
INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disease characterized by deficits in cognitive function 
(Sevush and Leve, 1993; Backman et al., 2001), and accumu-
lations of amyloid β (Aβ) in the extracellular regions and tau 
aggregates in the intracellular regions of the brain (Ittner and 
Gotz, 2011; Jin et al., 2011; Lasagna-Reeves et al., 2012). 

Plasmin is an important protease in various physiologies, 
including clearance of blood clots and immune function (Alk-
jaersig et al., 1959; Draxler et al., 2017). In the brain, plasmin 
activates brain-derived neurotropic factor (BDNF) (Gray and 
Ellis, 2008; Rodier et al., 2014). Aβ is a substrate of plasmin, 
suggesting that plasmin could clear Aβ deposits (Van Nostrand 
and Porter, 1999; Jacobsen et al., 2008). BDNF protects neu-
rons against Aβ (Arancibia et al., 2008; Criscuolo et al., 2015), 
and BDNF signaling activation improves memory deficits in 
AD mouse models (Gao et al., 2016; de Pins et al., 2019). 
Moreover, small molecule binding of tropomyosin-related ki-
nase B (TrkB), a BDNF receptor, can improve AD-like symp-

toms in AD models (Castello et al., 2014; Gao et al., 2016). 
Taken together, this evidence suggests that an agent regulat-
ing plasmin activity may be a good candidate for AD therapy.

Spinosin is a flavonoid isolated from Zizyphus jujuba var. 
spinosa seeds (Shergis et al., 2017). Previously, we reported 
that spinosin ameliorated oligomeric Aβ-induced memory im-
pairments (Ko et al., 2015), reduced oligomeric Aβ-induced in-
flammation, and ameliorated choline-acetyl transferase in the 
hippocampus. Recently, we found that the ethanol extract of 
Zizyphus jujuba var. spinosa seeds activated plasmin activity 
(Park et al., 2019). Because spinosin is an active compound 
of Zizyphus jujuba var. spinosa seeds and has a protective ef-
fect in Aβ-induced AD models, we hypothesized that spinosin 
may regulate plasmin activity. In the present study, we tested 
whether spinosin affected plasmin activity.
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Hippocampal synaptic dysfunction is a hallmark of Alzheimer’s disease (AD). Many agents regulating hippocampal synaptic 
plasticity show an ameliorative effect on AD pathology, making them potential candidates for AD therapy. In the present study, 
we investigated spinosin as a regulating agent of synaptic plasticity in AD. Spinosin attenuated amyloid β (Aβ)-induced long-term 
potentiation (LTP) impairment, and improved plasmin activity and protein level in the hippocampi of 5XFAD mice, a transgenic AD 
mouse model. Moreover, the effect of spinosin on hippocampal LTP in 5XFAD mice was prevented by 6-aminocaproic acid, a plas-
min inhibitor. These results suggest that spinosin improves synaptic function in the AD hippocampus by regulating plasmin activity. 

Key Words: Spinosin, Alzheimer’s disease, Plasmin, LTP, 5XFAD

Abstract

Original Article

https://doi.org/10.4062/biomolther.2019.076Open  Access

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licens-
es/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided the original work is properly cited.

www.biomolther.org  

*Corresponding Authors
E-mail: jhryu63@khu.ac.kr (Ryu JH), mose79@dau.ac.kr (Kim DH)
Tel: +82-2-961-9230 (Ryu JH), +82-51-200-7583 (Kim DH)
Fax: +82-2-961-9580 (Ryu JH), +82-51-200-5748 (Kim DH)
†The first two authors contributed equally to this work.

Received May 3, 2019  Revised Aug 27, 2019  Accepted Nov 7, 2019
Published Online Dec 3, 2019

Copyright © 2020 The Korean Society of Applied Pharmacology

Biomol  Ther 28(2),  131-136 (2020)

mailto:jhryu63@khu.ac.kr
mailto:jhryu63@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.4062/biomolther.2019.076&domain=pdf&date_stamp=2020-02-27


132https://doi.org/10.4062/biomolther.2019.076

MATERIALS AND METHODS

Materials
Donepezil was donated DAEHWA pharmaceutical CO., 

LTD (Seoul, Korea). Aβ1-42 was purchased from Anaspec (CA, 
USA). Spinosin was purchased from Sigma-Aldrich (MO, 
USA). The antiplasmin, anti-plasminogen, and anti-glycer-
aldyhyde 3-phosphate dehydrogenase (GAPDH) antibodies 
were purchased from Snata Cruz Biotechnology (CA, USA). 
The 6-aminocaproic acid was purchased from Sigma-Aldrich. 
Plasmin assay kit was purchased from Abcam (Cambridge, 
UK).

