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Overview of the Studies 

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

neurofibrillary tangles (NFTs) and amyloid-beta (Aβ) plaques. The tau is a 

major component of NFTs, a microtubule-associated protein. In AD, tau is 

abnormally aggregated and hyperphosphorylated into NFTs in neurons. The 

pathological tau proteins lose the capability to rescue microtubules in 

transporting neuronal substance, leading to neuronal dysfunction and 

apoptosis. Phosphorylated tau would have a ubiquitin-independent pathway 

that can be facilitated by Hsp27 mechanism leading to its dephosphorylation 

or degradation. The cytoprotective effects of Hsp27 include its role as a 

molecular chaperone, the inhibition of caspase activation, the prevention of 

stress-induced disruption of the cytoskeleton, and modulation of the 

intracellular redox potential. I generated a fusion protein of Hsp27 and the 

protein transduction domain of the HIV Tat protein (Tat-Hsp27) to enhance 

the delivery of Hsp27 into cells. the recombinant Tat-Hsp27 reduced the 

level of hyperphosphorylated tau induced by okadaic acid in SH-SY5Y 

neuroblastoma cells and prevented the apoptosis induced by abnormal tau 

aggregates in our cellular model of AD. 

Aβ is derived from amyloid precursor protein (APP) by β-secretase and γ-

secretase. Aβ is immediately catabolized under normal conditions, whereas 

dysmetabolism of Aβ seems to lead to pathological deposition upon aging. 
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Neprilysin (NEP) is a rate-limiting peptidase involved in the physiological 

degradation of Aβ in the brain. Thus, the reduction of neprilysin activity 

will contribute to Aβ accumulation and consequently to AD development. 

NEP is a type II membrane metalloendopeptidase with an active site 

containing a zinc-binding motif at the extracellular carboxyl terminal 

domain and exists on plasma membrane as a noncovalently associated 

homodimer. I designed a gene encoding the extracellular domain (52–750) 

of human NEP. Recombinant soluble human NEP was secreted from insect 

cells transduced with baculovirus expressing the extracellular domain and 

purified by affinity chromatography on a histrap column and size exclusion 

chromatography on a superdex 200 column. The purified NEP could reduce 

a decrease of Aβ-mediated apoptosis of hippocampal cells and increase cell 

viability in vitro. The number of Aβ plaques and memory impairment was 

diminished by the presence of recombinant soluble neprilysin in the brain of 

AD model mice. These findings suggest that recombinant Tat-Hsp27 and 

soluble human neprilysin are a promising candidates as therapeutic protein 

for Alzheimer’s disease.  
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Chapter I. Protective effect of Tat PTD-Hsp 27 fusion protein 

on tau hyperphosphorylation induced by okadaic acid in the 

human neuroblastoma cell line SH-SY5Y. 

 

1. Abstract 

Alzheimer’s disease (AD) is an age-related disorder that causes a loss of 

brain function. Hyperphosphorylation of tau and the subsequent formation 

of intracellular neurofibrillary tangles (NFTs) are implicated in the 

pathogenesis of AD. Hyperphosphorylated tau accumulates into insoluble 

paired helical filaments that aggregate into NFTs; therefore, regulation of 

tau phosphorylation represents an important treatment approach for AD. 

Heat shock protein 27 (Hsp27) plays a specific role in human 

neurodegenerative diseases; however, few studies have examined its 

therapeutic effect. In this study, I induced tau hyperphosphorylation using 

okadaic acid, which is a protein phosphatase inhibitor, and generated a 

fusion protein of Hsp27 and the protein transduction domain of the HIV Tat 

protein (Tat-Hsp27) to enhance the delivery of Hsp27. I treated Tat-Hsp27 

to SH-SY5Y neuroblastoma cells for 2 hours, the transduction level was 

proportional to the Tat-hsp27 concentration. Additionally, Tat-Hsp27 
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reduced the level of hyperphosphorylated tau and protected cells from 

apoptotic cell death caused by abnormal tau aggregates. These results reveal 

that Hsp27 represents a valuable protein therapeutic for AD. 

 

2. Introduction 

Alzheimer’s disease (AD) is a progressive neurological disorder that 

causes memory loss. Various pathological hallmarks of AD include synaptic 

and neuronal loss, amyloid plaques primarily composed of the 42-residue 

hydrophobic β-amyloid peptide (Aβ) [30] and neurofibrillary tangles (NFTs) 

composed of aggregates of hyperphosphorylated tau, which is a 

microtubule-associated protein [19]. Amyloid plaques and NFTs are 

considered the primary factors involved in the pathogenesis of AD [23]. 

Although previous studies have primarily focused on the role of β-amyloid 

peptides, recent studies on the role of tau in AD pathogenesis have indicated 

that hyperphosphorylated tau aggregates into insoluble paired helical 

filaments (PHFs), which induce neuronal dysfunction [28]. Moreover, these 

two pathological hallmarks demonstrate synergistic effects on synaptic 

dysfunction [9][11]. As a microtubule-associated protein, aggregates of 

normal tau protect cells against toxic hyperphosphorylation, although 
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neuronal death occurred following a period of survival [17]. However, tau is 

not only abnormally phosphorylated but also aggregates into insoluble 

forms such as PHFs and NFTs [2], [10] in various AD mouse models 

[4][12][14]. Therefore, an approach that reduces the level of 

hyperphosphorylated tau would represent a valuable treatment for AD [7]. 

Tau can bind heat shock proteins (HSPs), which trigger the recruitment of 

CHIP (which is a co-chaperone that exhibits E3 activity), to the complex. 

CHIP has been shown to interact with tau, appears to work in concert with 

both Hsp70 and Hsp90 in degrading toxic tau species [25]. CHIP induces 

the ubiquitination of tau and activates its degradation when tau is defective 

[26]. In addition, The BAG2/Hsp70 complex is tethered to the microtubule 

and this complex can capture and deliver Tau to the proteasome for 

ubiquitin independent degradation [13]. Curcumin also downregulated 

levels of phosphorylated tau, which may be potentially attributed to the 

curcumin-induced upregulation in BAG2 levels in the neurons [27]. Hsp27 

directly associates with hyperphosphorylated tau or PHFs and regulates cell 

survival by eliminating tau aggregates [32]. Heat shock proteins are induced 

in response to cellular stress as molecular chaperones that inhibit protein 

aggregation [22]. HSPs can prevent apoptosis and increase cell viability 

during cellular stress [20] [31]. HSPs are also critical regulators of normal 

neural physiological function and cell stress responses [3] [33] [34]. Hsp27 



- 4 - 

 

includes its role as a molecular chaperone, direct interference with the 

mechanisms of caspase activation, modulation of oxidative stress and 

regulation of the cytoskeleton. The mechanism by which Hsp27 prevents 

apoptosis may be caused not only by the interaction between Hsp27 and 

pathological hyperphosphorylated tau, but also by Hsp27-mediated 

inhibition of pro-caspase-9 and caspase-3. However, the therapeutic effects 

of exogenous Hsp27 on disease models have not been investigated. 

Therefore, in this study, I investigated whether Hsp27 could reduce 

hyperphosphorylated tau in AD-induced SH-SY5Y cells. I designed that all 

experiments was aimed at preventing tau hyperphosphorylation and 

aggregation, rather than at reverting it once occurred.  

To more effectively deliver Hsp27 into cells, I combined the HIV protein 

transduction domain (PTD) Tat with the Hsp27 protein (Tat-Hsp27). Tat 

peptide increases cellular drug uptake by interacting with the negatively 

charged plasma membrane and activating permeabilization of the cell 

membrane through a receptor independent pathway, which results in 

endocytosis of the cargo. HIV Tat (11 residues, YGRKKRRQRRR), can 

rapidly transduce into cells [5] and deliver full-length proteins into cells 

[16].Tat-Hsp27 effectively reduced the phosphorylation of tau and rescued 

the cell death caused by abnormal tau aggregates. Therefore, my study 
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suggests that Tat-Hsp27 may represent a potential protein therapeutic for 

tau-induced neurodegeneration.  

 

 

 

3. Materials and Methods  

 

3.1. Construction of the expression vector 

I designed a bacterial expression vector (His6-Tat-Hsp27) containing 

hexahistidine leader sequence, 11-amino acid Tat PTD sequence 

(YGRKKRRQRRR), and Hsp27 protein sequence. The Hsp27 fragment 

(BD Bioscience) was generated by PCR using human cDNA as a template 

and oligonucleotide primers containing BamHI and XhoI restriction sites. 

