108M), NSF, human APP770, and 

phosphorylation site mutants were expressed in pGW1-CMV (British Biotechnology). All 

phosphosite mutants were generated in the hAPP-770 backbone using site-directed mutagenesis. 

Verification of correct mutations were done by checking DNA sequencing (Genewiz).  

 

Immunoprecipitation and immunoblotting  

For immunoprecipitation, cells or tissues were lysed in immunoprecipitation buffer (50 mM Tris 

pH 7.4, 150 mM NaCl, 1% NP40) or RIPA buffer (50 mM Tris pH 7.6, 150 mM NaCl, 1 mM 

EDTA, 0.5% deoxycholate, 1% NP40, 0.1% SDS) with protease and phosphatase inhibitors 

(Sigma). After incubation overnight at 4oC with 1~2 µg of antibody and either protein A- or G-

Sepharose, bound proteins were eluted in Laemmli sample buffer and separated by Tris-glycine 

SDS-PAGE. Proteins were transferred to 0.45 µm pore size nitrocellulose and detected with 

enhanced chemiluminescence (Pierce) following incubation of HRP-linked secondary antibody. 

Forebrain samples of 5xFAD mice were first dissolved in 5M guanidine HCl/50mM Tris HCl for 

ELISAs, and then prepared with SDS-PAGE Sample Prep Kit (Thermo Scientific Pierce) to 

remove guanidine HCl according to the manufacturer’s instructions. To obtain better resolution 

and retention of low molecular weight APP-CTF species, protein samples were separated on a 15% 

Tris-tricine SDS-PAGE gel and transferred to 0.2 µm pore size nitrocellulose.   
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Immunocytochemistry  

For immunolabeling of APP and synaptic markers in primary hippocampal cultured neurons, an 

optimized fixation protocol for synaptic proteins was used (ice-cold methanol for 7 min followed 

by 1% paraformaldehyde for 5 min), and incubated with primary antibody in GDB buffer (0.1% 

gelatin (wt/vol), 0.3% Triton X-100 (vol/vol), and 450 mM NaCl in phosphate buffered saline 

(PBS). Cells were treated with Alexa 488- and Alexa 555-tagged secondary antibody (Invitrogen) 

in GDB buffer. Transfected neurons were immunolabeled with GFP antibodies to visualize 

transfected cells. To detect surface proteins, live labeling was used27. Primary hippocampal 

cultured neurons were incubated with primary antibody in conditioned media at 37oC for 10 min, 

and fixed with 4% paraformaldehyde for 4 minutes. Cells were immunolabeled with the 

fluorescence-tagged secondary antibody in non-permeable condition (ADB buffer, 3% normal 

goat serum, 0.1% bovine serum albumin in PBS). For further detection of transfected GFP signal, 

neurons were permeabilized with cold methanol and immunolabeled with GFP followed by the 

fluorescence-tagged secondary antibody in GDB buffer.  

 

Surface biotinylation  

Hippocampal neurons (DIV 20-24) were infected with Sindbis-APP-WT or -2A, and treated with 

PTX for 18 hours. Neurons were washed twice with PBS supplemented with 0.5 mM MgCl and 

1 mM CaCl (sPBS), followed by biotinylation reaction (EZ-Link Sulfo-NHS-SS-Biotin, Pierce, 1 

mg/ml in sPBS) for 12 min at 4°C with gentle agitation. After biotinylation, cells were washed 

three times with quenching solution (50 mM glycine and 0.5% BSA in sPBS) and two times with 

sPBS. Lysates were collected with RIPA buffer with protease inhibitors. A 10% aliquot of the 
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lysates were reserved for total protein fraction, then avidin slurry (NeutrAvidin Agarose Resin, 

Pierce) was added and rotated for 2 hrs at 4°C. Beads were washed with RIPA buffer and then 

biotinylated proteins were eluted in Laemmli sample buffer and resolved by SDS-PAGE. All 

steps were carried out on ice with cold solutions to prevent trafficking of membrane proteins 

during biotinylation.  

 

In vitro kinase assay  

Full-length myc-hAPP-WT or myc-hAPP-2A was immunoprecipitated from COS-7 cell lysates 

with antibody 6E10, or with nonimmune mouse IgG, and incubated with recombinant Plk2 as 

above except with the inclusion of 10 µCi 32P-γ-ATP (Perkin Elmer). Reaction products were 

examined by immunoblotting with myc antibodies and by autoradiography of SDS-PAGE gels.  

 

Animals  

Wild-type C57BL/6J, APP-SwDI+/+ (C57BL/6-Tg(Thy1-APPSwDutIowa)BWevn/Mmjax (stock 

#007027), 5xFAD (B6.Cg-Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax, stock 

#008730), and APP−/− (B6.129S7-Apptm1Dbo/J, stock #004133) mice were purchased from Jackson 

Laboratory. Plk2-KD mice have been described27. Husbandry of the animals was provided by 

Georgetown University Animal Facility, where light/dark cycles were 12 hrs (6 am-6 pm light) 

and the maximum number maintained was four mice per cage. For 5xFAD mice we used only 

male mice, and for all other strains both male and female mice were used. For all other strains, 

mice with ages 2-3 months apart were binned and randomly assigned to experimental groups. 

Equal numbers of male and female mice were used and genders randomly assigned to groups as 
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well. All animal experiments were performed in accordance with guidelines of the Georgetown 

University Animal Care and Use Committee and the NIH.  

 

Tissue staining 

Fresh frozen brain cryosections (20 µm-thick) were fixed with 4% paraformaldehyde for 10 min, 

attached to gelatin coated slides and stained with 1% thioflavin S or human Aβ antibody 6E10 

(1:100~500) to detect amyloid plaques. Alternatively, mouse brains were perfusion-fixed with 4% 

paraformaldehyde and immunohistochemistry performed on free-floating sections (20 or 40 µm-

thick) using two independent Plk2 antibodies C-18 (C-terminal epitope) and H-90 (N-terminal 

epitope) (Santa Cruz Biotechnology, 1:100).  

 

Human brain samples and immunohistochemistry  

Paraffin embedded blocks of post-mortem human brain samples were obtained from the 

Georgetown Brain Bank. The blocks were from 6 cases of AD (5 cases in cerebellar samples due 

to loss of one case) and 5 cases of non-demented controls. Temporal and cerebellar regions were 

obtained from the same individual. Blocks were cut in 5 µm-thick sections in the Histopathology 

and Tissue Shared Resource (HTSR) of Georgetown Lombardi Comprehensive Cancer Center. 

Sections were deparaffinized with xylene and rehydrated with gradient concentrations of ethanol. 

Following antigen retrieval in 10 mM citrate buffer (pH 6.0-6.5) and blocking of endogenous 

peroxidase activity with 1% H2O2, blocking was done in 5% antiserum (5% BSA and horse 

serum in TBS). After masking biotin sites with avidin/biotin blocking kit (Vector laboratories) 

for 30 min. at room temperature, sections were incubated with Plk2 antibody (H-90, 1:50) in 2% 
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antiserum (2% BSA and horse serum in TBS) at 4°C overnight. The next day, sections were 

incubated with biotinylated goat anti-rabbit for 1 hour and Avidin-biotin complex (ABC) reagent 

(VECTASTAIN Elite ABC Kit; Vector laboratories) for 30 min at room temperature. 3,3’-

Diaminobenzidine (DAB) peroxidase substrate (Vector laboratories) was incubated for 2 min., 

and then dehydration with ascending ethanol gradients and xylene and mounting with Permount 

(Fisher Scientific) were performed. Detailed procedures have been described115. Adjacent 

sections of all cases were also used in parallel for Mayer’s hematoxylin staining (Fisher 

Scientific) as described in the manufacturer’s method. For human subjects, Georgetown 

University Medical Center does not require IRB on post-mortem human brain blocks. 

 

In vivo activity modulation and pharmacological Plk inhibition  

For chronic pharmacologic alteration of activity in vivo116, adult 16-20 month old mice 

(C57BL/6; Plk2-KD 27; APP-SwDI+/- ; and APP-SwDI+/-; Plk2-KD+/-) were administered a daily 

intraperitoneal injection for 1 week with saline or picrotoxin (PTX, 1 mg/kg, in a volume of 10.0 

ml/kg, i.p.116). PTX was dissolved in sterile phosphate buffered saline and prepared freshly for 

the daily injection. Dose of PTX was sub-seizure threshold, which did not cause torpor. For 

inhibition of Plk activity in vivo117, volasertib (BI6727) was dissolved in hydrochloric acid (0.1 

N) and diluted with 0.9% NaCl. Male 5xFAD mice were given saline or volasertib (70 mg/kg, in 

a volume of 10.0 ml/kg, via oral gavage117) once per week.  

 

 

 



 

19 
 

Aβ ELISA  

Culture media from hippocampal neurons infected with Sindbis virus expressing human APP 

were collected after PTX stimulation and BI2536 treatment. Mouse forebrains were 

homogenized in cold 5 M guanidine HCl and 50 mM Tris pH 8.0 with protease inhibitors and 

mixed for 3-4 hours. High concentration of guanidine HCl was used a chaotropic agent to extract 

insoluble Aβ and final concentration was below 0.1M70,118,119. The sample was diluted with cold 

reaction buffer (PBS with 5% BSA and 0.03% Tween-20) with protease inhibitors and 

centrifuged at 16,000 x g for 20 min, and the supernatant saved for assay. Collected media or 

extracts were analyzed for mouse Aβ40 as well as human Aβ40 and Aβ42 using species-specific 

sandwich ELISA (Invitrogen) as described120. 

 

Object Recognition Test 

The object recognition test was performed with the no-habituation session as reported 121. Two 

identical objects were placed 10cm apart and 10cm away from the walls (sides and front) in a 

rectangular arena (dimensions in 40cm x 33cm x 20cm).  We placed a mouse in the arena and 

allowed them to explore the cage for training. After 24 hours later to test recognition memory, 

we replaced one of the objects with a new object and let the mouse explore in the arena between 

two different objects located in the same place.  The position of the objects (left or right) and the 

order of trials among groups were randomized. In both training and test sessions, each mouse 

was placed in the arena, its head positioned opposite side to the objects. Each trial was completed 

when the mouse explored between two objects for 20 seconds, which was recorded with a 

stopwatch. In order to remove olfactory cues, the objects and the arena were thoroughly cleaned 
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with 70% ethanol after each trial. An overhead camera linked to a computer with an automated 

tracking system recorded behavior activity of mice (ANYmaze 4.7 tracking software, Stoelting 

Co).  

 

Quantification and image analysis  

Images were obtained using Axiovert 200M (Zeiss) epifluorescence for cultured neurons, Zeiss 

LSM 510 Meta confocal microscope (Zeiss) for brain sections (13-20-month-old), and upright 

microscope BX53 (Olympus) for human brain sections. The image in Fig. 2.2A was obtained 

from multiple Z-sections of the confocal microscope to show morphology of cells. Metamorph 

and ImageJ software was using for image analysis. From culture neuron immunocytochemistry, 

integrated intensity was measured in 20-30 µm dendritic segments from proximal regions (within 

40 µm distance from soma) using Metamorph software. From animal and human brain sections, 

integrated intensity of Plk2, number of neurons with Plk2 immunoreactivity, and area of amyloid 

plaques detected by thioflavin S or 6E10 immunoreactivity were measured using ImageJ 

software.  