Animals
Seven ICR mice (6 weeks old) were purchased from SAM-

TAKO Biokore (Osan, Korea). Male 5XFAD mice were ob-
tained from the Jackson Laboratory (CA, USA) and crossbred 
with female hybrid B6SJLF1 mice (Taconic, Seoul, Korea). 
The male heterozygous transgenic and littermate wild-type 
(WT) offspring were used for the experiments. Mice were 
housed in individual ventilated cages with access to water 
and food ad libitum, under a 12-h light/dark cycle (lights on 
from 07:30 to 19:30). For examine the effect of spinosin on Aβ-
induced synaptic deficit, hippocampal slice isolated from one 
ICR mice was treated with vehicle, Aβ+vehicle, Aβ+spinosin 
(3), Aβ+spinosin (30) or Aβ+donepezil for 2 h. Then, the hippo-
campal slice was subjected to electrophysiology. This experi-
ment was conducted repeatedly seven times with seven differ-
ent mice. For figure 2, 4 of 6-month-old 5XFAD and 4 of WT 

mice were used. Hippocampal slices from a 5XFAD mouse 
were treated with spinosin for 2 h, and then subjected to mea-
suring plasmin activity or western blot. For blocking experi-
ments, 4 of 6-month-old 5XFAD and 4 of WT mice were used. 
Hippocampal slices from a 5XFAD mouse were treated with 
spinosin and/or 6-amminocaproic acid for 2 h, and then sub-
jected to electrophysiology. The treatment and maintenance 
of the animals were performed out in accordance with the Ani-
mal Care and Use Guidelines of Kyung Hee University (Seoul, 
Korea). All of the experimental protocols using animals were 
approved by the Institutional Animal Care and Use Committee 
of Kyung Hee University (KHUASP(SE)-18-046). Behavioral 
experiments and data analysis were conducted by different 
persons who did not know group difference. 

Acute hippocampal slice preparation
Artificial cerebrospinal fluid (ACSF) was comprised of 124 

mM NaCl, 3 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 
2 mM CaCl2, 1 mM MgSO4, and 10 mM D-glucose. We rap-
idly removed the brain and isolated the mouse hippocampus. 
Mouse hippocampal tissues were sliced using a McIlwain tis-
sue chopper. 400-μm-thick hippocampal slices were made 
and incubated in ACSF (20-25°C) for 2 h before the experi-
ment.

Electrophysiology
Field potential responses were recorded in the Schaffer 

collateral-commissural pathway in area CA1. Stimuli (con-
stant voltage) were delivered at 30 s intervals. The slope of 
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Fig. 1. The effect of spinosin on LTP deficit induced by Aβ1-42 (10 μM) in the hippocampus. Acute hippocampal slices were produced form 
normal mouse. Slices were treated with drugs for 2 h before recording. Recordings were conducted in Schaffer-collateral pathway of the 
hippocampus. (A-E) fEPSP at each time point of control (A), Aβ (A), Aβ+spinosin (3) (B), Aβ+spinosin (10) (C), Aβ+spinosin (30) (D) or 
Aβ+DNP (E)-treated hippocampal slices. (F) Bar chart of data from 80 min time point. Data represented as mean ± SEM. *p<0.05 vs. con-
trol. #p<0.05 vs. Aβ. DNP, donepezil.
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the evoked field potential responses (fEPSP) was averaged 
from four consecutive recordings evoked at 30 s intervals. To 
induce LTP, two trains of high frequency stimulation (HFS: 100 
Hz, 100 pulses in 1 s, 30 s interval) were introduced at 20 min 
after the initiation of a stable baseline. LTP was quantified by 
comparing the mean fEPSP slope at 80 min after the HFS 
period with the mean fEPSP slope during the baseline period 
and calculating the percentage change from the baseline. For 
the experiments with Aβ, Aβ dissolved in DPBS at 1 mg/mL 
and agitated at 37°C for 24 h for aggregation. Hippocampal 
slices were incubated in ACSF containing vehicle or drugs 
for 30 min, and then further incubated in ACSF containing Aβ 
oligomer (1 μM) and/or drugs for 2 h before recording. For 
the blocking experiments with 5XFAD mice, slices were incu-
bated in ACSF containing inhibitor (100 μM), and then further 
incubated in ACSF containing inhibitor+spinosin 2 h before 
recording.