The pET-28a vector (Novagen) and the Tat PTD were digested with NdeI 

and BamHI and ligated. The ligated vector was transformed into chemically 

competent DH5α E. coli cells (Enzynomics, Korea). After purification of the 

plasmid containing the Tat PTD, the plasmid and the Hsp27 fragment were 

digested with BamHI and XhoI and ligated. I also designed pET28a vector 

containing Hsp27 (wt-Hsp27) genetically fused with a hexahistidine (His6) 

tag. The plasmid was constructed by digesting the pET28a vector with 

BamHI and XhoI restriction endonucleases and ligating the Hsp27 fragment 
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digested with the same restriction enzymes into the cut vector. The 

recombinant plasmids (pET28a-Tat-Hsp27, pET28a-Hsp27) were 

transformed into the Escherichia coli strain BL21 (DE3) for protein 

expression (Enzynomics, Korea) 

 

3.2. Expression and purification of Hsp27 

The recombinant plasmid (His6-Tat-Hsp27) was transformed into the E. 

coli strain BL21(DE3) for protein expression. Transformed cells were plated 

on an LB agar (Merck) plate containing kanamycin (Sigma-Aldrich) and 

incubated overnight at 37°C. Two hundred milliliters of LB medium 

containing 1 mM kanamycin was inoculated with a single colony and 

incubated overnight at 37°C with shaking at 200 rpm. The following day, 1 

L of LB medium was inoculated with this preculture and incubated at 37°C 

until an OD600 of 0.5. Protein expression was induced by the addition of 

Isopropyl β-D-1-thiogalactopyranoside (MB cell, Korea) at a final 

concentration of 1 mM, and the cells were incubated at 37°C for an 

additional 4 h. The cells were centrifuged at 6,000 rpm for 15 min at 4°C 

and resuspended in binding buffer (20 mM Tris-HCl, 500 mM NaCl, 35 

mM imidazole, pH 7.5). Cells were lysed by sonication on ice using a 

sonicator (Sonics Vibra-Cell VCX 750, Sonic & Materials Inc., USA) with 

1-s pulses and 8-s pauses for 30 min. After sonication, the lysates were 
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centrifuged at 10,000 rpm for 15 min. The clarified lysate was loaded onto a 

pre-equilibrated HisTrap HP column (GE Healthcare). His-tagged Tat-

Hsp27 protein was eluted with elution buffer (20 mM Tris-HCl, 500 mM 

NaCl, 1 M imidazole, pH 7.5). His-tagged Tat-Hsp27 was further purified 

using size exclusion chromatography on a HiLoad 16/600 Superdex 200 

prep grade column (GE Healthcare) using 20 mM Tris-HCl (pH 7.5) and 

100 mM NaCl. Wt-Hsp27 purification was performed in the same manner 

as in the purification step above. For the detection of Tat-Hsp27 delivery 

into cells, I conjugated FITC to Tat-Hsp27 using an FITC labeling kit 

(Thermo Scientific). The concentration of protein was determined using 

BCA protein assay kit (Pierce). 

 

3.3. Labeling of wt-Hsp27, TAT-Hsp27 

To eliminate any primary amines or ammonium ions from previous buffer, 

the buffers for both wt-Hsp27 and TAT-Hsp27 were exchanged with 50 mM 

sodium borate pH 8.5 using Amicon ultra centrifugal filters. Two hundred 

thirty micrograms of the prepared protein were added to a vial of FITC 

Reagent (50 ug). The reaction mixture was incubated for 60 min. at room 

temperature protected from light. After adding the mixtures spin columns, 

they were centrifuged to remove any excess FITC at 1000 x g for 1min. 
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3.4. Cell culture 

SH-SY5Y human neuroblastoma cells were grown in Roswell Park 

Memorial Institute 1640 medium supplemented with 10% fetal bovine 

serum and 1% antibiotic-antimycotic under an atmosphere of 5% CO2 and 

95% air (all from WELGENE). The medium was refreshed every three days. 

Cells below passage 24 were used for experiments. I chose the SH-SY5Y 

cell line because these human neuroblastoma cells express constantly 

endogenous tau. 

 

3.5. Western blot analysis 

For Western blot analysis, the cells treated with Tat-Hsp27 and okadaic 

acid (enzolifesciences) were washed in DPBS and harvested in RIPA buffer 

(Pierce). To prevent from further phosphorylation, I added Protease 

inhibitor cocktail and phosphatase inhibitor cocktail composed sodium 

orthovanadate, sodium molybdate, sodium tartrate, imidazole (both from 

Sigma-Aldrich) into the cell lysates. Lysates were then centrifuged at 

15,000 x g for 15 min at 4°C. The supernatant was separated in a 12% SDS-

PAGE gel, and the proteins were transferred to a nitrocellulose membrane. 

After blocking in 5% skim milk/TBST (Tris-buffered saline and 0.1% 

Tween 20, pH 7.5), the membrane was washed in TBST three times (15 min 

each) and incubated with primary antibody overnight at 4°C. The membrane 
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was subsequently washed and incubated with the appropriate secondary 

antibody (HRP conjugated goat-anti mouse and goat-anti rabbit) for 2 h at 

room temperature. Protein signals were developed with ECL Western 

Blotting Detection Reagent (Amersham Pharmacia Biotech, Piscataway, NJ, 

USA) exposed to x-ray film. Band intensities were calculated with the 

Image J software, and the protein band of interest was normalized to β-actin. 

Then, tau hyperphosphorylation was normalized to the total tau as a ratio, 

pTau/Total tau. Peroxidase-linked anti-rabbit and anti-mouse IgG were 

purchased from Santa Cruz Biotechnology (USA). Rabbit polyclonal anti-

tau phosphoserine 199/202 antibody and mouse monoclonal anti-tau-1 

antibody were obtained from Millipore (USA). Anti-human total tau 

monoclonal antibody (HT 7), rabbit anti-Hsp27 polyclonal antibody, and 

anti Phospho-PHF-tau (detected phospho-S202, -T205) monoclonal 

antibody (AT 8) were purchased from Pierce Biotechnology (USA). Anti-

HIV1 tat monoclonal antibody was purchased from Abcam (USA). 

Synthesized tat peptides (YGRKKRRQRRR) was purchased from 

PEPTRON (Korea). 

 

3.6. Immunocytochemistry 

The SH-SY5Y cells were seeded on 2-well slides (Lab-Tek chamber, 

Nalge Nunc, NY) at a density of 5.0 × 10
5 
per well, treated with 2 μM Tat-
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Hsp27 for 2 h, and then treated with 10 nM okadaic acid for 14 h. The cells 

were rinsed two times with PBS and fixed with 4% paraformaldehyde for 30 

min. The cells were subsequently permeabilized for 10 min with 0.5% 

Triton X-100 followed by three 5-min washes in PBS. To reduce 

nonspecific binding, I used PBS containing 0.5% bovine serum albumin as 

blocking buffer. After incubation with the blocking buffer for 1 h, the cells 

were incubated with the primary antibody AT8 (anti Phospho-PHF-tau 

detected phospho-S202, -T205) for 4 h, followed by three 5-min washes. 

The cells were subsequently incubated with goat anti-rabbit (H+L) FITC-

conjugated antibody. After washing with PBS, cells were imaged using an 

image restoration microscope (Applied Precision, USA). 

 

3.7. Cell viability/cytotoxicity assay 

A cytotoxicity assay was performed using a Cell Counting Kit-8 (Dojindo, 

Korea). SH-SY5Y cells were plated in a 96-well plate at 5.0 × 10
4
 in 100 μL 

of RPMI 1640 medium containing 10% FBS. After incubation for 48 h, 

cells were treated with 0.5 μM or 2 μM Tat-Hsp27 for 2 h. Subsequently, 

10nM, 50nM okadaic acid were added for 6 h to induce abnormally 

phosphorylated tau. Ten microliters of CCK-8 solution was added, and the 

cells were incubated at 37°C for 2 h. The absorbance at 450 nm was 
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measured using a microplate reader (Molecular Devices Co., Menlo Park, 

CA). 

 

3.8. In situ terminal deoxynucleotidyl transferase dUTP nick-end 

labeling (TUNEL) assay 

SH-SY5Y cells were seeded on a 2-well slide at a density of 5.0 × 10
5
 per 

well, treated with 2 μM Tat-Hsp27 for 2 h, and then treated with 10 nM 

okadaic acid for 14 h. The cells were fixed by immersion in PBS containing 

4% formaldehyde (pH 7.4). After washing with PBS, the cells were 

permeabilized in 0.2% Triton X-100 and washed again. After treatment with 

equilibration buffer, the cells were added to rTdT incubation buffer 

containing nucleotide mix. To terminate the reaction, saline-sodium citrate 

buffer was added to the cells; nuclei were stained with DAPI and that 

mounting media used was Vectashield.. The cells were analyzed under a 

fluorescence microscope at 520 nm (green fluorescence) and 460 nm (blue, 

DAPI).  

 

3.9. Statistical analysis 

Statistical analysis was performed with the Statistical Package for the 

Social Sciences (SPSS, IBM Corporation, NY, USA). Statistical 

significance was determined by analysis of variance (ANOVA) with 
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Tukey’s HSD test and student’s t-test. All results are presented as the mean 

± standard deviation, and statistical significance was considered at the 5% 

level. 

 

4. Results  

The sequence encoding Tat-Hsp27 fusion protein was cloned into the 

pET28a vector, which produces a recombinant protein with a hexahistidine 

tag (Figure 1A) and purified using affinity purification and size exclusion 

chromatography. Fractions containing His-tagged Tat-Hsp27 were identified 

using 12% SDS-PAGE analysis with Coomassie Brilliant Blue staining. 

His-tagged Tat-Hsp27 in fractions 1-6 exhibited high affinity for the affinity 

matrix. The eluted His-tagged Tat-Hsp27 was further purified using size 

exclusion chromatography. Fractions containing His-tagged Tat-Hsp27 were 

identified using 12% SDS-PAGE with Coomassie Brilliant Blue staining. 

His-tagged Tat-Hsp27 eluted as a single peak from size exclusion 

chromatography, as confirmed by Western blot analysis (Figure 1D), and 

migrated to a position slightly above the 25-kDa molecular weight marker in 

12% SDS-PAGE analysis. The purified recombinant His-tagged wt-Hsp27 

and Tat-Hsp27 was concentrated to 5.85 mg/mL, 1.438 mg/mL as 

determined using the BCA assay, respectively. 
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To investigate whether Tat-Hsp27 could be effectively delivered into cells, 

I conjugated FITC to Tat-Hsp27. Image restoration microscopy indicated 

that FITC-Tat-Hsp27 was efficiently delivered into SH-SY5Y cells 

following treatment for 2 h at a concentration of 2 μM, in contrast to 2 μM 

wt-Hsp27. I also performed Western blot analysis to confirm the 

intracellular delivery of Tat-Hsp27 and to determine whether its 

transduction is dependent on the Tat-Hsp27 concentration. SH-SY5Y cells 

were treated with Tat-Hsp27 for 2 h and were lysed using RIPA buffer. As 

shown in Figure 2B, Hsp27 was present in the lysate of SH-SY5Y cells 

treated with 2 and 5 μM Tat-Hsp27, whereas equivalent concentrations of 

wt-Hsp27 did not transduce cells. Additionally, increasing the concentration 

of Tat-Hsp27 used to treat cells resulted in an increased level of delivered 

protein. Therefore, the recombinant Tat-Hsp27 can be delivered into cells in 

a concentration-dependent manner.  

