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ABSTRACT 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with cognitive 

deficits. Amyloidogenic processing of amyloid precursor protein (APP) produces Aβ peptides, 

the major component of hallmark AD senile plaques. Synaptic activity stimulates Aβ production, 

and Aβ promotes synaptic depression, suggesting Aβ mediates homeostatic plasticity of 

excitatory synapses. However, mechanisms linking synaptic activity to Aβ production are 

unclear. I demonstrate that Plk2, an activity-inducible homeostatic downregulator of excitatory 

synapses, is critical for activity-mediated Aβ production. Plk2 directly binds and phosphorylates 

APP in vitro and associates with APP in vivo. Plk2 specifically accelerates APP amyloidogenic 

cleavage pathway and is required for stimulated Aβ secretion by elevated synaptic activity. 

Phosphorylation sites at T668 and S675 are required for Plk2- and activity-induced synaptic 

depression via loss of GluA2 type AMPA receptors. Furthermore, increased Plk2 levels were 

detected in the brains of AD mouse model APP-SwDI, and genetic perturbation of Plk2 reduced 

amyloid plaque formation in APP-SwDI hippocampus. Together, these findings demonstrate that 

heightened synaptic activity promotes APP amyloidogenic processing and Aβ production via 

Plk2.  
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INTRODUCTION 

A. Alzheimer’s disease 

 

 

AD pathology 

 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder, first reported 

by German psychiatrist, Alois Alzheimer in 1906 (Holtzman et al., 2011). AD is characterized by 

progressive cognitive deficits accompanied by neuronal cell death and synapse loss in various 

brain areas, including hippocampus, cortices and subcortical areas (Arnold et al., 1991; Weder et 

al., 2007). AD symptoms are accompanied by structural abnormality in the brain, and have 

positive correlation with histological changes (Gray and McNaughton, 1983). For example, one 

of the first affected areas, the hippocampus, plays a critical role in memory (Jarrard, 1993; Sloan 

et al., 2006). The circuit between hippocampus and temporal cortical areas that are affected from 

the early stage of disease plays a critical role in memory decline (Killiany et al., 2002). Since AD 

is a progressive disease, patients start exhibiting symptoms of mild loss of memory in the early 

stages, but most cognitive ability is impaired in the late-stage of the disease (Holtzman et al., 

2011). 

AD brains have characteristic features including brain atrophy, neuronal and synapse 

loss, regional hypometabolism, brain network dysfunction, inflammation and oxidative stress, as 

well as accumulation of neurofibrillary tangles and senile plaques (Holtzman et al., 2011; Perrin 

et al., 2009).  
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Hallmarks in AD brain 

 

Two histological changes were reported in AD patient brains, intracellular neurofibrillary 

tangles (NFT) and extracellular senile plaques (Alzheimer et al., 1995; Goedert, 2009). These are 

major pathological hallmarks in AD brain, even though APP is expressed ubiquitously. 

Interestingly, NFT and senile plaques are not uniformly generated in the brain (Arnold et al., 

1991; Braak and Braak, 1995). Hippocampus, layer II and IV of entorhinal cortex and amygdala 

have been reported as especially vulnerable regions in AD (Arnold et al., 1991; Braak and Braak, 

1995; Hyman et al., 1984) .  

A major component of NFTs is the microtubule associate protein tau bearing abnormal 

hyperphosphorylation (Trojanowski et al., 1993). NFTs are observed in soma, neurites (axons) 

and dendrites. Under normal conditions, tau is a soluble cytosolic protein that associates with and 

stabilizes microtubules. However, abnormally hyperphosphorylated tau detaches from 

microtubules and forms self-assembled, insoluble tangles in AD brains (Alonso et al., 2001). 

Because abnormally phosphorylated tau loses its association with microtubules, it may alter the 

stability of microtubules and disrupt intraneuronal transport via microtubules. Eventually, these 

events may contribute to downstream neuronal cell death, although the precise underlying 

mechanisms of neurodegeneration remain a mystery (Lassmann et al., 1995; Smale et al., 1995).  

The other pathological hallmarks are senile plaques that consist chiefly of aggregated 

amyloid β (Aβ), a peptide fragment of amyloid precursor protein (APP) (Glenner and Wong, 

1984b; Hardy, 2006). Aβ is composed of 38 to 43 amino acids. Aβ40 that is composed of 40 

amino acids is the major form while Aβ with 38, 42 or 43 amino acid residues are generated in 

lower quantities. Aβ42 and 43 are hydrophobic and highly fibrillogenic variants (Jarrett et al., 
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1993).  Thus, increasing the amount of Aβ42 peptide or increasing the ratio of Aβ42/40 could be 

an important indicator in AD pathogenesis (Jarrett et al., 1993).  

Aβ peptides are produced as a monomer, but form various molecular weight complexes 

ranging from dimers to high molecular weight oligomers by assembly into aggregates. Further 

aggregation of Aβ oligomers forms fibrils or protofibrils (Oddo et al., 2006; Takahashi et al., 

2004; Walsh et al., 2000). Soluble Aβ oligomers, are thought to be toxic in synaptic plasticity, 

but it is not clear how fibril formation is initiated (Gong et al., 2003; Walsh et al., 2002).  

 

Late-onset vs. early-onset AD 

 

There are two functional categories of AD, one starting after 65 years of age (late-onset 

AD) and the other form starting earlier than age 65 years (early-onset). The most common cases 

of AD are late-onset, also called “sporadic.” Incidence of sporadic AD increases with age, and 

any obvious cause is not identified. It has been believed that genetic factors are not involved in 

this type of AD (Holtzman et al., 2011). However, recent studies suggest that Apolipoprotein E 

(ApoE) allele polymorphisms are strong risk factors of late-onset AD (Bertram and Tanzi, 2008; 

Corder et al., 1993; Saunders et al., 1993; Strittmatter et al., 1993). There are three ApoE alleles 

(ε2, 3, and 4) (Hatters et al., 2006; Mahley, 1988; Weisgraber et al., 1981). Inheritance of ApoE 

allele ε4 increases risk of developing AD (Blacker et al., 1997; Strittmatter et al., 1993), and 

allele ε2 decreases risk (Bertram and Tanzi, 2008; Greenberg et al., 1998). These observations 

indicate that genetic factors might be also involved in sporadic forms of AD. However, the 

mechanism of influence of ApoE alleles on AD is not known, but may be related to the normal 

role of ApoE in cholesterol transportation (Bertram and Tanzi, 2008; Bu, 2009). 
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In contrast, genetic factors cause “early-onset” or “familial AD (FAD)” that is 

characterized by earlier onset (from 30 to 65 ages) than sporadic AD. In a powerful convergence 

of biochemical and genetic approaches, the first identified genetic mutations causing FAD are in 

the APP (amyloid precursor protein) gene. One amino acid change was discovered in the middle 

of Aβ (E693Q), called the Dutch mutation (Goate et al., 1991; Van Broeckhoven et al., 1990). 

After discovery of Dutch mutations, a number of mutations in APP and Presenilin (PS1 and PS2) 

genes were identified (Bertram and Tanzi, 2008). Inherited mutations lead to several types of 

FAD by increasing Aβ production or aggregation (Cai et al., 1993; Citron et al., 1992; Price and 

Sisodia, 1998; Suzuki et al., 1994).  

 

Aβ peptides as a potential causative component in AD 

 

 All known FAD mutations are related to Aβ production or aggregation rather than NFT 

formation, though both Aβ plaques and NFT are formed in AD brain. This fact suggests that 

accumulation of Aβ peptides is the initial causative component of AD pathogenesis, a theory 

known as the “amyloid cascade hypothesis” (Hardy and Selkoe, 2002; Selkoe, 2002). This 

concept explains the serial process of AD pathology from the beginning with abnormal 

metabolism of Aβ to the end with dementia. Changes of Aβ metabolism, such as increased total 

Aβ amount or increased Aβ42/40 ratio, induces Aβ oligomerization and plaque deposition. 

Subsequently, synaptic failure and NFT formation occur followed by neuronal loss. Those series 

of events ultimately lead to dementia in the late-stage of AD (Hardy and Allsop, 1991). 

Numerous studies support this amyloid cascade hypothesis. Dominant mutations within 

APP lead to FAD and increased production or aggregation of Aβ (Haass, 2004; Price and 
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Sisodia, 1998).  Aβ concentration  is correlated with loss of synapses in AD patients: AD 

patients showed increased levels of both Aβ40 and 42, and decreased levels of the synaptic 

marker protein synaptophysin at the same time (Lue et al., 1999). Soluble Aβ oligomers have 

also been shown to block hippocampal long-term potentiation (LTP) and facilitate long-term 

depression (LTD) in vitro (Li et al., 2009; Walsh et al., 2002; Wang et al., 2002). Furthermore, 

native soluble Aβ oligomers isolated from AD patients are capable of inducing synaptotoxicity in 

rat hippocampus (Shankar et al., 2008).  

 

B. APP and proteolytic processing  

 

 

APP (Amyloid Precursor Protein) 

 

The APP gene is located on chromosome 21, the extra chromosome in Down’s 

syndrome. It is first identified from AD and Down’s syndrome brain. Down’s syndrome brain 

also displayed amyloid plaques and NFTs in brain (Glenner and Wong, 1984a, b). As a type I 

transmembrane protein, APP has a single transmembrane domain. Alternative splicing of the 

APP gene makes 3 isoforms which are APP695, 751, and 770 with different numbers of amino 

acids (Goldgaber et al., 1987; Kang et al., 1987; Tanzi et al., 1987). APP751 and 770 are 

expressed ubiquitously throughout body, whereas APP695 is more abundantly expressed in 

neurons (LeBlanc et al., 1991; Wertkin et al., 1993). APP751/770 and APP695 have the same 

transmembrane and intracellular domains, so all of them can make Aβ peptides. The only 

difference between 751/770 and 695 variants is the presence of a Kunitz-type serine protease 

inhibitor (KPI) domain in the middle of the ectodomain of the longer forms (LeBlanc et al., 
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1991). In human platelets, APP with the KPI domain is involved in Factor XIa inhibition during 

coagulation (Selkoe, 1999; Sisodia and St George-Hyslop, 2002).   

In neurons, APP is located at excitatory synapses (Hoe et al., 2009). APP has large 

extracellular domain at the N-terminus, relatively small (47 amino acids) intracellular domain at 

the C-terminus, and a transmembrane domain in the middle (Figure 1A). The Aβ region spans 

from the juxtamembrane ectodomain and extends into the transmembrane domain. APP has only 

47 amino acids in the intracellular domain, but several binding proteins of this domain were 

identified, including X11, Fe65 (Borg et al., 1996; Duilio et al., 1998; Fiore et al., 1995; 

McLoughlin and Miller, 1996), and c-Jun-N-terminal kinase (JNK) interacting protein (JIP) 

(Hartmann et al., 1997; Inomata et al., 2003; Scheinfeld et al., 2002). One of the important sites 

is a “GYENPTY” sequence at the position from 681 to 687 (in APP 695 numbering). This 

sequence contains internalization signals as well as a consensus motif for phosphotyrosine 

binding (PTB) (Taru and Suzuki, 2009; Uhlik et al., 2005). Numerous proteins, such as X11, JIP-

1 and -2, Dab1 and 2, and Fe65 interact with the APP intracellular domain through PTB.  

Besides the GYENPTY motif, other regions in APP intracellular domain are involved in protein 

interaction (Taru and Suzuki, 2009). Also, numerous kinases including PKC, CaMKII, Cdc2, 

Cdk5, GSK-3β, and JNK phosphorylate APP (Schettini et al., 2010; Taru and Suzuki, 2009).   

APP is localized in the plasma membrane, trans-Golgi network, endoplasmic reticulum 

(ER), lysosome, endosome, and mitochondrial membranes (Kinoshita et al., 2003; Mizuguchi et 

al., 1992; Sabo et al., 2001; Wertkin et al., 1993; Xu et al., 1995). In mammalian cells, APP 

undergoes N- and O-glycosylation during maturation in the secretory pathway and is transported 

to the cell surface (Haass et al., 1992; Sisodia, 1992). Aβ generation is possible in all locations, 
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but it seems that most of secreted Aβ is produced in endosomal and secretory pathways 

predominantly (Kinoshita et al., 2003; Sabo et al., 2001; Xu et al., 1995). Prevention of APP 

endocytosis reduced Aβ generation (Cirrito et al., 2008; Golde et al., 1992), suggesting that 

internalization of APP by endocytosis is required for amyloidogenic processing.  

Proteolytic cleavage of APP is mediated by enzymes termed α-, β- and γ-secretases. 

Depending on the initial processing secretase, APP undergoes either an amyloidogenic pathway 

or non-amyloidogenic pathway (Figure 1B). The two competing and mutually exclusive 

pathways generate different processing peptide products.   

