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ABSTRACT
Alzheimer’s disease (AD) is characterized by cognitive dysfunction and memory loss,
which are often the result of synaptic pathology. Thrombospondin (TSP) is an
astrocyte-secreted protein well-known for its function as an anti-angiogenic role.
Recently, however, the role of TSP as a modulator of synaptogenesis and
neurogenesis has been highlighted. Here, I studied the role of one of the five TSP
isoforms, TSP-1, in vitro and in AD animal models. TSP-1 release was decreased by
Aβ42 in vitro and the reduced level of TSP-1 was observed in both 5xFAD and Tg2576
mice. Synaptic pathology caused by Aβ42 such as decreased dendritic density,
impaired vesicle recycling, and reduced long-term potentiation (LTP) were prevented
by co-incubation with TSP-1 and Aβ. TSP-1 is a potential therapeutic component
against the damaging effects caused by Aβ42 in AD pathogenesis.
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INTRODUCTION
Alzheimer’s disease (AD) is the most common form of dementia affecting more than 35
million people worldwide (1). It is a neurodegenerative disease and two types of AD exist:
late onset sporadic type AD (SAD) and early onset familial type AD (FAD). Most AD cases
are SAD and occur in patients older than 65 years of age whereas the rest are FAD cases
which occur relatively early (2). Although age is known as a major risk factor, the precise
causes of SAD are unknown. Unlike SAD, mutations in three genes: amyloid precursor
protein (APP), presenilin 1 (PS1), and 2 (PS2) are known as responsible genes of FAD (3).
The two pathological hallmarks of AD are amyloid plaques (APs) and neurofibrillary tangles
(NFTs) in the brain. APs are formed as a consequence of amyloid-β peptide (Aβ)
accumulation in the extracellular matrix and NFTs are generated within cells when
aggregation of hyperphosphorylated tau occurs (4, 5). APP is processed through a series of
proteolytic cleavages by APP by α-, β-, and γ-secretases and divided into non-amyloidogenic
pathway and Aβ peptide generating amyloidogenic pathway (6-8). Several lines of evidence
suggest that Aβ is toxic to cells (9, 10) and leads to synapse degeneration (11) indicating Aβ
as a key factor in the pathogenesis of AD. Other than SPs and NFTs, astrogliosis is another
pathological feature of AD (12). Astrogliosis occurs when the number of reactive astrocytes
increases in response to cell death or injury (12), for example, when Aβ exerts its toxic effect
(13). Decades ago, astrocytes were believed to be “brain glue” as they seemed structurally
and electrically silent taking up spaces among neurons (14). In fact, series of in vitro and in
vivo studies have revealed that astrocytes provide not only structural support but also have
an essential role in energy metabolism and synapse formation and maintenance (15).
Number of studies also reported that astrocytes regulate formation of dendritic spines,
synaptic transmission and plasticity (14, 16-18). Many astrocyte-derived proteins are known
to influence synaptic efficacy such as glial-derived tumor necrosis factor-alpha (TNF-α),
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adenosine tri-phosphate (ATP) and D-serine (17, 19, 20). However, only a few are known to
influence synapse formation, cholesterol and thrombospondin (TSP) (21, 22). TSP is one of
the proteins secreted by astrocytes with a critical role in synaptogenesis (23). A recent study
showed that neurons growing on top of Down syndrome (DS) astrocytes exhibited reduced
functional synapses and synaptic density. The report indicated TSP-1 as a key factor which
regulates spine density and morphology under DS condition (24). Many DS patients appear
to progress into having similar synaptic pathology as in AD (25) and there is evidence that
the TSP-1 expression is significantly reduced in the brain of AD patients (26). A suggestion
was made that reduced TSP may be implicated in the deterioration of synaptic plasticity in
AD (24, 27), since the first description of decreased TSP in AD patients (26). However, the
possible therapeutic effect of TSP has not been investigated.
In this study, to test the possible benefits of TSP-1 on Aβ mediated synaptic pathology in AD,
Aβ treated rat hippocampal neurons were incubated with or without TSP-1. Then, whether
TSP-1 protects synaptic pathology induced by Aβ was observed. Also, the mechanism
behind the protective effect was studied by knock-down of TSP-1 receptors. These results
showed that TSP-1 protects hippocampal neurons from Aβ-mediated synaptic impairments
such as altered spine density, synaptic activity and plasticity.
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MATERIALS AND METHODS
Animals
Twelve-month-old Tg2576 mice (Tg2576; B5SJL-Tg[APPSw695*KM670/671NL] 2576) (n=8),
six-month-old