Because Hsp27 is known to have an effect on phosphorylation, I 

investigated whether Hsp27 can reduce the level of hyperphosphorylated tau, 

which is implicated in the pathogenesis of AD. SH-SY5Y cells were treated 

with 2 or 5 μM Tat-Hsp27 for 2 h, and the phosphorylation of normal tau 

was induced by the addition of 50 or 100 nM okadaic acid. To quantify the 

relative phosphorylation, I normalized the level of hyperphosphorylated tau 

(p-tau) in Western blot analysis to the level of total tau using SigmaPlot 
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software. Following treatment with 50 or 100 nM okadaic acid for 2 h, the 

level of hyperphosphorylated tau was approximately 2.4-fold or 3-fold 

greater than the control group, respectively. Following treatment with 50 

nM okadaic acid, the level of p-tau in cells pretreated with 2 μM and 5 μM 

Tat-Hsp27 decreased with an increasing concentration of Tat-Hsp27 (Figure 

3), whereas equivalent concentration of tat peptide did not prevent tau 

hyperphosphorylation and oligomers(Supplementary fig. S1). Tat-Hsp27 did 

not revert tau phosphorylation and aggregation into oligomers when added 

at the same time or after okadaic acid (as data not shown). Following 

treatment with 100 nM okadaic acid, cells pretreated with 5 μM Tat-Hsp27 

showed slightly higher levels of p-tau than cells pretreated with 2 μM Tat-

Hsp27. This finding suggest that when tau is hyperphosphorylated, the 

protective effect was better 2uM than 5uM Tat-Hsp27 on the reduction in 

hyperphosphorylated tau. Therefore, I used 2 μM Tat-Hsp27 in subsequent 

experiments. I also performed immunocytochemistry using an anti-p-tau 

antibody conjugated to FITC (Figure 4). SH-SY5Y cells were treated with 2 

μM Tat-Hsp27 for 2 h and were subsequently treated with 10 nM okadaic 

acid for 14 h. The level of p-tau was significantly decreased compared with 

treatment with okadaic acid alone (n = 3). 

A cytotoxicity assay was performed to determine whether Tat-Hsp27 

directly affected the cell death induced by hyperphosphorylated tau. I first 
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evaluated the relative cell viability (RCV) in the presence of Tat-Hsp27 

alone. As shown in Figure 5A, treatment with Tat-Hsp27 alone did not alter 

the RCV of normal cells. In contrast, SH-SY5Y cells treated with 10 nM, 50 

nM okadaic acid for 6 hours exhibited a decrease in 70.45%, 49.234% cell 

viability (*P<0.05). When cells were treated with 0.5 μM or 2 μM Tat-

Hsp27 followed by treatment with 10 nM, 50nM okadaic acid, the cell 

viability increased to 92.44%, 90.78%, 76.89%, 81.57%, respectively 

(**p<0.01; Figure 5B). Cells treated with 0.5 uM and 2 uM Tat-HSP27 

clearly showed a protective effect against cell death induced by 

hyperphosphorylated tau. Treatment with 10 nM okadaic acid alone for 14 h 

greatly increased the number of TUNEL-positive cells, whereas the cells 

pretreated with 2 μM Tat-Hsp27 exhibited decreased TUNEL positivity 

(Figure 6). In the control group, apoptotic cells comprised 2.29% of the total 

number of cells. Following exposure to 10 nM okadaic acid, the percentage 

of apoptotic cells increased to 17.84%. However, this increase was inhibited 

by Tat-Hsp27 (4.56%). Therefore, intracellular delivery of Tat-Hsp27 

prevented the apoptotic cell death induced by hyperphosphorylated tau. 
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5. Discussion 

In this study, the recombinant Tat-Hsp27 reduced the level of 

hyperphosphorylated tau induced by okadaic acid in SH-SY5Y 

neuroblastoma cells and prevented the apoptosis induced by abnormal tau 

aggregates in our cellular model of AD. The effect of Hsp27 on 

phosphorylated tau has recently received increasing attention. However, few 

studies have examined the therapeutic effect of Hsp27 on 

hyperphosphorylated tau, which has been implicated in the pathogenesis of 

AD. I demonstrate that Hsp27 exhibits a protective effect on apoptotic cell 

death caused by pathological tau. This finding suggests that Hsp27 may 

represent a potential protein therapeutic for AD.  

Tau stabilizes microtubules; however, tau mutations that result in its 

hyperphosphorylation lead to the formation of tau filaments that can form 

twisted ribbons or rope-like filaments [19]. Using phosphorylation-

dependent monoclonal antibodies against tau, mass spectrometry, and 

sequencing, at least thirty phosphorylation sites have been reported [7]. 

Because the phosphorylation of tau is regulated by various kinases, 

including proline-directed protein kinases and glycogen synthase kinase 3, 

and phosphatases, including Ser/Thr protein phosphatases 1, 2A, 2B 

(calcineurin) and 2C, I used okadaic acid, which is a protein phosphatase 

inhibitor, to induce PHF-like hyperphosphorylation of tau [38]. Hsp27 
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facilitates the degradation and prevents the aggregation of aberrant 

substrates independent of ATP or ubiquitination [31] [35]. The mechanism 

by which Hsp27 prevents apoptosis could be from not only the interaction 

between Hsp27 and the pathologically hyperphosphorylated tau but also 

from Hsp27-mediated inhibition of pro-caspase-9 and caspase-3 [8]. PP2A 

dephosphorylates Hsp27 more effectively than that of PP1, which is weakly 

active. Many of the sites that are dephosphorylated by PP2A are 

phosphorylated by either GSK-3β or Cdk5. These include S199, S202, T205, 

S396, and S404 93-96. I used the AT8 antibody to detect phosphorylated tau 

at Ser202 and Thr205 [15]. Okadaic acid inhibits Ser/Thr protein 

phosphatases and can induce tau hyperphosphorylation and 

neurodegeneration [18].  

A recent study reported that hyperphosphorylation of tau leads to a 20-fold 

inhibition of the tau–tubulin binding affinity. This finding supports the 

critical role for tau in the pathogenesis of NFT-induced degeneration 

because the balance between kinases and phosphatases is disturbed in AD, 

resulting in the disassociation of tau from microtubules and its subsequent 

aggregation [37]. In previous study, I showed that hyperphosphorylated tau, 

but not the overexpression of normal tau alone, reduces the cell viability of 

the neuroblastoma cell line SH-SY5Y [1]. Thus, in the present study, a 

cellular model of AD was induced by the hyperphosphorylation of 
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endogenous tau. Wild-type Hsp27 did not disrupt the pre-formed aggregates 

suggesting that in order for Tat-Hsp27 to impact neuronal function in the 

SH-SY-5Y cell line, treatment with Tat-Hsp27 should be done prior to the 

formation of robust tau aggregation, and the results of our study indicated 

that for Tat-Hsp27 to be effective at modulating tau hyperphosphorylation 

and aggregation, treatment had to be done prior to aggregation formation. 

Thus, Tat-Hsp27 could prevent the tendency of tau to aggregate and 

hyperphosphorylate, facilitating its entry into the degradation or refolding 

pathways. 

Moreover, I utilized the PTD of the HIV Tat protein to enhance the 

delivery of Hsp27, thereby enhancing its protective effect [34] [36]. 

Conjugation with specific peptide sequences, which are termed PTDs or 

cell-penetrating peptides, improves the delivery of a range of agents, 

including antisense oligonucleotides, plasmids, microbeads and liposomes, 

which suggests that these peptide sequences may represent a universal in 

vitro and in vivo cellular delivery system [16]. I confirmed that the fusion 

protein of Hsp27 and Tat PTD was delivered into normal human 

neuroblastoma SH-SY5Y cells and into SH-SY5Y cells containing 

hyperphosphorylated tau induced by okadaic acid treatment. To determine 

whether Tat-Hsp27 has a protective effect against okadaic acid-induced cell 

death, SH-SY5Y cells containing hyperphosphorylated tau were treated with 
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the fusion protein. The levels of phosphorylated tau significantly decreased 

compared with the cells that were not treated with Tat-Hsp27, and the 

relative cell viability was enhanced. This result suggests that Tat-Hsp27 

represents a potential protein therapeutic to reduce hyperphosphorylated tau. 

Protein delivery systems offer several advantages, such as the ease of 

production from synthetic or natural compounds which provoke low 

inflammatory response [24]. Compared to other delivery systems, such as 

gene delivery utilizing plasmids or viral vectors, our recombinant Tat-

Hsp27 has several advantages. The straightforward purification of Tat-

Hsp27 is amenable to large-scale production. Moreover, Tat-Hsp27 is 

nontoxic and stable and can be readily delivered into cells. 

As previously mentioned, PTDs can readily and rapidly deliver proteins 

into cells. Drugs to treat neurodegenerative diseases must be capable of 

penetrating the blood-brain barrier (BBB) to be effectively delivered [21]. 