 

Amyloidogenic processing and β-secretase 

 

Aβ is produced from the amyloidogenic pathway which is mediated by sequential 

cleavages by β-secretase (also called β-site APP cleavage enzyme, BACE-1) and the γ-secretase 

enzyme complex (De Strooper and Annaert, 2000; Vassar et al., 1999; Weihofen et al., 2002). β-

secretase, a transmembrane protease, is expressed in a variety of tissues with highest level in 

brain (Hussain et al., 1999; Vassar et al., 1999). It has been reported that BACE-1 levels and 

enzyme activity were elevated in AD brain (Li et al., 2004; Yang et al., 2003). Under basal 

conditions, APP and β-secretase co-existed in Golgi and endosome compartments (Kinoshita et 

al., 2003; Lee et al., 2003). Enzymatic activity of β-secretase peaks at acidic conditions near pH 

4.0-5.5, so the acidic pH of endosomes is an optimum environment for β-secretase mediated 

processing (Lin et al., 2000; Sinha et al., 1999; Vassar et al., 1999). Since the catalytic domain of 

β-secretase exists in the same orientation as the extracellular β-site of APP, β-secretase can cut 

APP inside the endosome (Creemers et al., 2001). This cleavage produces secreted N-terminal 
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sAPPβ and a membrane bound C-terminal fragment of 99 amino acids (β-CTF, or C99). β-CTF 

is subsequently processed by γ-secretase to form Aβ and APP intracellular domain (AICD). 

Majority of Aβ is produced from endosomal pathway and only little portion of Aβ is made in 

secretory pathway (Koo and Squazzo, 1994; Koo et al., 1996). 

 

Non-amyloidogenic processing and α-secretase 

 

A competing pathway of β-processing is initiated by α-secretases (a disintegrin and 

metalloprotease (ADAM) family enzymes) (LaFerla et al., 2007). α-secretases are located at the 

surface membrane and cleave the APP transmembrane domain. α-secretase-mediated cleavage 

produces secreted N-terminal sAPPα and a membrane bound C-terminal fragment of 83 amino 

acids (α-CTF, or C83). α-CTF is also cleaved by the γ secretase enzyme complex, resulting in 

formation of a small p3 peptide and AICD (Nunan and Small, 2000). Since α-secretase precludes 

Aβ production by initially cutting in the middle of the Aβ domain, this processing is referred to 

as a non-amyloidogenic pathway.  

 

γ-secretase 

 

γ-secretase is a multiprotein complex which is composed of Presenilin-1 (PS1) or PS2, 

nicastrin, anterior pharynx defective 1 (APH1) and presenilin enhancer 2 (Pen2) (Kimberly et al., 

2003). Membrane bound α- or β-CTF binds to the surface of the γ-secretase complex, and is 

transferred to the active site in PS-1 or PS-2. γ-secretase complex cuts in the middle of the 

transmembrane domain and produces Aβ and AICD from β-CTF (Xia et al., 2000). γ-secretase 

produces different species of Aβ (38 to 43) by cleaving different sites in APP (Cook et al., 1997; 
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Haass, 2004). Mutation in PS1 or PS2 can result in overproduction of pathogenic Aβ42 and 43 

peptides (Duff et al., 1996; Hartmann et al., 1997; Suzuki et al., 1994; Wang et al., 1991).  

 

Balance between amyloidogenic and non-amyloidogenic pathways  

 

In AD patients, the levels of soluble Aβ peptides and accumulated Aβ plaques are 

increased. This result could be due to enhanced amyloidogenic processing and/or decreased 

clearance of Aβ (Lemere et al., 1996). Overproduction of Aβ has been reported in FAD and 

sporadic AD. Along with elevated Aβ levels, impaired clearance also has been demonstrated in 

sporadic AD (Mawuenyega et al., 2010). However, it remains unclear how APP amyloidogenic 

pathways and Aβ peptide production are physiologically regulated.   
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Figure 1. APP structure and processing 

A. Schematic structure of APP and Aβ 

B. Amyloidogenic vs. non-amyloidogenic pathway 
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C. Mouse model of AD 

 

 

FAD related mutations 

 

Mutation in three genes, APP, PS1, and PS2, are known to cause early-onset AD. Many 

mutations have been discovered, and used for making mouse models of AD. FAD related 

mutations generally result in 3 different effects depending on the mutation site or gene (LaFerla 

et al., 2007).  

The first effect is overproduction of total Aβ by enhancing β-secretase mediated 

processing. The Swedish mutation of APP is an example of elevated β-processing (Haass et al., 

1995). Two amino acids at the β-secretase cleavage site are changed (K670N/M671L), making 

APP a more favorable substrate for β-secretase (Kitazume et al., 2004; Martin et al., 1995). The 

amyloidogenic pathway is promoted in trans-Golgi compartments with this mutation (Vassar et 

al., 1999).  

A second possible effect of FAD mutation is enhanced fibril formation of Aβ. Mutations 

occur in the middle of the Aβ domain, such as the Dutch (E693Q) or Artic (E693G) mutations, 

and these alter fibrillogenesis. Thus, Aβ with such mutations are more easily aggregated 

compared to wild-type Aβ (Nilsberth et al., 2001). 

The third effect is enhanced production of Aβ42, which is a more pathogenic form than 

Aβ40. This occurs by mutations near the γ-secretase processing site in APP gene, or by 

mutations in Presenilin, which is the essential protease component of the γ-secretase complex. 

London (V717I), Indiana (V717F), and Florida (I716V) mutations are examples of this category 
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that enhance the ratio of Aβ42 to Aβ40 to increase aggregation (Guo et al., 1999; Jankowsky et 

al., 2004).   

 

Mouse models of AD 

 

Animal models expressing human FAD related mutated genes allow researchers to 

examine AD pathology in vivo. Because rodent Aβ, unlike the human counterpart, cannot be 

aggregated, normal rodent brain does not show AD histological hallmarks, including amyloid 

plaques (De Strooper and Annaert, 2000; LaFerla et al., 2007). Expressing human APP or 

Presenilin genes with FAD mutations causes phenotypes that resemble Aβ pathology of human 

AD. As expected, mouse models of AD have been shown to exhibit similar characteristics of 

human AD such as accumulated Aβ peptides, enhanced Aβ aggregation and cognitive decline 

with age. Investigating AD mouse models can be useful to examine the relationship between 

histological changes, such as NFTs and Aβ accumulation, and phenotypes such as cognitive 

decline.  

One of the AD mouse models is APP-SwDI, which express hAPP770 bearing Swedish 

(K670N/M671L), Dutch (E693Q), and Iowa (D694N) FAD mutations, producing highly 

fibrillogenic Aβ (Davis et al., 2004). The human APP transgene is expressed in a C57BL/6 

mouse background under the Thy1 promoter. In the APP-SwDI mouse model, human APP 

transgene expression is limited only to brain, and is not observed in peripheral tissues. APP-

SwDI mouse model was characterized with onset of amyloid plaque accumulation as early as 3 

months of age and robustly increased in early stages of homozygous mice. Accompanying 

plaque deposition, spatial memory deficits were also reported in 3 month old animals. 



13 

 

Interestingly, memory deficits did not worsen after 3 months, suggesting that brain regions 

involved in spatial memory were already affected at early stages of disease in this model. 

 

Aberrant synaptic activity in AD  

 

A correlation has been noted between AD and heightened synaptic activity. For example, 

increased incidence of epilepsy has been reported in AD patients (Amatniek et al., 2006; 

Mackenzie and Miller, 1994; Palop and Mucke, 2009), though it is not known whether Aβ itself 

causes activity change. In addition, the “default-mode network” (Mantini et al., 2011), brain 

regions with the highest metabolic activity, have the highest Aβ plaque burden (Bero et al., 2011; 

Buckner et al., 2005). Recently, the immediate early gene Arc/Arg3.1 was also shown to be 

required for activity-dependent Aβ formation in a mouse model of AD (Wu et al., 2011).  

Interestingly, hyperactive neurons near amyloid plaques in different mouse AD models 

have been observed in two studies (Busche et al., 2008; Kuchibhotla et al., 2008). This may be 

due to the loss of GABAergic inhibitory input (Busche et al., 2008), but the mechanism is not 

clear.  

 

D. Excitatory synapses  

 

 

Dendritic spines 

 

Glutamatergic excitatory neurons communicate through synapses which are usually 

localized at dendritic protrusions called dendritic spines (Sorra and Harris, 2000). At synapses, 

signals are transferred via the neurotransmitter glutamate, released from presynaptic axon 
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terminals to postsynaptic dendritic spines (Kennedy et al., 2005; Sorra and Harris, 2000). 

Dendritic spines are small membranous microcompartments which have a postsynaptic density 

(PSD), containing numerous essential proteins for mediating postsynaptic signaling, cytoskeletal 

proteins, and receptors for transmitter binding (Sheng and Hoogenraad, 2007; Sorra and Harris, 

2000). AMPA ( -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-

D-aspartic acid) receptors are two major ionotropic glutamate receptors at excitatory synapses. 

The density, size, and shape of dendritic spines are dynamically changed during development or 

alteration of synaptic strength, known as synaptic plasticity (Hayashi and Majewska, 2005; Kasai 

et al., 2003; Yuste and Majewska, 2001). For example, during synaptic potentiation enlargement 

of spines may contribute to strengthening of synaptic connections. On the other hand, shrinkage 

of spines is associated with weakening of synaptic connections during synaptic depression 

(Holtmaat et al., 2006; Matsuzaki et al., 2004).  

 

 

AMPA receptors 

 

AMPA type glutamate receptors are composed 4 subunits (GluA1-4) and mediate the 

majority of fast synaptic transmission at excitatory synapses (Hollmann and Heinemann, 1994). 

AMPA receptor subunits form heterotetramers by combining two dimers (Dingledine et al., 

1999). AMPA receptors have an extracellular N-terminus, three transmembrane domains and a 

reentrant loop, and an intracellular C-terminus. Subunits have different C-terminus tails which 

bind to distinct intracellular proteins for signaling, scaffolding and trafficking (Hollmann and 

Heinemann, 1994; Sommer et al., 1990).  Alternative splicing induces different kinetics and 

protein interaction of subunits (Sommer et al., 1990). Composition of subunits varies with brain 
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region and cell type. In hippocampal pyramidal cells, the major forms of AMPA receptors are 

GluA1/2 and GluA2/3 complexes. GluA2 subunits are important in controlling calcium 

permeability; the predominant form of GluA2 (which is converted from a critical glutamine to 

arginine in the channel pore by RNA editing) is Ca
2+

 impermeable; thus, GluA2-containing 

AMPA receptors are Ca2+ impermeable, while GluA2-lacking receptors are calcium permeable 

(Burnashev et al., 1992a; Burnashev et al., 1992b; Burnashev et al., 1992c; Dingledine et al., 

1999; Frerking and Nicoll, 2000; Hollmann and Heinemann, 1994; Sommer et al., 1990). The 

intracellular C-terminus of AMPA receptors can be phosphorylated by PKC, CaMKII or PKM 

(Greengard et al., 1991; McGlade-McCulloh et al., 1993; Rosenmund et al., 1994; Wang et al., 

1994). Phosphorylation alters channel properties and is involved in AMPA receptor trafficking 

during different synaptic plasticity stimulations (Fukunaga et al., 1993; Lledo et al., 1995; 

Malenka et al., 1989; McGlade-McCulloh et al., 1993; Song and Huganir, 2002; Wang et al., 

1994). 

 

Synaptic plasticity 

 

Synaptic transmission undergoes bidirectional changes in strength by activity alteration 

(called synaptic plasticity) (Malenka and Bear, 2004). Synaptic remodeling, such as LTP (long-

term potentiation) and LTD (long-term depression) is widely thought to be a mechanism 

underlying learning and memory. LTP, which can be induced by high frequency stimulation, 

leads to activation of CaMKII via NMDA receptor induced Ca
2+

 influx, resulting in increased 

surface AMPA receptors, phosphorylation of GluA1 receptors as well as enlargement of spines 

(Fukunaga et al., 1993; Malenka et al., 1989; Silva et al., 1992). In contrast, LTD is the 
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functional opposite of LTP. LTD induces removal of AMPA receptors, dephosphorylation of 

GluA1 receptors and shrinkage of spines (Kim et al., 2001; Lee et al., 2000). Homeostatic 

synaptic plasticity is a separate class of tuning mechanisms to avoid extreme changes in activity 

(Turrigiano, 2008). For example, neurons that receive hyperstimulation induce synaptic 

depression via reduction of synaptic transmission, suggesting a negative feedback response to 

synaptic overexcitation. Such compensatory adjustments can prevent the extremes of 

excitotoxicity or excessive neuronal depression, thereby maintaining an acceptable range of 

neuronal activity (Abbott and Nelson, 2000; Burrone and Murthy, 2003; Turrigiano and Nelson, 

2000, 2004).  

 

E. Synaptic activity and Aβ 

 

 

Activity dependent Aβ production 

 

Regulation of Aβ by excitatory synaptic activity change has been reported both in vitro 

and in vivo. In cultured neurons and organotypic slice culture, activity manipulation altered Aβ 

peptide generation bidirectionally. Also, endogenous neuronal activity regulated ISF (brain 

interstitial fluid) Aβ concentration in a region-specific manner in vivo (Bero et al., 2011; Cirrito 

et al., 2008; Cirrito et al., 2005; Kamenetz et al., 2003; Lesne et al., 2005). However, the time 

course, intensity, or activated receptor type makes a difference in responses. For example, acute 

activation of NMDA receptors promotes non-amyloidogenic processing, whereas chronic 

activation seems to prefer amyloidogenic processing, demonstrating two distinct mechanisms via 

NMDA receptors in vitro. Additionally, low and high concentrations of NMDA application 
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resulted in opposite responses, with low concentration of NMDA (below 1 μM) enhancing Aβ 

production in ISF in vivo, while high dose of NMDA application (over 20 μM) reduced ISF Aβ 

by activating ERK (Hoey et al., 2009; Verges et al., 2011).  