5XFAD

mice

(Tg6799;

B6SJL-Tg

[APPSwFlLon,PSEN*M146L*L286V]

6799Vas/J, stock no. 006554, Jackson Laboratory) and B6SJL wild-type (Littermate) mice
were used for the experiments. The generation of 5XFAD mice has been described
previously (28). Under neuron-specific mouse Thy-1 promoter, three mutations (Swedish,
Florida, and London) of human APP 695 and two mutations (M146L and L286V) of human
PS1 were expressed. The colonies from 5XFAD, C57B6, and SJL lines were genotyped by
PCR, and the animals were treated and maintained as per the Helsinki Treaty, the Principles
of Laboratory Animal Care (NIH publication no. 85-23, revised 1985), and the Animal Care
and Use Guidelines of Seoul National University, Seoul, Korea.

Cell line and primary cell culture
Cells were cultured with slight modification to the method used in (29)
a. Human astroglioma U373MG cells (ATCC num-ber: HTB-17) and primary astrocyte,
prepared from P1 ICR mice were cultured in either 6 well plate or 100mm culture
dish.
b. Rat primary hippocampal neuron culture, prepared from E18 Sprague-Dawley rat
embryos were cultured for 21DIV on 6 well plate, and 12 well plate with coverglass.

Culture media
a. U373MG cells and primary astrocytes were grown in DMEM containing 10% FBS
and 0.1 mg/ml P/S (Sigma-Aldrich), and incubated at 37°C under humidified 5%
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CO2 air. Cells were undergone two passages before the beginning of experiments
b. Culture media used for primary hippocampal neurons was NB with B27 supplement
(Invitrogen), L-glutamine (0.5 mM), and 0.1 mg/ml P/S (Sigma-Aldrich). Media was
changed every 2 days and experiments were conducted at 21DIV.

Drug treatment
a. Aβ42 was purchased from American Peptide (USA).
b. U373MG cells and primary astrocytes were treated with Aβ42 and ADAM/MMP
inhibitor TAPI, GM, MG, 3MA, rapamycin, SP, and BAY (Sigma Aldrich, St. Louis,
Mo).
c. Primary hippocampal neurons cultured in a 6 well, and 12 well plate at 21DIV were
treated with Aβ42 (2μM) with or without hTSP-1 (500ng/ml) (R&D system
Minneapolis, MN) and DMSO (2μM) as control, for 24hrs.
Luciferase promoter assay
U373MG cell line was cultured in 12 well plate for 24 h. TSP1 promoter-luciferase cDNA
(purchased from Addgene) was transfected to cells for 24h, and then treated with Aβ42
(2μM). Autophagy inhibitor, 3MA, was treated with or without Aβ42. All drugs were treated for
24 hrs in DMEM followed by two PBS washes. Cells were then homogenized in Passive
Lysis Buffer (Promega). Lysates were then centrifuged at 13,000 rpm for 20 min at 4˚C.
Luciferase activity was determined using luciferase reporter assay system (Promega) and
measured by a luminometer (Infinite 200; Tecan).
Transfection
Rat hippocampal neurons were treated with Lipofectamine and Plus Reagent (Invitorgen) in
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Opti-MEM (Invitrogen) according to manufacturer’s instructions. First, DNA and Plus agent
were mixed in Opti-MEM and incubated for 10min at RT. Then Lipofectamine LTX was added
to the mixture and incubated for another 20 min. Cells were treated with the final mixture for
4 hrs. Transfected cells were incubated in DMEM with 10% FBS to stabilize before and after
drug treatment.

Western blot
To measure protein level, cells were rinsed with pre-warmed PBS and harvested with RIPA
buffer containing protease inhibitor mixture composed of 1% PI, 1% Phosphatase inhibitor
cocktail 1, 2 (Sigma-Aldrich). The homogenated protein samples were separated on 8% Trisglycine gels. After transferring proteins onto PVDF membrane, the membrane was blocked
in 5% skim milk/TBST at RT. Antibodies used for detecting synaptic proteins were; antiNMDAR2A antibody (1:2000; Milli-pore) and anti-PSD-95 antibody (1:2000; Abcam). For
loading control used; anti-β-actin (1:2000; Sigma-Aldrich), anti-tubulin antibody (1:2000;
Applied Biological Materials), and anti-GAPDH (1:2000; abm). Immunoreactivity was
determined by chemiluminescence (GE Healthcare) and a digital image analyzer (LAS-3000;
Fuji).