Plasmin activity assay
Plasmin activity was measured using commercial plasmin 

activity assay kit (Abcam, ab204728). All procedures were fol-
lowed to protocol presented from Abcam. Hippocampal slices 
were incubated with spinosin containing ACSF for 2 h. After 
then hippocampal slices were homogenized in ice-chilled 
Tris–HCl buffer [20 mM, pH 7.4, sucrose (0.32 M), ethylene-
diaminetetraacetic acid (EDTA) (1 mM), ethylene glycol bis(2-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) (1 mM)]. 
Debris was removed by microcentrifugation (4200×g, 20 min). 
A mixture of 50 μl of sample (10 μg of protein) and 50 μl of 
reaction mix (48 μl plasmin assay buffer+2 μl of plasmin sub-
strate) was made. Measure output on a fluorescent microplate 
reader at Ex/Em=360/450 nm in a kinetic mode, every 2-3 
min, for 10-20 min at 37°C protected from light.

Western blot analysis
Hippocampal slices were incubated with spinosin contain-

ing ACSF for 2 h. Afterwards hippocampal slices were ho-
mogenized in ice-chilled M-PER buffer (Thermo, Rockford, IL, 
USA), a containing protease inhibitor, and phosphatase inhibi-
tor cocktail (Thermo). Debris was removed by microcentrifuga-
tion (4200×g, 20 min). Proteins from whole-cell lysates were 

quantified using a BCA protein assay kit following the manu-
facturer’s instructions. Samples (30 μg of protein) were then 
subjected to SDS-PAGE (12% gel) under reducing conditions. 
Proteins were transferred to PDVF membranes using transfer 
buffer (25 mM Tris-HCl, pH 7.4 containing 192 mM glycine 
and 20% v/v methanol) at 400 mA for 2 h (4°C). Next, blots 
were incubated for 2 h with blocking solution (5% skimmed 
milk for total proteins, 5% BSA for phosphorylated proteins) 
and then placed at 4°C overnight with 1:1000 dilutions of anti-
goat plasmin antibody (Santa Cruz Biotechnology Inc., Santa 
Cruz, CA), anti-rabbit plasminogen antibody (Santa Cruz Bio-
technology Inc.) or anti-rabbit GAPDH antibody (Santa Cruz 
Biotechnology Inc.). After serial washing, blots were incubated 
with a 1:5000 dilution of horseradish peroxidase-conjugated 
secondary antibody (Santa Cruz Biotechnology Inc.) for 1 h at 
room temperature. 

Statistics
Values are expressed as the mean ± SEM. Data were ana-

lyzed by one-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test for multiple comparisons. Statistical sig-
nificance was set at p<0.05. 

RESULTS

Spinosin attenuated Aβ-induced long-term potentiation 
(LTP) impairment in the hippocampus

To investigate the effect of spinosin, LTP was measured in 
hippocampal slices treated with Aβ and/or spinosin. Aβ-treated 
slices showed significantly lower LTP levels than did control 
slices (Fig. 1A, 1F). Spinosin (30 μM) and donepezil (DNP), a 
positive control, attenuated this Aβ-induced LTP reduction in a 
concentration dependent manner (F5, 36=11.42, p<0.05, n=7/
group, Fig. 1).

Spinosin regulated plasmin activity in the 5XFAD 
hippocampus

Previously, we found that Zizyphus jujuba var. spinosa 
seeds increased plasmin activity in the hippocampus. Since 
spinosin is an active compound isolated from Zizyphus juju-
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ba var. spinosa seeds, we tested whether spinosin regulates 
hippocampal plasmin activity. Plasmin activity was signifi-
cantly lower in the hippocampus of 5XFAD than in that of WT 
(F6,20=4.296, p<0.05, n=3-4/group, Fig. 2A). Spinosin-treated 
hippocampal slices of 5XFAD showed significantly higher 
plasmin activity than did vehicle-treated hippocampal slices of 
5XFAD (p<0.05, Fig. 2A). Plasmin protein levels were signifi-
cantly lower in the hippocampus of 5XFAD mice than in that 
of WT mice (F2,9=4.483, p<0.05, n=4/group, Fig. 2B, 2C) while 
plasminogen levels were unaffected (F2,9=0.005, p>0.05, n=4/
group, Fig. 2B, 2C). Spinosin treatment rescued this plasmin 
level reduction (Fig. 2B, 2C). 