However, greater than 98% of all potential CNS drugs cannot cross the BBB 

[6]. Hence, I designed a recombinant Tat-Hsp27 fusion protein to treat a 

cellular AD model, and this fusion protein was delivered into cells at high 

levels within 2 h (Figure 2). Therefore, I anticipate that the uptake of Tat-

Hsp27 into the brain will readily occur when nasally administered and will 

protect against cell death caused by hyperphosphorylated tau, which is one 

of the primary causes of AD [6] [29]. Tat-Hsp27 could have a protective 



- 20 - 

 

effect against hyperphosphorylated tau and represent a potential protein 

therapeutic for AD.  

 

 

6. Conclusion 

 Tat-Hsp27 reduced the level of hyperphosphorylated tau and protected SH-

SY5Y cells from apoptotic cell death caused by abnormal tau aggregates. 

Okadaic acid, a specific potent inhibitor of Ser/Thr protein phosphatase, was 

widely known that it induced morphological changes, apoptosis and cell 

cycle alterations in different human cell types. I thought that OA treatment 

would affect the phosphorylation of many other proteins. However, Hsp27 

appeared to have a dynamic and diverse range of function in cellular 

survival. Notably, Hsp27 protein product forms large oligomeric structures 

associated with chaperone activity. I would think that Tat-Hsp27 also 

associated with interference in cell death signaling, including binding 

caspase-3, cytochrome c, or upstream signaling kinases.  
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Figure 1. Purification of Tat-Hsp27. (A) Structure of pET28a-Tat-Hsp27 (B) 

His-tagged Tat-Hsp27 was eluted from the affinity chromatography column 

(C) His-tagged Tat-Hsp27 was further purified using size excluion 

chromatography (D) Western blot analysis of purified His-tagged Tat-

Hsp27 using anti-His tag, anti-Hsp27, and anti-Tat antibodies. 
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Figure 2. Transduction of wt-Hsp27 and Tat-Hsp27 into SH-SY5Y cells. (A) 

FITC-conjugated wt-Hsp27 or Tat-Hsp27 was delivered into cells. Scale bar: 

30 μm. (B) Quantitation of the immunofluorescence intensity. Values 

indicate mean ± SD (Anova, Tukey’s HSD test, n = 3 per group). *p<0.05 

compared with wt-Hsp27. (C) Protein from cell lysates of SH-SY5Y cells 

treated with wt-Hsp27 or Tat-Hsp27 was analyzed using Western blot 

analysis. (D) Experimental design for Tat-Hsp27 treatment in SH-SY5Y 

cells. 
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Figure 3. Effect of Tat-Hsp27 on tau hyperphosphorylation. Western blot 

analysis of total tau (HT 7) and p-tau (AT 8), with β-actin as a loading 

control. *p < 0.05 compared with the control. **p < 0.05 compared with 

okadaic acid alone. Values indicate mean ± SD (Anova, Tukey’s HSD test, 

n = 3 per group). 
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Figure 4. Immunocytochemistry. (A) SH-SY5Y cells were treated or not 

with 10 nM okadaic acid alone or 2 μM Tat-Hsp27 (2 h) followed by 10 nM 

okadaic acid (14 h). All cells were fixed and stained with primary antibodies 

against p-tau (AT 8) and the corresponding fluorescent secondary antibody. 

Green (FITC) indicates phosphorylated tau. Scale bar: 100 μm. (B) 

Quantitation of the immunofluorescence intensity. Values indicate mean ± 

SD (Anova, Tukey’s HSD test, n = 3 per group). *p<0.05 compared with 

okadaic acid alone. 



- 32 - 

 

 

 

 

Figure 5. Cytotoxicity assay. SH-SY5Y cells were transduced with 0.5 μM 

or 2 μM Tat-Hsp27 alone (A) or prior to treatment with 10 nM, 50 nM 

okadaic acid (B). *p < 0.05 compared with the control. **p < 0.01 compared 

with okadaic acid alone. Values indicate mean ± SD (Anova, Tukey’s HSD 

test, n = 7 per group). 
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Figure 6. The TUNEL assay on SH-SY5Y cells. (A) Representative images 

of the TUNEL assay. Scale bar: 100 μm. (B) Quantitation of the percentage 

of TUNEL-positive cells. Values indicate mean ± SD (Anova, Tukey’s HSD 

test, n = 3 per group). *P < 0.05 
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Supplementary Figure S1. Tat-Hsp27 pretreatment ameliorates tau 

hyperphosphorylation and aggregation. Protein from cell lysates of SH-

SY5Y cells treated with Tat-Hsp27 or Tat peptide was analyzed using 

Western blot analysis with p-tau(AT 8), β-actin. Arrow was presented tau 

oligomers. 
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Chapter II. Recombinant soluble neprilysin reduces amyloid-

beta accumulation and improves memory impairment in 

Alzheimer's disease mice.  

 

1. Abstract 

Accumulation of amyloid-β (Aβ) is thought to be a central pathology in the 

brain of patients with Alzheimer's disease (AD). Neprilysin (NEP), a plasma 

membrane glycoprotein of the neutral zinc metalloendopeptidase family, is 

known as a major Aβ-degrading enzyme in the brain. The level of NEP is 

reduced in the brains of patients with AD; therefore, NEP is under intense 

investigation as a potential therapeutic source for degradation of deposited 

Aβ in AD. Previous studies have utilized viral vectors expressing NEP for 

reduction of Aβ deposition in the brain. However, viral vectors have 

disadvantages regarding difficulty in control of insert size, expression 

desired (short- or long-term), and target cell type. Here, in order to 

overcome these disadvantages, I produced recombinant soluble NEP from 

insect cells using an NEP expression vector, which was administered by 

intracerebral injection into AD mice, resulting in significantly reduced 

accumulation of Aβ. In addition, AD mice treated with NEP showed 

improved behavioral performance on the water maze test. These data 
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support a role of recombinant soluble NEP in improving memory 

impairment by regulation of Aβ deposition and suggest the possibility that 

approaches using protein therapy might have potential for development of 

alternative therapies for treatment of AD. 

 

2. Introduction  

With growth of the aging population, the number of patients with dementia 

has increased. The majority of these patients are thought to have Alzheimer's 

disease (AD), which is characterized clinically by progressive memory 

deficits and cognitive impairment. Accumulation of amyloid-β (Aβ) plaques 

is one of the AD pathologies that triggers neuronal dysfunction and death in 

the brain [3]. Production of Aβ results from amyloidogenic processing of 

amyloid precursor protein (APP), which is cleaved by β- and γ-secretases. 

The most common forms of Aβ are Aβ1–40, ending at amino acid 40, and 

Aβ1–42, ending at amino acid 42 [6] [24]. In steady-state, Aβ is controlled 

by amyloid-degrading proteolytic enzymes and by perivascular drainage. 

Accumulation of Aβ may result from change in the balance between 

production, aggregation, and degradation [25]. These mechanisms become 

impaired with aging and disease such as AD [11] [22] [28]. Endopeptidases, 

which directly degrade Aβ, are important players in homeostatic control of 
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this peptide. Neprilysin (NEP, alsoknownasneutralendopeptidase-24.11, 

EC.3.4. 24.11), one of the endopeptidases, is a 90–110 kD a plasma 

membrane glycoprotein of the neutral zinc metalloendopeptidase family [27] 

and has been identified as a critical Aβ degrading enzyme in the brain [13]. 

Reduction in the level of NEP was found to occur with aging, leading to 

decreased Aβ clearance. In addition, in patients with AD, NEP mRNA and 

protein levels were significantly lower in regions of the brain with high Aβ 

plaque burdens [1]. Thus, the decline of NEP is considered an important 

factor in progression of AD [20]. Therapeutic use of NEP for treatment of 

AD has recently attracted attention. For example, chemical inhibition of 

NEP resulting in rapid accumulation of Aβ and pathological deposition in 

rodents has been demonstrated [12] and overexpression of NEP in APP tg 

mice by gene transfer [18], transgenesis [15], or induction [21] resulted in a 

reduction of Aβ accumulation and behavioral deficits. Most previous studies 

of NEP in AD have utilized viruses, such as retrovirus, lentivirus, or 

adenovirus, as viral vectors for gene delivery [9] [10] [19]. However, these 

viral vectors have a disadvantage with regard to difficulty in control of the 

exact amount of viral product and the duration of expression. In addition, 

limitations of viral vectors, such as virus associated toxicity and 

inflammatory response have been reported [26]. In order to overcome these 

disadvantages, in the present study, I produced recombinant soluble NEP 
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from insect cells using the pBAC-6-NEP expression vector. 

Glycosylation of protein drugs has been found to lead to improved 

therapeutic efficacy by increasing in vivo bioavailability, ambient circulating 

levels, and duration of effects through the modulation of their PK/PD 

properties. So, I focused on the role of recombinant soluble NEP produced 

by insect cells for treatment of AD. I treated APP/presenilin (PS1) mice with 

recombinant soluble NEP as the AD pathology progressed; according to our 

results, treatment with NEP resulted in rescued cognitive impairment and 

reduced Aβ in the brain. These results suggest the potential for use of 

recombinant soluble NEP as a protein therapy agent for treatment of AD.  

 

3. Materials and Methods 

 

3.1. Construction of the recombinant transfer vector  

A gene encoding the extracellular domain (52–750) of human NEP was 

cloned into the vector pBAC-6 (Novagen). The pBAC-6 transfer plasmid 

enabled isolation of stably- transfected insect cell lines expressing protein. It 

contained gp64 promoter, his-tag, and gp64 signal peptide, which was 

capable of directing high levels of protein into the secretory pathway of the 
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infected insect cell.  