 

Statistical analysis  

All values were expressed as mean±SEM of at least duplicate experiments. Sample number 

represents the number of neurons, cells, independent cultures for in vitro studies, or number of 

animals and human cases for in vivo studies as indicated in the figure legends. For analysis of 

immunofluorescent intensity in cultured hippocampal neurons, 3 dendritic segments from each 

neuron were measured and averaged per neuron. To quantify Plk2 intensity in post-mortem 
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human samples, three sections per case were used for immunohistochemistry, and hematoxylin 

staining with adjacent sections was done in order to normalize Plk2 intensity by the number of 

cells. Two-tailed unpaired Student’s t-tests were used for comparisons between two independent 

groups, and one-way analysis of variance (ANOVA) was used for multiple group comparisons 

with Tukey’s post hoc test. Statistically significant differences were determined at P<0.05. All 

image quantification was performed blind with respect to experimental condition to avoid 

sampling bias. 
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CHAPTER 1 

Polo-like kinase 2 is required for activity-dependent amyloidogenic processing by 

phosphorylating APP in vitro 

 

1.1 INTRODUCTION  

 Alzheimer’s disease (AD) is a most common neurodegenerative disease that is 

characterized by neurofibrillary tangles and aggregated amyloid β (Aβ) plaques 44. Abnormal 

accumulation and aggregation of Aβ have been considered the main culprit in AD 45, based on 

dominant familial AD (FAD) mutations 122. Small aggregates, such as soluble Aβ oligomers, 

contribute to neuronal dysfunctions, resulting in Aβ-induced aberrant hippocampal long-term 

potentiation (LTP), long-term depression (LTD), and memory deficits in wild-type rodents 

52,123,124. Aβ is derived from both β- and γ-secretase cleavage of amyloid precursor protein (APP) 

45. This amyloidogenic processing of APP has been targeted as the main AD pathological 

mechanism and intensively studied for therapeutic treatments, but the mechanism of 

physiological control over Aβ production remains to be elucidated.  

 Several studies have demonstrated that alterations in synaptic activity affects APP 

processing and AD pathogenesis. Incidences of seizures are common in AD patients 125, and the 

“default-mode network”, a region with the highest basal metabolic activity, also shows the 

greatest amyloid burden in AD brains 110,126. Furthermore, heightened neuronal activity promotes 

Aβ production in vitro and in vivo 108,109,127, depending on stimulus paradigms 128,129. Multiple 

kinases regulate APP trafficking or metabolism, and hyperphosphorylation of APP is observed in 
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the human AD brain 130,131. However, the function of APP phosphorylation and the mechanisms 

connecting synaptic activity to APP processing are elusive.  

Human Aβ soluble oligomers cause dendritic spine loss and synaptic depression via 

AMPA receptor (AMPAR) removal 112,132, suggesting a homeostatic function for activity-

induced Aβ at excitatory synapses 127. This aspect of homeostasis resembles that seen in Polo-

like kinase 2 (Plk2), an activity-inducible homeostatic regulator. Using multiple pathways, this 

kinase also promotes synaptic depression, internalization of surface AMPARs, and shrinkage of 

dendritic spines in both kinase-dependent and –independent manners 25–28. Therefore, these 

similarities imply a functional relationship between Plk2 and Aβ. 

In Chapter I, we demonstrate that Plk2 directly binds to and phosphorylates threonine 

(668) and serine (675) of synaptic APP. Two sites are required for activity-inducible APP 

internalization and amyloidogenic processing, resulting in enhanced Aβ production in 

hippocampal neurons. These in vitro findings suggest that Plk2 is one of the potential molecules 

involved in activity-induced APP amyloidogenic processing and possibly a target molecule for 

treatment of AD. 

 

1.2 RESULTS 

Distinct epitopes define a subpool of synaptic APP 

Synaptic location of APP is controversial, because some studies have demonstrated a 

considerable amount of APP residence at the synapses 128,133, but another study reported that 

several commercial APP antibodies were not specific for immunocytochemistry 134. We therefore 

examined the specificity of the APP antibodies used in immunostaining to confirm that 
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amyloidogenic processing of ‘synaptic’ APP was stimulated by neuronal activity. We tested 

seven commercial anti-rodent APP antibodies targeting the N-terminal (A8967 and RB9023), 

Aβ-site (M3.2 and 4G8), and C-terminal (Y188, A8717, and C1/6.1) epitopes in primary 

hippocampal neurons cultured from wild-type (WT) and APP knockout (KO) mice (Fig. 1.1A).  

Fixation conditions and settings for image acquisition at high magnification were 

optimized to recognize synaptic proteins (see Methods). We observed that both N-terminal 

antibodies (A8967 and RB9023) colocalized highly with the postsynaptic marker PSD-95, 

showing punctate staining at the synapses (Fig. 1.1B). However, all of the others (APP Aβ-site 

and C-terminal antibodies) did not overlap with PSD-95, revealing non-synaptic punctate and 

granular staining within dendrites (Fig. 1.1C, D). 

Notably, dendritic and synaptic staining was completely eliminated in APP KO cultures 

(Fig. 1.1B-D), possibly indicating that each detects genuine APP in different locations with its 

specificity. KO neurons showed some diffuse staining largely restricted to the soma (data not 

shown).  

 

Loss of APP in a time-dependent manner 

It has been reported that the GABAA receptor antagonist, picrotoxin (PTX), increases Aβ 

levels in organotypic hippocampal slices 127 and in vivo 109,110. Following verification of the 

specificity of N-terminal APP antibodies and its synaptic location by immunocytochemistry, we 

investigated whether enhanced neuronal activity had an effect on synaptic APP. To test this, we 

treated cultured hippocampal neurons with PTX and immunolabeled synaptic APP with APP-N 

antibodies. All APP puncta in dendrites were markedly reduced by PTX stimulation; this 
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decrease began after 8 hours and reached a steady-state level by 12 hours. Somatic APP also 

decreased concurrently (Fig. 1.2A-D). Thus, neuronal hyperactivity eliminates APP, and the 

extent of APP loss is related to the prolonged overexcitation. 

 

Activity-induced synaptic APP depletion is necessary for β-secretase and Plk2. 

To test whether amyloidogenic processing causes APP removal, we applied β-secretase 

inhibitor (BSI) and found that this treatment blocked the removal of total APP puncta following 

PTX treatment (Fig. 1.3A,B), suggesting that heightened neuronal activity decreases APP 

content specifically in a β-secretase-dependent manner. Because PTX strongly induces 

endogenous Plk2 expression 25–28, we evaluated the role of Plk2 in the mechanism using BI2536, 

a Plk inhibitor 135. When cultured hippocampal cells were co-treated with PTX, BI2536 

abolished downregulation of APP levels by hyperactivity (Fig. 1.3C,D) *.  

In addition to BI2536, we tested another Plk inhibitor, BI6727 (volasertib). This drug was 

developed as an anti-cancer drug and has better pharmacokinetics than BI2536 117. However, its 

effect on inhibiting the Plk2 kinase function in elevated synaptic activity had not previously been 

tested. In order to investigate whether it prevented loss of synaptic proteins by activity-induced 

Plk2, the cultured neurons were treated with BI6727 and/or PTX, followed by measurement of 

PSD-95 and APP. A significant reduction of APP and PSD-95 by PTX stimulation was rescued 

by BI6727 at a 50nM concentration (Fig. 1.3E-H).  

We also confirmed that loss of APP was prevented by β-secretase and Plk2 inhibitor 

specifically at the synapses by quantifying APP puncta colocalized with PSD-95 (Fig. 1.4A-C). 

                                                
* Experiments in italics were performed by Dr. Yeunkum Lee. 
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Therefore, these results indicate that Plk2 kinase function connects heightened synaptic activity 

to APP processing by β-secretase. 

 

Plk2 increases APP β-processing  

To directly analyze endogenous APP amyloidogenic cleavage products (Fig. 1.5A), we 

infected hippocampal neurons with Sindbis viruses expressing GFP, Plk2-WT, or Plk2-KD and 

measured full-length APP and secreted N-terminal sAPPβ. Compared to the Sindbis-GFP 

control, Plk2-WT-infected neurons showed decreased full-length APP and increased sAPPβ 

levels on immunoblots; sAPPβ levels in Plk2-WT-infected neurons were significantly greater 

than in Plk2-KD-infected neurons (Fig. 1.5B-D) *.  

Furthermore, the ratio of β-CTF to α-CTF, an indicator of APP β-processing by β-

secretase, increased by PTX treatment, while co-treatment of BI2536 with PTX prevented this 

increase. BI2536 by itself did not have any effect on this ratio (Fig. 1.5E,F). Pretreatment with 

DATP, a γ-secretase inhibitor, was done in order to avoid degradation of CTFs. Therefore, no 

signal detection in absence of DAPT pretreatment confirmed the specificity of CTFs (Fig. 1.5E).   

Next, we transduced hippocampal neurons with Sindbis viruses expressing human APP 

(hAPP) to assay human Aβ (hAβ) formation by Plk2 (Fig. 1.5G,H). Uninfected neurons 

expressed no detectable hAPP or hAβ. PTX stimulation increased levels of hAβ40, although 

there was no significant change in the more fibrillogenic hAβ42 species. BI2536 abolished 

the PTX-induced hAβ generation but had no effect by itself (Fig. 1.5H) *. Altogether, these results 

                                                
* Experiments in italics were performed by Dr. Yeunkum Lee. 
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suggest that the synaptic kinase function of Plk2 precedes β-secretase activity in regulating 

amyloidogenic APP processing. 

 

Direct interaction of Plk2 and APP 

 Plk2 interacts and regulates target proteins in a kinase-dependent and –independent 

manner 25–28. Since Plk2 is involved in APP β-processing, we then tested whether Plk2 

associated with APP. First, we performed co-immunoprecipitation (IP) in COS-7 cells 

transfected with Plk2-KD in the presence and absence of hAPP. In heterologous cells, Plk2-KD 

was required to avoid active kinase-dependent loss of APP. Plk2-KD was co-precipitated with 

hAPP by using hAPP-specific 6E10 antibodies but not nonimmune IgG. 6E10 failed to pull 

down Plk2-KD without hAPP expression, verifying hAPP antibody specificity and their 

association (Fig. 1.6A). We also observed this interaction in hippocampal neurons where the co-

IP of endogenous Plk2 and APP could be shown in both directions (Fig. 1.6B).  

Finally, we used WT and APP KO mouse brain for co-IP to confirm endogenous APP 

and Plk2 association in vivo. Using the rodent APP antibody Y188, Plk2 was pulled down with 

APP. Importantly, APP expression and interaction with Plk2 was not found in APP-KO mouse 

brain (Fig. 1.6C), corroborating that the in vivo association was specific and genuine. We 

conclude that APP and Plk2 are intimately associated, strongly indicating a functional 

relationship between APP and Plk2. 
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Phosphorylation of APP by Plk2 

Since Plk2 is a serine-threonine (S/T) kinase and the kinase function is required for APP 

amyloidogenic β-processing, we hypothesized that Plk2 phosphorylated the intracellular tail of 

APP (Fig. 1.7A). To identify Plk2-targeted phosphoresidues, we mutated S/T sites in the 

cytosolic C-terminus of full-length hAPP to alanines. We narrowed down the sites from multiple 

S/T sites mutants to single S or T mutants and found that double sites were required for Plk2- 

and activity-induced APP β-processing (data not shown).  

Among the possible combinations of double mutants, only one (T668A/S675A; 2A mutant) 

was unaffected by Plk2-mediated APP processing in COS-7 cells (Fig. 1.7B,C). To test if 

T668/S675 were phosphorylated by Plk2, we performed in vitro kinase reactions with purified 

hAPP and Plk2. Plk2 phosphorylated full-length hAPP in vitro, and the hAPP-2A mutant showed 

a reduction in this phosphorylation by 34.49±7.6% compared to hAPP-WT (Fig. 1.7D) *. We 

therefore conclude that Plk2 controls APP amyloidogenic processing by directly phosphorylating 

T668/S675. 

 

Plk2 phosphosites regulate surface APP expression 

It has been reported that β-secretase is located in the endosomes where the acidic 

environment is optimal for its activity, and APP phosphorylated at T668 is colocalized with β-

secretase in endocytic compartments. Therefore, APP β-processing by neuronal activity occurs in 

the endosomes 109. We then investigated whether the phosphorylation status of APP by Plk2 

regulated its surface expression. We transfected hAPP-WT, hAPP-2A, or hAPP-2E 

                                                
* Experiments in italics were performed by Dr. Yeunkum Lee. 
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(phosphomimic mutant with dual glutamate replacement of T668/S675) into hippocampal 

neurons. Under basal conditions, the surface levels of hAPP-2A were higher than hAPP-WT, 

whereas those of hAPP-2E were lower (Fig. 1.8A,B).  Total expression of hAPP, however, was 

similar (Fig. 1.8C,D).  