Spinosin improved LTP in the 5XFAD hippocampus 
through regulation of plasmin activity

To confirm that the effect of spinosin on plasmin was in-
volved in the effect of spinosin on synaptic deficit of the 
5XFAD hippocampus, we investigated whether the plasmin in-
hibitor 6-aminocaproic acid improved the effect of spinosin on 
LTP deficits in the 5XFAD hippocampus. There were signifi-
cant group effects (F3,16=8.12, p<0.05, n=5/group, Fig. 3D). A 
significantly lower LTP level was observed in the hippocampus 
of 5XFAD mice than in that of control mice (control, 145 ± 12, 
n=5; 5XFAD, 109 ± 3, n=5, Fig. 3A, 3D). Spinosin (30 μM) sig-
nificantly improved LTP in the 5XFAD hippocampus (153 ± 12, 
n=5, Fig. 3B, 3D). The effect of spinosin on LTP was blocked 
by 6-aminocaproic acid (105 ± 3, n=5, Fig. 3C, 3D). These re-
sults suggest that spinosin improves LTP deficits in the 5XFAD 
hippocampus through the regulation of plasmin activity. 

DISCUSSION

In the present study, we found that spinosin improves LTP 
in the Aβ-treated hippocampus of normal mice or the hippo-
campus of 5XFAD mice. Spinosin improves plasmin activity, 
which is down-regulated in the hippocampus of 5XFAD mice. 
6-aminocaproic acid blocked this spinosin-improved LTP in 
the hippocampus of 5XFAD mice.

The tissue plasminogen activator (tPA)/plasmin system has 
been suggested as a therapeutic target for AD (Angelucci et 
al., 2019). Plasmin can cleave Aβ and Aβ deposits, suggesting 
that it may be involved in Aβ clearance (Ledesma et al., 2000; 
Jacobsen et al., 2008; Baranello et al., 2015). It was found that 
there is less plasmin activity in the AD brain than in the normal 
brain (Dotti et al., 2004; Barker et al., 2010). tPA administra-
tion, which is believed to activate plasmin, protected against 
memory loss in AD mouse models (Tucker et al., 2000; ElAli 
et al., 2016). Taken together, this information suggests that 
agents, who increase plasmin activity directly or indirectly, 
may be good candidates for AD therapy. In the present study, 
we found that spinosin ameliorated deficits in plasmin activ-
ity in the 5XFAD mouse hippocampus. Interesingly, we found 
that spinosin increase plasmin level and its activity without af-
fecting the level of plasminogen. These suggest that spinosin 
might activate plasminogen cleavage system. Spinosin could 
up-regulate activity of tPA. Otherwise, spinosin may suppress 
activity of neuroserpin or PAI-I, inhibitors of plasminogen acti-
vators. Although we still do not know the precise mechanism 
of the effect of spinosin on plasmin and its side effects, spino-
sin could be considered a candidate for AD therapy. 

Synaptic plasticity is a cellular mechanism of learning and 
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memory (Maren and Baudry, 1995; Sutton and Schuman, 
2006). Aβ induces internalization of the AMPA receptor, a 
major target of synaptic plasticity, and this is believed to be 
a mechanism of Aβ-induced synaptic deficits and memory 
impairment (Lee et al., 2003; Parameshwaran et al., 2008; 
Guntupalli et al., 2016). Because monomeric Aβ does not 
show synaptotoxicity, oligomeric Aβ is believed to be the toxic 
species (Walsh et al., 2002; Ono et al., 2009; Sengupta et 
al., 2016). Therefore, if an agent could dissociate preformed 
oligomeric Aβ, could negate the synaptotoxicity of oligomeric 
Aβ. In the present study, spinosin blocked Aβ-induced synap-
tic deficits. Because spinosin increased plasmin activity, which 
is believed to be involved in Aβ clearance, this is hypothesized 
to be the mechanism of action of spinosin on synaptic deficit. 