 

 

Homeostatic synaptic depression  

 

The observation that Aβ produced by chronic synaptic overexcitation leads to synaptic 

depression has led to suggestions of a negative feedback role for Aβ at excitatory synapses 

(Kamenetz et al., 2003). Decreased synaptic markers, such as synaptophysin or PSD-95, and loss 

of dendritic spines were observed in AD model mice brain (Almeida et al., 2005; Lanz et al., 

2003; Mucke et al., 2000; Spires et al., 2005). Additionally, impaired learning tasks and LTP in 

AD model of mice was reported (Billings et al., 2005; Chapman et al., 1999; Larson et al., 1999; 

Stern et al., 2004). Further studies suggested that Aβ soluble oligomers induce synaptic 

depression via AMPA receptor (AMPAR) removal and dendritic spine loss (Hsieh et al., 2006; 

Priller et al., 2006; Sepulveda et al., 2009; Wei et al., 2010). 

 

 

F. Homeostatic plasticity by Plk2 

 

 

Polo-like kinase family 

 

Plk2 is a member of polo-like kinase (Plk) family (Plk1-4) which was originally 

described as regulator in the cell cycle (Simmons et al., 1992).  The Plk family, especially Plk1, 

plays a critical role in cell cycle progression. For example, Plk1 associates with spindle poles 

early in mitosis and localization of Plk1 is changed at the onset of anaphase. Plk1 kinase activity 
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peaks during mitosis and is necessary for degradation of cyclin B during the G2-M transition 

(Descombes and Nigg, 1998; Glover et al., 1998; Shirayama et al., 1998). Due to its critical role 

in cell cycle progression, Plk1 has been extensively investigated in cancer research. 

 

Plks in post-mitotic cells 

 

In contrast, Plks which are expressed in non-proliferating tissues seem to have a different 

function. Expression of Plk2 (also called as SNK) and Plk3 (also called as FNK) was identified 

in rat brain (Simmons et al., 1992). Plk2 is expressed normally at low levels but is induced by 

strong synaptic activity, such as seizure induced by pentylenetetrazole (PTZ) or kainic acid 

(KA). The hippocampus and cortical areas showed highest Plk2 expression (Kauselmann et al., 

1999). Plk2 expression and induction is also observed in cultured hippocampal neurons, using 

GABAA receptor antagonist picrotoxin (PTX) (Pak and Sheng, 2003). Under basal conditions, 

the level of Plk2 protein is nearly undetectable by immunoblotting. Applying 100 μM PTX 

induces a large fold-increase of Plk2 protein expression within 4 hours, and is maintained 

elevated for ~24 hours after stimulation, demonstrating transient induction and downregulation 

of Plk2 in cultured neurons (Seeburg and Sheng, 2008). 

 

Plk2 as a homeostatic regulator  

 

In post-mitotic neurons, Plk2 is required for homeostatic negative feedback regulation 

followed by synaptic overexcitation. After strong synaptic stimulation such as seizure induction 

or high frequency stimulation, Plk2 causes dendritic spine shrinkage and loss of excitatory 

synapses via proteosomal degradation of SPAR (Spine-associated Rap-GAP). Plk2 also 
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promotes synaptic depression, internalization of surface AMPA receptors via interference with 

AMPA receptor associated protein NSF or coordinated regulation of Ras/Rap signaling (Evers et 

al., 2010; Lee et al., 2011; Pak and Sheng, 2003; Seeburg et al., 2008; Seeburg and Sheng, 2008).  

As a serine/threonine kinase, Plk2 has a kinase domain at the N-terminus and two polo-

box domains (PBD). PBD is required for subcellular localization and interaction with target 

substrates (Elia et al., 2003b; Rozeboom and Pak, 2012).  

 

Kinase-dependent and -independent pathway of Plk2 

 

 Interestingly, Plk2 acts via kinase-dependent and kinase-independent pathways, and both 

pathways contribute to synaptic depression. In hippocampal neurons, chronic overexcitation 

induced by GABAA receptor antagonist picrotoxin (PTX) induces both kinase-dependent and 

kinase-independent surface AMPA receptor removal (Evers et al., 2010; Lee et al., 2011). Co-

existence of kinase dependent and independent pathways has been examined by applying BI2536 

(Plk family inhibitor) with PTX stimulation in cultured neurons. BI2536 could prevent only Plk2 

kinase activity while Plk2 protein was still induced by PTX. Removal of GluA2 receptor from 

the cell surface occurred in the presence of kinase inhibitor, BI2536, but not with RNA 

interference knockdown of Plk2. Because BI2536 inhibited Plk2 kinase activity, not Plk2 

induction, Plk2 could interrupt association between GluA2 and NSF by direct physical contact in 

a kinase-independent manner.   
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Suppression of Plk2 in vivo 

 

The role of Plk2 in vivo has been examined by expressing a dominant negative kinase-

dead variant of Plk2 (Plk2-KD) in mouse forebrain. Suppression of Plk2 function in forebrain 

revealed higher dendritic spine density and enlarged spines in pyramidal neurons in cortex as 

well as in dentate granule cells and CA1 pyramidal neurons of hippocampus. Along with effects 

on spine morphology, activity of Rap1 and Rap2 small GTPases that are known as the targets of 

Plk2 regulation was greatly decreased (Lee et al., 2011).  These results suggested a loss of 

homeostatic synaptic downregulation. 

 

G. Parallel regulation and activities of Plk2 and Aβ 

 

 

Common property and affected area in brain 

 

Based on previous studies, I noted several common properties of Aβ and Plk2 at 

excitatory synapses. Aβ and Plk2 are both induced by heightened synaptic activity, and diminish 

synaptic overexcitation through AMPA receptor removal. These observations suggested that 

homeostatic regulation might occur cooperatively by Aβ and Plk2 at excitatory synapses.  

Furthermore, brain regions vulnerable in AD (Hyman et al., 1984; Wenk, 2003) and that 

exhibit high levels of amyloid in AD model mice (Hsiao, 1998) are overlapped with  Plk2-

expressing regions (Kauselmann et al., 1999). Indeed, Plk2 levels have been reported to be 

upregulated in brain sections from AD patients (Mbefo et al., 2009). 
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Emerging hypotheses 

 

Based on the parallel regulation and activities of Plk2 and APP at excitatory synapses, I 

hypothesized that activity-inducible Plk2 promotes Aβ production, and generated Aβ peptides 

induce synaptic depression to maintain synapse homeostasis. To investigate my hypothesis, I 

performed experiments with the following sub-hypotheses:  

1. Activity inducible Plk2 is necessary and sufficient to promote APP amyloidogenic 

processing in cultured hippocampal neurons. 

2. Mechanistically, Plk2 directly binds and phosphorylates APP. APP phosphorylation 

by Plk2 is critical in AMPA receptor mediated synapse depression. 

3.  The level of Plk2 is enhanced around amyloid plaques in the brains of AD model 

mice (APP-SwDI). 

4. Suppression of Plk2 prevents amyloid plaque formation in vivo. 
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MATERIALS AND METHODS 

 

A. Cell cultures, transfection, infection and stimulation 

 

COS7 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. Hippocampal 

neurons were prepared from E18 rat embryos. Neurons were plated in coverslips coated with 

poly-D-lysine and laminin and grown in Neurobasal media (Invitrogen) supplemented with B27, 

0.5 mM glutamine and 12.5 µM glutamate. Between DIV 20-24, neurons were transfected with 2 

µg DNA using Lipofectamine 2000 or infected with Sindbis-GFP, -Plk2-KD, -Plk2-WT, or 

hAPP770. For synaptic activity modulation, neurons were treated with 25 µM picrotoxin for 20 

h.  

 

B. DNA constructs 

 

Myc epitope-tagged Plk2, constitutively active Plk2 (Plk2-CA, T236E), kinase-dead Plk2 

(Plk-KD, K108M), human APP770, human APP770 MV (M671V), and phosphorylation site 

mutants were expressed in pGW1-CMV. Plk2 shRNA and rescue constructs were used in 

previous studies (Evers et al., 2010; Lee et al., 2011). APP shRNA was used in previous study 

(Hoe et al., 2009). For purified protein production for in vitro binding and in vitro kinase assays, 

the APP C-terminal 47 amino acids were inserted in pMAL-c2x (New England Biolabs), and 

Plk2 C-terminus including polo box domain were inserted in pGEX. Site-directed mutagenesis 

was performed to generate APP-M671V and all phosphosite mutants, and correct mutations were 

verified by DNA sequencing. 
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C. Antibodies and inhibitors 

 

Rabbit Plk2 antibodies (#7382) used for western blotting and immunoprecipitation and 

Guinea pig SPAR antibodies used for immunocytochemistry have been described in previous 

studies (Evers et al., 2010; Lee et al., 2011). The following antibodies were purchased: APP N-

terminus (Sigma) for immunocytochemistry, APP C-terminus (Sigma) for western blotting of 

full-length APP and CTFs, sAPPβ (Immuno-Biological Laboratories) for western blotting, Plk2 

C-18 (Santa Cruz) for immunocytochemistry and immunohistochemistry, Plk2 N-17 (Santa 

Cruz) for immunoprecipitation, GFP (Invitrogen) for immunocytochemistry, GFP (NeuroMAb) 

for immunoprecipitation, MAP 2 (Sigma) for immunocytochemistry, GluA1 (Calbiochem) and 

GluA2 (BD Pharmingen) for immunocytochemistry. AlexaFluor-488 and AlexaFluor-555 

(Invitrogen) were secondary antibodies used for immunocytochemistry. The following inhibitors 

were used: β-secretase inhibitor II (BSI, Calbiochem, 1 µM), GM6001 (Calbiochem, 5 µM), 

TAPI-1 (Calbiochem, 1 µM), DAPT (Calbiochem, 1 µM), BI2536 (Axon MedChem, 50 nM), or 

phosphatase inhibitor I and II (Sigma). 

 

D. Fusion Protein Affinity purification 

Human APP intracellular domain (APPc, 47 amino acids) was fused with MBP (Maltose 

binding protein). MBP fused APPc or MBP alone were grew in E.coli and purified by coupling 

to amylose resin.  GST fused to Plk2c (amino acids 352-682) or GST alone were grew in E.coli 

and purified by coupling to glutathione sepharose resin. Purified proteins were separated on 

SDS-PAGE gels and detected by Coomassie blue staining.  
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E. In vitro binding and kinase assay 

 

For in vitro binding assay, bacterially purified MBP-APPc was incubated with GST or 

GST-Plk2c in phosphate buffered saline (PBS) with 0.1% Triton X-100. GST or GST-Plk2c  

were pulled down with glutathione sepharose resin and separated in SDS-PAGE gel for 

immunoblotting with APP C-terminus and GST antibody.  

For in vitro kinase reactions, MBP-APPc was incubated in 50 mM Tris pH 7.5, 10 mM 

MgCl2, 5 mM DTT and 2 mM EGTA with calf intestine phosphatase (Promega) at 37
o
C. After 

30 min of dephosphorylation, 200 ng of recombinant Plk2 (Active Motif), 200 µM ATP and 

phosphatase inhibitor were added, incubated 30 min at 30
o
C, and then analyzed by 

immunoblotting with phosphothreonine and APP C-terminus antibodies.  

 

F. Animals and tissue staining 

 

C57BL/6-Tg (Thy1-APPSwDutIowa)BWevn/J mice were purchased from Jackson 

Laboratory. Plk2-KD mice have been described (Lee et al., 2011). Fresh frozen brain 

cryosections (20 μm-thick) were fixed with 4% paraformaldehyde for 10 minutes attached to 

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

amyloid plaques. Alternatively, mouse brains were perfusion-fixed with 4% paraformaldehyde 

and immunohistochemistry performed on free-floating sections (20 µm-thick) using Plk2 

antibody C-18 (Santa Cruz Biotechnology). All experiments were performed in accordance with 

guidelines of the Georgetown University Animal Care and Use Committee and the NIH.  
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G. Aβ ELISA 

 

Culture media from hippocampal neurons infected with Sindbis virus expressing human 

APP was collected after PTX stimulation and BI2536 treatment. N2A cell media were collected 

24h after vector or Plk2 transfection. Mouse forebrains were homogenized in 10mM Tris pH 7.4, 

150mM NaCl, and 1% Triton X-100 with protease and phosphatase inhibitors, fractionated with 

4% diethylamine for soluble Aβ peptides, and with formic acid for insoluble Aβ. Collected 

media or extracts were analyzed for human Aβ40/42 using a species-specific sandwich ELISA 

(Invitrogen) as described (Horikoshi et al., 2004).  

 

H. Immunoprecipitation and immunoblotting 

 

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

pH 7.4, 150 mM NaCl, 1% NP40) with phosphatase inhibitors (Sigma). After incubation for 20 h 

at 4
o
C with 1 µg of antibody and either protein A-Sepharose or protein G-Sepharose, bound 

proteins were eluted in Laemmli sample buffer and separated in SDS-PAGE. Proteins were 

transferred to nitrocellulose and detected with enhanced chemiluminescence (Pierce) following 

incubation of HRP-linked secondary antibody.  