Previously, we showed that Plk2 failed to remove hAPP-2A in COS-7 cells through the 

use of immunocytochemistry (Fig 1.7B,C). We also confirmed this finding in cultured neurons 

using an independent method. Neurons were infected with Sindbis viruses expressing hAPP-WT 

or hAPP-2A and then treated with PTX, followed by a surface biotinylation assay. We observed 

that PTX stimulation induced loss of surface and total hAPP-WT levels, but did not affect hAPP-

2A (Fig. 1.9A,B). We therefore conclude that the phosphorylation status of T668/S675 

bidirectionally controls APP surface location, which determines activity-induced APP β-

processing and degradation.  
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Figure 1.1 N-terminal directed antibodies only detect a subpopulation of APP at excitatory 
synapses (A) The illustration of APP sequence presenting epitopes of antibodies used in 
immunostaining (epitope for N-terminal RB9023 has not been reported). (B-D) Representative 
images of immunocytochemistry for APP using different antibodies targeting N-terminus, Aβ 
site, and C-terminus (magenta), co-labeled with excitatory marker PSD-95 (green) in cultured 
hippocampal neurons (14 days in vitro (DIV)) of wild-type (APP+/+, WT C57BL/6) or APP 
knockout (APP−/−, KO) mouse. Note that APP signal disappeared in knockout neurons. Scale 
bars, 10 µm. (E) Schematic interpretation of results. Only N-terminal antibodies recognize 
synaptic APP (co-localizing with PSD-95, green), whereas C-terminal and Aβ site antibodies 
detect APP in dendrites. It is possible that APP scaffold proteins mask epitopes of C-terminal 
and Aβ site antibodies and vesicular membranes block detection of APP by N-terminal 
antibodies. 
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Figure 1.2 Time-dependent loss of dendritic and somatic APP with PTX. (A, B) 
Representative images of endogenous rat APP within (A) dendrites and (B) somata (acquired 
with shorter exposure time) in hippocampal neurons (21 DIV) treated with picrotoxin (PTX, 25 
µM) for different time periods as indicated. Scale bars, 20 µm for wide views, 10 µm for 
dendrites. (C,D) Quantification of APP dendritic and somatic intensity from A, B as indicated 
(n=15 neurons for 0 hr, n=15 for 4 hrs, n=16 for 8 hrs, n=23 for 12 hrs, n=23 for 16 hrs, and 
n=15 for 20 hrs). ***P<0.001, **P<0.01, *P<0.05; ANOVA with Tukey’s post hoc test. Data are 
mean±SEM.  
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Figure 1.3 Activity-dependent APP loss requires β-secretase and Plk2. (A,C) Hippocampal 
neurons (day in vitro (DIV) 20-24) were treated with picrotoxin (PTX, 25 µM, 20 h) or vehicle 
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and co-treated with β-secretase inhibitor (BSI II, 1 µM), Plk inhibitor BI2536 (50 nM), or vehicle 
as indicated, then immunolabeled for endogenous rat APP with polyclonal APP-N antibodies. 
Representative dendrites shown below. (B) Quantification of A (n=44 neurons for NT, 38 for 
PTX, 16 for BSI, 18 for PTX+BSI). (D) Quantification of C (n=34 neurons for NT, 26 for PTX, 
10 for BI2536, 9 for PTX+BI2536). (E,G) Representative dendrites of rat hippocampal neurons 
(DIV 20-24) treated with picrotoxin (PTX, 25 µM, 18-20 h) or vehicle (NT) and co-treated with 
different doses of  Plk inhibitor BI6727 (volasertib) as indicated, then co-immunolabeled with 
APP-N antibody and PSD-95. (F) Quantification of total APP, E.  (H) Quantification of PSD-95, 
G (n= 36 neurons for NT, 43 for BI6727 5nM, 35 for BI6727 10nM, 30 for BI6727 50nM, 30 
neurons for PTX, 48 for PTX+BI6727 5nM, 40 for PTX+BI6727 10nM, 32 for PTX+BI6727 
50nM). ****P<0.0001; ***P<0.001; **P<0.01, *P<0.05; ANOVA with Tukey’s post hoc test. 
Data are means±SEM. Experiments were performed in at least duplicate. Scale bars, 10 µm. 
Figure A-D by Yeunkum Lee.  
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Figure 1.4 Activity-dependent synaptic APP loss requires β-secretase and Plk2. (A-C) 
Representative dendrites of rat hippocampal neurons (DIV 20-24) treated with picrotoxin (PTX, 
25 µM, 18-20 h) or vehicle (NT) and co-treated with Plk inhibitor BI2536 (50 nM) as indicated, 
then co-immunolabeled with APP-N antibody and PSD-95. Synaptic APP (colocalizing with 
PSD-95, as indicated by circles) intensity were measured. (B) Quantification of A (n=29 neurons 
for NT, 30 for PTX, 38 for BI2536, 30 for PTX+BI2536). (C) Quantification of synaptic APP 
levels from neurons treated with PTX in the absence or presence of β-secretase inhibitor (BSI II, 
1 µM) (n=29 neurons for NT, 30 for PTX, 23 for BSI, 19 for PTX+BSI). ****P<0.0001; 
***P<0.001; **P<0.01, *P<0.05; ANOVA with Tukey’s post hoc test. Data are means±SEM. 
Experiments were performed in at least duplicate. Scale bars, 10 µm. 
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Figure 1.5 Plk2 stimulates APP β-processing. (A) Schematic of APP processing pathways. (B) 
Hippocampal neurons (21 DIV) were infected with Sindbis viruses for 18 hr, and lysates were 
analyzed by immunoblotting for proteins indicated. (C,D) Quantification of (C) full-length APP 
and (D) sAPPβ from B, normalized to actin and GFP (for full-length APP: n=9 independent 
cultures for GFP, 11 for Plk2-KD, 18 for Plk2-WT; for sAPPβ: n=6 cultures for each group). (E) 
Hippocampal neurons (DIV 19-20) were pretreated with γ-secretase inhibitor (DAPT, 1 µm) 30 
min before stimulation to prevent CTF degradation, then treated with PTX or vehicle and co-
treated with BI2536 (50 nM) as indicated. β- and α-CTF were detected with rabbit monoclonal 
APP-C antibodies (Y188). Note that the absence of CTFs without DAPT confirms the specificity 
of β- and α-CTF bands. (F) Quantification β-/α-CTF ratio from E (n=5 cultures). (G) Neurons 
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were uninfected or infected with Sindbis-hAPP770 or GFP. Human APP was detected by 
immunoblotting with APP-N antibodies (exogenous hAPP770 appears larger than the dominant 
endogenous rat APP695 form). (H) Sindbis-hAPP-infected or uninfected neurons were treated 
with PTX (25 µM, 20 h) or vehicle (NT) and co-treated with BI2536 (50 nM) or vehicle 
(DMSO). Human Aβ40/42 (hAβ) were measured in conditioned media by species-specific 
ELISA and normalized against hAPP expression levels from immunoblotting (n=2 cultures for 
uninfected, 6 for NT, 6 for BI2536, 5 for PTX, 6 for PTX+BI2536). Figure B-D,G,H by 
Yeunkum Lee.  
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Figure 1.6 Plk2 interacts directly with APP. (A) Myc-tagged Plk2-KD and either myc-tagged 
APP or empty vector were transfected into COS-7 cells. APP was immunoprecipitated from the 
lysate with 6E10 antibody or IgG, followed by immunoblotting with 6E10 and Plk2 H-90 
antibodies as indicated. (B) Lysates from rat cultured hippocampal neurons (24 DIV) were 
immunoprecipitated with Plk2 antibody (H-90), APP antibody (Y188), or nonimmune rabbit IgG 
and immunoblotted with H-90 and Y188 to detect endogenous APP and Plk2 proteins. (C) 
Lysates from WT and APP knockout (KO) forebrain in 2-month-old animals were 
immunoprecipitated with Y188 or rabbit IgG and immunoblotted with 22C11 and N-17 for 
endogenous APP and Plk2 detection in vivo. Molecular weights in kDa.  
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Figure 1.7 Direct phosphorylation of APP by Plk2. (A) APP intracellular domain showing 
mutants in the study; amino acid numbering given for both hAPP-695 and hAPP-770 (in 
parentheses). Bold blue, serine/threonine residues. Underline, residues hyperphosphorylated in 
AD brain. Magenta, mutants insensitive to Plk2. (B) Myc-tagged APP double mutants 
T668/S675A, T668/T686A or S675/T686A were co-transfected with HA-vector, HA-Plk2-KD 
or HA-Plk2-WT in COS-7 cells and labeled with myc antibody for APP (green) and HA 
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antibody for vector or Plk2 (magenta). (C) Quantification of B (T668/S675A: n=8 cells for 
vector, 9 for Plk2-KD, 6 for Plk2-WT; T668/T686A: n=8 cells for vector, 8 for Plk2-KD, 6 for 
Plk2-WT; S675/T686A: n=5 for vector, 5 for Plk2-KD, 7 for Plk2-WT); **P<0.01, ANOVA 
with Tukey’s post hoc test; data are means±SEM. (D) (Left) Autoradiogram of in vitro kinase 
assays using full-length (FL) myc-hAPP-WT or myc-hAPP-2A immunopurified from COS-7 
cells with antibody 6E10, or nonimmune IgG, and incubated in the presence or absence of GST-
Plk2. (Right) Representative myc western blots of immunopurified myc-hAPP-WT and myc-
hAPP-2A from COS-7 for in vitro kinase assay. Recovery of hAPP-2A was consistently greater 
than hAPP-WT with 6E10 antibody, but no recovery was obtained with nonimmune mouse IgG. 
Molecular weights in kDa. Figure B-D by Yeunkum Lee and Daniel Pak.   
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Figure 1.8 Phospho-status of APP at T668 and S675 determines its surface expression. (A) 
Hippocampal neurons (21-24 DIV) were co-transfected with GFP and hAPP-WT, -2A, or -2E. 
Surface/extracellular hAPP (APPec) was live-labeled with 6E10 antibody, followed by 
permeabilization and GFP labeling. (B) Quantification of A (n=8 neurons for APP-WT, 9 for 
APP-2A, 13 for APP-2E). (C) Total levels (tAPP) of transfected APP-WT, -2A, or -2E were 
labeled with human-specific 6E10 antibody along with GFP antibody under permeabilizing 
conditions. (D) Quantification of C (n=12 neurons for APP-WT, n=11 for APP-2A, and n=7 for 
APP-2E ***P<0.001, **P<0.01, *P<0.05; ANOVA with Tukey’s post hoc test. Data are means± 
SEM.  
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Figure 1.9 Activity-dependent internalization of APP is controlled by APP-T668/S675. (A) 
Sindbis-hAPP-WT or -2A infected neurons were treated with PTX, followed by surface 
biotinylation. Total and surface hAPP-WT/-2A were immunoblotted with 6E10. (B) 
Quantification of A (n=3 dishes). Molecular weights in kDa. ***P<0.001, **P<0.01, *P<0.05; 
unpaired Student’s t-test. Data are means± SEM.  
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1.3 DISCUSSION 

We have shed light on a novel role for Plk2 in connecting synaptic activity to APP 

metabolism. Plk2 expression by overexcitation resulted in the direct binding and phosphorylation 

of the APP C-terminus at threonine (668) and serine (675), which promoted APP amyloidogenic 

cleavage and Aβ secretion. These findings suggest that Plk2 is a potential kinase involved in AD 

pathogenicity. 

  Several additional kinases, including glycogen synthase kinase-3α (GSK-3α) have been 

implicated in APP processing 91,136, although the results are questionable 137. The lack of 

sufficient consideration for appropriate physiological contexts may give rise to controversial 

findings. For instance, previously reported kinases and their related phosphorylation site(s) may 

affect APP processing under basal conditions or after various stimuli in different cell types, 

subcellular compartments, or developmental states. However, Plk2 accelerated amyloidogenic 

processing by hyperactivity, not basal Aβ generation. Therefore, it is necessary to clarify the 

roles of different kinases and their complicated involvement in normal APP processing and AD 

pathogenesis.  