3.2 Co-transfection  

Sf9 cells were seeded in a 25cm
2
 T-flask at a density of 2 x 10

6
 cell per ml 

in sf-900™ II SFM medium (Thermo scientific). After 15min, the cells were 

washed twice with fresh medium and then transfected by cellfectins II 

reagent (Invitrogen) using 0.5 μg baculovirus DNA (BDsciences, 

BaculoGold), 2 μg pBAC-6-NEP plasmid, and 20 μg cellfectin. The 

lipofection was stopped 4h later by replacement with fresh medium. Cells 

were harvested on day 5 post-transfection.  

3.3. Virus amplification  

Recombinant baculovirus was amplified to take three times by infection 

of TriEx sf9 cells using mulitiplicity of infection1. The total volume of 

amplified recombinant virus was up to 500ml. 

3.4. Scaled-up expression  

Large-scale expression (2L) was performed using TriEx sf9 cells. The 

cells were harvested by centrifugation (1000 g, 10 min, 4℃). The 

supernatant was concentrated gradually to 50ml by tangential flow filtration 

(Pall corporation), as exchanged using HiTrap binding buffer A (20mM Tris-

HCl pH 7.5, 500mM NaCl, 35mM imidazole). The enriched supernatant 
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was clarified by centrifugation at 18,000 rpm for 30 min at 4℃ and was 

applied to a HiTrap Chelating HP column (GE Healthcare), which had 

previously been equilibrated with buffer A. Bound protein was eluted using 

a linear gradient of buffer B (20mMTris-HCl pH7.5, 500mM NaCl, 1M 

imidazole). The eluted sample was further purified by gel filtration on a 

HiLoad16/600 Superdex200 prep-grade column (GE Healthcare), 

equilibrated with buffer C (20mM Tris-HCl pH 7.5, 100mM NaCl). Purified 

soluble NEP was concentrated using an Amicon Ultra-10K centrifugal filter 

device (Millipore).  

3.5. Endotoxin removal  

Detoxi-gel resin (Thermo Scientific) was equilibrated with four resin-bed 

volumes of pyrogen-free water (Promega). Sample was applied to the 

column, with addition of aliquots of pyrogen-free water and the flow-

through was collected. Detoxi-gel resin was washed with five resin-bed 

volumes of 1% sodium deoxycholate (Sigma-Aldrich) for removal of any 

bound endotoxin.  

3.6. Soluble NEP activity assay  

Measurement of soluble NEP was performed using the substrateglutaryl-

Ala-Ala-Phe-4-methoxy-2-naphthylamide (Sigma, St.Louis, MO). Reaction 

mixtures contained 0.5ml of 40mM substrate in 200mM MES buffer (2-(N-
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morpholino) ethanesulfonic acid, Sigma), 0.3ml of soluble NEP in 10mM 

MES buffer, and 0.1ml of water, pH 6.5, in a total volume of 0.9ml. 

Following incubation at 37℃ for 1h, 0.1ml of microsomal 

leucineaminopeptidase (Sigma)/ 0.5mM phosphoramidon (Sigma-Aldrich) 

in 10mM MES buffer mixture was added and the reaction was allowed to 

proceed for an additional 20min. Fluorescence was measured at an 

excitation wavelength of 340nm and an emission wavelength of 425 nm 

[16].  

3.7. Animals  

Transgenic mouse lines over-expressing the hAPP695swe (APPswe) and 

PS-1M146V (PS1) mutations, respectively, were generated at 

GlaxoSmithKline (Harlow, UK) using standard techniques on a C57BL/6 

background (CharlesRiver, UK). In order to produce double heterozygous 

mutant mice (APP/PS1), APPswe mice were backcrossed onto a pure 

C57BL/6 background before crossing with PS1mice (Howlett et al., 2004). 

In the present study, given the gender-specific differences in progression of 

Aβ deposition, only used male mice. All procedures were performed in 

accordance with an animal protocol approved by the Kyung pook National 

University Institutional Animal Care and Use Committee (IACUC). Animals 

were housed in a room maintained under controlled temperature and on a 12 
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h/12 h light/dark cycle.  

3.8. Hippocampal cell culture  

Hippocampal neurons from E18 C57BL/6 mice were prepared as 

previously described, with minor modifications [4]. Hippocampi were 

dissected and then dissociated followed by incubation in papain for 15min at 

37 ℃. Neurons were plated on poly-L-lysine coated coverslips at 37 ℃ in 

a humidified atmosphere of 5% CO2. For neuronal viability assays, neurons 

were seeded in 24-well plates at a density of 5 x 10
4
 cells per well. 

Following attachment of cells to the  substrate, the medium was replaced 

with neuronal culture medium, serum free Neurobasal medium (GIBCO), 

with 2% B27 supplements (GIBCO), 1mM Glutamax supplement  

(GIBCO), and 100U/ml streptomycin/100U/ml penicillin (GIBCO), 

followed by re-incubation, which is the time required for maturation of 

hippocampal neurons. Non- neuronal cell division was inhibited by 

incubation with 5 μM cytosine arabinoside (Sigma) on the second day. The 

cell culture was switched to fresh Neurobasal medium (containing 2% B27 

supplements) every three days.  
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3.9. Aβ preparations and recombinant soluble NEP treatment  

Aβ1–42 (Sigma-Aldrich, St. Louis, MO) was solubilized in PBS, to a final 

concentration of 10 μM. The Aβ1–42 solution was then incubated at 37 ℃ 

for three days to produce aggregated forms (i.e. containing oligomeric and 

fibrillar Aβ). For monomer, the Aβ42 was dissolved in cold hexafluoro-2-

propanol, and incubated at room temperature for 1 h to establish 

monomerization. The hexafluoro-2-propanol was removed by evaporation, 

and Aβ42 was dissolved in an hydrous dimethylsulfoxide; 10 μM Aβ1–42 per 

well was then applied and 1.8uM per well of recombinant soluble NEP was 

applied for a period of 24 h or 72 h. Aβ1–42 and recombinant soluble NEP 

were diluted in medium to desired levels, in addition to hippocampal cell 

cultures.  

3.10. Assay of cell viability with WST-1  

For assessment of neuronal survival, WST-1assay (Roche) was performed 

according to the manufacturer's instructions. In brief, the medium from 

hippocampal neuron, prepared as described above, was replaced with 500 

ml of fresh Neurobasal medium (containing 2% B27 supplements); 50 ml of 

cell proliferation reagent WST-1 (Roche) was added to each well and 

incubated at 37 ℃ under 5% CO2 in a humidified incubator for variable 

time periods (30 min to 4 h). Negative controls (only media+WST-1 reagent) 
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were also included in each experiment. Absorbance was measured using a 

microplate reader (Biochorm) at 450/655nm and the data were expressed as 

a percentage of control.  

3.11. Apoptosis assay  

Apoptosis was assessed by TUNEL/DAPI, using the Dead End™ 

Fluorometric TUNEL System (Promega Madison, WI) according to the 

manufacturer's instructions. Briefly, hippocampal neurons were grown on 

poly-L-lysine coated glass coverslips, at a density of 5 x 10
4
 cells/well. After 

treatment, as described above, the cells were fixed in 4% paraformaldehyde 

for 25 min at 4 ℃. The cells were permeabilized with 0.2% TritonX-100 in 

PBS for 5 min, and were then labeled by incubation with TUNEL reaction 

mixture for 60 min at 37 ℃. Apoptotic cells were detected as localized 

bright green cells (positive cells) in a blue background using a laser 

scanning confocal microscope equipped with Fluoview SV1000 imaging 

software (Olympus FV1000, Japan). The TUNEL/DAPI system was used 

for quantification of neuronal death, by dividing the number of nuclei 

showing TUNEL staining by the total number of nuclei as identified by 

DAPI. Blinded counts were performed for confirmation of cell survival 

analyses.  
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3.12. Aβ42 ELISA  

Aβ42 ELISAs were performed using fluorescent-based ELISA kits 

(Invitrogen, Camarillo, CA) and appropriate Aβ standards according to the 

manufacturer's protocol. Conditioned medium from hippocampal neuron 

with Aβ, Aβ+recombinant soluble NEP and non-treated was harvested. Each 

Aβ standard and experimental sample was run in duplicate and the results 

were averaged.  

3.13. Surgery for implantation of the guide cannula  

Three days before the first injection with recombinant soluble NEP, each 

mouse underwent surgery for implantation of a guide cannula into its brain. 

Briefly, after administration of anesthesia with a combination of 100mg/kg 

ketamine and 10 mg/kg xylazine, a stainless steel cannula was implanted in 

the animal's hippocampus using a stereotaxic frame (David Kopf 

Instruments, Tujunga, CA). The guide cannula was fixed in the hippocampal 

region of the brain according to the following coordinates: 1.6 mm posterior 

to the bregma, 1.7 mm bilateral to the midline, and 1.2 mm ventral to the 

skull surface. The guide cannula allows for formation of a stable aperture in 

the brain through which treatments can be administered. In the absence of 

treatment, the guide cannula contains an obturator, which prevents the 

aperture from being filled in by surrounding tissue.  
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3.14. Transplantation of recombinant soluble NEP in APP/PS1 double 

mutant mice 

 Intracerebral transplantation of recombinant soluble NEP or phosphate-

buffered saline (PBS) was performed for 10days (n=10 per group). 

Transplantation of mice started at eight months of age, and finished at eight 

months two weeks of age. The tip of the injection cannula projected beyond 

the guide cannula by 1 mm. It was connected by flexible poly- ethylene 

tubing to the micro injection system, which housed a 25μl Hamilton syringe. 

