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Abstract
Prion protein peptide (PrP) has been associated with neurotoxicity in brain cells and progression of prion diseases due to
spongiform degeneration and accumulation of the infectious scrapie prion protein (PrPSc). Autophagy has been shown to provide
protective functions for neurodegenerative diseases, including prion disease. Thymosin beta 4 (Tβ4) plays a key role in the
nervous system, providing a neuronal growth effect that includes motility, neurite outgrowth, and proliferation. However, the
effect of Tβ4 on autophagy in prion disease has not been investigated. In this study, we investigated the neuroprotective effects of
Tβ4, an activator of autophagy, in cholinergic signaling activation in PrP (106–126)-treated HT22 cells. We found that Tβ4-
induced autophagy markers, LC3A/B and Beclin1, were protective against PrP-induced neurotoxicity. Interestingly, a balance
between autophagy markers and autophagy pathway factors (AKT, p-AKT, mTOR, and p-mTOR) was maintained by Tβ4

competitively against each protein factors reacted to PrP (106–126). The cholinergic signaling markers ChTp and AChE, which
play an important role in the brain, were maintained by Tβ4 competitively against each protein factors reacted to PrP (106–126).
However, these results were reversed by 3-MA, an autophagy inhibitor. Taken together, our results indicate that Tβ4 has
cholinergic signaling activities through the induction of autophagy. Thus, Tβ4 may be to a potential therapeutic agent for
preventing neurodegenerative diseases.
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Introduction

Prion diseases, also known as transmissible spongiform en-
cephalopathies (TSEs), belong to a group of neurodegenera-
tive disorders. Prion diseases arise due to the misfolding of the
normal cellular prion (PrPC) into the scrapie isoform of the
prion protein (PrPSc) (Prusiner 1982). The PrP fragment (106–
126) has demonstrated similar properties to PrPsc and induces
neurotoxicity in brain cells due to spongiform degenerative,
amyloidogenic, and aggregative properties (Melo et al. 2007).
It also results in neurotoxicity through other unknown
mechanisms.

Autophagy is a life-sustaining response to cellular stress
conditions (Boya et al. 2013; Hubbi and Semenza 2015).
Autophagy plays an important role in adaptation to starvation
(Larsen and Sulzer 2002), cancer (Rosenfeldt and Ryan 2011),
immunity (Deretic et al. 2013; Zhong et al. 2016), and neuro-
protection (Cherra III and Chu 2008). Previous studies have
shown that functional impairment of autophagy is observed in
neurodegenerative diseases such as Alzheimer’s, Parkinson’s,
and Huntington’s diseases as well as in prion diseases
(Boellaard et al. 1991; Kiriyama and Nochi 2015; Sikorska
et al. 2007). In addition, induction of autophagy had been
shown to reduce the amount of PrPSc (Heiseke et al. 2010;
Nakagaki et al. 2013).

Thymosin beta 4 (Tβ4) is a small actin monomer-binding
molecule present in all mammalian species (Yu et al. 1993).
Previous studies have reported that Tβ4 plays an important
role in neuronal survival, anti-apoptotic, anti-inflammatory,
and angiogenic functions both in vitro and in vivo (Malinda
et al. 1999; Philp et al. 2004; Sosne et al. 2001). However, the
effect of Tβ4 on PrPSc-induced autophagy inhibition is still
unknown.

* Sokho Kim
raios@hanmail.net

* Jungkee Kwon
jkwon@jbnu.ac.kr

1 Department of Laboratory Animal Medicine, College of Veterinary
Medicine, Chonbuk National University, 79 Gobongro, Iksan 54596,
Republic of Korea

Neurotoxicity Research (2019) 36:58–65
https://doi.org/10.1007/s12640-018-9985-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s12640-018-9985-0&domain=pdf
http://orcid.org/0000-0001-6008-3918
mailto:raios@hanmail.net
mailto:jkwon@jbnu.ac.kr


Here, we investigated the neuroprotective effect of Tβ4
in PrP (106–126)-treated hippocampal neuronal cells. In
addition, we investigated how Tβ4 changes the expression
of autophagy pathway proteins in PrP (106–126)-treated
HT22 cells.