Measurement of TSP-1 release
TSP-1 in the culture medium of U373MG cells was measured with hTSP-1 ELISA kit (DTSP10, R&D systems, Minneapolis, MN) following manufacturer’s instructions.

Phalloidin Staining and Quantitative spine density analysis
After two PBS washes, cells were fixated in 4% PFA in PBS for 15 min at RT followed by
another two PBS washes. Cells were then incubated in 0.1% Triton X-100 in PBS for 5 min
and after two PBS washes, cells were incubated with Alexa Fluor 488-phalloidin fluorescent
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phallotoxin (Invitrogen) in PBS overnight at 4°C to stain dendritic spines. Images of
phalloidin-stained hippocampal neuronal dendrites were captured by LSCM (Olympus Fluoview 300), and dendritic spines were identified as small protrusions. The dendritic density
was analyzed by quantifying three to five dendrites of at least eight neurons per unit length
of a dendrite.

Functional labeling of presynaptic boutons with FM4-64
Functional activity of primary hippocampal neurons were assessed by staining with FM4-64
(5μM) (Invitrogen) and 50mM KCL in HBSS for 5 min at 37°C followed by a PBS wash. In
the dark, cells were then fixated with 4% PFA at RT for 10 min and washed twice with PBS.
All PBS washes were conducted at RT.

Electrophysiology
Field excitatory postsynaptic potentials (fEPSPs) were recorded from the acute hippocampal
slices (400μm) obtained from 2 months-old ICR mice. The slices were then incubated in
oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (aCSF) and maintained for more
than 1 hr at 37°C as recovery period. The fEPSPs recordings were made in the striatum
radiatum of the CA1 subfield by glass micropipettes filled with 3M NaCl (3-5 MOhm). A
bipolar concentric electrode was used to stimulate the Schaffer Collateral (SC) afferent fibers.
Test fEPSPs were evoked by the sitmulation intensity that yielded one third of the maximal
fEPSP responses as a frequency of 0.033 Hz, and LTP was induced by 5 episodes of theta
burst stimulation (TBS) that are delivered at 0.1 Hz. In each episode, 10trains of stimulation
consisting of 4 pulses at 100 Hz were delivered at 5 Hz. The data were acquired through
Axopatch 200A amplifier and Digidata 1200 (Axon Instrument Inc.).
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3D-SIM (super resolution structured illumination microscopy)
Images were acquired with super resolution structured illumination microscopy (SIM; Nikon
N-SIM). Brain slices was used to obtain images by moving the stage in the z-direction with a
step size of 0.150um. The sequential z-sections were reconstructed to 3D-SIM image (z-axis;
brain slice thickness~5.0 +- 0.4 um) and make the 3D-deconvolution with the a-blending
function using NIS-E software (Nikon). Images were taken by Eclipse Ti-E research inverted
microscope with Nikon’s CFI Apochromat TIRF 100x oil objective lens (NA 1.49) and 512 x
512 pixel resolution with iXon DU-897 EMCCD camera (Andor Technology). Multicolor
fluorescence acquisition was by using a diode laser (488 nm, 561nm) and exposure times
were 40 ms, electron microscopic (EM) gain 150, conversion gain 1X, and image processed
with NIS-E software later exported to the Adobe Photoshop program.

Immunocytochemistry
For immunocytochemistry, primary astrocytes or neurons plated on glass coverslips were
washed with pre-warmed PBS twice and fixated in 4% PFA for 10min at RT followed by two
PBS washes. Cells were permeablized with 0.5% triton-X100 and incubated with following
primary antibodies; mouse anti-TSP-1 (1:500, Santa Cruz); and, rabbit anti-PSD-95 (1:1000,
Abcam), overnight at 4°C. Coverslips were washed with PBS and incubated with secondary
antibodies conjugated to fluorophores; donkey anti-mouse Alexa Flour-488 (1:500,
Invitrogen); and, goat anti-rabbit Alexa Fluor-594 (1:500, Invitrogen). Prolong Gold antifade
reagent with Dapi (Molecular Probe) was used for mounting and counterstaining.