Three microliter of recombinant soluble NEP (approximately 3.3uM/3 

μl/day) were injected into the hippocampus bilaterally. There combinant 

soluble NEP was delivered at a rate of 0.5 μl/min. In the control groups, 3 μl 

of PBS were implanted. After surgery, each mouse was kept in an individual 

cage to prevent removal of the guide cannula by other animals.  

3.15. Quantitative real-time PCR  

The RNeasy Lipid Tissue Mini kit (Qiagen, Korea, Ltd) was used 

according to the manufacturer's instructions for extraction of RNA. RNA 

samples from a total of four individual animals per experimental group were 

used for preparation of cDNA for RT-PCR using oligo (dT)12–18 primers and 

SuperScript IIIRT (Invitrogen). The QuantiTect SYBR Green PCR Kit 

(Qiagen, Korea, Ltd) was used for quantification of cDNA. PCR primers 



- 47 - 

 

were as follows: Neprilysin: forward 5′-GAAATT-CAGCCAAAGCAAGC-

3′, reverse 5′-GATTTCGGCCTGAGGAATAA-3′, β-actin: forward 5′-

TGACCGGCTTGTATGCTATC-3′, reverse 5′-5′-

CAGTGTGAGCCAGGATATAG-3′. For each investigated transcript, a 

mixture of the following reaction components was prepared to the indicated 

end concentration: forward primer (5pM), reverse primer (5pM) and 

QuantiTect SYBR Green PCR Master mix; 10 μl of master mix was added 

to a 0.1 ml tube and a 5 μl volume, containing 100 ng reverse transcribed 

total RNA, was added as the PCR template. The tubes were closed, 

centrifuged, and placed in the Corbett research RG-6000 real-time PCR 

machine.  

3.16. Tissue preparation  

Mice were sacrificed after conduct of behavioral testing. Mice were 

anesthetized with 2.5% avertin in PBS. Animals underwent immediate 

cardiac perfusion with 4% paraformaldehyde in PBS. Brains were then 

removed, post fixed overnight at 4 ℃, and incubated in 30% sucrose at 4 ℃ 

until equilibrated. Sequential 30 μm coronal sections were taken on a 

cryostat (CM3050S; Leica) and stored at  -20 ℃.  
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3.17. Thioflavin S staining  

Free floating sections were incubated for 5 min at a concentration of 0.5% 

thioflavin S (Sigma-Aldrich) dissolved in 50% ethanol, and then washed 

twice with 50% ethanol for 5min each and once with tap water for 5 min, 

and mounted with mounting medium. The sections were analyzed using a 

laser scanning confocal microscope equipped with FluoviewSV1000 

imaging software (OlympusFV1000, Japan).  

3.18. Immunohistochemistry 

 Free-floating sections were incubated for 1 h in PBS containing 5% normal 

goat serum, 2% BSA, and 0.4% TritonX-100. In the same buffer solution, 

the sections were then incubated with primary antibodies at 4 ℃ for 24h. 

The following antibodies were used: 20G10 (mouse, diluted 1:1000) raised 

against the 35–42 Aβ fragment and selected for C-terminal Aβ 42 specificity, 

G30 (rabbit, diluted 1:1000) raised against CMVGGVV for Aβ 40, and anti-

neprilysin (goat, diluted 1:700; R&D system). Anti-GFAP (rabbit, diluted 

1:500; Dako) was used for detection of astrocytes in brain sections. For 

visualization, the primary antibody was developed by incubating with 

biotinylated secondary antibodies against the corresponding species, 

followed by application of DAB (Vector Laboratories) according to the 

manufacturer's instructions. An Olympus BX51 microscope was used in 
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analysis of sections.  

3.19. Protein extraction  

Proteins from the cortex and hippocampus were extracted using a Mem-

PERTM Eukaryotic Membrane protein Extraction Reagent Kit 

(Thermoscience) according to the manufacturer's protocol. Briefly, TBS was 

added to the samples and homogenized until an even suspension was 

obtained. The homogenized samples were transferred to a new 1.5ml tube 

and centrifuged at 1000 x g for 5 min at 4 ℃. The supernatant was 

discarded and the pellet was resuspended in reagent A. The resuspended 

pellet was incubated for 10 min at room temperature, followed by addition 

of diluted reagent C. The tubes were incubated on ice for 30 min and 

centrifuged at 10,000 x g for 3 min 4 ℃. The supernatant was incubated for 

10 min at 37 ℃ and centrifuged at RT for 2 min at 10,000 x g. The 

supernatant (soluble protein-enriched fraction) and membrane protein in the 

bottom layer was collected and frozen at -80 ℃.  

3.20. Western blot analysis  

Different brain regions (cerebral cortex, hippocampus) were isolated from 

soluble NEP or PBS infused APP/PS1 mice. Brain tissues were weighed and 

sonicated in a 10 x volume of RIPA buffer plus protease inhibitors. Equal 
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amounts of protein samples (∼80 μg) in SDS (sodium dodecyl sulfate) 

sample buffer were subjected to SDS-PAGE, followed by electrophoretic 

transfer to immunoblotting polyvinylidene difluoride (PVDF) membranes. 

The membranes were pretreated with blocking solution (5% skim milk, 0.1% 

Tween 20 in PBS) for 1 h at RT and reacted with primary antibodies against 

neprilysin (1:700 dilution; R&D system)and β-actin (1:500 dilution; 

Santacruz) in blocking solution overnight at 4 ℃. They were then washed 

with a washing solution (0.1% Tween 20 in PBS) five times for 10 min each 

and reacted with horseradish peroxidase conjugated secondary antibodies 

against goat IgG in blocking solution for 1 h. The membranes were washed 

again with washing solution five times for 10 min each, and protein signals 

were detected by chemiluminescence exposed to x-ray film. Densitometric 

measurements were made from the film using an imaging densitometer 

(Bio-Rad), and then quantified using Bio-Rad analysis software. For 

quantification of relative protein expression, the optical density of the 

protein band of interest was normalized to the optical density of β-actin on 

the same gel.  

3.21. Behavioral test  

Behavioral test was used the Morris water maze task for assessment of 

spatial memory performance [23]. The water maze consisted of a white tank 
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(1.0 m diameter, 30 cm height) filled to a depth of 20 cm (22–24 ℃). White 

opaque nontoxic paint was added to the water in order to hinder visibility. A 

submerged Plexiglas platform (10 cm diameter; 6–8mm below the surface 

of the water) was located at a fixed position throughout the training session. 

The position of the platform was varied from mouse to mouse while being 

counter balanced across experimental groups. All mice were habituated to 

the maze one day before training. The animals were subjected to four trials 

per day. A training session consisted of a series of four trials per day for 10 

consecutive days (total 40 trials). For each of the four trials, the animals 

were placed in a random order at different starting positions equally spaced 

around the perimeter of the pool. The mouse was given 60 s to find the 

submerged platform. If the mouse did not mount the platform within 60 s, it 

was guided to the platform. The time to mount the platform was recorded as 

the latency for each trial. Mice were allowed to remain on the platform for 

10 s before being returned to a home cage. A single probe trial, in which the 

platform was removed, was performed after completion of the hidden 

platform task (day11). Each mouse was placed into one quadrant of the pool 

and allowed to swim for 60 s. All trials were recorded using a charge-

coupled device (CCD) camera connected to a vid eo monitor and a computer. 

The test was run using ImageJ software. All apparatuses used in this study 

were made by O'Hara & Company (Tokyo, Japan).  
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3.22. Statistical analysis 

 The Student's t-test was used for comparison of two groups, whereas 

Tukey's HSD test and repeated measures analysis of variance test was used 

for multi group comparisons according to the SAS statistical package 

(release9.1; SAS Institute Inc., Cary, NC). P<0.05 was considered 

significant.  

 

4. Results  

4.1. Purification of recombinant soluble NEP in insect cells  

Extracellular domain of human neprilysin cDNA was cloned into the 

pBAC-6 expression vector (Fig. 1A). This vector produces are combinant 

protein in fusion with a hexa histidine tag, which can be cleaved off by a 

specific protease (thrombin). Soluble NEP was produced by secretion of its 

catalytically extracellular domain fused to the signal sequence [18] from 

insect cells. Soluble NEP was purified on a HiTrap Chelating HP column 

and HiLoad 16/600 Superdex200prep-grade column (Fig. 1B and D).Each 

step of fractions was analyzed by 12% SDS-PAGE. Fractions among 4–10 

of His-tagged proteins showed high affinity for the HiTrap Chelating HP 

column (Fig. 1C). The eluted samples were further purified by gel filtration 
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onaHiLoad16/600 Superdex 200 prep-grade column. According to analysis 

by SDS-PAGE (12%), staining of gels with coomassieblue indicated the 

presence of soluble neprilysin in agreement with the expected size (84kDa) 

[29]. Fractions of the eluted fourth peak containing purified soluble NEP 

(Frac.18–22) were similar in size to soluble NEP. Western blotting was 

performed in order to verify expression of soluble NEP (Fig. 1E). Soluble 

NEP (Frac.18–22) was detected on 84kDa band. After concentration of 

Frac.18–22, I collected recombinant soluble NEP 0.7mg/ml. I then purified 

using the column for endotoxin removal, to obtain NEP 0.355 mg/ml. The 

concentrated NEP was analyzed by 12% SDS-PAGE as shown in Fig. 1F. In 

addition, I also examined the total protein amount of each sample using 

BCA. To measure activity of soluble NEP, I used glutaryl-Ala-Ala-Phe-4-

methoxy-2-naphthylamine as a substrate. The substrate (glutaryl-Ala-Ala-

Phe-4-methoxy-2-naphthylamine) broken down by NEP released glutaryl-

Ala-AlaandPhe-4-methoxy-2 naphthylamine as products. Thefree4-

methoxy-2 naphthylamine could be measured spectrophotometrically after 

conversion to a diazoniumsalt [16] [17]. This enzyme activity using 

glutaryl-Ala-Ala-Phe-4-methoxy-2-naphthylamine is probably the most 

widely applied assay for measurement of NEP activity. Fig.1G showed that 

activity of this soluble NEP was dependent on concentration. Therefore, 

enzymatic ability of purified soluble NEP was identical to that of 
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physiologic NEP.  