 

I. Surface plasmon resonance assay 

 

Assay was done in Biacoreore Molecular Interactions Shared Resource of Lombardi 

Comprehensive Cancer Center using a Biacore T-200 instrument. Response unit (RU) was 

captured using 5842 RU ligand. Bacterially purified MBP-APPc, MBP, GST-Plk2c and GST 

were immobilized on CM5 chips by amine coupling method. 510 RU of GST, 1,041 RU of GST-
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PLK2c, 956 RU of MBP-APPc and 989 RU of MBP were immobilized on Fc1, Fc2, Fc3 and Fc4 

respectively. GST-PLK2c and GST proteins were immobilized in 10 mM acetate at pH 4.0; MBP 

and MBP-APPc were immobilized in 10 mM acetate at pH 4.5. For immobilization steps HBS-P 

(10 mM HEPES, pH 7.4, 150 mM NaCl, 0.05% P-20) was used as the background running 

buffer at 10 µl/min flow rate. For binding experiments buffer was switched to a kinase reaction 

buffer (25 mM Tris pH 7.5, 5 mM MgCl2, 2.5 mM DTT, 1 mM EGTA) at 100 µl/min flow rate. 

MBP-APPc and MBP were injected on flow cells Fc1 and Fc2 with the concentrations 1 µM, 0.5 

µM, 0.25 µM, 0.125 µM, 0.0625 µM, 0.0313 µM, 0 µM. The surface was regenerated with 1M 

NaCl after each injection. Specific signal (Fc2-1) was calculated by subtracting the binding to 

GST (Fc1) from binding to target protein, PLK2C (Fc2). 

 

J. Immunocytochemistry 

 

For immunolabeling, primary hippocampal cultured neurons were fixed with 1% 

paraformaldehyde and methanol, and incubated with primary antibody in GDB buffer (0.1% 

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

(PBS). Cells were treated with fluorescence-tagged secondary antibody in GDB buffer. 

Transfected neurons were immunolabeled with GFP antibodies to visualize transfected cells. For 

Sindbis virus experiments, cells were immunolabeled with GFP or Plk2 to visualize infected 

cells.  

To detect surface proteins, live labeling method was used (Evers et al., 2010; Lee et al., 

2011). Primary hippocampal cultured neurons were incubated with primary antibody in 

conditioned media at 37
o
C for 10 min, and fixed with 4% paraformaldehyde for 4 minutes. Cells 
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were treated with fluorescence-tagged secondary antibody in non-permeable condition (ADB 

buffer, 3% normal goat serum, 0.1% bovine serum albumin in phosphate buffered saline (PBS)). 

For further detection of transfected GFP signal, neurons were permeabilized with cold methanol 

and immunolabeled with GFP followed by fluorescence-tagged secondary antibody in GDB 

buffer. 

 

 

K. Quantification and image analysis 

 

Images were obtained using Axiovert 200M (Zeiss) epifluorescence. Metamorph 

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

intensity was measured in the length of 30μm dendrites from proximal region (within 40μm 

distance from soma). From animal brain sections, integrated intensity of Plk2, number of neurons 

with Plk2 immunoreactivity and area of Thioflavin S immunoreactivity were measured using 

Image J software.  

 

L. Statistical analysis 

 

All values were expressed as means ± SEM. The Student’s t-test was used for 

comparison between two independent groups and the 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. 
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RESULTS 

 

A.  Detection of APP at excitatory synapses using specific APP antibody  

 

To detect localization of APP, I performed immunocytochemistry in rat primary 

hippocampal neuron cultures (day in vitro (DIV) 20-24). For immunolabeling of APP and 

synaptic markers, an optimized fixation protocol for synaptic proteins was used (methanol with 

1% paraformaldehyde). Neurons were co-immunolabeled with either dendritic marker, MAP2 

(Figure 2B1) or excitatory synaptic markers, SPAR (Figure 2B2, B3) or AMPA receptors 

(GluA1 in Figure 2B5 or GluA2 in Figure 2B4). Endogenous rat APP was immunolabeled using 

either polyclonal (polyclonal APP N) or monoclonal (monoclonal 22C11) N-terminal-directed 

antibody. Both antibodies recognize a highly conserved peptide sequence found in human and 

rodent APP, including splice variants of 695 and 770 amino acids. The specificity of these 

antibodies has been verified (Muresan et al., 2009). Consistent with previous reports (Hoe et al., 

2009), both polyclonal APP N (Figure 2A1, A2, A4) and monoclonal 22C11 (Figure 2A3, A5) 

antibodies showed enriched immunoreactivity at synapses. Merged images show that APP 

immunoreactivity is co-localized with synaptic protein SPAR (Figure 2C2, C3) or AMPA 

receptors (Figure 2C4, C5), whereas signals were not overlapped with dendritic protein MAP2 

(Figure 2A3). 
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Figure 2. APP at excitatory synapses in cultured hippocampal neurons. 

Immunocytochemistry was performed in hippocampal neurons (21-24 DIV). (A) N-

terminal-directed polyclonal antibody (Polyclonal APP N, A1, 2, 4) and 

monoclonal antibody (APP 22C11, A3, 5) were used to detect full-length APP 

immunolabeling. (B) Dendritic marker, MAP2 (B1) or synaptic markers, SPAR 

(B2, 3), GluA1 (B5) or GluA2 (B4) were co-immunolabeled with APP N-terminus. 

(C) Merged image from A (red) and B (green).  
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To verify the antibody specificity, immunocytochemistry was performed in cultured 

neurons after knocking down APP using shRNA as previously described (Hoe et al., 2009). The 

level of APP was dramatically reduced in shRNA transfected neurons (relative to PLL3.7 : 

shRNA 23.51 ± 10.04 %; Figure 3A5, A6), but PLL 3.7 empty vector transfected neurons show 

similar APP level to untransfected neurons (Figure 3A1-4). Note also that APP knockdown also 

greatly reduced dendritic spine number, consistent with previous reports (Lee et al., 2010). APP 

antibodies were also verified in western blotting. Neither APP N (recognizes N-terminus of APP) 

nor APP C (recognizes C-terminus of APP) showed specific bands from APP-/- knockout (KO) 

mice brain lysates, compared to APP bands in APP-SwDI mice brain lysates (Figure 3B). 

Immunoblotting with β-actin was used as loading control.  
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Figure 3. APP antibody verification 

(A) Hippocampal neurons (DIV21-24) were transfected with PLL3.7 (empty 

vector), APP shRNA, or left untrasfected for 3 days. Transfected neurons were 

immunolabeled for GFP (A1, 3, 5) to identify transfected neurons and APP N to 

detect endogenous APP (A2, 4, 6). (B) Quantification of (A) (n=6-8); 

***p<0.001. (C) Forebrain lysates from APP-SwDI transgenic mice and APP KO 

mice were immunoblotted for APP and β-actin. C-terminal-directed antibody 

(APP C) and N-terminal-directed polyclonal antibody (APP N) were used to 

detect APP. β-actin antibody was used to show equivalent loading of protein in 

each lane. 
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B. Synaptic activity induces APP loss in a β-secretase dependent manner 

 

To analyze the consequences of enhanced synaptic activity on APP, I imposed chronic 

overexcitation in hippocampal neuron cultures (DIV 20-24) using the GABAA receptor 

antagonist picrotoxin (PTX, 25 µM, 20 h), a treatment known to robustly induce endogenous 

Plk2 expression (Evers et al., 2010; Lee et al., 2011; Pak and Sheng, 2003; Seeburg et al., 2008) 

and increase Aβ levels from organotypic hippocampal slices (Kamenetz et al., 2003) as well as in 

vivo (Bero et al., 2011; Cirrito et al., 2008). To detect full-length endogenous APP, I used 

polyclonal APP N antibodies. Immunolabeling revealed that APP dendritic puncta, which are 

normally enriched at excitatory synapses (Hoe et al., 2009), were greatly diminished in intensity 

after PTX stimulation (40.97 ± 4.16% of basal control; Figure 4A, C, E). PTX stimulation did 

not change the level of dendritic protein MAP2 (85.93 ± 10.11% of basal control; Figure 4B, D, 

E), indicating loss of APP was not due to cell death or toxicity.  
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Figure 4. Heightened activity reduces APP immunoreactivity in dendrites. 

(A-D) Cultured rat hippocampal neurons (DIV21-24) were treated with picrotoxin 

(PTX, 25 μM, 20 h) or vehicle control (250 μM NaOH). Treated neurons were 

immunolabeled for endogenous rat APP with N-terminus-directed antibodies and 

MAP2, with representative dendrites shown below. Scale, 20 µm for wide view, 

10 µm for higher magnification. (E) Quantification of (A-D) (n=7-10); 

***p<0.001. NT, no treatment.  
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Decrease of APP could be due to reduced expression, increased degradation, or 

proteolytic processing. Inclusion of -secretase inhibitor (BSI; 1 µM) with PTX stimulation 

completely blocked activity-dependent loss of APP immunoreactivity (relative to vehicle control: 

BSI alone, 86.87 ± 10.86%; PTX with BSI, 87.65 ± 10.50%; Figure 5A-E). In contrast, two 

independent α-secretase inhibitors, GM6001 (5 µM) or TAPI-1 (1 µM), were ineffective in 

preventing PTX-mediated APP reduction (normalized to inhibitor without stimulation: PTX with 

GM6001, 32.24 ± 7.12%; PTX with TAPI-1, 22.23 ± 2.59%; Figure 5F-O). Thus, in this 

preparation heightened activity decreased APP levels in a -secretase-dependent manner without 

significant involvement of α-secretase.  
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Figure 5. Heightened synaptic activity depletes APP in a -secretase but not -

secretase dependent manner. 

(A-D, F-G, K-N) Cultured rat hippocampal neurons (DIV21-24) were treated 

with picrotoxin (PTX, 25 μM, 20h) or vehicle control (250 μM NaOH) and co-

treated with -secretase inhibitor (BSI, 1 μM), α-secretase inhibitors (GM6001, 

5 μM or TAPI-1, 1 μM) or vehicle (DMSO) as indicated. Treated neurons were 

immunolabeled for endogenous rat APP with N-terminus-directed antibody, 

with representative dendrites shown below. Scale, 20 µm for wide view, 10 µm 

for higher magnification. (E) Quantification of (A-D) (n=10-30). (J) 

Quantification of (F-I) (n=7-12). (O) Quantification of (K-N) (n=10-11); 

***p<0.001. NT, no treatment.  
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C.  Plk2 is required for synaptic activity-induced APP depletion  

 

Co-application of the potent and selective Plk family inhibitor BI2536 (50 nM, 20 h) 

(Lenart et al., 2007; Steegmaier et al., 2007) with PTX stimulation abolished the modulation of 

APP levels by activity, whereas BI2536 by itself had little effect (relative to vehicle control: 

BI2536, 91.31 ± 20.85%; PTX with BI2536, 87.83 ± 10.38%; Figure 6A-E). I also tested the 

specific role of Plk2 in APP metabolism using a previously validated RNA interference (RNAi) 

construct that decreases basal endogenous Plk2 and prevents its induction by PTX stimulation 

(Evers et al., 2010; Lee et al., 2011). Transfected neurons were identified by GFP co-expressed 

from the RNAi vector. In empty vector-transfected neurons, PTX treatment dramatically reduced 

APP puncta intensity as before (38.54 ± 5.85% of unstimulated control; Figure 6F1, F2, G). 

However, Plk2 knockdown prevented this PTX effect (relative to unstimulated vector control: 

Plk2 shRNA, 113.02 ± 17.9%; Plk2 shRNA with PTX, 102.8 ± 19.47%; Figure 6F1-4, G). Co-

transfection of the shRNA with a modified Plk2 rescue construct demonstrated to be insensitive 

to the shRNA (Evers et al., 2010; Lee et al., 2011) reduced APP intensity to the same level as 

PTX stimulation and occluded further effect of overactivity (relative to unstimulated vector: 

rescue alone, 47.31 ± 9.75%, rescue with PTX, 61.43 ± 14%; Figure 6F5, F6, G). These results 

indicate that Plk2 links overactivity to -secretase-mediated reduction in APP abundance. 
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Figure 6. Plk2 is required in synaptic activity-induced APP depletion. 

(A-D) Cultured rat hippocampal neurons were treated with picrotoxin (PTX) or vehicle 

control (250 μM NaOH) and co-treated with either Plk inhibitor BI2536, or vehicle 

(DMSO) as indicated. Treated neurons were immunolabeled for endogenous rat APP 

with N-terminus-directed antibody, with representative dendrites shown below. Scale, 

20 µm for wide view, 10 µm for higher magnification. (E) Quantification of (A-D) 

(n=10-30); ***p<0.001. (F) Cultured hippocampal neurons were transfected with 

empty vector (vec, pLL3.7), Plk2 shRNA or shRNA with Plk2 rescue construct for 3 

days and treated with PTX (25 µM, 20 h) or vehicle (NT) as indicated. Treated neurons 

were immunolabeled for GFP to identify transfected neurons and against endogenous 

APP N-terminus. Scale, 10 µm. (G) Quantification of (F) (n=7-18); ***p<0.001, 

*p<0.05 relative to pLL3.7 NT. NT, no treatment.  
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D.  Plk2 kinase activity is necessary for synaptic activity mediated APP depletion 

 

Plk2 functions via kinase-dependent and noncanonical kinase-independent pathways 

(Evers et al., 2010). To test the importance of the Plk2 kinase domain in the regulation of APP, I 

stimulated neurons with PTX after transfection of a kinase-dead (KD) mutant version of Plk2, 

which is known to function in a dominant negative manner in vitro and in vivo (Lee et al., 2011). 