An important finding in this study is the identification of both T668 and S675 as key 

residues for Plk2- mediated APP surface loss and processing during heightened synaptic activity. 

The T668 of APP has been reported to promote amyloidogenic processing 131,138. However, a 

T668A knock-in mouse mutation did not show changes in basal rodent Aβ levels, which makes 

the role of this phosphoresidue disputable in AD, although activity-driven Aβ alteration was not 

considered 139,140. The lack of effect for the T668A knock-in mutation may indicate that a single 

T668A mutation is not sufficient to block activity-inducible amyloidogenic APP processing, but 
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requires the additional S675A mutation. Like T668, S675 is also phosphorylated in the AD brain 

131, but this site has not been well characterized and does not lie within a recognized functional 

motif. Therefore, future studies should be performed to analyze the function of this 

phosphorylation.  

APP phosphorylation at T668 and S675 may cause conformation changes in the C-

terminal domain, possibly affecting its internalization or interaction with scaffolding motifs 

because the APP C-terminus associates with diverse cytoplasmic adaptor proteins in a 

phosphorylation-dependent manner 130. This could be hypothesized based on the findings that the 

basal surface expression of APP-2A increased, and prolonged overactivity failed to remove it 

from the surface. Endocytosis of APP by phosphorylation is required for amyloidogenic cleavage 

109, which may make it accessible to BACE-1. Upon activity induction, internalized APP is 

known to sort into BACE-1-containing endosomes 141. Therefore, Plk2 phosphorylation may 

contribute to this sorting mechanism during activity-dependent APP β-processing. 

We also reported a crucial finding that a subpopulation of APP was located at the 

excitatory synapses, confirming previous immunostaining studies 128,133. In a previous study, it 

was observed that several commonly used APP antibodies (22C11, 4G8, and A8967) were 

apparently “nonspecific” and showed residual signal even in APP KO hippocampal neurons 134. 

However, this analysis was not definitive because images were taken at low magnification and 

synapses were not specifically examined in optimal fixation conditions for synaptic staining 

(cold methanol followed by 1% paraformaldehyde). Therefore, it is hard to draw conclusions 

regarding APP synaptic localization based upon that study. Under our experimental conditions, 

we verified antibody specificity by finding that APP dendritic staining with seven different APP 
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antibodies disappeared in APP KO cultures, although some residual background signal was 

mainly restricted to the cell body. This also suggests that immunostaining should be performed 

appropriately for synapses in order to avoid high backgrounds.  

Surprisingly, antibodies against distinct epitopes recognized different populations of APP 

in dendrites. APP N-terminal antibodies (A8967 and RB9023) detected synaptic APP, but 

antibodies recognizing Aβ sites (M3.2 and 4G8) and C-terminus (A8717, Y188, and C1/6.1) did 

not. N-terminal epitopes seemed to be present only at synapses, while C-terminal/Aβ ones were 

masked, perhaps sterically by scaffold proteins. Conversely, C-terminal/Aβ epitopes were only 

available within dendrites, while the N-terminal ones were mostly blocked. C-terminal and Aβ 

site antibodies may detect different pools of APP, such as trafficking full-length APP or 

intracellular processed fragments without N-terminal sequences (Fig. 1.1E). Therefore, subsets 

of APP epitopes appear to be detectable at different subcellular locations, and investigators 

should be cautious in antibody selection with regard to examining different pools of APP at 

specific subcellular loci. 
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CHAPTER 2 

Activity-dependent amyloidogenic processing and memory loss by Polo-like kinase 2 in vivo 

 

2.1 INTRODUCTION 

Alzheimer’s Disease (AD) represents a progressive cognitive decline, starting with 

limited forgetfulness and eventually developing into long-term memory deficits and non-

cognitive problems, such as anxiety and depression 142. Currently, more than 25 million people 

are diagnosed with dementia, mostly AD, and the number of elderly people suffering from the 

disease is expected to show a fourfold increase by the year 2050 due to the dramatic rise in life 

expectancy 143. Therefore, substantial efforts have been made to identify pathological 

mechanisms as therapeutic targets. 

Development of AD animal models has contributed significantly to discovery of the 

underlying impairment processes that lead to AD. The animal models, mainly mouse models, are 

genetically engineered to recapitulate the pathological hallmarks of AD, β-amyloid plaques and 

neurofibrillary tangles. Although none of the mouse models fully represent the phenotypes found 

in AD patients, they show similar changes in the hallmarks associated with disease progression 

and cognitive decline 42,144. For example, transgenic mice, such as APP-SwDI mice that 

overexpress mutated APP based on Familial AD mutations, show significantly enhanced Aβ 

production, plaque deposits, and cognitive impairment 145–147. Moreover, double transgenic mice, 

including 5XFAD mice with both APP and presenilin mutated genes, exhibit a higher ratio of 

Aβ42/Aβ40, faster plaque formation, and memory loss than single APP transgenic mice 42,66. 
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Accordingly, these AD mouse models have enabled us to evaluate potential therapeutic 

candidates to counteract Aβ-mediated pathogenic processes.   

These APP transgenic mouse models display abnormal epileptiform activity during 

electroencephalogram (EEG) recordings 148–151, which is also commonly found in AD patients 152. 

Both AD patients and AD mouse models have high incidences of seizure, but why the seizures 

occur in AD is not clear. During seizure events, Plk2 expression is markedly upregulated in rats 

given acute and chronic electroconvulsive shock and in a rat model of hypoxia-induced neonatal 

seizure 153,154. Plk2 triggers synaptic depression and spine elimination via various pathways in 

order to reduce synaptic hyperactivity as a homeostatic regulator 25–28. Its kinase function is also 

involved in APP metabolism and Aβ production in cell cultures. Therefore, Plk2 expression is 

possibly induced by strong seizure-like neuronal activity in AD brains, which affects APP 

processing and progression of the disease.     

In Chapter II, using AD mouse models, we confirm the in vitro finding that Plk2 kinase 

function promotes activity-dependent APP β-processing. Herein, we show that the brains of AD 

mice and post-mortem AD patients display spatiotemporally elevation in Plk2 levels. Genetically 

inhibiting Plk2 kinase function prevents Aβ plaque formation and activity-induced Aβ 

production in the forebrains of AD mouse models. Pharmacological inhibition of Plk2 also 

reduces Aβ production, synapse loss, and memory impairments. These in vivo findings utilizing 

genetic and pharmacological approaches imply that Plk2 physiologically regulates Aβ formation 

and pathophysiologically accelerates Aβ-mediated synapse loss and cognitive decline. 
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2.2 RESULTS 

Elevated Plk2 levels in APP-SwDI mice. 

To investigate whether Plk2 altered amyloidogenic processing of APP in vivo, we used 

APP-SwDI mice and measured plaques by both thioflavin S (thioS) staining and Aβ antibody 

6E10 immunohistochemistry. The APP-SwDI mice produce visible amyloid plaques in the 

hippocampus at 3 months, and depositions in the cortex and thalamus by 6 months 155. We 

observed that a number of neurons expressing Plk2 and their staining intensity were 

dramatically elevated throughout the APP-SwDI+/+ cortex at 7 months, compared to WT (Fig. 

2.1A-E)*.  

Interestingly, Plk2 appeared to be induced close to plaques in the APP-SwDI+/+ brain. 

When we examined line scan analyses of Plk2 and plaques expressed in a laminar pattern, 

intensity of the Plk2 signal was stronger in plaque-rich areas (Fig. 2.1F,G) than in plaque-

absence areas (Fig. 2.1H,I). To quantify this phenotype, we measured plaque and Plk2 levels in 

400 µm-width cortical subdivisions. Plk2 immunoreactivity was dramatically increased only in 

sectors containing at least 1000 µm2 visible plaque areas. Additionally, Plk2 intensity was 

significantly greater near plaques (<100 µm) compared to plaque-distant regions (>400 µm) 

(Fig. 2.1J) *. 

At 18-20 months, using an independent Plk2 antibody, we were able to capture a cluster 

of Plk2 surrounding a large plaque, verifying the correlation of cortical Plk2 levels and plaque 

size (Fig. 2.1K). We also confirmed the neuronal expression of Plk2 and the specificity of 

                                                
* Experiments in italics were performed by Dr. Yeunkum Lee. 
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antibodies (Fig. 2.2A,B). Thus, Plk2 expression is elevated in APP-SwDI brains and correlates 

with plaque load and proximity.  

 

Upregulated Plk2 levels in human AD  

Previously, Plk2 was not known to be a protein involved in instigating a pathological 

process in AD. However, it has been reported that Plk2 levels increase in post-mortem human 

AD brains 115, and Plk2 polymorphism correlates with risk of developing AD 156. To investigate 

the effects of Plk2 on human brains, we performed immunohistorychemistry with brain sections 

obtained from post-mortem human AD patients and age matched non-demented controls. 

Importantly, we observed Plk2 elevation in temporal regions of human AD compared to the 

controls; these regions are the most vulnerable areas to AD with heavy accumulation of plaques 

and tangles (Fig. 2.3A,B). However, the level of Plk2 did not change in the cerebellum, which is 

the least afflicted brain region in AD (Fig. 2.3C,D). Plk2 expression was also shown in neurons 

of human brains, as previously seen in rodent 154 (Fig 2.2A), and no signal was detected in the 

presence of only secondary antibodies (Fig. 2.3E,F). We conclude that Plk2 expression is 

regionally enhanced in AD brains, suggesting a correlation between Plk2 and AD 

pathophysiology. 

 

Plk2 inhibition suppresses plaque formation and Aβ production in APP-SwDI mice  

 To address whether inhibition in the kinase function of Plk2 mitigated plaque deposits in 

the AD mouse model, we crossed APP-SwDI+/+ animals with transgenic mice carrying a 

forebrain-specific expression of dominant negative Plk2-KD. In 13-10-month-old mice, plaques 
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in the hippocampus and cortex of perfusion-fixed mouse brains were detected using the 6E10 

antibody. We found a remarkable reduction in plaque burden throughout the hippocampus as 

well as the cortex of APP-SwDI+/-;Plk2-KD+/- mice compared to APP-SwDI+/- (Fig. 2.4A-D).  

We next tested hAβ production in APP-SwDI+/- or APP-SwDI+/-;Plk2-KD+/- hemizygote 

littermates. At 16-20 months, forebrain hAβ40 markedly decreased in APP-SwDI+/-;Plk2-KD+/- 

mice, compared to APP-SwDI+/- littermates, when assayed by ELISA (Fig. 2.5B). When 

endogenous rodent Aβ was examined, we observed that Plk2-KD+/- mice had reduced mouse 

Aβ40 (mAβ40) relative to their WT littermates (Fig. 2.5C). This data indicates that both 

human and rodent APP processing is involved in this pathway.  

A pivotal question was whether Plk2-KD altered activity-inducible Aβ formation in vivo. 

To address this issue, mice received daily intraperitoneal injections for 1 week of either saline or 

low levels of PTX (1 mg/kg), a sub-seizure threshold dose 116, in order to elevate neuronal 

overactivity within a physiological range (Fig. 2.5A). Both hAβ40 and mAβ40 were robustly 

enhanced in APP-SwDI+/- and WT mice, respectively, in response to this mild overactivity 

paradigm, whereas this increase was completely blocked in crossed mice expressing the Plk2-

KD transgene (Fig. 2.5B,C). Plk2 kinase function therefore appears to be responsible 

for physiological activity-dependent amyloidogenic APP processing in the brain.   

 

Pharmacological prevention of Plk2 kinase function deters amyloidogenic processing in 

5XFAD mice. 

We tested whether a pharmacological approach with a Plk inhibitor, volasertib, would 

impede APP amyloidogenic processing and memory loss in vivo. Volasertib (BI6727) is able to 
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cross the blood-brain barrier and has improved pharmacokinetic properties over BI2536 (Fig. 