We still do not know how spinosin regulates plasmin ac-
tivity, as plasmin could be regulated by various mechanisms. 
Plasmin is produced by proteolytic cleavage of plasminogen 
(Vassalli et al., 1991), and various plasminogen activators, in-
cluding tPA, are involved in this process (Sappino et al., 1993; 
Li et al., 2003). These plasminogen activators are regulated by 
neuroserpin and plasminogen activator inhibitor 1 (Vassalli et 
al., 1991; Krueger et al., 1997; Lebeurrier et al., 2005). How-
ever, plasmin may be inactivated by α2-antiplasmin, a serine 
protase inhibitor (Schaller and Gerber, 2011). Regulation of 
these molecules could regulate plasmin activity. Therefore, 
these molecules may be targets of spinosin. Further research 
is needed to answer these questions. 

ACKNOWLEDGMENTS

This study was supported by the Korea Healthcare Tech-
nology R&D Project, Ministry of Health & Welfare, Republic 
of Korea (HI16C0172), the National Research Foundation of 
Korea (NRF) grant funded by the Ministry of Education, Sci-
ence and Technology (MEST) (2016R1A5A2007009), and the 
BB21+ Project in 2018.

REFERENCES

Alkjaersig, N., Fletcher, A. P. and Sherry, S. (1959) The mechanism of 
clot dissolution by plasmin. J. Clin. Invest. 38, 1086-1095.

Angelucci, F., Cechova, K., Prusa, R. and Hort, J. (2019) Amyloid beta 
soluble forms and plasminogen activation system in Alzheimer’s 
disease: consequences on extracellular maturation of brain-de-
rived neurotrophic factor and therapeutic implications. CNS Neu-
rosci. Ther. 25, 303-313.

Arancibia, S., Silhol, M., Mouliere, F., Meffre, J., Hollinger, I., Maurice, 
T. and Tapia-Arancibia, L. (2008) Protective effect of BDNF against 
beta-amyloid induced neurotoxicity in vitro and in vivo in rats. Neu-
robiol. Dis. 31, 316-326.

Backman, L., Small, B. J. and Fratiglioni, L. (2001) Stability of the pre-
clinical episodic memory deficit in Alzheimer’s disease. Brain 124, 
96-102.

Baranello, R. J., Bharani, K. L., Padmaraju, V., Chopra, N., Lahiri, D. 
K., Greig, N. H., Pappolla, M. A. and Sambamurti, K. (2015) Amy-
loid-beta protein clearance and degradation (ABCD) pathways and 
their role in Alzheimer’s disease. Curr. Alzheimer Res. 12, 32-46.

Barker, R., Love, S. and Kehoe, P. G. (2010) Plasminogen and plasmin 
in Alzheimer’s disease. Brain Res. 1355, 7-15.

Castello, N. A., Nguyen, M. H., Tran, J. D., Cheng, D., Green, K. N. 
and LaFerla, F. M. (2014) 7,8-Dihydroxyflavone, a small molecule 
TrkB agonist, improves spatial memory and increases thin spine 
density in a mouse model of Alzheimer disease-like neuronal loss. 

PLoS ONE 9, e91453.
Criscuolo, C., Fabiani, C., Bonadonna, C., Origlia, N. and Domenici, 

L. (2015) BDNF prevents amyloid-dependent impairment of LTP in 
the entorhinal cortex by attenuating p38 MAPK phosphorylation. 
Neurobiol. Aging 36, 1303-1309.

de Pins, B., Cifuentes-Diaz, C., Farah, A. T., Lopez-Molina, L., Montal-
ban, E., Sancho-Balsells, A., Lopez, A., Gines, S., Delgado-Garcia, 
J. M., Alberch, J., Gruart, A., Girault, J. A. and Giralt, A. (2019) Con-
ditional BDNF delivery from astrocytes rescues memory deficits, 
spine density, and synaptic properties in the 5xFAD mouse model 
of Alzheimer disease. J. Neurosci. 39, 2441-2458.

Dotti, C. G., Galvan, C. and Ledesma, M. D. (2004) Plasmin deficiency 
in Alzheimer’s disease brains: causal or casual? Neurodegener. 
Dis. 1, 205-212.

Draxler, D. F., Sashindranath, M. and Medcalf, R. L. (2017) Plasmin: a 
modulator of immune function. Semin. Thromb. Hemost. 43, 143-
153.