Immunohistochemistry
For immunohistochemistry, WT (n=9) and 5xFAD (n=8) mice were sacrificed by transcardiac
perfusion with PBS and 4% PFA at 6 months of age. Mice were anesthetized with a mixture
of Zoletil 50 (Virbac) and Rompun (Bayer) solution (3:1 ratio, 1 ml/kg, i.p.). The extracted
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brains were stored overnight in 30% sucrose in PBS. Freezing microtome (Leica) was used
to obtain 30-um-thick coronal tissue sections between bregma -1.94 mm and -2.46 mm. The
free-floating sections were washed three times for 5 min each in PBS and incubated with the
following primary antibodies overnight at 4°C; mouse anti-TSP-1 (1:500, Santa Cruz); and,
rat anti-GFAP (1:1000, Invtrogen). After three 5 minute PBS washes, sections were
incubated in the following secondary antibodies; donkey anti-mouse Alexa Fluor-488 (1: 500,
Invitrogen); and, goat anti-rat Alexa Fluor-594 (1:500, Invitrogen) for 1 hr at RT. The stained
sections were then washed twice in PBS and placed on slide glasses and fixated with
mounted with coverglass by using Prolong Gold (molecular probe) mounting solution.

Trichloroacetic acid (TCA) precipitation
To analyze proteins in cell media, it was first centrifuged at 4,000 rpm for 5 min to remove
cell debris. The cell media was then mixed with TCA at 9:1 ratio, followed by a brief mixing,
and incubated overnight at 4°C. The mixture was centrifuged at 13,000rpm for 25 min at 4°C
to remove cell debris, followed by addition of 500μl acetone to wash the protein pellet. After
5 min centrifuge at 13,000rpm at 4°C, supernatant was removed and dried at 95°C for 3 min.
The dried pellets were then dissolved in 2X phenol red loading buffer for SDS-PAGE.

Examination of LC3-II translocation
To analyze RFP (red fluorescent protein)-LC3, plasmid encoding RFP-LC3 was transfected
into U373MG cells.
The appearance of RFP-LC3 puncta was visualized on a confocal laser scanning
microscope (FV10i-w, Olympus, Japan).

Data analysis and statistics
Data are presented as mean ± SEM. Comparisons between groups were analyzed by one-8-

way ANOVA with Tukey’s multiple-comparisons test with the use of GraphPad Prism 5
software. Statistical significance was accepted at p < 0.05.
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RESULTS
1. Aβ reduced TSP-1 release from astrocytes
There is evidence that TSP-1 is reduced in the cortex of the human AD patient brain (26)
which suggest that Aβ42 may influence the level of TSP-1 release. It is determined whether
TSP-1 release is altered by Aβ42 in astrocytes. TSP-1 release from primary astrocytes and
U373MG cells were reduced by Aβ42 in a dose-dependent manner using TCA precipitation
(Aβ 2μM ** p < 0.01; Aβ 4μM *** p < 0.001; Fig. 1A, B) and ELISA (Aβ 2μM * p < 0.05; Aβ
4μM ** p < 0.001; Fig. 1C). However, reversible form of Aβ did not alter the level of TSP-1
release compared to the control (Fig. 1) indicating that Aβ42 reduces the level of TSP-1
released in the media of U373MG cells. Time-dependent alterations of the TSP-1 level in the
media was analyzed by Western blot and showed that 2uM Aβ42 treatment for 24 h and
longer significantly reduced the level of TSP-1 in the media (Fig. 1D). Together, these data
indicate that TSP-1 release from astrocytes is significantly reduced both in concentrationand time-dependent manner.

2. TSP-1 is reduced in the hippocampus of AD mouse model
It is hypothesized that, as in human patient AD brain, TSP is also reduced in the brain of AD
mouse model, especially in the hippocampus region where memory is formed. To investigate
this hypothesis, 6 months old 5xTg AD mouse model and its littermate were sacrificed to
determine the level of TSP-1 by Western blotting. TSP-1 was reduced in the brains of AD
mouse model compared to the littermates’ brains (* p < 0.05; Fig. 2A, B). As several
synaptic molecules are reported to be reduced by Aβ42 or in AD brains (20, 30), the brains
of 5xFAD mice were examined to determine whether synaptic molecules are reduced. It
showed that synaptic molecules such as NMDA receptor subunit (NR2A), and PSD-95, are
reduced in the hippocampus, however, the reduction of PSD-95 was not statistically
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significant (*** p < 0.001; NR2A, p = 0.0755; PSD-95; Fig. 2A, B). Reduced level of TSP-1
was also evident in Tg2576 AD mouse model, indicating that APP mutation alone can cause
the decrease of those synaptic molecules (* p < 0.05; Fig. 2B).
Five genes, three APP and two PS1, are mutated in the 5xFAD mouse model. Therefore, to
determine whether the reduced TSP-1 release is caused by the APP mutation alone, the
level of TSP-1 in the cortex of APP only mutated AD mouse model Tg2576 was examined.
Western blot result showed that TSP-1 was significantly decreased in Tg2576 (* p < 0.05;
Fig. 2C). Altogether, these results confirm that TSP-1 as well as synaptic molecules are
reduced in AD mouse models and showed that the decreases are the result of APP mutation.