2.6A)117. We also switched the AD mouse model to 5xFAD, which preferentially produces more 

fibrillogenic hAβ42 and presents early onset of plaque deposition, synapse loss, and memory 

deficits 70. Volasertib was given to 2-month-old male 5xFAD mice once per week for a month 

via oral gavage (70 mg/kg) 117 and forebrains were used at 3 months old for biochemical analyses 

(Fig. 2.6B). We first looked at changes in hAβ levels by ELISA. Both hAβ40 and hAβ42 were 

dramatically reduced in volasertib-treated mice compared to saline controls (Fig. 2.6C,D). We 

further examined other APP processing fragments on western blots. We found that full-length 

APP did not change, but sAPPβ levels and the β-CTF/α-CTF ratio significantly decreased in 

mice treated with volasertib compared to the controls. Volasertib-treated mice also showed a 

trend toward increased sAPPα, but this observation was not significant (Fig. 2.6 E-J).  

We wanted to determine whether this decreased amyloidogenic processing with 

volasertib treatment led to improvement of functional declines in 5xFAD mice. First, we 

measured synaptophysin as an indicator of changes in dendritic spines and synapse density to 

assess synapse loss 157. Interestingly, synaptophysin levels were greater in the presence of 

volasertib than in the absence of the inhibitor (Fig. 2.6 D,G). Next, we administered volasertib or 

saline orally every week; we then performed longitudinal object recognition tests in the 5XFAD 

mice as well as age-matched WT mice in order to measure recognition memory (Fig. 2.7 A). We 

divided the volasertib-treated 5XFAD mice into two groups in order to discover the ideal time 

for treatment. The early and long-term treatment group received the volasertib starting from 1.5-

2.5 (~2) months old when plaque deposits began, whereas the late and short-term treatment 

group was given the inhibitor starting from 3.1-4.1 (~4) months old when memory deficits were 
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observed 70,72,73 (Fig. 2.7 A).  The mice did not show any preference for right or left side during 

familiarization (training) session (data not shown). Between 2.5 months old and 5.2 months old, 

WT and volasertib-treated 5XFAD mice significantly spent more time in exploring a novel 

object than a familiar one, but saline-treated 5XFAD mice did not (Fig. 2.7 B,D,F). When 

discrimination between novel and familiar objects was measured by the discrimination index 

among groups, WT and volasertib-treated (early and long-term) 5XFAD mice began to show 

greater discrimination than saline-treated 5XFAD mice around 5 months old (Fig. 2.7 C,E,G). 

Notably, recognition memory was rescued in the mice given volatertib for 1 month, starting from 

3.1-4.1 (~4) months old (late and short-term). These mice displayed a higher preference for novel 

over familiar objects, and the discrimination index of the group showed a considerable trend 

toward significance compared to saline-treated 5XFAD mice (Fig. 2.7 F,G). This finding implies 

that volasertib may recover memory deficits even after memory loss is initiated. Therefore, we 

conclude that Plk2 contributes considerably to localized amyloid plaque formation and 

participates in activity-dependent amyloidogenic APP processing, and that inhibition of this 

pathway can rescue synaptic density and memory loss. 
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Figure 2.1 Plk2 upregulation in APP-SwDI. (A-C) Representative sections of primary 
somatosensory cortex from 7-month-old WT C57BL/6 and APP-SwDI+/+ mice as indicated, 
stained with thioflavin S (A) and immunolabeled with Plk2 antibody (C-terminal epitope) C-18 
(B), with merge in (C). Scale, 100 µm. (D, E) Number of Plk2 expressing neurons (D) and Plk2 
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integrated intensity (E) at 7 months in WT and APP-SwDI+/+ transgenic (TG) mice (n=6 
animals); all statistical comparisons are between WT and TG per region (Rs, retrosplenial cortex; 
PtA, parietal association cortex; S1Tr, primary somatosensory cortex; S1BF, primary 
somatosensory cortex, barrel field; S2 secondary somatosensory cortex; AuV, secondary 
auditory cortex; DG, dentate gyrus; CA1 and 3, cornu ammonis subregions of hippocampus). (F, 
H) Representative thioflavin S and Plk2 staining in plaque-rich (F) and plaque-lacking (H) areas. 
(G, I) Line scans of indicated lamina from F, H. (J) Left bars, Plk2 integrated intensity and 
plaque area per 400 µm-width cortical subdivision region of interest (n=16 regions from 6 
animals per genotype for <1000, n=29 for >1000); right bars, Plk2 intensity measured <100 µm 
(n=20) and >400 µm (n=17) from plaques. (K) Representative sections of primary 
somatosensory cortex in WT and APP-SwDI+/+ mice at 18-20 months co-immunolabeled with 
6E10 for plaque staining and Plk2 H-90. Right, magnified view of boxed area. Scale bars, 50 µm 
(wide field), 10 µm (higher magnification). ***P<0.001, **P<0.01, *P<0.05; two-tailed 
unpaired Student’s t-test. Data are means± SEM. Figure A-J by Yeunkum Lee.  
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Figure 2.2 Neuronal expression of Plk2 and verification of antibodies in APP-SwDI. (A) 
Representative hippocampal CA1 section of APP-SwDI+/+ mouse brain immunolabeled with 
6E10 and Plk2 antibody C-18 showing enriched Plk2 expression in neurons of stratum 
pyramidale. Right, a high magnification view of boxed areas. Scale bars (wide field) 50 µm, 
(higher magnification) 10 µm. (B) Representative cortical sections of mouse stained with only 
secondary antibodies as control for background staining; scale bars, 50 µm. 
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Figure 2.3 Plk2 upregulation in human brain. (A) Representative sections of post-mortem 
human entorhinal cortex (EC) from non-demented control and AD as indicated, immunolabeled 
with Plk2 antibody H-90. Scale bars, 100 µm (wide field), 10 µm (inset). (B) Quantification of 
Plk2 intensity in temporal regions (hippocampus and EC, A) (n=5 cases for control and n=6 for 
AD). (C) Representative cerebellar (CRBL) sections from control and AD samples of 
postmortem human brains immunolabeled with Plk2 antibody H-90. Scale bar, 100 µm. (D) 
Quantification of C (n=5 cases for control and 5 for AD). (E) Representative hippocampal 
section in human AD brain with H-90 antibody. Right, high magnification views of boxed areas. 
Scale bars (wide field) 100 µm, (higher magnification) 10 µm. (F) Representative cortical 
sections of human brain stained with only secondary antibodies as control for background 
staining; scale bars, 100 µm. 
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Figure 2.4 Plk2-KD inhibits plaque formation in APP-SwDI mice. (A,C) Representative 
perfused brain sections in 13-16-month-old APP-SwDI+/- and APP-SwDI+/-;Plk2-KD+/- 
cortical (A) and hippocampal (C) areas immunolabeled with 6E10 for plaque staining. Scale, 50 
µm. (B,D) Quantification of plaque area in (B) cortex and in (D) hippocampus (n=5 animals per 
genotype). *P<0.05 comparing APP-SwDI+/- and APP-SwDI+/-;Plk2-KD+/- littermates; 
Student’s t-test.   
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Figure 2.5 Plk2-KD reduces Aβ formation and prevents activity-dependent Aβ production 
in vivo. (A) Schematic illustration of the experimental plan. Mice received daily intraperitoneal 
injection for 7 days with saline or PTX (1 mg/kg), and then human and mouse Aβ40 from 
forebrains were measured. (B) Quantification of human Aβ40 from 16-19-month-old APP-
SwDI+/- and APP-SwDI+/-;Plk2-KD+/- mouse brain (n=5 animals for saline-treated APP-
SwDI+/-, n=6 for PTX-treated APP-SwDI+/-, and n=4 for saline- and PTX-treated APP-
SwDI+/-;Plk2-KD+/-). (C) Quantification of mouse Aβ40 from 19-20-month-old WT or Plk2-
KD mice (n=4 animals for saline- and PTX-treated WT, n=5 for saline-treated Plk2-KD, and n=4 
for PTX-treated Plk2-KD). ***P<0.001, *P<0.05, n.s. not significant; ANOVA with Tukey’s 
post hoc test. 
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Figure 2.6 Pharmacological suppression of Plk2 kinase function reduces APP amyloidgenic 
processing in 5XFAD mice. (A) volasertib (BI6727) chemical structure (B) Schematic 
presentation of the experimental design. Saline or volasertib (BI6727, 70 mg/kg) was given to 2-
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month-old 5xFAD male mice every week for a month via oral gavage (C-J). (C,D) Forebrain 
human Aβ40 (C) and Aβ42 (D) were measured by ELISA (n=6 animals for saline, n=5 for 
volasertib). (E) Immunoblot analysis of full length APP (F), APP processing products sAPPβ 
(G), synaptophysin (H), sAPPα (I), and α-/β-CTF (J) from saline- or volasertib-treated 5xFAD 
mice as indicated; β-actin served as loading controls. Molecular weights in kDa. (F-J) 
Quantification of E (n=6 animals for saline, n=5 for volasertib). *P<0.05, Student’s t-test. Data 
are means±SEM.  
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Figure 2.7 Rescue in memory deficits by inhibition of Plk2 kinase function. (A) Schematic 
showing the experimental design. Saline or volasertib (BI6727, 70 mg/kg) was received to 
5xFAD male mice every week via oral gavage (BI6727, 70 mg/kg) followed by longitudinal 
novel object recognition tests (NOT) in 5XFAD and age matched WT mice.  For early and long-
term treatment, volasertib was treated to 5XFAD mice stating from 1.5-2.5 (~3) months old. For 
late and short-term treatment, the drug was treated to 5XFAD mice stating from 3.1-4.1 (~4) 
months old. Tasks were performed one day after treatment of saline or volasertib. (B,D,F) 
Percentage of exploration time spent in familiar object (red border) or novel object (blue border) 
during test session in WT and saline- or volasertib-treated 5XFAD mice at 2.5-3.5 (~3) (B), 3.1-
4.1 (~4) (D), and 4.2-5.2 (~5) months old (F). (C,E,G) Discrimination index (DI) of WT and 
saline- or volasertib-treated 5XFAD mice at 2.5-3.5 (~3) (C), 3.1-4.1 (~4) (E), and 4.2-5.2 (~5) 
months old (G). Discrimination Index was calculated as follows, DI = [(Novel Object 
Exploration Time/Total Exploration Time) - (Familiar Object Exploration Time/Total 
Exploration Time)] × 100. (n=12-24 for WT, n=17-28 animals for saline, n=8 for late and short-
term volasertib treatment, and n=7-17 for early and long-term volasertib treatment).  *P<0.05, 
**P<0.01, and ***P<0.001, Student’s t-test (B,D,F). ANOVA with Tukey’s post hoc test 
(C,E,G). Data are means±SEM.  
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Figure 2.8 Model of Plk2- and activity-mediated APP processing in (1) physiological and (2) 
AD (dysregulated) conditions.  (1) Negative feedback homeostasis: Plk2 is expressed by 
chronic synaptic overactivity and binds directly to the intracellular tail of APP and 
phosphorylates T668/S675, stimulating APP internalization and Aβ production to dampen 
overactivity. (2) Positive feedback loop during pathogenesis:  Aβ aggregation may subvert the 
physiological homeostatic system, yielding plaque-associated hyperexcitability instead. This 
situation produces further aggregates and foci of synaptic overactivity. Hotspots of Plk2 
upregulation may provide a “snapshot” of currently dysfunctional neuronal homeostasis and 
drive accelerated Aβ production.  
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2.3 DISCUSSION 

We observed that Plk2 expression significantly increased throughout cortical and 

hippocampal regions in APP-SwDI mice, and the expression was close to large amyloid plaque 

deposits. Moreover, Plk2 levels in brains of post-mortem AD patients also markedly increased 

compared to controls. Plk2 kinase function promoted plaque formation and activity-induced Aβ 

production in the forebrains of APP-SwDI mice. However, pharmacological inhibition of Plk2 

kinase function in 5XFAD mice caused a reduction in Aβ production, synapse loss, and memory 

impairments. The results from the transgenic mice experiments validate the in vitro finding that 

Plk2 kinase function stimulates APP amyloidogenic processing and imply that uncontrolled Plk2 

expression contributes to AD pathology. 