Materials and Methods

Chemicals

Tβ4 was purchased from Tocris Bioscience (Bristol, UK).
Synthetic PrP (106–126) were synthesized by Peptron
(Seoul, Korea) (Na et al. 2014). The PrP peptides were dis-
solved in sterile dimethyl sulfoxide at a concentration of
10 mM and stored at − 72 °C. Primary antibodies raised
against LC3A/B, Beclin1, mammalian target of rapamycin
(mTOR), phosphorylated (p) - mTOR, protein kinase B
(AKT), and p-AKT were purchased from Cell Signaling
Technology (Beverly, MA, USA). Primary antibodies raised
against β-actin and Acetylcholinesterase (AChE) were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA), the choline transporter (ChTp) antibody was pur-
chased from Millipore (Temecula, CA, USA). Secondary an-
tibodies (i.e., anti-rabbit, anti-goat and anti-mouse IgG anti-
body conjugated with horseradish peroxidase) were obtained
fromMillipore. All other chemicals and reagents were analyt-
ical grade.

Cell Culture

Hippocampal neuronal cells (HT22 cells) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Hyclone,
Logan, UT, USA) containing 10% FBS (Hyclone, Canada)
and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis,
MO, USA) in a humidified incubator with 5% CO2 at 37 °C.
The medium was changed every 2–3 days. The cells were
treated with 0.4 μg/mL of Tβ4 and 100 μM PrP (106–126).
Then, the autophagy inhibitor 3-Methyladenine (3-MA;
5 mM) was added for 3 h, and the mTOR inhibitor rapamycin
(1 μM) was applied for 24 h.

Cell Viability Assay

Cell survival was determined using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit
(Sigma-Aldrich, St. Louis, MO, USA). HT22 cells were plat-
ed at 2 × 104cells/well on 48-well plates (Nunc, NY, USA).
After a 24 h incubation, Tβ4 (0.1–1 μg/mL) and PrP (25–200
μΜ) were applied for 24 h. HT22 cells were then incubated
with MTT for 2 h at 37 °C in a 5% CO2 incubator. The
absorbance was determined at 540 nm using a microplate

reader (PowerWave 2, Bio-Tek Instruments, Winooski, VT,
USA).

Western Blotting

Cell pellets were treated with lysis buffer (140 mM NaCl,
25 mM Tris–HCl (pH 7.4), and 1% NP-40) and freshly added
protease inhibitor cocktail (BD Biosciences, San Jose, CA).
Proteins were subjected to SDS-polyacrylamide gel electro-
phoresis on a 6–15% gel and electrophoretically transferred to
PVDFmembranes (BioRad, Hercules, CA). Membranes were
blocked in 5% skimmilk in PBS and then incubated with each
primary antibody, diluted 1:1000 in 1% skimmilk in PBS, and
membranes were incubated with primary antibodies overnight
at 4 °C. Membranes were then incubated with each secondary
antibody, diluted to 1:10000 at room temperature for 1 h.
Immunoreactive bands were visualized with SuperSignal
West Dura Extended Duration Substrate (Thermo Fisher
Scientific, Rockford, IL, USA) on a chemiImager system
(Alpha Innotech, San Leandro, CA, USA).

Lactate Dehydrogenase (LDH) Assay

Level of LDHwas measured using an LDH cytotoxicity assay
kit (Cayman Chemical Co., Ann Arbor, MI, USA). Briefly,
cells were plated at 1 × 104cells/well on 96-well plates. Cells
were treated with either PrP (106–126) or PrP (106–126) and
Tβ4 and then added with 3-MA or rapamycin. Supernatants
were used for the determination of LDH concentration accord-
ing to the manufacturer’s instructions.

Statistical Analysis

All the data in this paper were performed in triplicate, at a
minimum. And all values were expressed as mean ± standard
error (SE). Statistical differences between two groups were
determined by one-way ANOVA and Student’s t test. p values
< 0.05 were considered statistically significant.

Results

Tβ4 Protects HT22 Cells against PrP (106–126)
-Induced Neurotoxicity

To assess the effects of Tβ4 on the viability of PrP (106–126)-
treated HT22 cells, we conducted an MTT assay. Tβ4-treated
cells did not exhibit significant cell death (Fig. 1a). Cell via-
bility of PrP (106–126)-treated cells was significantly de-
creased in a dose-dependent manner compared to cell viability
in control cells. Cell viability decreased by 60% with PrP
(106–126) 100 μM treatment (Fig. 1b). We also confirmed
the effect of Tβ4 on PrP (106–126)-treated HT22 cells. Cell
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viability of Tβ4-treated cells was significantly increased in a
dose-dependent manner in cells treated with PrP (106–126)
(Fig. 1c). These results suggested that Tβ4 inhibits neurotox-
icity induced by PrP (106–126) in HT22 cells.