3. TSP-1 rescues Aβ42 mediated dendritic spine loss in primary
hippocampal neurons
TSP-1 was shown to be neurogenic and able to induce synaptogenesis in previous studies
(21, 23, 27, 31, 32). As the results in (Fig. 1, 2) suggest the possibility that Aβ42 mediated
TSP-1 reduction is associated with the reduced level of synaptic molecules, it was
investigated whether Aβ42 treatment reduces dendritic density, and whether exogenous
addition of TSP-1 prevents the reduction using cultured primary rat hippocampal neurons
(DIV21). Cells were treated with Aβ42 (2μM) and with or without TSP-1 (500ng/ml). Dendritic
spine density of phalloidin stained hippocampal neurons was significantly reduced by Aβ42
(## p < 0.01; Fig. 3), but the reduction was prevented by the addition of TSP-1 (* p < 0.05;
Fig. 3). Thus, TSP-1 recues the Aβ42 mediated reduction of dendritic spine density of
hippocampal neurons.

4. TSP-1 rescues Aβ42 induced reduction of synaptic vesicle recycling
It was shown that the addition of exogenous TSP-1 can prevent the decrease in spine
density induced by Aβ42 (Fig. 3). These results suggest the possibility that Aβ42 mediated
- 11 -

synaptic protein reduction can be prevented by the addition of TSP-1. Synaptic proteins such
as NR2A and PSD-95 were decreased in the 5xFAD mouse brain (Fig. 2), indicating that Aβ
can reduce the level of synaptic proteins. Concomitant with the Aβ42 mediated decrease in
spine density (Fig. 3), synaptic activity might be decreased. The lypophilic styryl dye, FM464, was used to investigate whether TSP-1 can prevent the decrease in synaptic vesicle
recycling. In the presence of Aβ42, neurons exhibited significant decrease in the number of
FM4-64-positive puncta (### p < 0.001) compared to control, whereas co-treatment with
TSP-1 rescued the number (*** p < 0.001; Fig. 4A, B), indicating that TSP-1 rescues the
Aβ42 mediated reduction of the number of functional presynaptic sites.

5. TSP-1 rescues Aβ42 induced alteration of LTP in hippocampal slice
LTP is considered as a mechanism underlying synaptic plasticity. It is associated with factors
such as dendritic spine density, level of synaptic proteins, and is known to be impaired by
Aβ42 (20). Since dendritic density, synaptic proteins, and synaptic activity are all reduced by
Aβ42 and rescued by TSP-1, it is examined whether Aβ42 mediated decrease in LTP is also
rescued by the addition of TSP-1. To test this hypothesis, hippocampal slices from ICR were
treated with Aβ42 (200 nM) and TSP-1 (500 ng/ml). When Aβ42 was treated alone, LTP was
significantly decreased (*** p < 0.001), but co-treatment of TSP-1 prevented the decrease
(### p < 0.00; Fig. 5). However, TSP-1 alone did not alter LTP significantly.