PTX significantly reduced APP levels in GFP-transfected neurons (39.5 ± 10.17% of 

unstimulated control; Figure 7A1, A2, B), whereas APP reduction was abolished in Plk2-KD 

transfected neurons (relative to unstimulated GFP control: KD, 102.77 ± 14.83; KD with PTX, 

115.53 ± 31.37%; Figure 6A3, A4, B), demonstrating that the enzymatic kinase activity of Plk2 

was necessary in synaptic activity-mediated loss of APP. 

I next asked if Plk2 were sufficient to promote APP removal in the absence of synaptic 

activity modulation. Neurons transfected with rat Plk2 overexpression vector showed profound 

reduction of APP; again, this loss required -secretase and was largely prevented by BSI, 

whereas the inhibitor alone had little effect on APP (relative to GFP with vehicle: Plk2 with 

vehicle 18.91 ± 4.01; Plk2 with BSI, 71.54 ± 19.53%; GFP with BSI, 81.79 ± 10.50%; Figure 

7C, D). 
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Figure 7. Plk2 with kinase activity induces APP depletion in a -secretase dependent 

manner. 

(A) Cultured hippocampal neurons were transfected with GFP or Plk2-KD for 3 days 

and treated with PTX (25 µM, 20h) or vehicle (NT, 250 μM NaOH) as indicated. 

Treated neurons were immunolabeled for GFP or Plk2 to identify transfected neurons 

and against endogenous APP N-terminus. Scale, 10 µm. (B) Neurons were transfected 

with GFP or Plk2-WT, treated with -secretase inhibitor (BSI, 1 µM, 20 h) or vehicle 

(DMSO), and immunolabeled for GFP/Plk2 and APP N-terminus. Scale, 10 µm. (C) 

Quantification of (A) (n=7-18); ***p<0.001, *p<0.05 relative to GFP NT. (D) 

Quantification of (C) (n=6-11); ***p<0.001. 
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To characterize this mechanism in greater detail, I conducted a series of transfection 

experiments in heterologous cells with human APP (hAPP; all overexpression studies used 

hAPP770 except where noted). Wild-type (WT) or constitutively active (CA) Plk2 caused 

dramatic loss of co-transfected hAPP immunostaining intensity, whereas dominant negative 

Plk2-KD appeared to “protect” hAPP, boosting its expression above control level (relative to 

vector control: WT, 17.12 ± 3.65%; KD, 207.35 ± 45.79%; Figure 8A, B). The protection 

afforded to hAPP by Plk2-KD here suggests higher basal endogenous Plk2 activity in COS7 cells 

than in neurons. Of note, Plk2-KD also colocalized with hAPP in discrete puncta residing near 

the plasma membrane, suggestive of a close association between the proteins (Figure 8A, 

arrowheads). In the presence of BSI, the level of hAPP with Plk2-WT was similar to the level 

with Plk2-KD, suggesting Plk2 did not simply disrupt hAPP expression (Figure 8A). Similar 

bidirectional effects of Plk2-CA and –KD on hAPP expression were confirmed by 

immunoblotting (relative to vector: CA, 25.91 ± 4.10%; KD, 200.00 ± 45.25%; Figure 9A-C). 

Although transfected Plk2-CA had comparable effects in reducing the expression of hAPP695, 

Plk2-KD exerted little dominant negative protective effect with this splice variant (Figure 9D, 

E), suggesting endogenous Plk2 in COS7 cells may preferentially target hAPP-770 vs. -695 
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Figure 8. Plk2 is sufficient to reduce the level of APP. 

(A) GFP-tagged human APP770 was co-expressed in COS7 cells with vector, myc-

Plk2-KD or myc-Plk2-WT, and cells were immunostained with antibodies against 

GFP (green) and myc (red). Arrowhead, example of colocalized GFP-APP and Plk2-

KD. Arrow, Plk2-WT-transfected cell with nearly absent APP. Transfected cell were 

treated with BSI (1μM) or vehicle (DMSO) (F) Quantification of APP intensity from 

(A) (n=12-16); *p<0.05, ***p<0.001. 
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E. Loss of APP is due to β-processing induced by Plk2 kinase activity 

 

Interestingly, neither Plk2-CA nor –KD had any effect on expression of an hAPP-MV 

mutant resistant to BACE-1 cleavage (Kamenetz et al., 2003) or on wild-type hAPP levels in the 

presence of BSI (relative to vector control: hAPP-MV with CA, 63.51 ± 23.63%; hAPP-MV 

with KD, 67.20 ± 1.42%; BSI with CA, 138.40 ± 6.57%; BSI with KD, 110.96 ± 5.72%; Figures 

9A-C). In contrast, α-secretase inhibitor GM6001 was unable to prevent hAPP reduction by Plk2 

or protection by Plk2-KD (relative to vector: CA, 23.15 ± 4.63%; KD, 261.11 ± 111.11%; Figure 

9F, G). Similar to activity mediated changes in hippocampal neurons (Figure 5), Plk2 reduces 

APP by promoting β-processing without affecting α-processing.  
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Figure 9. Plk2 promotes APP β-processing. 

(A) Human myc-tagged APP770 was co-transfected with vector, myc-Plk2-KD or myc-

Plk2-CA in the presence of vehicle (DMSO) or BSI (1 µM, 24 h) in COS7 cells. (B) 

Human APP770 or APP-MV were co-transfected with vector, myc-Plk2-KD or myc-

Plk2-CA in COS7 cells, and APP and Plk2 levels detected by immunoblotting (IB) 

with APP C-terminal and myc antibodies, respectively. (C) Quantification of (A) and 

(B) (n=2-6); *p<0.05, ***p<0.001. (D) Human APP695 was co-transfected with 

vector, myc-Plk2-KD or myc-Plk2-CA in COS7 cells. Cells were treated with vehicle 

(DMSO) or BSI (1 µM) for 20h. Expression of APP and Plk2 were measured by 

immunoblotting with APP C-terminus and myc antibodies, respectively. Endogenous 

APP in COS7 cells is expressed at low levels (see untransfected lane, Un-tfx). (E) 

Quantification of (D) (n=3-7); *p<0.05, ***p<0.001. (F) Human APP770 was co-

transfected with vector, myc-Plk2-KD or myc-Plk2-CA with vehicle (DMSO) or 

GM6001 (5 µM, 24 h) in COS7 cells. Expression of APP and Plk2 were measured by 

immunoblotting with APP C-terminus and myc antibodies, respectively. (G) 

Quantification of (F) (n=3); *p<0.05, ***p<0.001. 
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As additional specificity controls, Plk2 had no effect on the expression of other BACE-1 

substrates APLP-1, LRP, or ApoER2 (Li and Sudhof, 2004; von Arnim et al., 2005) (Figure 10F, 

G), and Plk2 did not upregulate levels of BACE-1 enzyme itself (Figure 10H, I), suggesting that 

Plk2 did not globally activate or induce BACE-1. Plk2 also did not appear to affect γ-processing, 

having no significant effect on the levels of human α- or β-CTF fragments in COS7 cells 

(relative to vector: α-CTF with KD, 110.97 ± 3.46%; α-CTF with CA, 77.02 ± 10.14%; β-CTF 

with KD, 131.74 ± 11.11%; β-CTF with CA 86.45 ± 6.73%; Figure 10J-L). In cultured neurons, 

PTX stimulation also did not change ApoER2 levels, whereas postsynaptic marker, PSD-95 

immunoreactivity was decreased as described before (relative to NT control: ApoER2 with PTX, 

82.51 ± 13.68; PSD-95 with PTX, 47.00 ± 6.75; Figure 10A-E) (Evers et al., 2010; Lee et al., 

2011). Thus, Plk2 or chronic overactivity change drives β-secretase-mediated pathway acting 

selectively upon APP, implying enhanced amyloidogenic processing.  
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Figure 10. Plk2 does not increase β-secretase expression and general activity. 

(A-D) Cultured hippocampal neurons (DIV21-24) were stimulated with PTX (25 μM, 

20h) or vehicle control (250 µM NaOH) as indicated. Stimulated neurons were 

immunolabeled for endogenous ApoER2 and PSD-95, with representative dendrites 

shown below. Scale, 20 μm for wide view, 10 μm for higher magnification (E) 

Quantification of (A-D) (n=12-13); **p<0.01 (F) HA epitope-tagged ApoE receptor 2 

(ApoER2), GFP-tagged amyloid beta precursor-like protein 1 (APLP1), or GFP-tagged 

low-density lipoprotein receptor-related protein (LRP) were co-expressed with vector, 

myc-Plk2-KD or myc-Plk2-CA in COS7 cells and each expression product detected with 

respective tag antibodies by immunoblotting. (G) Quantification of (F) (n=4). (H) COS7 

cells were transfected with vector, myc-Plk2-KD or myc-Plk2-CA and expression of 

BACE-1 detected by immunoblotting. (I) Quantification of (H) (n=4). (J-K) Myc tagged-

human or CTF was co-expressed with vector, myc-Plk2-KD, or myc-Plk2-CA in 

COS7 cells. CTFs and Plk2 expression were detected with myc antibody. (L) 

Quantification of  or CTF densitometry from (J-K) (n=4). 
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F. Plk2 increases APP -processing products  

 

I directly measured changes in the levels of endogenous APP processing products (Figure 

11B) after infection of hippocampal neurons with Sindbis viruses expressing GFP, Plk2-WT, or 

Plk2-KD. Compared to Sindbis-GFP control, Plk2-WT-infected neurons showed decreased level 

of full-length APP (61.96 ± 6.33%) and increased sAPPβ (181.39 ± 25.20%) by immunoblotting 

analysis, whereas Plk2-KD infected neurons did not show significant change in APP (78.05 ± 

8.08%) or sAPPβ (125.57 ± 34.07%; Figure 11A-C). I also measured levels of α- and β-CTF, 

whose relative abundance within the same samples provides a reliable index of 

nonamyloidogenic vs. amyloidogenic pathway utilization. For this analysis it was necessary to 

treat neurons with γ-secretase inhibitor DAPT to prevent further cleavage of β-CTF fragments, 

which were found at low levels and difficult to detect otherwise. In Sindbis-Plk2-WT infected 

neurons, β-CTF levels were elevated relative to GFP-infected controls (222.64 ± 48.98%) and 

trended to a decrease in Plk2-KD infected cultures (p=0.08), whereas no change was found in α-

CTF levels under any conditions (Figure 11D, E). However, calculating the β- to α-CTF ratio 

showed that Plk2-WT promoted amyloidogenic processing (relative to GFP control: β/α-CTF, 

207.85 ± 47.58%) while Plk2-KD promoted nonamyloidogenic processing (relative to GFP 

control: β/α-CTF, 14.58 ± 3.69%; Figure 11F).  

I next assayed whether Plk2 regulated levels of Aβ, focusing on human Aβ (hAβ), which, 

unlike the rodent counterpart, forms amyloid and is neurotoxic (De Strooper and Annaert, 2000; 

LaFerla et al., 2007). Thus, we transduced hippocampal neurons with Sindbis viruses expressing 

hAPP, which also facilitated detection of hAβ40/42. Note that hAPP770 could be readily 

distinguished from endogenous rat APP695, the major species in hippocampal cultures, based on 
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its larger size (Figure 11G). Immunoblot analysis of cell lysates showed robust hAPP only in 

infected neurons (Figure 11G), and no hAβ40/42 was detected in uninfected culture media 

(Figure 11H), verifying the specificity of the human Aβ ELISA assay. To control for variation in 

expression, I normalized hAβ against hAPP levels from immunoblotting. PTX stimulation 

increased both hAβ40 (144.71 ± 15.06%) and hAβ42 (134.14 ± 15.31%) compared to 

unstimulated cultures, although the hAβ42 results did not reach statistical significance (Figure 

11H). Notably, BI2536 abolished the activity-induced hAβ generation but had no effect by itself 

(Figure 11H). These results suggested that synaptic activity promoted hAPP β-processing and 

hAβ formation via Plk2 induction. 

To test the effect of Plk2 on APPSwe, an FAD mutant that is intrinsically a superior 

substrate for BACE-1 than is APP WT (Kitazume et al., 2004), I used an N2a cell line stably 

expressing hAPP770-Swe (Thinakaran et al., 1996). Plk2-WT or Plk2-CA transfection of these 

cells showed markedly increased hAβ40 compared to vector-transfected controls, assayed by 

ELISA of conditioned culture media, while Plk2-KD transfected cells did not show any 

significant change (Plk2-WT, 150.57 ± 11.72%; Plk2-CA, 178.12 ± 23.86%; Plk2-KD, 94.47 ± 

18.50%; Figure 11I, J). Thus, Plk2 acts on a regulatory step that lies upstream of BACE-1 action 

common to rodent and human APP, as well as wild-type and FAD forms. 
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Figure 11. Plk2 or enhanced synaptic activity stimulates formation of APP β-

processing products. 