4.2 Aβ-induced death of hippocampal neurons and Aβ level are 

inhibited by soluble NEP  

To investigate the question of whether recombinant soluble NEP has an 

effect on the AD environment in vitro, hippocampal neurons were cultured 

for four days. On day5, recombinant soluble NEP (1.8uM) was applied to 

hippocampal neurons with Aβ 10 μM. After 24h (day 6) or 72 h (day 8), Aβ 

level in conditioned media (CM) and cell viability were assessed (Fig. 2A). 

Aβ level of recombinant soluble NEP treated CM was lower than that of Aβ 

alone after 24 h and 72 h (p<0.05; Fig. 2B). Results of cell viability testing 

using the WST-1 assay showed an increase in recombinant soluble NEP with 

more Aβ treated cells than Aβ alone treated cells after 72 h (p<0.05; Fig. 

2C). In addition, Aβ-induced cell death was examined using the TUNEL 

assay. In the control group, apoptotic cells comprised 4.32% (24 h) or 3.69% 

(72 h) of the total number of cells. After exposure to 10 μM Aβ, the 

percentage of apoptotic cells showed an increase to 17.91% (24 h) or 21.03% 

(72h). This increase was prevented by addition of recombinant soluble NEP 

(p<0.05; Fig. 2D and E). To determine whether our recombinant soluble 

NEP could degrade monomeric Aβ42, hippocampal neurons were incubated 

with monomeric Aβ42 10 μM and recombinant soluble NEP 1.8uM for 24h, 
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followed by immunofluorescence with 20G10 antibody for Aβ42 and DAPI 

for nuclear staining. The result showed that monomeric Aβ42 level of 

recombinant soluble NEP treated cells was lower than that of monomeric 

Aβ42 alone. Taken together, these data suggest that recombinant soluble 

NEP can inhibit Aβ-induced cell death and reduce Aβ level in vitro. 2.3. 

Decrease in NEP expression is increased in the brain of recombinant soluble 

NEP treated APP/PS1mice Results of our previous studies demonstrated 

decreased NEP expression in the cortex and hippocampus of nine-month-old 

APP/PS1 male mice [14]. Low NEP expression was reconfirmed in the 

cortex and hippocampus of APP/PS1mice (p<0.05; Fig.3A). To determine 

whether NEP expression was elevated by recombinant soluble NEP, 

recombinant soluble NEP was injected into the hippocampus of 

APP/PS1mice for 10days (3.3uM/3 μl/day). For evaluation of changes in 

NEP level, mice were sacrificed prior to NEP injection (day0) or 

immediately after the final NEP injection (day9) or at 12 days (day21) from 

the final NEP injection (Fig.3B). NEP western blot analysis was performed 

in order to verify expression of transplanted recombinant soluble NEP for 

the term of the study. According to the results, NEP expression in the cortex 

and hippocampus was much higher at day9 than at other times and it 

decreased in a time-dependent manner (p<0.05; Fig.3C and D). In addition, 

the increase in NEP expression was  confirmed in the soluble fraction of 
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the cortex and hippocampus of NEP injected APP/PS1 mice compared with 

PBS injected APP/PS1 mice, and it was reconfirmed using 

immunohistochemistry (p<0.05).  

4.3. Recombinant soluble NEP can reduce accumulation of Aβ in 

APP/PS1mice  

Aβ deposition in the brain is a common pathogenic feature of AD, 

therefore, thioflavin S staining was performed in the brains of recombinant 

soluble NEP injected mice and PBS infused mice. As expected, Aβ 

deposition in the cortex and hippocampus showed a dramatic decrease in 

recombinant soluble NEP treated animals, compared with their PBS infused 

counterparts (Fig. 4A). Quantitative image analysis (p<0.05; Fig. 4B) using 

Metamorph 7.1.2 software revealed statistically significant reductions for 

both the hippocampus and cortex in recombinant soluble NEP injected mice, 

compared with PBS infused brain of APP/PS1mice. Elevation of levels of 

Aβ 40 and 42 occurs early in dementia; this change has shown strong 

correlation with cognitive impairment [11]. Thus, in order to further 

evaluate the effect of recombinant soluble NEP expression on brain amyloid 

areas, measured and quantified Aβ 40 and42 in brain sections using anti-Aβ 

40 (G30) and 42 antibodies (20G10). The number of positive plaques of 

G30 and 20G10 was significantly lower in the recombinant soluble NEP 



- 57 - 

 

injected group, compared with the PBS-transplanted group (Fig. 4C and E). 

Results of quantitative image analysis showed that the area of G30 and 

20G10 positive plaques was smaller in recombinant soluble NEP injected 

APP/PS1 mice than in their age-matched PBS infused counterparts (p<0.05; 

Fig. 4D and F). To confirm whether reduction of Aβ plaques showed 

correlation with NEP, double immmunolabeling were used for detection of 

Aβ and recombinant soluble NEP in hippocampus. Results of double 

immmunolabeling showed the appearance of Aβ plaques colocalized with 

staining for recombinant soluble NEP. Our data provide clear evidence that 

transplantation of recombinant soluble NEP prevents accumulation of Aβ 

and/or clears Aβ deposits in the brain of APP/PS1mice.  

4.4 Recombinant soluble NEP treatment improves learning and 

memory in APP/PS1 mice  

To determine whether treatment with recombinant soluble NEP could 

result in improvement of spatial learning and memory of APP/PS1mice, 

PBS, recombinant soluble NEP injected mice and their control (WT) 

littermates were tested for spatial learning at three days after the last 

treatment using the hidden platform version of the Morris water maze test 

[23]. The Morris water maze is a hippocampus-dependent cognitive task, 

requiring utilization of spatial memory. Spatial memory could be assessed 
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by determining the escape latency in the hidden platform test of four trials 

per day. As shown in Fig. 5A, compared to the PBS injected group, 

recombinant soluble NEP treated mice showed improved ability to find the 

platform in the Morris water maze. These data indicate that APP/PS1 mice 

injected with recombinant soluble NEP performed significantly better on the 

water maze test than their PBS treated counterparts (p<0.05). Representative 

swimming paths on day 10 of training demonstrated that spatial learning 

acquisition showed much greater improvement in APP/PS1 mice injected 

with recombinant soluble NEP than in mice who received PBS (Fig. 5B). 

On the last day, mice underwent a probe trial during which the platform was 

absent in order to determine whether the animals used a non-spatial strategy 

to find the platform. APP/PS1 mice injected with recombinant soluble NEP 

spent significantly more time in a target zone surrounding the platform than 

PBS injected APP/PS1mice (p<0.05; Fig. 5C). The number of times was 

calculated each animal entered the small target zone during a period of 60s. 

Mice treated with recombinant soluble NEP averaged 2.0±0.73 entries into 

the small target zone, animals infused with PBS averaged 1.0±0.5, and PBS 

treated WT mice averaged 2.75±0.67 entries into the target zone. These data 

indicated that the number of times entered the small target zone increased in 

recombinant soluble NEP treated mice, compared with PBS infused mice, 

although this did not reach statistical significance (Fig. 5D). These results 
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indicate that recombinant soluble NEP transplantation can result in a 

reduction of cognitive impairment of spatial memory associated with 

deposition of Aβ peptide. 

 

5. Discussion  

Results of the present study demonstrate that newly recombined soluble 

NEP could reduce AD-like pathology in APP/PS1 mice. As a result, 

treatment with our recombinant soluble NEP resulted in a decrease of Aβ-

mediated apoptosis of hippocampal cells and increased cell viability in vitro. 

The number of Aβ plaques was reduced by the presence of recombinant 

soluble NEP in the brain of APP/PS1 mice and memory impairment of 

APP/PS1 mice was also restored by recombinant soluble NEP in vivo. 

Previous studies using gene expression mediated by a virus, such as 

retrovirus, lentivirus, or adenovirus, have demonstrated a role of NEP. For 

example, NEP gene transfer by virus vector resulted in reduced Aβ 

concentration in vitro [7] and down-regulation of NEP genetically or with 

chemical inhibitors resulted in increased Aβ concentrations in the brain [12] 

[13]. Efforts to use NEP for treatment of AD have been limited to NEP gene 

expression in the brain mediated by virus [9]. Gene delivery using viral 

vectors has disadvantages, including difficulty in production, possibility of 
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inserted genes combining to activate oncogenes, and inflammatory response. 

Viral vectors depend on multiple factors, including insert size, target cell 

type, target gene expression level, and type of expression desired (short- or 

long-term) [26]. On the other hand, protein delivery offers certain 

advantages. Because materials used in protein delivery utilize synthetic or 

natural compounds or physical forces, they are easy to produce, with 

potential for repeat administration. Materials used for non-viral vectors can 

also achieve cell or tissue specificity by harnessing cell-specific 

functionality in the design of chemical or biological vectors [2].  

Recombinant soluble NEP secreted from insect cells also offers certain 

advantages, including repeat administration, and easier production than 

virus-mediated NEP expression. In vitro results showed that recombinant 

soluble NEP can degrade Aβ accumulation and reduce Aβ-induced neuronal 

cell death (Fig. 2). Other supportive work includes a report that 

overexpression of NEP was found to be neuroprotective in vitro [5]. 