6. Autophagy mediated degradation underlies the decreased TSP-1
release by Aβ42
As Aβ42 treatment reduced TSP-1 release from astrocytes (Fig. 2), possible mechanism
behind the TSP-1 reduction was examined. To determine whether transcriptional level of
TSP-1 is altered by Aβ42, luciferase promoter assay was used. Both Aβ42 with or without
3MA treatment did not affect TSP-1 promoter activity (Fig. 6A). An experiment as conducted
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to test whether Aβ42 or 3MA treatment alter the level of TSP-1 gene expression using RTPCR and showed that gene expression was not altered by Aβ42 or 3MA (Fig. 6B). Previous
reports suggested that the level of TSP-1 is modulated by matrix metalloproteinase (MMP), a
disintegrin and metalloproteinase domain (ADAM) mediated degradation or epidermal
growth factor receptor (EGFR) transactivation (33). Therefore, MMP/ADAM inhibitors called
GM6001 and TAPI were treated to determine whether degradation affects TSP-1 level in the
presence of Aβ42. It turned out that the inhibitors did not alter the level of TSP-1 in
comparison to Aβ42 treated cells (Fig. 6C). Upon EGFR activation, ERK signaling is
activated in the downstream which may (33) increase TSP-1 level through transcriptional
regulation (33). To determine whether ERK or p38 signaling pathway is involved in Aβ42
mediated TSP-1 reduction, a selective c-Jun N-terminal kinase inhibitor, SP600125 (SP),
was treated with Aβ42 (2 μM) for 24 hrs. The level of TSP-1 in the media was not affected by
altered ERK pathway, in comparison to the positive control (Fig. 6B). Then, to investigate if
reduced TSP-1 release is a consequence of increased degradation within cells, Aβ42 with
drugs which modulate degrading activity, were co-treated. Interestingly, inhibition and
activation of autophagy by 3MA and rapamycin revealed that activation caused further
reduction of TSP-1, whereas inhibition rescued TSP-1 level to vehicle treated control (# p
<0.05, ## p < 0.01). Proteasome inhibitor, MG132, further reduced TSP-1 level in the media
(## p < 0.05; Fig. 6C). Furthermore, genetic inhibition of autophagy by beclin knock-down
(KD) confirmed that inhibition of autophagy rescued Aβ42 mediated reduction in TSP-1 level
(Fig. 6D). Western blot revealed that beclin1 was increased by Aβ42 and KD of beclin1
almost diminished immunoreactivity as expected, whereas KD of beclin 1 rescued the level
of released TSP-1 in the media, the same result shown by 3MA treatment (Fig. 6D). These
results indicate that TSP-1 is degraded by autophagy mediated mechanism when astrocytes
are exposed to Aβ42. Then, by immunocytochemistry autophagy activity was shown to be
increased by Aβ42 and rapamycin, but reduced by 3MA (Fig6. E). Using SIM, it was shown
- 13 -

that TSP-1 was surrounded by autophagosomes (Fig6. F). Altogether, these data indicate
that decreased TSP-1 level in the media induced by Aβ42 treatment is mediated by
autophagy.
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A

B

C

D

Figure 1. Aβ42 alters the level of released TSP-1 A, Western blot analysis of TSP-1 level
measured in the media of primary astrocytes treated with reversible form of Aβ (rev-Aβ),
2uM and 4uM Aβ42 for 24 h. B. Western blot analysis of TSP-1 level measured in the media
of U373MG cells when the cells were treated with 2uM and 4uM Aβ42 for 24 h. C, human
TSP-1 ELISA kit was used to detect TSP-1 level in the media of U373MG cells. D, Timedependent level of TSP-1 changes in the media of U373MG cells treated with 2uM Aβ42. p
values were calculated using Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.005 versus
control group
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A

B

C

Figures 2. TSP-1 level is reduced in AD mouse model A, Western blot analysis of TSP-1,
NR2A and PSD-95 expression in the hippocampus of 6 months old 5xFAD mice (LT, n=8, Tg,
n=7). B, Quantification analysis of A. C. Western blot analysis of TSP-1 level in the cortex of
12 months old Tg2576 mice (LT, n=4, Tg, n=4). p values were calculated using Student’s ttest. * p < 0.05, ** p < 0.01 versus control group.
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A

B

C

Figure 3. TSP-1 rescues Aβ42 induced dendritic spine loss in cultured primary rat
hippocampal neurons Primary rat hippocampal neurons (21DIV) exposed to Aβ42 (2μM)
were treated with or without TSP-1 (500ng/ml). TSP-1 only treated neurons were used as
positive control. A, Representative images of rat hippocampal neurons satined with
phalloidin Alexa-488 (green) to visualize dendritic spines. Scale bar, 10μm. B, Magnified
images of the representative dendritic branch. C, Quantification of spine density presented
as the ratio of the spine numbers per unit length (50μm). p values were calculated using
one-way repeated ANOVA followed by a Tukey’s multiple-comparison test. ## p < 0.01
versus control group; * p < 0.05 versus Aβ42-treated group.
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A