Implications for a role of Plk2 in etiology of AD could be indicated by elevated Plk2 

expressions in AD brains. As previously reported 115, Plk2 expression was enhanced in human 

AD entorhinal cortex and hippocampus, the most afflicted brain regions with heavy 

accumulations of plaques and tangles 44,45,125. However, Plk2 was not upregulated in the 

cerebellum, which is the least affected areas. Supporting this, Plk2 may contribute genetically to 

AD pathogenesis 156. We also found that elevated Plk2 levels were spatially related to the 

distribution of plaques, and Plk2 was congregated in the neighborhood of large amyloid deposits. 

Therefore, pockets of hyperactivity shown in the vicinity of amyloid plaques in AD mouse 

models possibly drive abnormal Plk2 expression induced by synaptic activity 158,159. 

We crossed APP-SwDI and Plk2-KD transgenic mice to prevent APP amyloidogenic 

processing in vivo. We were able to show a significant decrease in Aβ load and activity-induced 

Aβ production in the forebrain of double hemizygous offspring. Moreover, endogenous rodent 
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Ab levels were significantly reduced in Plk-KD compared to WT littermates. Therefore, we 

conclude that Plk2 kinase function induced by heightened activity promotes APP amyloidogenic 

processing and plaque deposition in vivo.  

In 5xFAD mice, volasertib profoundly reduced both Aβ40 and Aβ42 under basal 

conditions. The results suggest that there is a high level of hyperactivity and endogenous Plk2 in 

5xFAD mice, consistent with the overproduction of exogenous Aβ in these animals and the 

known Aβ-dependent neuronal hyperexcitation in 5xFAD and other AD models 149,158,160. 

Volasertib also prevented synapse loss in 5xFAD mice, potentially decreasing the rate of 

cognitive decline 161–163. Indeed, the volasertib-treated mice strongly favored novel objects in the 

novel object recognition task, as shown in WT mice, whereas the saline-treated mice did not. 

These results suggest that the drug rescues memory deficits in AD mice. However, we should be 

cautious with this experiment because volasertib is a pan-specific Plk family inhibitor and has 

dose-dependent side effects including hair loss164, which one of the mice experienced after 2 

months of treatment. We also observed that 6 out of 14 mice in the late and short-term treatment 

group were found dead after the first oral administration of the inhibitor, but the rest of the mice 

were alive even after additional remaining treatments until the task was performed. We can not 

explain this fatality, which needs to be confirmed in future studies that optimize appropriate 

timing of treatment.  Further studies with compounds selective to Plk2 and a proper dose of the 

drug should be investigated for specificity and lower toxicity. Nevertheless, since volasertib is 

currently in phase 3 clinical trials for cancer treatment 164,165, this drug could possibly be 

repurposed for AD. 
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Taken together, we propose a hypothesis in which Plk2 and APP are involved in a 

homeostatic negative feedback loop, physiologically acting to dampen overactivity in neurons 

(Fig. 2.8-1). The considerable amount of the Plk2 induced by synaptic overactivity binds directly 

to the intracellular tail of APP and phosphorylates T668/S675, thus triggering APP endocytosis 

and Ab formation. This mechanism may play a part in the negative feedback homeostasis to 

prevent overexcitation, but further investigation will be necessary to prove this possibility. In 

pathological states, aberrant Aβ aggregation may undermine the physiological homeostatic 

system, generating plaque-mediated hyperexcitability 149,158,159,166 (Fig. 2.8-2). In this 

circumstance, a positive feedback loop occurs and promotes further aggregates and foci of 

synaptic overactivity, as we have shown in the APP-SwDI brain where elevated Plk2 was 

localized in the vicinity of newly formed plaques. Plk2 upregulation seems to show local 

hotspots as a “snapshot” of current dysfunction in neuronal homeostasis, whereas visible plaque 

deposits may stand for a cumulative outcome of the disease progression.  

In particular, Aβ and Plk2 cause synapse loss which is strongly associated with cognitive 

impairment in AD 45, while pharmacological prevention of Plk2 function ameliorates synapse 

loss and memory deficits in a mouse model of AD. Our proposed pathway may provide 

therapeutics for synapse loss and memory impairments in AD by engaging physiological 

regulatory programs in control of APP metabolism.  
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CHAPTER 3 

Regulation of GluA2-containing AMPAR trafficking by novel phosphorylation sites of APP 

in synaptic plasticity 

 

3.1 INTRODUCTION 

The amyloid precursor protein (APP) is a transmembrane protein expressed in neurons 77–

79. APP has gained substantial attention because its cleaved fragment, beta-amyloid (Aβ), causes 

neuronal damage and leads to one of the hallmarks in Alzheimer’s Disease (AD), Aβ plaques 

45,51,112,123. While pathological roles of APP produced by proteolytic processing to promote Aβ 

production have been extensively studied, the physiological functions of APP remain elusive. 

The physiological features of APP include its role in various cellular processes, including cell 

adhesion, synaptogenesis, neurite outgrowth, axonal transport of proteins, and gene transcription 

80,82.    

In addition to the APP-mediated cellular functions, APP appears to participate in synaptic 

plasticity, which is a key mechanism in learning and memory and is impaired in AD 29. It is 

located at synapses 128,133,167, and Aβ soluble oligomers are greatly produced by heightened 

synaptic activity 108,109,127 and lead to synaptic depression through elimination of AMPA 

receptors (AMPARs) from the synapses 112,132. APP knock out (KO) mice show impaired long-

term potentiation (LTP) and deficits in learning and memory 103. These APP KO mice also 

exhibit a reduction in the number of spines 101,168, whereas transgenic mice overexpressing APP 

have enhanced spine density in young mice 101. While, in cultured hippocampal neurons, 

overexpressed APP increases synaptic proteins (PSD-95 and Bassoon) and surface levels of 
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GluA2-containing AMPARs, APP knock-down causes a decrease in these proteins 101. However, 

APP KO mice have more functional synapses, as measured by excitatory postsynaptic currents, 

as well as greater synaptophysin levels than WT 132. Therefore, the precise roles for APP in 

synaptic plasticity is not well understood.  

 GluA2-containing AMPARs play a critical role in various forms of synaptic plasticity. 

During long-term depotentiation (LTD), one of the major mechanisms for activity-dependent 

synaptic modification, GluA2 is endocytosed to decrease synaptic transmission. This process 

occurs via various signaling pathways and scaffolding molecules, which are triggered by 

stimulation of NMDA receptors (NMDARs) or metabotropic glutamate receptors (mGluRs) at 

the synapses 169. For example, blockage of the interaction between GluA2 and N-

ethylmaleimide-sensitive factor (NSF; an ATPase required for membrane fusion events and a 

role in stabilization of GluA2-containing AMPARs at post-synapses) using peptides mimicking 

the binding sites triggers GluA2 internalization, an underlying pathway for NMDAR-dependent 

LTD 170–172.  On the other hand, trafficking of AMPARs containing GluA2 is also altered in 

homeostatic plasticity, a tuning process of synapse strength, in order to counter excessive 

excitation or inhibition, for stabilization of neural networks 173,174. Upon strong synaptic 

stimulation, proteins such as Arc/Arg3.1 and Plk2 are expressed and reduce AMPAR-mediated 

synaptic currents by removing GluA2-containing AMPARs 175,176.  

 GluA2 and APP are important components in synaptic plasticity, and APP expression 

dictates GluA2 residence at synapses 101; this finding suggests that GluA2-containing AMPARs 

and APP are functionally related. Moreover, we observed that APP phosphorylation status 

controlled its surface expression, which may regulate surface GluA2 expression. In Chapter III, 
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we reveal that phosphorylation of APP at T668 and S675 (APP numbering for APP695) is 

required for GluA2 internalization in homeostatic plasticity, whereas dual phosphosites of APP 

at S655 and T686 participate in NMDAR-mediated LTD. Furthermore, NSF may act as a 

scaffolding protein to connect APP to GluA2 at synapses. Therefore, APP may function as a 

master molecule for regulating GluA2-containing AMPARs in synaptic plasticity and play a 

pivotal role in learning and memory regardless of Aβ.    

 

3.2 RESULTS 

Two phosphoresidues (T668 and S675) of APP regulates homeostatic GluA2 removal 

We previously demonstrated that Plk2 phosphorylated the threonine 668 and serine 675 

sites of APP, which led to APP endocytosis. Double mutation of these sites to alanine blocked 

APP internalization in homeostatic conditions, whereas the phosphomimic mutant with dual 

glutamate substitution led to decreased surface APP under basal conditions, suggesting that the 

phosphorylation status of T668/S675 bidirectionally controls APP surface expression. We also 

found that APP overexpression and deletion increased and decreased, respectively, surface levels 

of GluA2, which suggests that surface residence of APP may be involved in GluA2 trafficking.  

As a Plk2 substrate and potential link between AMPAR and APP, APP may function as a 

homeostatic effector to mediate synapse weakening and GluA2 removal. In order to confirm this, 

we immunolabeled surface GluA2 (sGluA2) in hippocampal neurons expressing GFP, hAPP-WT, 

hAPP-2A, or hAPP-2E (Fig. 3.1A). Without activity manipulation, hAPP-WT and hAPP-2A 

increased, while hAPP-2E decreased, sGluA2 compared to GFP, suggesting that surface APP 

maintains sGluA2 levels (Fig. 3.1B,C). Interestingly, sGluA2 with GFP or hAPP-WT 
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overexpression was significantly downregulated by picrotoxin (PTX) stimulation, but sGluA2 in 

hAPP-2A or hAPP-2E neurons was insensitive to PTX (Fig. 3.1B,C). Total GluA2 levels 

remained constant in all conditions (Fig. 3.1D,E).  

hAPP-2A may act by sequestering Plk2 away from GluA2 regulatory molecules. 

However, all hAPP constructs were expressed at similar levels (Fig 1.8), and Plk2 could still 

deplete another substrate, SPAR, in hAPP-2A- as well as in hAPP-WT-transfected neurons 

following heightened activity, implying that overexpression of APP-2A does not block Plk2 

function indirectly (Fig. 3.2A,B). These results support the notion that dual phosphorylation sites 

of APP by Plk2 are essential for overactivity-triggered homeostatic GluA2 removal.  

 

Different dual phosphoresidues (S655 and T686) of APP are involved in LTD-mediated 

GluA2 endocytosis. 

Next, we examined whether sGluA2 removal required the phosphorylation sites of APP 

in another form of synaptic plasticity, long-term depression (LTD). To address this question, we 

transfected GFP, hAPP-WT, hAPP-2A, or hAPP-5A (mutation of all serine/threonine sites to 

alanine) and applied NMDA in order to chemically induce NMDAR-dependent LTD (Fig. 3.3 A). 

Under basal conditions, sGluA2 levels in neurons transfected with all hAPP constructs were 

enhanced compared to GFP. Surprisingly, GFP-, hAPP-WT-, and even hAPP-2A-transfected 

neurons showed lower sGluA2 levels in NMDAR-LTD, whereas sGluA2 level in hAPP-5A-

transfected neurons remained constant after NMDA treatment, indicating that distinct 

phosphorylation sites of APP participate in NMDAR-LTD-induced GluA2 trafficking (Fig. 3.3 

B,C). 
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In order to identify phosphosites of APP involved in NMDAR-LTD, we further narrowed 

down the possible sites from APP-5A. As previously seen, sGluA2 levels decreased by NMDA 

treatment in neurons transfected with GFP, hAPP-WT, or hAPP-3A including 2A sites, while a 

decrease in sGluA2 levels did not occur in hAPP-4A- or hAPP-3A’-transfected neurons (Fig. 

3.3D). Serine and threonine sites in hAPP-4A partially cover those in hAPP-3A’, indicating 

overlapping sites in APP may be critical for NMDAR-LTD (Fig. 3.3A).  We also tested single 

alanine APP mutants derived from hAPP-3A’. As expected, all hAPP-transfected neurons 

showed higher levels of sGluA2 than GFP-transfected neurons under basal conditions. Upon 

chemically induced LTD, neurons transfected with GFP, hAPP-WT, or the single hAPP mutants 

did not rescue sGluA2 downregulation (Fig. 3.3E). Therefore, we suspected APP dual 

serine/threonine phosphosites, not the sites (T668/S675) involved in homeostatic GluA2 removal, 

could contribute to GluA2 trafficking in NMDAR-LTD. Among possible dual combinations 

derived from hAPP-3A’ (Fig. 3.4 A), only serine 655 and threonine 686 to alanine mutation 

(hAPP-2A’) prevented sGluA2 reduction after NMDA treatment (Fig. 3.4 B,C).  