(A) Hippocampal neurons (21 DIV) were infected with Sindbis-GFP, -Plk2-KD or -Plk2-

WT for 18 h. Lysates were analyzed by immunoblotting for proteins as indicated. APP 

N-terminal antibody and rabbit 7382 Plk2 antibodies were used. (B, C) Quantification of 

endogenous full-length APP (B) and sAPPβ (C) from (A), normalized to actin (n=4); 

*p<0.05. (D) Hippocampal neurons were infected with Sindbis-GFP, -Plk2-KD or -Plk2-

WT for 18 h and co-treated with γ-secretase inhibitor DAPT (1 µM, 18h). Lysates were 

analyzed by immunoblotting for native C-terminal fragments of APP using APP C-

terminal antibody. (E) Quantification of α- and β-CTF from (D) normalized to actin 

(n=4-5); *p<0.05. (F) Ratio of β- to α-CTF from (E); *p<0.05. (G) Hippocampal neurons 

(21 DIV) were infected with Sindbis virus expressing human APP770, GFP or left 

uninfected. Infected hAPP770 showed dose-dependent expression by immunoblotting 

with APP N-terminus antibodies recognizing both human and rodent APP. (H) 

Hippocampal neurons were infected with Sindbis human APP770, or left uninfected, and 

treated with PTX (25 µM, 20 h) or vehicle (NT; 250 μM NaOH) and co-treated with Plk 

family inhibitor BI2536 (50 nM, 20 h) or vehicle (DMSO). Human Aβ40/42 were 

measured in conditioned media by species-specific ELISA (n=6); *p<0.05. (I) N2a cells 

stably expressing human myc-APP-Swe were transfected with vector, myc-Plk2-KD, 

myc-Plk2-WT or myc-Plk2-CA for 24 h and lysates were analyzed by immunoblotting 

with myc antibody. (D) Human Aβ40 in collected conditioned media from (B) was 

measured by ELISA (n=7-9); *p<0.05. 
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G. Direct interaction of Plk2 and APP 

 

To understand how Plk2 influences APP processing, I tested for possible interaction. I 

used Plk2-KD in expression studies because I observed profound loss of APP in the presence of 

Plk2 kinase activity as shown above. After co-transfecting COS7 cells with GFP-tagged hAPP 

and myc-tagged Plk2-KD, co-immunoprecipitation of Plk2-KD and GFP-hAPP was observed 

with GFP antibodies but not with nonimmune IgG (Figure 12A). Similar results were obtained 

by infection of cultured rat cortical neurons with Sindbis-Plk2-KD; immunoprecipitation of Plk2 

showed that endogenous rat APP was readily co-precipitated (Figure 12B).  

Consistent with these in vitro results, APP was co-immunoprecipitated from brain lysates 

of the APP-SwDI transgenic mouse model of AD (Davis et al., 2004) using Plk2 antibodies but 

not with IgG control (Figure 12C, D). I used mild and strong detergent containing buffers, IP and 

RIPA buffer. In RIPA buffer lysed brain tissue showed less APP co-immunoprecipitation, 

suggesting weak interaction between APP and Plk2. I was unable to perform reverse co-

immunoprecipitations of Plk2 using APP antibodies from brain owing to the vastly higher 

expression of APP relative to endogenous Plk2. Nevertheless, these results demonstrated 

association between APP and Plk2 in a variety of cellular and in vivo contexts. 

To test for a direct physical interaction, I performed in vitro binding assays using 

bacterially purified fusion proteins. Plk2 C-terminal region (Plk2c), which contains the 

conserved “polo box domain” important for Plk family kinase-substrate interactions (Elia et al., 

2003a; Elia et al., 2003b), was fused with glutathione-S-transferase (GST) and incubated with 

the APP intracellular C-terminus (APPc) fused with maltose binding protein (MBP). Purified 

proteins were detected and confirmed by size in Coomassie gel staining after SDS-PAGE (Figure 
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13C). After glutathione sepharose pulldown, immunoblotting with GST and APP antibodies 

showed co-recovery of MBP-APPc with GST-Plk2c, but not with GST alone, indicating that the 

C-termini of Plk2 and APP interacted directly (Figure 12E). To confirm direct interaction, 

surface plasmon resonance assay was performed with MBP-APPc and GST-Plk2c. Binding 

responses were measured after injecting 1 µM of MBP-APPc or MBP alone over GST-Plk2c or 

GST alone immobilized chips. Only MBP-APPc over GST-Plk2c showed a peak of binding 

response, indicating direct interaction between APPc and Plk2c. MBP alone did not interact with 

GST-Plk2c, suggesting this moiety did not affect binding (Figure 12F).    
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Figure 12. Plk2 interacts directly with APP. 

(A) COS7 cells were transfected with GFP-tagged APP and myc-Plk2-KD for 24 h. 

Lysates were immunoprecipitated with GFP antibody or IgG and immunoblotted 

with GFP and myc antibodies as indicated. (B) Rat cortical neurons (20 DIV) were 

infected with Sindbis-Plk2-KD. Lysates were immunoprecipitated with Plk2 rabbit 

7382 antibody or IgG and immunoblotted with Plk2 7382 and APP N-terminal 

antibodies. (C) APP-SwDI mice forebrain lysates (4 month old) were lysed by IP 

buffer and incubated with Plk2 antibody N-17 or IgG. Immunoblotting was done 

with Plk2 N-17 and human/rodent APP C-terminus antibodies. Overexposure 

(bottom) is required to visualize low levels of endogenous Plk2 in input lane 

(arrowhead). Asterisk, nonspecific band (n.s.) in IgG precipitate. (D) APP-SwDI 

mice forebrain lysates (4 month old) were lysed by RIPA buffer and incubated with 

Plk2 antibody N-17 or IgG. Immunoblotting was done with Plk2 N-17 and 

human/rodent APP C-terminus antibodies. Overexposure (bottom) is required to 

visualize low levels of endogenous Plk2 in input lane (arrowhead). (E) Bacterially 

purified GST-Plk2c and MBP-APPc were incubated, pulled down with glutathione 

sepharose, and immunoblotted using GST and APP C-terminus antibodies. MBP-

APPc was pulled down by GST-Plk2c but not by GST alone. All inputs, 5% of 

lysates. (E) Surface Plasmon Resonance assay was performed with bacterially 

purified GST-Plk2c and MBP-APPc. Binding response unit (relative units, RU) 

showed interaction between GST-Plk2 and MBP-APPc (red lines indicate repeat 

experiments). GST-Plk2c did not interact with MBP alone (green).   
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H.  Phosphorylation of APP by Plk2  

 

I hypothesized that Plk2, a serine-threonine (S/T) kinase, directly phosphorylates the 47 

amino acid intracellular tail of APP, which contains 5 S/T residues (Figure 13A). To test this 

idea, I conducted in vitro kinase reactions with purified APPc fusion protein incubated with 

baculovirus-expressed recombinant full-length wild-type Plk2. Immunoblotting of kinase 

reaction samples with phosphothreonine antibody showed autophosphorylated Plk2 (upper band, 

Figure 13B) as well as phosphorylated APPc (lower band, Figure 13B), indicating direct 

phosphorylation of threonine(s) within the C-terminus of APP. 
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Figure 13. Plk2 phosphorylates APP intracellular domain 

(A) Schematic structure of APP and intracellular domain with amino acid numbering given for both hAPP-695 and -770 (in 

parentheses). Bold, serine/threonine residues. Underline, residues phosphorylated in AD brain. (B) In vitro kinase assay using 

purified MBP-APPc with or without purified recombinant Plk2 protein. Immunoblotting was performed using 

phosphothreonine and human/rodent APP C-terminus antibodies. (C) Purified GST, MBP, GST-Plk2 and MBP-APPc were 

detected at the right size in Coomassie blue stained gel. 
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To identify Plk2 phosphoresidues, I mutagenized S/T sites in the C-terminal tail of full-

length hAPP (S654A, T655A, T668A, S675A and T686A; APP695 numbering used throughout 

for consistency, Figure 14A) and co-expressed each construct with Plk2-CA in COS7 cells. 

Interestingly, no single mutation sufficed to prevent APP reduction by Plk2 (Figure 14B, C). 

However, replacement of all 5 S/Ts with alanine (APP 5A mutant) conferred complete 

insensitivity to Plk2-CA or Plk2-KD in COS7 cells (Figure 14D, E).  
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Figure 14. Site-directed mutagenesis of APP C-terminus. 

(A) Schematic structure of APP and intracellular domain showing mutants generated in 

the study. Red, constructs insensitive to Plk2. (B) Myc-tagged APP WT or APP single 

mutants (T654A, S655A, T668A, S675A and T686A) were transfected with vector 

(vec), myc-Plk2-KD or myc-Plk2-CA in COS7 cells. APP and Plk2 expression were 

analyzed by myc antibody immunoblotting. (C) Quantification of APP intensity from 

(B) (n=8); ***p<0.001. (D) APP WT or APP 5A constructs were co-transfected with 

vector, myc-Plk2-KD or myc-Plk2-CA in COS7 cells and lysates analyzed by 

immunoblotting for full-length APP (APP C-terminus antibody) and Plk2 (myc). (E) 

Quantification of (C) (n=4); *p<0.05, ***p<0.001. 
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In human AD brain, 4 S/T and 3 tyrosine phosphorylated sites in the APP intracellular 

domain were identified by mass spectrometry (Y653, S655, T668, S675, Y682, T686, and Y687) 

(Lee et al., 2003). Replacement of the 4 AD-associated S/T residues to alanine (APP 4A mutant) 

rendered APP resistant to Plk2 coexpression in COS7 cells (Figure 15A, B). To further narrow 

the APP sites required by Plk2, I made triple alanine mutants (3A1: T654A/S655A/T686A; 3A2: 

T668A/S675A/T686A). In COS7 cells, 3A1 expression was significantly decreased by Plk2, 

similar to APP WT, but the 3A2 construct was unaffected by Plk2 coexpression (Figure 15A, B). 

I therefore tested combinations of double mutants derived from 3A2 (T668A/S675A, 

T668A/T686A and S675A/T686A); of these three, only T668A/S675A was blocked from Plk2-

mediated processing in COS7 cells (Figure 15C, D).  
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Figure 15. Identification of putative APP phosphorylation sites by Plk2 

(A) Myc epitope-tagged APP 4A, 3A1 or 3A2 mutants (green) were co-transfected with 

HA epitope-tagged vector, Plk2-KD or Plk2-WT (red) in COS7 cells and expression 

levels analyzed by immunocytochemistry with respective epitope tag antibodies. (B) 

Quantification of APP intensity from (A); (n=4-9) ***p<0.001. (C) Myc-tagged APP 

T688/S675A, T688/T686A or S675/T686A constructs were co-transfected with HA-

vector, HA-Plk2-KD or HA-Plk2-WT in COS7 cells and labeled with myc antibody for 

APP (green) and HA antibody for vector or Plk2 (red). (D) Quantification of (C) (n=4-

9); ***p<0.001. 
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I. APP phosphorylation is critical for AMPA receptor mediated synaptic depression  

 

 It has been shown that Aβ soluble oligomers induce synaptic depression via GluA2 type 

AMPA receptor (AMPAR) removal and dendritic spine loss (Hsieh et al., 2006; Priller et al., 

2006; Sepulveda et al., 2009; Wei et al., 2010). Synaptic overexcitation after PTX stimulation or 

Plk2 expression also induced GluA2 AMPA receptor removal from surface (Evers et al., 2010; 

Lee et al., 2011). Based on previous reports, I hypothesized that elevated activity induces AMPA 

receptor mediated synaptic depression by promoting APP β-processing. To test this idea, I 

measured surface GluA2 levels after expressing human APP-WT or double APP-2A mutant 

(T668A/S675A) in hippocampal neurons. Without activity manipulation, expressing APP-2A did 

not change surface GluA2 level significantly compared to APP-WT expression (relative to 

unstimulated APP-WT control: APP-2A alone, 79.35 ± 27.11; Figure 16A, B). Importantly, 

surface GluA2 levels with APP-2A were insensitive to PTX simulation, while surface GluA2 

levels with APP-WT were reduced by PTX stimulation as reported previously (Evers et al., 

2010; Lee et al., 2011) (relative to unstimulated APP-WT control: APP-WT with PTX, 48.22 

±13.52%; APP2A with PTX , 78.30 ± 16.47%; Figure 16A, B). Total GluA2 levels were not 

changed by APP-2A expression and activity change (relative to unstimulated APP-WT control: 

APP-WT with PTX, 92.01 ± 7.95%, APP2A alone, 84.56 ± 17%, APP2A with PTX , 87.09 ± 

5.21%; Figure 16C, D). The results suggested that prevention of APP modulation by Plk2 blocks 

overactivity-mediated GluA2 type AMPA receptor removal. 



67 

 

 

Figure 16. Surface GluA2 levels with APP-WT vs. APP-2A (T668/S675A).  