B

Figure 4. TSP-1 rescues Aβ42 induced reduction of the number of functional
presynaptic sites Primary hippocampal neurons (21DIV) exposed to Aβ42 (2μM, 200nM)
were treated with or without TSP-1 (500ng/ml). A, Representative images of FM4-64
fluorescence. Scale bar, 10 μm. B, Quantitative analysis of the results normalized to Veh. p
values were calculated using one-way repeated ANOVA followed by a Tukey’s multiplecomparison test. ### p < 0.001 versus control group; *** p < 0.001 versus Aβ42-treated
group.
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A

B

Figure 5. Effects of TSP-1 on Aβ42-mediated alteration of LTP in hippocampal slices A,
Examples of representative field potential traces from control, Aβ42-/TSP-1-treated and
Aβ42 + TSP-1-treated slices. Gray traces, before TBS (at -30 ~ -20 min); black traces, after
TBS (at 50 ~ 60 min). B, fEPSPs were recorded from the CA1 region of the hippocampus.
Aβ42 (200 nM) reduced TBS-induced LTP. In contrast, co-treatment of TSP-1 (500 ng/ml)
- 19 -

with Aβ42 prevented the reduction of LTP. The black bar indicates the ACSF (control) or
chemicals (Aβ42, Aβ42 + TSP-1, TSP-1) infusion for 20 min before TBS. C, The magnitude
of LTP was calculated by comparing the average slopes of fEPSPs during the last 10 min of
recordings with that before stimulation. p values were calculated using one-way repeated
ANOVA followed by a Tukey’s multiple-comparison test. ***p < 0.001 versus control group;
### p < 0.001 versus Aβ42-treated group.
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F
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Figure 6. TSP-1 release is altered by the regulation of autophagy A, Luciferase promoter
assay of TSP-1. Aβ42 treated U373MG cells were treated with or without 3MA. B, RT-PCR
gene expression analysis of TSP-1. Aβ42 treated U373MG cells were treated with or without
3MA. C. TSP-1 level was measured in the medium of U373MG cells treated with drugs
indicated for 24 h. D, Western blot analysis of TSP-1 level in the media of U373MG cells.
Cells were co-treated with 3MA or GM and Aβ42 for 24 h. Beclin1 knock-down cells were
treated with or without Aβ42. E, Images of U373MG cells transfected with LC3-RFP were
treated with Aβ42, Aβ42 with 3MA or rapamycin. F, immunocytochemical analysis of
U373MG cells treated with Aβ42 for 24 h were stained with TSP-1 (red) and LC3B (green). p
values were calculated using one-way repeated ANOVA followed by a Tukey’s multiplecomparison test. ** p < 0.01 versus control group; # p < 0.05 ## p < 0.01 versus Aβ42treated group.
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Figure 7. Schematic diagram
Aβ42 monomers aggregate into oligomeric form, then into fibrillar form. Aβ42 oligomers are
known to be the major toxic form and mediate activation of autophagy. Enhanced autophagy
activity leads to increased degradation of TSP-1 in astrocytes. As a consequence, TSP-1
release is reduced and less binding to TSP-1 receptors. The final outcome of the decreased
TSP-1 by Aβ42 mediated enhanced autophagy is decreased dendritic density through less
activation of TSP-1 receptor. However, reduced dendritic density, as a result of low TSP-1
level, can be prevented by exogenous addition of TSP-1.
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DISCUSSION
In the present study, it is shown that Aβ42 reduces TSP-1 release from both primary
astrocyte and astroglioma cell line, U373MG. Also, TSP-1, along with synaptic proteins,
PSD-95 and NR2A, were reduced in APP mutated AD mouse models such as Tg2576 and
5xFAD. Using phalloidin dye, exogenous addition of TSP-1 to Aβ42 treated rat hippocampal
neurons prevented the reduction of dendritic spine density. Synaptic vesicle recycling was
also rescued when co-incubated with TSP-1 demonstrated by staining with FM4-64 dye.
Furthermore, TSP-1 rescued LTP from decreasing when treated with Aβ42. According to
these data, TSP-1 expression was not altered by either Aβ42 treatment or the inhibition of
autophagy. However, the released level of TSP-1 is rescued by inhibition of autophagy when