Because mutagenesis of threonine 668 and serine 675 to alanine (hAPP-2A) failed to 

block sGluA2 internalization in chemically induced NMDAR-LTD (Fig. 3.3 B,C), we expected 

that serine 665 and threonine 686 would not participate in homeostatic GluA2 removal. As 

previously shown, sGluA2 in hAPP-2A-transfected neurons did not decrease after PTX treatment, 

while hAPP-2A’- and GFP-transfected neurons showed significantly diminished sGluA2 levels 

under homeostatic conditions (Fig. 3.4 D,E). Therefore, two exclusive dual phosphosites in APP 

are engaged in HSP and LTD (Fig. 3.4A).   
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Any phosphoresidues of APP do not take part in mGluR-mediated LTD or agonist-induced 

GluA2 endocytosis. 

Group 1 metabotropic glutamate receptors (mGluR1 and mGluR5) are known to trigger 

LTD via AMPAR endocytosis, and GluA2 is important for mGluR-induced LTD 177,178. 

Therefore, we investigated whether mGluR-mediated GluA2 internalization in LTD was affected 

by phosphorylation sites of APP (Fig. 3.5A). Initially, GFP, hAPP-WT, -5A, and -2A were 

individually transfected in neurons, and sGluA2 levels were measured. Serine and thereonine to 

alanine mutants and WT of APP showed elevated sGluA2 compared to GFP-transfected neurons 

under basal conditions. However, when DHPG, an agonist of group1 mGluRs, was applied, none 

of mutants prevented reduction in sGluA2, indicating that APP serine and threonine sites are not 

involved in GluA2 trafficking in mGluR-dependent LTD (Fig. 3.5B).  

The intracellular tail of APP also contains three tyrosine sites (Fig. 3.5A). Among them, 

Y682 and Y687 are located within the endocytosis consensus motif, YENPTY, which interacts 

with the phosphotyrosine-binding domains of adaptor proteins and induces various physiological 

functions, including gene transcription 81,130. Therefore, it is possible that these tyrosine sites 

participate in GluA2 endocytosis. We created an APP tyrosine to alanine mutant (APP-Y3A) to 

prevent phosphorylation of the tyrosine sites in the APP intracellular tail. As expected, 

overexpression of the hAPP mutant showed higher sGluA2 in hippocampal neurons than GFP-

transfected neurons under basal conditions. However, the triple mutation of tyrosine to alanine 

did not block sGluA2 reduction after DHPG treatment (Fig. 3.5 C).  

AMPAR endocytosis from the cell surface is also caused by agonist application via a 

distinct pathway 179. We examined whether APP phosphorylation sites were involved in agonist-
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dependent GluA2 internalization. In non-treated conditions, all human APP overexpression led 

to enhanced levels of sGluA2 compared to GFP, as previously shown, whereas none of the APP 

serine/threonine or tyrosine mutants prevented a decrease in the levels of sGluA2 after AMPA 

treatment (Fig. 5 D,E). We therefore conclude that the APP serine/threonine sites and tyrosine 

sites are not involved in GluA2 internalization in mGluR-induced LTD or in agonist stimulation. 

 

NSF interacts with APP in vitro and in vivo. 

Under basal conditions, we found that the location of surface APP appeared to determine 

surface GluA2 levels; this finding implies that APP and GluA2 are potentially associated either 

directly or indirectly. Interestingly, NSF is one of the candidate molecules interacting with APP 

in the brains of Alzheimer’s patients and APP transgenic mice 180,181. NSF is known to bind to 

GluA2-containing APMARs and to stabilize maintenance of GluA2 on surface 182,183. For 

instance, interruption of GluA2 interaction with NSF causes fast decay of AMPAR-mediated 

current 28,172,184. To confirm the possible relation between APP and GluA2 via NSF, we 

performed co-immunoprecipitation. In COS cells overexpressing myc-hAPP and myc-NSF, APP 

and NSF co-immunoprecipitated with NSF and human APP antibody (6E10), respectively, but 

not with IgG (Fig. 3.6 A). In the brains of APP transgenic mice expressing human APP, APP co-

immunoprecipitated with NSF antibody, but not with IgG (Fig. 3.6B). We conclude that not only 

GluA2, but also APP, interacts with NSF. Therefore, the association of APP and GluA2, via NSF, 

appears to maintain GluA2 on the surface.  
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Figure 3.1 APP-T668/S675 controls activity-dependent GluA2 internalization but not 
GluA2 total expression. (A) APP intracellular domain displaying serine and threonine sites 
(Bold blue); numbering in amino acid for both hAPP-695 and -770 (in parentheses). (B-E) 
Hippocampal neurons (18-19 DIV) were co-transfected with GFP and hAPP-WT/-2A/-2E, and 
treated with vehicle (NT) or PTX (25µM, 20h) as indicated. (B) Neurons cotransfected with GFP 
and hAPP-WT, -2A, or -2E were live-labeled for surface endogenous GluA2 with N-terminal 
antibody, followed by permeabilization and GFP labeling. (C) Quantification of B (n=33 neurons 
for GFP+NT, 25 for GFP+PTX, 42 for APP-WT+NT, 28 for APP-WT+PTX, 22 for APP-
2A+NT, 19 for APP-2A+PTX, 28 for APP-2E+NT, 26 for APP-2E+PTX). (D) Total levels of 
endogenous GluA2 and GFP were immunolabeled. (E) Quantification of D (n=12 neurons for 
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GFP+NT, n=10 for GFP+PTX, n=9 for APP-WT+NT, n=12 for APP-WT+PTX, n=11 for APP-
2A+NT, n=10 for APP-2A+PTX, n=8 for APP-2E+NT, and n=9 for APP-2E+PTX). ***P<0.001, 
**P<0.01, *P<0.05; ANOVA and Tukey’s post hoc test. Data are means±SEM. Scale bars, 
20µm for wide views, 10µm for dendrites. 
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Figure 3.2 Prevention of APP-T668 and S675 phosphorylation does not indirectly sequester 
Plk2. (A) Neurons were transfected with hAPP-WT or APP-2A, treated with NT or PTX as 
indicated, and co-immunolabeled with 6E10 and SPAR antibodies. (B) Quantification of A 
(n=18 neurons for APP-WT+NT, n=23 for APP-WT+PTX, n=20 for APP-2A+NT, and n=14 for 
APP-2A+PTX). ***P<0.001, **P<0.01, *P<0.05; ANOVA and Tukey’s post hoc test. Data are 
means±SEM. Scale bars, 20µm for wide views, 10µm for dendrites. 
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Figure 3.3 Different serine and threonine sites of APP are involved in GluA2 endocytosis in 
NMDAR-mediated LTD.  (A) APP intracellular domain sequence showing serine and threonine 
sites (Bold blue); numbering in amino acid for both hAPP-695 and -770 (in parentheses). 
Detailed multiple serine/threonine to alanine mutants are described for B-E (B-E) Hippocampal 
neurons (18-19 DIV) were co-transfected with GFP and hAPP serine/threonine mutants for 3 
days, followed by treatment with vehicle (NT) or NMDA (50µM, 5min). (B) Neurons 
cotransfected with GFP and hAPP-WT, -2A, or -5A were immuno-labeled for surface 
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endogenous GluA2, followed by permeabilization and GFP labeling. (C) Quantification of B 
(n=44 neurons for GFP+NT, 31 for GFP+`NMDA, 30 for APP-WT+NT, 21 for APP-
WT+NMDA, 19 for APP-2A+NT, 21 for APP-2A+NMDA, 27 for APP-5A+NT, 21 for APP-
5A+NMDA). (D) Quantification of endogenous sGluA2 level in neurons cotransfected with GFP 
and hAPP-WT, -4A, -3A, or -3A’ to narrow down serine/threonine residues to find a candidate 
site(s) in NMDAR-LTD (n=29 neurons for GFP+NT, 34 for GFP+NMDA, 35 for APP-WT+NT, 
43 for APP-WT+NMDA, 24 for APP-4A+NT, 9 for APP-4A+NMDA, 25 for APP-3A+NT, 20 
for APP-3A+NMDA, 24 for APP-3A’+NT, 24 for APP-3A’+NMDA). (E) Quantification of 
endogenous sGluA2 level in neurons cotransfected with GFP and hAPP-WT, -3A, -T654A, -
S655A, or -T686A (n=42 neurons for GFP+NT, 30 for GFP+NMDA, 33 for APP-WT+NT, 28 
for APP-WT+NMDA, 43 for APP-3A’+NT, 46 for APP-3A’+NMDA, 46 for APP-T654A+NT, 
42 for APP-T654A+NMDA, 38 for APP-S655A+NT, 28 for APP-S655A+NMDA, 25 for APP-
T686A+NT, 32 for APP-T686A+NMDA). ***P<0.001, **P<0.01, *P<0.05; ANOVA and 
Tukey’s post hoc test. Data are means±SEM. Scale bars, 20µm for wide views, 10µm for 
dendrites. 
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Figure 3.4 APP-S665/T686 mediates GluA2 internalization in NMDAR-dependent LTD. (A) 
APP C-terminus displaying serine and threonine sites (Bold blue); numbering in amino acid for 
both hAPP-695 and -770 (in parentheses). Multiple serine/threonine to alanine mutants are 
detailed for B-E. Dual serine and threonine residues involved in GluA2 trafficking in LTD 
(S655A/T686A; labeled as green) and in HSP (T668A/S675A; labeled as Pink). (B,C) GFP and 
hAPP serine/threonine mutants were co-transfected in the cultured neurons (18-19 DIV) for 3 
days, then treated with vehicle (NT) or NMDA (50µM, 5min). (B) Neurons cotransfected with 
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GFP and hAPP-WT, -3A’, -T654A/S655A, -T654A/T686A, or -S655A/T686A were immuno-
labeled for surface endogenous GluA2, and then permeabilization and GFP labeling. (C) 
Quantification of B (n=32 neurons for GFP+NT, 26 for GFP+NMDA, 22 for APP-3A’+NT, 35 
for APP-3A’+NMDA, 44 for APP- T654A/S655A+NT, 34 for APP-T654A/S655A+NMDA, 41 
for APP-T654A/T686A+NT, 41 for APP-T654A/T686A+NMDA, 29 for APP-
S655A/T686A+NT, 17 for APP-S655A/T686A+NMDA). (D,E) Neurons (18-19 DIV) were co-
transfected with GFP and hAPP-WT, -2A, or -2A’, and treated with vehicle (NT) or PTX (25µM, 
20h). (E) Quantification of D (n=24 neurons for GFP+NT, 45 for GFP+PTX, 29 for APP-
2A+NT, 26 for APP-2A+PTX, 24 for APP-2A’+NT, 37 for APP-2A’+PTX). ***P<0.001, 
**P<0.01, *P<0.05; ANOVA and Tukey’s post hoc test. Data are means±SEM. Scale bars, 
20µm for wide views, 10µm for dendrites.  
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Figure 3.5 APP does not alter GluA2 endocytosis via mGluR-LTD or agonist-dependent 
internalization. (A) schematic of APP serine, threonine (blue bold), and tyrosine sites (red bold); 
numbering in amino acid for both hAPP-695 and -770 (in parentheses). Detailed multiple 
phosphorylatable mutants used in B-E. (B-E) Hippocampal neurons (18-19 DIV) were co-
transfected with GFP and hAPP serine/threonine/tyrosine mutants (hAPP-WT, -2A, -5A, or -
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Y3A), then treated with vehicle (NT) or DHPG (50µM, 10mins) (B,C) or AMPA (100µM, 
20mins) (D,E).  Surface endogenous GluA2 was immunolabeled, followed by permeabilization 
and GFP labeling. (B) Quantification of endogenous sGluA2 level in neurons transfected with 
GFP and hAPP-WT, -2A, or -5A, then treated with DHPG (n=53 neurons for GFP+NT, 41 for 
GFP+DHPG, 51 for APP-WT+NT, 39 for APP-WT+DHPG, 27 for APP-2A+NT, 24 for APP-
2A+DHPG, 73 for APP-5A+NT, 41 for APP-5A+DHPG). (C) Quantification of endogenous 
sGluA2 level in GFP and hAPP-Y3A-transfected neurons after treatment with DHPG (n=25 
neurons for GFP+NT, 49 for GFP+DHPG, 32 for APP-Y3A+NT, 42 for APP-Y3A+DHPG). (D) 
Quantification of endogenous sGluA2 level in hAPP phospho-mutants-transfected neurons after 
AMPA treatment (n=60 neurons for GFP+NT, 34 for GFP+AMPA, 37 for APP-WT+NT, 45 for 
APP-WT+AMPA, 32 for APP-2A+NT, 26 for APP-2A+AMPA, 42 for APP-5A+NT, 27 for 
APP-5A+AMPA). (E) Quantification of endogenous sGluA2 level in neurons cotransfected with 
GFP and hAPP-Y3A, then treated with AMPA (n=29 neurons for GFP+NT, 23 for GFP+AMPA, 
33 for APP-Y3A+NT, 25 for APP-Y3A+AMPA). 
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Figure 3.6 APP interacts with NSF in vitro and in vivo. (A) hAPP and NSF were co-
transfected in COS cell and immunoprecipitated with APP (6E10) or NSF antibody and probed 
with APP (6E10) and NSF, showing APP and NSF interaction. (B) In brains of APPSwDI mice, 
NSF was immunoprecipitated with NSF antibody and probed with APP antibody (6E10).     
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3.3 DISCUSSION 