ElAli, A., Bordeleau, M., Theriault, P., Filali, M., Lampron, A. and 
Rivest, S. (2016) Tissue-plasminogen activator attenuates Al-
zheimer’s disease-related pathology development in APPswe/PS1 
mice. Neuropsychopharmacology 41, 1297-1307.

Gao, L., Tian, M., Zhao, H. Y., Xu, Q. Q., Huang, Y. M., Si, Q. C., Tian, 
Q., Wu, Q. M., Hu, X. M., Sun, L. B., McClintock, S. M. and Zeng, Y. 
(2016) TrkB activation by 7, 8-dihydroxyflavone increases synapse 
AMPA subunits and ameliorates spatial memory deficits in a mouse 
model of Alzheimer’s disease. J. Neurochem. 136, 620-636.

Gray, K. and Ellis, V. (2008) Activation of pro-BDNF by the pericellular 
serine protease plasmin. FEBS Lett. 582, 907-910.

Ittner, L. M. and Gotz, J. (2011) Amyloid-beta and tau--a toxic pas de 
deux in Alzheimer’s disease. Nat. Rev. Neurosci. 12, 65-72.

Guntupalli, S., Widagdo, J. and Anggono, V. (2016) Amyloid-β-induced 
dysregulation of AMPA receptor trafficking. Neural Plast. 2016, 
3204519.

Jacobsen, J. S., Comery, T. A., Martone, R. L., Elokdah, H., Crandall, 
D. L., Oganesian, A., Aschmies, S., Kirksey, Y., Gonzales, C., Xu, 
J., Zhou, H., Atchison, K., Wagner, E., Zaleska, M. M., Das, I., 
Arias, R. L., Bard, J., Riddell, D., Gardell, S. J., Abou-Gharbia, M., 
Robichaud, A., Magolda, R., Vlasuk, G. P., Bjornsson, T., Reinhart, 
P. H. and Pangalos, M. N. (2008) Enhanced clearance of Abeta 
in brain by sustaining the plasmin proteolysis cascade. Proc. Natl. 
Acad. Sci. U.S.A. 105, 8754-8759.

Jin, M., Shepardson, N., Yang, T., Chen, G., Walsh, D. and Selkoe, 
D. J. (2011) Soluble amyloid beta-protein dimers isolated from Al-
zheimer cortex directly induce Tau hyperphosphorylation and neu-
ritic degeneration. Proc. Natl. Acad. Sci. U.S.A. 108, 5819-5824.

Ko, S. Y., Lee, H. E., Park, S. J., Jeon, S. J., Kim, B., Gao, Q., Jang, D. 
S. and Ryu, J. H. (2015) Spinosin, a C-glucosylflavone, from Zizy-
phus jujuba var. spinosa ameliorates Abeta1-42 oligomer-induced 
memory impairment in mice. Biomol. Ther. (Seoul) 23, 156-164.

Krueger, S. R., Ghisu, G. P., Cinelli, P., Gschwend, T. P., Osterwalder, 
T., Wolfer, D. P. and Sonderegger, P. (1997) Expression of neuro-
serpin, an inhibitor of tissue plasminogen activator, in the devel-
oping and adult nervous system of the mouse. J. Neurosci. 17, 
8984-8996.

Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U., Guer-
rero-Munoz, M. J., Kiritoshi, T., Neugebauer, V., Jackson, G. R. and 
Kayed, R. (2012) Alzheimer brain-derived tau oligomers propagate 
pathology from endogenous tau. Sci. Rep. 2, 700.

Lebeurrier, N., Liot, G., Lopez-Atalaya, J. P., Orset, C., Fernandez-
Monreal, M., Sonderegger, P., Ali, C. and Vivien, D. (2005) The 
brain-specific tissue-type plasminogen activator inhibitor, neuro-
serpin, protects neurons against excitotoxicity both in vitro and in 
vivo. Mol. Cell. Neurosci. 30, 552-558.

Ledesma, M. D., Da Silva, J. S., Crassaerts, K., Delacourte, A., De 
Strooper, B. and Dotti, C. G. (2000) Brain plasmin enhances APP 
alpha-cleavage and Abeta degradation and is reduced in Alzheim-
er’s disease brains. EMBO Rep. 1, 530-535.