(A, C) Hippocampal neurons (21-24 DIV) were transfected with human APP WT (A1, 

A2) or APP 2A (A3, A4) for 3 days, treated with vehicle (NT, 250 µM NaOH) or PTX 

(25 µM, 20 h). Surface levels of endogenous GluA2 in APP-WT or APP-2A transfected 

neurons were labeled with N-terminal-directed antibody using live-labeling method. (B) 

Quantification of (A) (n=8-12); *p<0.05. (C) Total levels of transfected APP-WT or 

APP-2A were immunolabeled for human APP using 6E10 antibody or for GFP. (D) 

Quantification of (C) (n=7-10); *p<0.05. 
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J.  Phosphorylation at T668 and S675 alters surface APP level 

 

To examine how Plk2 mediated APP β-processing was blocked with APP-2A construct, I 

measured surface levels of APP-2A. Because APP β-processing is occurred mainly after it is 

internalized into endosome (Cirrito et al., 2008), surface level of APP can tell whether APP 

phosphorylation is required in APP internalization or in β-cleavage after internalization into 

endosomes. Neurons were transfected either with APP-WT or APP-2A, and stimulated with 

PTX. Without PTX stimulation, the basal level of surface APP-2A was higher than the level of 

APP-WT (relative to unstimulated APP-WT control: APP-2A alone, 222.9 2± 49.63%; Figure 

17A, B). Because total levels of APP-2A were not significantly different than APP-WT under 

basal conditions, these results suggested that APP-2A was either internalized less or inserted 

faster into the cell surface compared to WT. PTX stimulation induced loss of surface APP-WT, 

but not APP-2A (relative to unstimulated APP-WT control: APP-WT with PTX, 36.23 ±6.27%; 

APP2A with PTX, 250.19 ± 44.38%; Figure 17A, B).  Consistent with previous endogenous rat 

APP results, the total level of APP-WT was decreased with PTX stimulation (relative to 

unstimulated APP-WT control: APP-WT with PTX, 26.68 ±10.57%; Figure 17C, D). However, 

total levels of APP-2A were not affected by PTX stimulation (relative to unstimulated APP-WT 

control: APP-2A alone, 122.65± 52.56%, APP-2A with PTX , 157.76 ± 47.94%; Figure 17C, D). 

These findings indicate that phosphorylation either at T668 or S675 may be required in activity-

inducible APP internalization for β-processing. By preventing phosphorylation of those critical 

sites, synaptic depression via GluA2 could be abolished.  
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Figure 17. surface level of APP-WT vs. APP-2A 

(A, C) Hippocampal neurons (21-24 DIV) were transfected with human APP WT 

(A1, A2) or APP 2A (A3, A4), treated with vehicle (NT, 250 µM NaOH) or PTX (25 

µM, 20 h). Surface levels of transfected APP-WT or APP-2A were labeled with 

human specific 6E10 antibody using live-labeling method. (B) Quantification of (A) 

(n=9-21); ***p<0.001. (C) Total levels of transfected APP-WT or APP-2A were 

immunolabeled for human APP using 6E10 antibody or for GFP. (D) Quantification 

of (C) (n=7-15); *p<0.05.  
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K.  Elevated Plk2 levels in APP-SwDI mice 

 

To address the relation between Aβ production and Plk2, I used APP-SwDI transgenic 

mice, which express hAPP770 bearing Swedish, Dutch, and Iowa FAD mutations. APP-SwDI 

mice produce a highly fibrillogenic form of hAβ, with amyloid plaques visible in the 

hippocampus of 3 month-old animals, and further deposition in cortex, thalamus and olfactory 

bulb apparent by 6 months (Davis et al., 2004). I analyzed plaques using thioflavin S (thioS) 

staining. To verify the specificity of thioflavin signal, I performed co-immunolabeling the brain 

tissue using 1% thioflavin S and Aβ antibody 6E10. Thioflavin-positive clusters colocalized with 

Aβ antibody 6E10 immunostaining in APP-SwDI brain (Figure 18C), and WT animals did not 

exhibit any thioflavin plaque-like signals (Figures 18D). In APP-SwDI homozygous mice, some 

plaques could be observed at 4 months, and robust accumulation occurred in most areas of cortex 

and hippocampus by 7 months (Figure 18A, B), consistent with previous studies (Davis et al., 

2004). Only hippocampus CA1 area showed already enhanced plaque formation at 4 months and 

no further plaque formation at 7months. 
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Figure 18. Amyloid plaque formation in APP-SwDI brain. 

(A) Cresyl violet stained coronal section of mouse brain showing analyzed regions (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). (B) Plaque load (%of area) in APP-SwDI
+/+

 homozygote 

cortex and hippocampus at 4 and 7 months (n=4-6); *p<0.05, ***p<0.001. (C) Brain 

sections (20 μm) from perfusion-fixed APP-SwDI homozygous animals were 

immunolabeled with human Aβ antibody 6E10 (red) and co-stained with thioflavin S 

(green). Scale bar, 100 μm. (D) Brain sections from WT animals stained with thioflavin 

S. 
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At 4 months, some regional variations were observed in the number of Plk2-expressing 

neurons (both increases and decreases), but increased integrated intensity of Plk2 was observed 

in several cortical area and hippocampal area CA1 in APP-SweDI mice compared to age-

matched WT animals (Figure 19).  

By 7 months, we observed a dramatically increased number and intensity of Plk2-

expressing neurons in a laminar pattern throughout the APP-SwDI cortex, but interestingly no 

longer in the hippocampus (Figure 20). In WT animals, the levels of Plk2 between 4 months and 

7 months were not significantly different (Figure 19, 20), suggesting increase of Plk2 levels in 

APP-SwDI brain were not due to aging.   
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Figure 19. Upregulation of Plk2 only in hippocampus CA1 at 4 month old APP-SwDI 

mice. 

(A) Representative sections of primary somatosensory cortex and hippocampus from 4 

month old WT and APP-SwDI
+/+

 mice stained with thioflavin S (green) and 

immunolabeled with Plk2 antibody C-18 (red). (B) Quantification of number of Plk2 

expressing neurons at 4 months in WT and APP-SwDI
+/+

 transgenic (TG) mice (n=4); 

*p<0.05, ***p<0.001. (C) Quantification of Plk2 integrated intensity at 4 months in WT 

and APP-SwDI
+/+

 mice (n=4); *p<0.05, ***p<0.001.  



74 

 

  

Figure 20. upregulated Plk2 in cortex at 7 month old APP-SwDI mice. 

(A-C) Representative sections of primary somatosensory cortex from 7 month old WT and 

APP-SwDI
+/+

 mice stained with thioflavin S (A, green) and immunolabeled with Plk2 

antibody C-18 (B, red), with merge in (C). Scale, 100 μm. (D-E) Number of Plk2 

expressing neurons (D) and quantification of Plk2 integrated intensity (E) at 7 months in 

WT and APP-SwDI
+/+

 transgenic (TG) mice (n=6); *p<0.05, ***p<0.001.  
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Areas of Plk2 increase generally followed the pattern of thioS staining, but this 

correlation was not exact by regional analysis. Nevertheless, there appeared to be a clear spatial 

relationship between plaques and Plk2 expression (Figure 20C). To quantify this phenomenon, I 

divided the cortex into 400 μm-width “columns” and measured plaque area and Plk2 

immunoreactivity (Figure 21A). Integrated intensity of Plk2 was robustly increased only in 

cortical subdivisions containing at least 1000 μm
2
 visible plaque load (Figure 21B). In addition, I 

observed that Plk2 intensity was stronger in the vicinity of plaques (Figure 20C), visualized by 

linescan analysis of Plk2 within 2 different cortical lamina in plaque-rich (Figure 21C, E) or 

plaque-absent areas (Figure 21D, F). Accordingly, the integrated intensity of Plk2 was 

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

(Figure 21G). Thus, Plk2 expression was dysregulated in a spatiotemporally patterned manner in 

APP-SwDI brain correlated with plaque load and proximity.  
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Figure 21. Elevated Plk2 level near amyloid plaques. 

(A) Representative image for 400μm width column analysis (B) Plk2 integrated intensity 

is elevated only in the presence of >1000 μm
2 

plaque load per 400 μm cortical columnar 

subdivision (n=6); ***p<0.001. (C, E) Representative thioflavinS and Plk2 staining in 

plaque-containing area (C) and line scan of indicated layers (E). (D, F) Representative 

plaque-lacking area (D) and line scan of indicated layers (F). (G) Plk2 intensity measured 

<100 μm and >400 μm from plaques (n=6); *p<0.05.  
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L. Plk2 inhibition suppresses plaque formation in APP-SwDI mice 

 

Finally, I hypothesized that perturbation of Plk2 function would diminish Aβ production 

in vivo. To test this prediction, I crossed APP-SwDI homozygous mice with transgenic mice 

carrying forebrain-specific expression of dominant negative Plk2-KD (Lee et al., 2011). APP-

SwDI+/- or APP-SwDI+/-; Plk2-KD+/- hemizygote littermates were examined for hAβ40/42 

production at 8-10 months. However, I found no significant differences in either soluble or 

insoluble total forebrain hAβ40/42 levels between groups (Figure 22), although the soluble forms 

trended to a slight decrease in the presence of the Plk2-KD transgene. 

 

  

Figure 22. Aβ production in Plk2-KD expressing mice.  

(A-D) Soluble and insoluble human Aβ40 or Aβ42 in forebrain homogenates were 

measured by ELISA from genotypes indicated at 8-10 months of age (n=5-6). 
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I therefore examined plaque formation using thioS staining of cryosectioned brains from 

the same animals used for hAβ ELISA. As before, thioS-positive plaques closely overlapped 

with 6E10 immunoreactivity, and Plk2-KD animals without the APP-SwDI transgene displayed 

no detectable thioS signal (Figure 23A, B), confirming the specificity of the thioS staining of 

cryosectioned brain tissue. Because these progeny express only one copy of the APP-SwDI 

transgene, plaque burden in 8-10 month old mice was similar to homozygous APP-SwDI animals 

at 4 months (Figure 18B, 23C, G). Consistent with previous studies (Davis et al., 2004) and my 

results (Figure 18B), plaques were accumulated in hippocampal CA1 of APP-SwDI+/- mice at 

this age, but less robustly in DG, CA3, or cortex (Figure 23C, G). Strikingly, APP-SwDI+/-

;Plk2-KD+/- mice showed significantly decreased amyloid plaques in hippocampal CA1 area 

compared to APP-SwDI+/- littermates (Figure 23E, G). However, in the thalamus, where the 

Plk2-KD transgene was not expressed (Lee et al., 2011), plaque formation was not different 

between groups (Figure 23D, F, H). Thus, Plk2-KD dominant negative expression significantly 

decreased amyloid plaque formation, suggesting that Plk2 promotes Aβ production in vivo. 
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Figure 23. Plk2-KD expression inhibits plaque formation in APP-SwDI mice. 

(A) Cryosections (20 μm) from APP-SwDI
+/-

;Plk2-KD
+/-

 brains were immunolabeled with 

human Aβ antibody 6E10 (red) and stained with thioflavin S (green). Scale bar, 100 μm. 

(B) Cryosections from Plk2-KD
+/-

 heterozygote brains stained with thioflavin S. (C, E) 

Representative hippocampal (Hpc) area of APP-SwDI
+/-

 (C) and APP-SwDI
+/-

;Plk2-KD
+/-

 

(E) cryosections stained with thioflavin S. Scale, 100 μm. Enlarged view of boxed region 

is shown at right of wide-field image. (G) Quantification of plaque area in hippocampal 

subregions (n=5-6). (D, F) Representative thalamus area of APP-SwDI
+/-

 (D) and APP-

SwDI
+/-

;Plk2-KD
+/-

 mice (F) stained with thioflavin S. Po, posterior nucleus of thalamus; 

VPM, ventral posteromedial nuclus; VPL, ventral posterolateral nucleus. (H) 

Quantification of plaque area in thalamic subregions (n=5-6); *p<0.05.  
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CONCLUSIONS 

I elucidated a critical role for Plk2 in synaptic activity-dependent APP amyloidogenic 

processing. Plk2 physically associated with APP in heterologous cells, primary neuron cultures, 

mouse brain lysates, and interacted directly in purified in vitro binding assays and surface 

Plasmon resonance assays. Plk2 was sufficient to dramatically induce APP amyloidogenic 

processing, as measured by levels of Aβ, β-CTF, and sAPPβ as well as by BACE-1-dependent 

loss of full-length APP. Plk2 was also required for APP amyloidogenic processing following 

chronic overexcitation. Mechanistically, phosphorylation APP at the site of either T668 or S675 

by Plk2 is required for APP internalization before β-processing. Defects in APP internalization 

subsequently prevent GluA2 mediated synaptic depression. Additionally, I observed elevated 

levels of Plk2 in the brains of APP-SwDI mice, especially near amyloid plaques. Furthermore, 

suppression of Plk2 inhibited amyloid plaque formation in vivo.  Thus, these results provide a 

novel molecular linkage between neuronal activity and control over Aβ production.  
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DISCUSSION 

After the first report of Alzheimer’s disease in 1907, intense efforts have been made to 

elucidate the mechanisms of pathogenesis. As a result, Aβ as a central and potentially causative 

molecule was identified. Numerous studies have implicated Aβ in synaptic depression and 

cognitive decline. Moreover, processing pathways involved in both production of Aβ 

(amyloidogenic processing) and prevention of Aβ generation (non-amyloidogenic processing) 

have been well investigated. However, key missing pieces of the puzzle that have remained 

poorly understood are the physiological factors that normally regulate Aβ production, as well as 

the pathological triggers that enhance amyloidogenic processing in AD patients.  