compared to Aβ treated cells. On the other hand, autophagy induction further reduced TSP-1
release. Together, these data reveal that Aβ42 mediated synaptic pathology can be
prevented by exogenous treatment of TSP-1.
Recently, the focus of the astrocyte secreted protein TSP-1 (34) has moved from its antiangiogenic ability (35-37) to its role as a modulator of synaptogenesis (19, 21, 32). However,
until now, the role of TSP-1 in AD has not been investigated despite the description of the
possible involvement of TSP-1 in AD pathogenesis (26). Therefore, it was first determined
whether Aβ42 affects the level of TSP-1 released in vitro and in AD mouse models. Human
astroglioma cell line, U373MG, was used for the majority of in vitro experiments. The results
led us to speculate that owing to the possible role of TSP-1 in synaptogenesis, Aβ42
mediated decrease in TSP-1 level may take part in the pathogenesis of AD, for example,
synaptic pathology (24). Thus, it seemed likely that supplementation of TSP-1 may reduce
the synaptic pathology that occurs in AD. This study on the protective effect of TSP-1 against
Aβ42 mediated synaptic pathology suggests the potential for the therapeutic use. The
mechanism underlying the Aβ42 mediated decrease in TSP-1 level found that TSP-1 is not
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degraded outside the cell, but the released level seems to be affected by autophagy activity
within the cell.
Several receptors for TSP-1 have been identified over two decades (27) and number of
studies demonstrated its ability to modulate synaptogenesis and neurogenesis (21, 23, 27,
31, 32, 38, 39). Although, two studies have identified neuroligin1 and α2δ-1 as receptors for
TSP-1 which are involved in synaptogenic and neurogenic roles (23, 31), the exact
mechanism downstream of TSP-1 binding to its receptors is not yet clear. Research into the
mechanism underlying TSP-1 mediated synaptogenesis and neurogenesis through binding
to its receptors warrants in-depth understanding of the role of astrocyte-secreted protein
TSP-1 in the establishment of neural circuits and in disease processes.
In summary, it has been shown that reduced TSP-1 level in the brain of AD mouse model
and TSP-1 release from astrocytes can be reduced by Aβ42. Exogenous addition of TSP-1
was protective, preventing spine and synaptic pathology induced by Aβ42. Although the
responsible receptor for TSP-1-mediated protective effect against Aβ42 was not identified in
this study, KD study of the receptors is being conducted. Also, experiments are underway to
investigate the potential therapeutic effect of exogenous TSP-1 in vivo. However, careful
treatment strategy must be designed when treating animals with TSP-1. Because, abnormal
synaptic organization is identified as the mechanism behind epilepsy and, it has been
shown that gabapentin, a TSP-1 receptor inhibitor, is used as an anti-convolusant (23).
Therefore, appropriate use of TSP-1 to balance the synaptic organization may be beneficial
in treating synaptic pathology and cognitive impairment in AD patients.
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초록
알츠하이머병은 인지능력 장애와 기억소실 등으로 특징 지어지는데, 시냅스의 병리학적
현상에 의해 일어나는 것으로 알려져 있다. Thrombospondin은 성상 교세포에서 주로
분비되는 물질로서 혈관 형성을 억제를 일으키는 기능이 있는 것으로 잘 알려져 있는데,
최신 보고들은 혈관형성에 관련된 역할이 아닌 시냅스의 형성과, 신경세포의 발생 등이
다수이다. 본 연구는 thrombospondin의 다섯 가지 isoform 중 하나인 TSP-1의 역할에
대해 in vitro 와 알츠하이머 동물모델을 이용하여 진행하였다. Astrocyte에서 TSP-1의
분비가 아밀로이드 베타 단백질에 의해 감소하는 것을 in vitro 상에서 관찰 하였고,
알츠하이머병 동물모델인 5xFAD mice와 Tg2576 mice 에서 TSP-1의 양이 감소되어
있는 것을 관찰 하였다. 또한, 시냅스의 병리학적 현상인 수상돌기의 밀도 감소,
시냅스에서의 소포체 재순환의 감소, 그리고 LTP 등이 아밀로이드 베타 단백질에 의해
감소하는 것을 규명하였고, TSP-1과의 공동 배양에 의해 아밀로이드 베타 단백질의
영향으로부터 보호되는 것을 규명 하였다. 결론적으로, TSP-1이 아밀로이드 베타
단백질에 의해서 일어나는 신경세포 및 시냅스의 손상을 보호 함으로써, TSP-1의 생성
및 분비 감소 등이 알츠하이머병의 병인기전에 밀접하게 연관됨을 규명하였다.

------------------------------------주요어: 알츠하이머병, 아밀로이드 베타, thrombospondin, 시냅스 독성, 수상돌기, 시냅스
가소성, 5xFAD, Tg2576, 동물 모델, 오토파지, 성상 교세포
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