  We observed that the phosphorylation sites in APP regulated GluA2-containing AMPAR 

trafficking in some forms of synaptic plasticity. Specifically, GluA2 endocytosis was determined 

by two distinct dual serine and threonine sites of APP, T668/S675 for HSP and S655/T686 for 

LTD. We also found that APP overexpression basally increased surface GluA2 levels, and NSF 

appeared to connect APP to GluA2 in order to maintain GluA2 at the post-synaptic membrane.  

  Two conflicting events, AD and seizure, appear to be strongly associated. Incidences of 

seizures in AD patients are high, and mouse models of AD overexpressing human APP also have 

high rates of seizure events 151,152. Aβ, a major toxic component abnormally produced in AD, 

leads to GluA2-containing AMPAR internalization, facilitates LTD, and prevents LTP 

52,112,123,124. Therefore, it contributes to make neurons less excitable. Conversely, a rodent model 

for seizures has higher GluA1-containing AMPARs and neuronal activity 185. It has not been 

clear why AD and seizures with these opposite features coexist. However, our findings may 

explain the high seizure occurrence rate in AD. Overexpressing APP in cultured neurons 

consistently increased sGluA2 levels, whereas Plk2-mediated APP phosphorylation resulted not 

only in endocytosis of APP, but also of GluA2. We therefore speculate that great numbers of 

surface APP recruit more AMPARs to the synapses, leading to initiation of hyperactivity. The 

overexcitation induces Plk2 expression which subsequently phosphorylates APP at T668/S675. 

APP amyloidogenic processing by Plk2 results in elevated Aβ production and GluA2 

endocytosis. Sustained reduction in GluA2-containing AMPARs at the surface could be replaced 

by Ca-permeable GluA2-lacking AMPA receptors 186, consistent with the observation that Aβ 

decreases sGluA2 and promotes sGluA1 levels 187,188. The elevated Ca current via the Ca-



 

85 
 

permeable GluA2-lacking AMPA receptors could contribute to a vicious cycle for overexcitation 

and Plk2-mediated Aβ production. However, APP-2A may ameliorate seizure occurrences and 

AD. Blocking phosphoyration of APP at T668/S675 by Plk2 should prevent not only Aβ 

production but also GluA2 endocytosis, possibly blocking replacement of GluA2-lacking AMPA 

receptors and hyperactivity at synapses, although further studies are required to verify this 

mechanism.            

  A surprising finding is that a different dual phosphorylation site of APP, S655/T686, 

participates in GluA2 trafficking in NMDAR-dependent LTD. S655 is a site known to be 

phosphorylated by PKC, but phosphorylation of T686 by any kinase has not been reported 86,189.  

PKCα, a subtype of PKC, phosphorylates and internalizes GluA2 in LTD 183,190,191. However, 

NMDAR-LTD is not affected by PKC inhibitors 192, suggesting PKC is not a candidate for 

phosphorylating GluA2 and APP in NMDAR-LTD. Because phosphorylation of APP at T686 is 

also required for GluA2 endocytosis, one or more novel kinases may be involved in 

phosphorylating both S655 and T686 of APP for GluA2 internalization in NMDAR-LTD in a 

similar manner to Plk2 phosphorylation of T668/S675 in HSP.   

  We have focused on LTD due to changes in surface GluA2 levels, not in surface GluA1, 

as a result of APP overexpression 120. It is generally believed that GluA1 and GluA2 mainly 

participates in LTP and LTD, respectively. However, it would be interesting to investigate 

surface GluA2 levels after LTP induction in APP-overexpressing neurons. One possible scenario 

would involve a significant reduction in AMPARs following LTP induction. Since 

overexpression of APP enhanced basal surface levels of GluA2-containing AMPARs, an 

additional pathway inserting AMPARs at synapses, such as LTP, would lead to a reduction in 
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synaptic AMPARs as homeostasis, in order to avoid excessive synaptic currents and 

overexcitation. This phenomenon can be explained as metaplasticity 193. This plasticity has been 

proposed to restrict excessive synaptic changes due to the positive feedback mechanism in 

associative plasticity. For example, neurons overexpressing CaMKII, in addition to chemical 

LTP, shows reduced levels of Glu1-containing surface AMPARs, compared to chemical LTP or 

CaMKII overexpression alone 194. Thus, similar to CaMKII, APP overexpression may decrease 

enhanced levels of surface AMPARs by LTP.  

  LTD is the synaptic process underlying learning and memory in the CNS 169.  For 

instance, disruption of AMPAR internalization by GluR2-derived peptides or blockade of 

NMDA NR2B receptors with Ro 25-698 disables the extinction of fear memory in the amygdala, 

suggesting that NMDAR-dependent LTD via GluA2 endocytosis is involved in fear extinction 

195.  Based on our finding, prevention of APP phosphorylation at S655/T686 impaired GluA2 

internalization in NMDAR- LTD, which implies GluA2 trafficking by APP would play a role in 

fear extinction in the amygdala. It would be interesting to observe whether the fear memory 

could be erased in transgenic mice with alanine mutated gene of APP at S655/T686. Patients 

with posttraumatic stress disorder (PTSD) fail to erase exaction-based fear memories196,197, and 

PTSD and AD are related198. Therefore, investigating phosphorylation of APP at S655/T686 and 

the underlying mechanism may shed light on a novel pathway and therapeutics for PTSD.   

  In this study, we report novel functions of the APP phosphorylation sites in synaptic 

plasticity. Although further studies are needed to validate the functionality of the sites in vivo, 

utilizing these sites or underlying different phosphorylation mechanisms may help to advance 
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our understanding of APP roles in learning and memory and contribute to discoveries of 

therapeutics for AD and PTSD.  
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CONCLUSIONS AND FUTURE DIRECTIONS 
 

Throughout this thesis work, we have investigated physiological roles of Plk2-mediated 

APP metabolism and APP phosphorylation in synaptic plasticity. We found that both T668 and 

S675 of APP were phosphorylated by activity-induced Plk2, which, in turn, led to APP 

endocytosis and amyloidogenic processing (Conclusion Fig. A) Surprisingly, Plk2 levels in 

brains from AD mice and post-mortem AD patients significantly increased in a temporal and 

spatial manner. Plk2 kinase function accelerated Aβ plaque depositions and activity-dependent 

Aβ production, whereas oral administration of the Plk2 inhibitor inhibited Aβ production, 

synapse loss, and memory deficits in AD mouse models. This finding suggests that Aβ 

physiologically helps Plk2 action to reduce overexcitation in hyperactivity because Plk2, a 

homeostatic regulator, affects APP processing via phosphorylation and generates the Aβ known 

to cause synaptic depression. However, uncontrolled overactivity in AD, possibly nearby 

growing plaques, may perturb the physiological state and contribute to AD pathogenesis by 

overproducing Plk2-mediated Aβ.  

Furthermore, the two APP sites phosphorylated by Plk2, T668 and S675, were 

responsible for GluA2 trafficking in homeostatic plasticity (Conclusion Fig. A), while distinct 

dual phosphoresidues of APP, S655 and T686, were involved in GluA2-containing AMPAR 

endocytosis in NMDAR-LTD (Conclusion Fig. B). We also found that NSF associated with 

APP, possibly acting as a scaffolding protein to bring GluA2 and APP together at the synapses. 

Thus, APP may act as a master molecule for controlling GluA2-containing AMPARs in synaptic 

plasticity and contribute to the physiological mechanisms underlying learning and memory.   
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Aβ40 and Aβ42 were markedly decreased in 5xFAD mice that had been volasertib-

treated for a month, compared to saline-treated mice. However, we observed severe hair loss in 

one of the mice chronically receiving volasertib in order to observe improvements in memory 

deficits. This side effect was reported in 9% of patients from clinical trials and was dose-

dependent164. The AD mice were given the highest dose (70 mg/kg, in a volume of 10.0 ml/kg, 

via oral gavage) that had previously used for 6 weeks as a cancer treatment 117. However, the 

duration of AD treatment should be longer than that of cancer treatment because AD has much 

slower disease progression. Other potential adverse effects could appear in long-term treatment 

for AD with regard to disruptions of the cell cycle. Thus, further investigation should be 

followed to find an appropriate dose without serious side effects for long-term treatment of AD. 

Moreover, since this drug was developed for cancer treatment, the reported pharmacokinetics 

have been measured in xenograft cancer models. Although, volasertib is able to cross the blood-

brain barrier 117, further studies are necessary to elucidate the pharmacokinetic profiles in brains 

of AD mouse models. Lastly, because volasertib is not a specific Plk2 inhibitor and shows the 

greatest potency on Plk1, compounds selective to Plk2, if available, should be tested to confirm 

activity-dependent amyloidogenic processing and Aβ generation by Plk2.  

The notable finding of the dual phosphorylation sites in APP, T668 and S675, has made 

us rethink a role for T668 in AD. T668 of APP is a putative phosphosite involved in Aβ 

production and AD pathology 131,138. However, contradictory observations have been reported in 

which transgenic mice with a knock-in alanine mutation of T668 failed to show an increase in 

constitutive rodent Aβ levels, and Aβ generation even decreased by T668 phosphorylation 139,140. 

Therefore, we postulate that both T668 and S675 are required for APP β-processing. To 
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reconcile controversial findings, we need to examine APP β-processing and cognitive changes in 

transgenic mice expressing both T668 and S675 alanine mutations. It would be also interesting to 

see alteration of synaptic currents in heightened synaptic activity with these transgenic mice, 

based on the data in cultured neurons in which the double alanine mutation of T668 and S675 

blocked GluA2 endocytosis during overexcitation. 

Moreover, we found that the dual phosphoresidues of APP, S655 and T686, contributed 

to NMDAR-LTD, but the kinase responsible for phosphorylating these two sites remains elusive. 

Thus, investigating the kinase involved in NMDAR-LTD, such as GSK-3, would be a 

subsequent step. Moreover, creating an alanine-mutated mouse line of APP S655 and T686 for 

functionality studies would be informative. This transgenic mouse model may confirm blockage 

of synaptic depression in NMDAR-LTD and show behavior changes, including memory deficits, 

due to altered synaptic plasticity. 

 

Conclusion Figure Models of activity-mediated APP phosphorylation and GluA2-
containing AMPAR endocytosis in (A) HSP and (B) LTD conditions.  
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