 Increased incidence of epilepsy in AD patients and within the default mode network 

suggested a positive relationship between synaptic activity and Aβ generation (Amatniek et al., 

2006; Mackenzie and Miller, 1994; Palop and Mucke, 2009). Besides the activity changes, 

increased phosphorylation of APP was also observed (Lee et al., 2003). My results suggested 

that increased activity in AD brain may cause the phosphorylation of APP via Plk2, resulting in 

enhanced utilization of the amyloidogenic pathway.   

 

A. Regulation of APP processing by Plk2 phosphorylation 

  

Hyperphosphorylation at serine, threonine and tyrosine sites of the APP intracellular 

domain were identified in human AD brain (Lee et al., 2003). However, the relationship between 

phosphorylation and Aβ production has not been clearly understood. Phosphorylation at specific 

sites, such as T668 was thought to promote Aβ generation by enhancing amyloidogenic 
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processing rather than non-amyloidogenic processing. Several studies have demonstrated that 

phosphorylation at T668 promotes β-processing (Lee et al., 2003; Pastorino et al., 2006; 

Vingtdeux et al., 2005). The results are consistent with the positive correlation between increased 

phosphorylation at T668 and Aβ production in human AD brain. However, another study showed 

that T668 phosphorylation inhibits γ-secretase cleavage and reduces Aβ production (Feyt et al., 

2007). Moreover, a T668A knock-in mouse mutation did not affect constitutive rodent Aβ levels, 

although activity-inducible formation was not measured (Sano et al., 2006).  In this regard, the 

identification here of both T668 and S675 as key residues for Plk2- and activity-mediated APP 

β-processing may help explain controversial results about T668 site phosphorylation. S675 is 

also phosphorylated in AD brain (Lee et al., 2003) but has not been extensively characterized 

previously, and does not lie within recognized functional motifs. As the APP C-terminus 

interacts with a variety of cytoplasmic adaptor proteins such as Fe65 and X11 in a 

phosphorylation state-dependent manner (Schettini et al., 2010; Suzuki and Nakaya, 2008), S675 

and/or T668 phosphorylation may control the conformation of the C-terminal tail of APP, 

regulating APP scaffolding and directing its intracellular trafficking.  

Alternatively (or in addition), since the dual involvement of T668 and S675 in APP 

processing affected increased β-processing without any involvement of α- or γ-processing, the 

multiple phosphosites demonstrated here may also alter association of APP with BACE-1. 

Surface level changes of APP-2A mutant suggested that phosphorylation at T668 and S675 may 

change the subcellular localization of APP. Since internalization of APP was thought to be 

required for β-secretase mediated cleavage (Golde et al., 1992), changing the membrane 

localization of APP may change its association with BACE-1 within endosomes. To demonstrate 
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this possibility, assays for APP subcellular localization with phosphorylation and activity 

changes could be done in future studies. 

In addition to the role of phosphorylation of APP, it is not clear which kinases play a 

critical role in Aβ generation in AD. Several kinases, including PKC, CaMKII, Cdc2, Cdk5, 

GSK-3β, and JNK were known to be involved in Aβ production (Schettini et al., 2010), but the 

literature has shown inconsistent results. For example, it has been reported that Glycogen 

synthase kinase-3 (GSK-3) α is involved in APP β-processing (Phiel et al., 2003). In contrast to 

this report, a recent study demonstrated that both GSK-3α and β isozymes are not involved in 

APP processing or phosphorylation at T668 in vivo (Jaworski et al., 2011). Contradictory studies 

indicated that the mechanism between phosphorylation and production of Aβ was not well 

understood, or perhaps that the appropriate physiological assays have not been employed. My 

results suggested that Plk2 was specifically required for activity-dependent amyloidogenic 

processing, but not in constitutive Aβ generation, while other kinases may participate in 

constitutive Aβ synthesis, which was relatively unaffected by Plk2 inhibition. Alternatively, 

different kinases may mediate APP processing in response to varied stimuli such as cellular 

proliferation or stress signals, or possibly act as “priming” kinases for Plk2, which preferentially 

binds to substrates that are pre-phosphorylated at (S/T)-P (Elia et al., 2003a; Elia et al., 2003b; 

Seeburg et al., 2008). Thus, proline-directed kinases including Cdk5 or GSK3-β may serve to 

prime APP for subsequent Plk2 phosphorylation. Building upon the findings presented here, 

further work will be required to unravel the complex relationship and coordination among 

different kinases in contributing to AD pathogenesis.  
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B. Synaptic depression via APP phosphorylation 

 

Previous studies have demonstrated that loss of GluA2 AMPA receptors is one 

mechanisms of Aβ-induced synaptic depression (Hsieh et al., 2006; Priller et al., 2006). 

Consistent with these reports, my results showed that enhanced β-secretase mediated APP 

depletion removed GluA2 AMPA receptors from cell surface without changing total levels of 

GluA2 receptors. It is important to note that the sites T668/S675 are also involved in APP 

surface expression. Preventing phosphorylation at those sites greatly enhanced surface level of 

APP (Figure 17), suggesting disruption of APP trafficking under basal conditions. However, it is 

not possible to conclude whether loss of surface GluA2 is due to loss of surface APP, which may 

stabilize GluA2 physically at the membrane surface, or due to production of Aβ which is 

synaptotoxic. Measuring surface GluA2 levels after blocking β-site cleavage without affecting 

APP internalization could address this question.  

Besides AMPA receptors removal, Aβ-mediated dendritic spine loss was also observed in 

previous studies (Cirrito et al., 2008). Synaptic downregulation via spine loss by Plk2 was also 

demonstrated. Thus, investigating the participation of Plk2 in Aβ-mediated spine loss could 

reveal whether phosphorylation at T668/S675 is also involved in synapse and spine elimination.    

 

C. Plk2 levels in AD model mice  

 

A role for Plk2 in promoting amyloidogenic processing implies elevated Plk2 in AD. 

Indeed, recent tantalizing but limited data suggest that Plk2 is upregulated in temporal cortex of 

AD patients when examined by immunohistochemistry, although not by immunoblotting of brain 

tissue (Mbefo et al., 2009). This observation may be explained if Plk2 levels are increased in a 
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spatiotemporally localized manner. Supporting this idea, I found by immunohistochemistry that 

Plk2 levels were elevated in cortex, but not hippocampus, of 7 month old APP-SwDI mice, 

during the period of robust Aβ plaque deposition. In contrast, Plk2 was upregulated in both 

hippocampus and cortex in the early phase of plaque formation (4 months of age), suggesting 

that Plk2 is induced in different brain regions over time. Increased Plk2 levels were spatially 

coincident with the distribution of plaques. The expression of Plk2, which is synaptic activity-

inducible, may be driven by pockets of hyperactivity that exist in the vicinity of amyloid plaques 

in mouse AD models (Busche et al., 2008; Kuchibhotla et al., 2008). Although the underlying 

mechanism of this hyperexcitation is not clear, it may be due to the loss of GABAergic 

inhibitory input (Busche et al., 2008). In this regard, the enrichment of inhibitory neurons in 

specific cortical layers (Meyer et al., 2011) could explain the apparent laminar induction of Plk2 

in the APP-SwDI cortex. Because Aβ overproducing brain areas showed elevated Plk2 

expression, it may be possible to use Plk2 expression as an indicator to discriminate actively 

perturbed areas from previously affected areas during disease progression. To address the 

mechanism of region-specific hyperactivity, future studies should investigate changes such as 

immediate early gene expression or calcium homeostasis in vulnerable regions in the proximity 

of plaque formation. 

 

D. Regulation of Aβ production by Plk2 in vivo  

 

To observe the role of Plk2 in vivo β-processing, I crossed APP-SwDI animals with mice 

expressing dominant negative Plk2-KD transgene. Plk2-KD mice were used here because of the 

unavailability of viable Plk2 postnatal knockout mice (Inglis et al., 2009), possibly related to the 
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requirement for Plk2 in proper dendritic morphogenesis (Guo et al., 2011). In the forebrain of 

double hemizygous progeny, however, I was unable to measure significant changes in either 

soluble or insoluble Aβ load. Because Plk2 does not affect constitutive β-processing of APP, it 

may therefore be difficult to detect decreases in overall Aβ against high constitutive basal 

synthesis. Also Aβ ELISA measurement represented both Aβ production and clearance. Thus, 

Aβ ELISA measured remaining amount of Aβ peptides after some of produced Aβ peptides 

were cleared. To measure total Aβ production including cleared Aβ, other amyloidogenic 

processing product, such as sAPPβ had to be measured. In addition, the APP-SwDI and Plk2-KD 

transgenes have only partially overlapping regional expression patterns: APP-SwDI mice 

produce amyloid plaques in cortex and hippocampus, but also at high levels in olfactory bulb, 

cerebellum and thalamus (Davis et al., 2004), whereas Plk2-KD is expressed from the CaMKII  

promoter only in forebrain regions (Lee et al., 2011). By thioS staining, I found markedly 

decreased plaque load in hippocampus, an area that expresses both Plk2-KD and APP-SwDI, but 

no change in plaque formation in thalamus, which lacks Plk2-KD expression. Thus, I conclude 

that blocking Plk2 activity reduces APP amyloidogenic processing in vivo.  In cultured 

hippocampal neurons, phosphorylation by Plk2 was required in activity mediated synaptic 

depression. To examine whether expressing Plk-KD can inhibit synaptic depression in vivo, 

comparing synaptic changes, such as spine density, morphology or levels of AMPA receptors 

between Plk2-KD expressing regions and Plk2-KD absent regions in vivo can be used to probe 

the importance of phosphorylation in synaptic depression. 
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E. Physiological and pathophysiological functions for Plk2 and APP  

 

Taken together, the data suggest a model in which Plk2 and APP may collaborate in a 

homeostatic negative feedback circuit that normally functions to prevent neuronal overexcitation 

(Figure 24A). Heightened chronic synaptic overactivity induces somatodendritic expression of 

Plk2, which binds directly to the cytosolic tail of APP and phosphorylates T668/S675 residues to 

potentially alter its trafficking and/or interaction with intracellular adapter proteins. 

Phosphorylation by Plk2 is critical in activity-mediated APP depletion and surface GluA2 

receptor removal. This pathway results in stimulation of A  production that could assist in 

dampening excitatory synaptic transmission and cause synapse loss. A caveat to this idea is that a 

physiological function for A distinct from its pathological effects when aggregated into soluble 

oligomers (Walsh et al., 2002), remains controversial. Recently, the immediate early gene 

Arc/Arg3.1 was also shown to be required for activity-dependent A  formation (Wu et al., 2011). 

An emerging theme from these findings is that multiple activity-inducible factors may drive 

different stages of APP processing, with Plk2 acting upstream of -secretase and Arc functioning 

at a later step to promote APP association with -secretase. Furthermore, the critical roles of both 

Plk2 and Arc in homeostatic synaptic plasticity in response to sustained neuronal overactivity 

(Beique et al., 2011; Evers et al., 2010; Guo et al., 2011; Lee et al., 2011; Pak and Sheng, 2003; 

Seeburg et al., 2008; Shepherd et al., 2006) reinforce the notion that the APP/A  system may 

normally participate in similar regulatory events.  

I speculate that overproduction and aggregation of A fragments may subvert the 

homeostatic negative feedback regulation described above, switching instead to plaque-

associated hyperexcitability (Busche et al., 2008; Kuchibhotla et al., 2008; Minkeviciene et al., 
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2009; Palop et al., 2007). Because Plk2 and Aβ induce each other’s synthesis, this situation 

would create a positive feedback loop (Figure 24B) that produces further aggregates and hotspots 

of synaptic overactivity, consistent with my observations of local, spreading pockets of elevated 

Plk2 levels in APP-SwDI mice (Figure 24C). Such hotspots of Plk2 upregulation may provide a 

“snapshot” of currently dysfunctional neuronal homeostasis, as opposed to visible plaque burden 

which represents a cumulative readout of pathogenic progression. 

In summary, I demonstrated that Plk2 is required for enhanced Aβ production following 

heightened activity. Notably, Aβ and Plk2 are both synaptotoxic and lead to synapse loss, a 

characteristic feature that strongly correlates with cognitive decline in early AD (Selkoe, 2002). 

Phosphorylation by Plk2 is required for APP β-secretase mediated depletion and GluA2 

mediated synaptic depression in heightened synaptic activity conditions. In addition to in vitro 

results, suppression of Plk2 prevents plaque formation in vivo. Therefore, this mechanism 

presents new therapeutic opportunities for addressing the excess synapse loss and memory 

impairments in AD by engaging more physiological regulatory networks of controlling APP 

metabolism.  
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Figure 24. Proposed model 

Hypothetical model of Plk2- and activity-mediated Aβ formation in physiological (A), dysregulated (B), and AD (C) 

conditions. 
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