Previous studies have reported on reduced NEP mRNA levels in AD within 

regions that are vulnerable to neurofibrillary tangles and neuritic plaque 

formation [30] and decreased immunolabeling of neuronal NEP in AD has 

also been reported [1]. These results indicate that NEP might be an 

increasingly important player in treatment of AD. I also confirmed that NEP 

mRNA level was reduced in the cortex and hippocampus of APP/PS1 mice 
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(Fig. 3). 

The hippocampus is one of the first regions of the brain to suffer damage 

and is a major zone in memory and spatial navigation. As shown in Fig. 4, 

reduction of Aβ plaques was observed in both the cortex and hippocampus. 

This result indicated that intrahippocampal injection of recombinant soluble 

NEP affected both the cortex and hippocampus. Because the hippocampus is 

an important zone in memory and spatial navigation, the decrease in Aβ 

level by treatment with recombinant soluble NEP in the hippocampus was 

also very effective in improving spatial learning and memory, when 

compared with PBS-treated APP/PS1mice (Fig. 5). In summary, the results 

of this study suggest that use of recombinant soluble NEP derived from 

insect cells may be an effective way to reduce Aβ levels in the brain in an 

AD model. Due to the ability of recombinant soluble NEP, a pure protein 

secreted from insect cells, to directly degrade Aβ plaques in the brain, it is 

attractive for use in protein delivery. Compared with previous studies using 

gene transfer of NEP in an AD model, our finding differs in that a non-viral 

vector was used. Therefore, I suggest the potential for use of protein therapy 

approaches as an alternative therapy for treatment of AD. 
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6. Conclusion 

I have developed newly recombinant soluble human neprilysin derived 

from insect cells. Insect cells present several comparative advantages to 

mammalian cells, such as ease of culture, higher tolerance to osmolality and 

by-product concentration and higher expression levels when infected with a 

recombinant baculovirus. Because glycoproteins have various biological 

functions, ranging from the protection from proteolysis to folding, location 

and recognition by other proteins, recombinant NEP was produced from 

insect cells. This protein could reduce effectively Aβ levels in the 

hippocampal cells and improve memory impairment and behavioral 

performance in AD model.  
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Figure 1. Soluble NEP purification. (A): Construction of recombinant 

transfer vector pBAC-6-NEP. (B): The HiTrap Chelating HP (C): SDS-

PAGE was performed on samples eluted using the HiTrap. (D): Superdex 

200 column (E): Western blotting was performed in order to verify 

expression of soluble NEP. Primary Antibody: MME, CD10 (Proteintech 

Group). (F): SDS-PAGE was performed on collected samples of 

recombinant soluble NEP. (G): Soluble NEP activity assay. 
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Figure 2. (A): Experimental design for recombinant soluble NEP treatment 

in hippocampal neurons. (B): Aβ 42 ELISA (C): Protective effects of 

recombinant soluble NEP on cell viability against induced cytotoxicity in 

hippocampal neurons. (D): TUNEL assay. Scale bar, 20 μm. (E): 

Quantitation of the percentage of TUNEL positive neurons. Data indicate 

mean ±SEM (Anova, Tukey's HSD test. N=3 per group).*p<0.05 compared 

with Aβ treated neurons. 
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Figure 3. NEP was increased in the brain of APP/PS1 mice who received 

recombinant soluble NEP. (A): Decreased expression of NEP was observed 

in the cortex and hippocampus of 9-month-old APP/PS1 mice. Data 

represent the average values obtained by quantitative real time PCR. Data 

indicate mean±SEM (Student's t-test. N=4 per group). *p<0.05 compared 

with wild type mice. (B): Time course of recombinant soluble NEP injection 

and behavior test. ((C) and (D)): Protein from the cortex and hippocampus 
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of recombinant soluble NEP injected APP/PS1 mice was analyzed by 

western blot. Values indicate mean ±SEM (Anova, Tukey's HSD test. N=3 

per group). *p<0.05 compared with day 0. 
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Figure 4. Injection of recombinant soluble NEP resulted in ameliorated Aβ 

accumulation in the brain of APP/PS1 mice. (A): Brain sections from the 

cortex and hippocampus were stained with thioflavin S. Scale bar, 100 μm. 

(B): Area occupied by Aβ plaques was reduced in the cortex and 

hippocampus. Data are expressed as mean ±SEM. Student's t-test was used 

for statistical analysis; n=4 for each group. ((C) and (E)): Coronal brain 

sections were immunostained with anti-G30 (C) and anti-20G10 (E) Scale 

bars: 100 μm. ((D) and (F)): Aggregated Aβ 40 and42 were quantified by the 
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percent area of Aβ immunoreactivity. Values indicate mean ±SEM (Student's 

t-test. n=4 for each group). *p<0.05 compared with PBS treated 

APP/PS1mice. 
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Figure 5. Treatment with recombinant soluble NEP resulted in improvement 

of learning and memory in APP/PS1mice. (A): Water maze escape latencies 

of APP/PS1 mice. (WT n=11, APP/PS1-PBS n=8, APP/PS1-NEP n=7). (B): 

Representative swimming paths on day 10 of training. ((C) and (D)): On the 

final day, a single probe test was performed. Mice in the APP/PS1-NEP 

group spent more time in a target zone surrounding the platform, compared 

with those in the APP/PS1-PBS group (C) and in recombinant soluble NEP 

treated APP/PS1 mice, the number of times entered the small target zone 

during the 60 s probe trial showed a significant increase, compared with 

PBS treated APP/PS1 mice. (D). (Anova, Tukey's HSD test. *p<0.05 

compared with PBS treated mice. 
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Abstract in Korean (국문초록) 

 

 알츠하이머 질환(Alzheimer’s disease, AD)은 신경원섬유엄킴

(neurofibrillary tangles, NFTs)과 아밀로이드 베타의 침착 증상이 서

서히 나타나는 퇴행성 신경질환이다. 타우 단백질은 미세소관을 

안정화 시키는 단백질로 신경원섬유엉킴의 주 구성 성분이다. 알

츠하이머병에서 타우는 신경세포안에서 비정상적으로 과인산화되

어 있는 상태로 집적되어있다. 병리학적으로 타우 단백질은 신경 

물질을 운반에 관여하는 미세소관의 능력을 잃어버리면, 신경학적 

불능 및 세포 사멸을 초래한다. 인산화된 타우는 열 충격 단백질

27 (Heat shock protein 27, Hsp27) 에 의해 유비퀴틴과 독립된 경로로 

탈인산화되거나 분해된다. Hsp27는 샤페론 역할, 카스페이즈 활성 

억제, 스트레스로 인한 세포골격의 분열 방지, 세포 내 산화 환원 

조절 등 세포를 보호하는 여러 가지 기능들에 관여하고 있다. 본 

연구에서는 Hsp27을 효과적으로 세포 내로 전달시키기 위해 단백

질 전달 도메인 (protein transduction domain, PTD) HIV Tat이 결합된 

단백질을 만들었다(Tat-Hsp27). 재조합 된 Tat-Hsp27은 SH-SY5Y 세

포에서 오카다 산 (Okadaic acid)에 의해 과인산화된 타우 단백질을 

줄이고 세포 사멸을 막는 효과를 나타냈다. 알츠하이머 질환 환자의 
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뇌에서 발견되는 또 다른 병리학적 현상으로 아밀로이드 베타 축적이 나

타난다. 아밀로이드 베타는 아밀로이드 전구 단백질 (Amyloid precursor 

protein, APP) 이 베타 세크레타아제 (β-secretase) 와 감마 세크레타아제 (γ-

secretase) 에 분해되면서 생성된다. 중성 아연 금속엔도펩티다아제과의 

(Neural zinc metalloendopeptidase family) 세포막 당단백질인 Neprilysin (NEP) 

은 뇌에서 주요한 아밀로이드 베타 분해효소로 알려져 있다. 알츠하이머 

질환 환자의 뇌에서 NEP 의 양이 줄어 있으므로, NEP 는 알츠하이머 질

환에서 축적된 아밀로이드 베타를 분해시키는 잠재성 있는 치료 물질로서 

많이 연구되고 있다. 이전 연구들에서는 뇌에서 아밀로이드 축적을 감소

시키기 위해 바이러스성 벡터(viral vectors)를 이용하여 NEP 의 발현을 증

가시켰다. 하지만 바이러스성 벡터는 삽입 크기의 어려움, 발현 지속의 어

려움(단기간 또는 장기간), 면역과 염증 반응, 표적 세포 선택의 어려움과 

같은 단점을 가지고 있다. 이러한 단점을 극복하기 위해, 본 연구에서는 

NEP 발현 벡터 (pBAC6) 를 이용하여 곤충세포로부터 transmembrane 

domain이 제거된 재조합된 용해성 네프릴라이신 (Recombinant soluble NEP) 

을 생산하였다. 이를 알츠하이머 질환 마우스의 대뇌에 주입을 하였고, 그 

결과 아밀로이드 베타의 침착이 상당히 감소한 것을 확인하였다. 게다가 

NEP를 주입한 알츠하이머 질환 마우스는 행동학적 테스트(Water maze test)

에서 향상된 공간 인지력을 보였다. 이러한 결과들은 재조합된 용해성 네
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프릴라이신(Recombinant soluble NEP) 의 역할을 아밀로이드 베타 침착 조

절에 의한 향상된 기억력을 통해 뒷받침해주고 있으며, 단백질 치료법을 

이용한 접근법이 알츠하이머 치료의 대안법으로써 잠재적인 가능성이 있

음을 제시 하고 있다. 

 

Keywords:  단백질 치료, 타우 단백질, 과인산화, 열 충격 단백질 

27, 아밀로이드 베타, 재조합 용해성 휴먼 네프릴라이신 
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