Lee, H. K., Takamiya, K., Han, J. S., Man, H., Kim, C. H., Rumbaugh, 
G., Yu, S., Ding, L., He, C., Petralia, R. S., Wenthold, R. J., Gal-
lagher, M. and Huganir, R. L. (2003) Phosphorylation of the AMPA 
receptor GluR1 subunit is required for synaptic plasticity and reten-
tion of spatial memory. Cell 112, 631-643.



136https://doi.org/10.4062/biomolther.2019.076

Li, W. Y., Chong, S. S., Huang, E. Y. and Tuan, T. L. (2003) Plasmino-
gen activator/plasmin system: a major player in wound healing? 
Wound Repair Regen. 11, 239-247.

Maren, S. and Baudry, M. (1995) Properties and mechanisms of long-
term synaptic plasticity in the mammalian brain: relationships to 
learning and memory. Neurobiol. Learn. Mem. 63, 1-18.

Ono, K., Condron, M. M. and Teplow, D. B. (2009) Structure-neuro-
toxicity relationships of amyloid beta-protein oligomers. Proc. Natl. 
Acad. Sci. U.S.A. 106, 14745-14750.

Parameshwaran, K., Dhanasekaran, M. and Suppiramaniam, V. 
(2008) Amyloid beta peptides and glutamatergic synaptic dysregu-
lation. Exp. Neurol. 210, 7-13.

Park, H. J., Jung, I. H., Kwon, H., Yu, J., Jo, E., Kim, H., Park, S. J., 
Lee, Y. C., Kim, D. H. and Ryu, J. H. (2019) The ethanol extract of 
Zizyphus jujuba var. spinosa seeds ameliorates the memory defi-
cits in Alzheimer’s disease model mice. J. Ethnopharmacol. 233, 
73-79.

Rodier, M., Prigent-Tessier, A., Bejot, Y., Jacquin, A., Mossiat, C., 
Marie, C. and Garnier, P. (2014) Exogenous t-PA administration 
increases hippocampal mature BDNF levels. plasmin- or NMDA-
dependent mechanism? PLoS ONE 9, e92416.

Sappino, A. P., Madani, R., Huarte, J., Belin, D., Kiss, J. Z., Wohlwend, 
A. and Vassalli, J. D. (1993) Extracellular proteolysis in the adult 
murine brain. J. Clin. Invest. 92, 679-685.

Schaller, J. and Gerber, S. S. (2011) The plasmin-antiplasmin system: 

structural and functional aspects. Cell. Mol. Life Sci. 68, 785-801.
Sengupta, U., Nilson, A. N. and Kayed, R. (2016) The role of amyloid-β 

oligomers in toxicity, propagation, and immunotherapy. EBioMedi-
cine 6, 42-49. 

Sevush, S. and Leve, N. (1993) Denial of memory deficit in Alzheim-
er’s disease. Am. J. Psychiatry 150, 748-751.

Shergis, J. L., Ni, X., Sarris, J., Zhang, A. L., Guo, X., Xue, C. C., Lu, 
C. and Hugel, H. (2017) Ziziphus spinosa seeds for insomnia: a 
review of chemistry and psychopharmacology. Phytomedicine 34, 
38-43.

Sutton, M. A. and Schuman, E. M. (2006) Dendritic protein synthesis, 
synaptic plasticity, and memory. Cell 127, 49-58.

Tucker, H. M., Kihiko-Ehmann, M., Wright, S., Rydel, R. E. and Es-
tus, S. (2000) Tissue plasminogen activator requires plasminogen 
to modulate amyloid-beta neurotoxicity and deposition. J. Neuro-
chem. 75, 2172-2177.

Van Nostrand, W. E. and Porter, M. (1999) Plasmin cleavage of the 
amyloid beta-protein: alteration of secondary structure and stimu-
lation of tissue plasminogen activator activity. Biochemistry 38, 
11570-11576.

Vassalli, J. D., Sappino, A. P. and Belin, D. (1991) The plasminogen 
activator/plasmin system. J. Clin. Invest. 88, 1067-1072.

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Rowan, M. J. and Selkoe, 
D. J. (2002) Amyloid-beta oligomers: their production, toxicity and 
therapeutic inhibition. Biochem. Soc. Trans. 30, 552-557.

Biomol  Ther 28(2), 131-136 (2020) 