Tβ4 Treatment Leads to an Increase in Autophagy
Markers

The expression of LC3A/B and Beclin1, which are markers of
autophagy, was determined by Western blot analysis of Tβ4
or PrP (106–126)-treated HT22 cells. Tβ4 treatment signifi-
cantly increased the protein expression of LC3A/B-II and
Beclin1. In addition, the greatest expression was shown with
0.4 μg/mL Tβ4 treatment (Fig. 2a). PrP (106–126) signifi-
cantly decreased the expression of LC3A/B-II and Beclin1
in a dose-dependent manner compared to the control (Fig.
2b). Based on these results, 0.4 μg/mL of Tβ4 and 100 μM
of PrP (106–126) were used in subsequent experiments. These
results suggest that Tβ4 induces autophagy, whereas PrP
(106–126) decreases autophagy.

The PI3K/AKT/mTOR Signaling Pathway Is Involved
in Tβ4-Induced Autophagy

mTOR is an important negative regulator of the autophagic
process and is regulated by growth factors, starvation, and
cellular stressors (Noda and Ohsumi 1998; Schmelzle and
Hall 2000). The PI3K/AKT pathway is a critical upstream
modulator of mTOR (Hay 2005). Therefore, we confirmed
the association of Tβ4 (0.4 μg/mL) and the PI3K/AKT/
mTOR pathway using the mTOR inhibitor rapamycin in
HT22 cells treated with PrP (106–126) 100 μM (Fig. 3a, b).
The expression of p-AKT and p-mTOR decreased with Tβ4
treatment, while p-AKT and p-mTOR expression increased
with PrP (106–126) treatment. Cells co-treated with Tβ4
and PrP (106–126) showed significantly decreased expression

of p-AKT and p-mTOR compared to cells treated with PrP
(106–126) alone. In addition, rapamycin decreased the expres-
sion of p-AKT and p-mTOR compared to Tβ4 and PrP (106–
126) treatment. Tβ4 significantly increased the expression of
LC3A/B-II and Beclin1, whereas PrP (106–126) significantly
decreased the expression of LC3A/B-II and Beclin1 compared
to the control. Cells co-treated with Tβ4 and PrP (106–126)
showed a significant increase in the expression of LC3A/B-II
and Beclin1 compared to PrP (106–126) treatment alone.
Moreover, rapamycin increased the expression of LC3A/B-II
and Beclin1 compared to Tβ4 and PrP (106–126) treatment.
These results indicate that Tβ4 induces autophagy by inhibi-
tion of the PI3K/AKT/mTOR pathway in PrP (106–126)-
treated HT22 cells.

Tβ4 Increases Cholinergic Signaling Through
Induction of Autophagy

We confirmed the association of Tβ4-induced autophagy and
cholinergic signaling in HT22 cells treated with PrP (106–
126) and autophagy inhibitor (3-MA) (Fig. 4). The expression
of ChTp increased in Tβ4-treated cells, but decreased in PrP
(106–126)-treated cells. Cells co-treated with Tβ4 and PrP
(106–126) showed significantly increased ChTp expression
compared to PrP (106–126)-treated cells. However, 3-MA
reversed the increase in ChTp expression in cells co-treated
with Tβ4 and PrP (106–126). The expression of AChE de-
creased in Tβ4-treated cells, whereas the expression of AChE
in PrP (106–126)-treated cells increased compared to the con-
trol. Cells co-treated with Tβ4 and PrP (106–126) showed
significantly decreased AChE expression compared to cells
treated with PrP (106–126). 3-MA significantly reversed the
inhibitory activity of Tβ4 on PrP (106–126)-induced AChE
expression. This result showed that Tβ4-induced autophagy
affects the expression of ChTp and AChE in PrP (106–126)-
treated HT22 cells.

Fig. 1 Treatment with thymosin beta 4 inhibits PrP (106–126)-induced
cell death. Cell viability was determinedwith anMTTassay. aHT22 cells
were treated with various concentrations of Tβ4 (0.1–1 μg/mL). b HT22
cells were treated with various concentrations of PrP (106–126) (25–
200 μM). c HT22 cells were treated with various concentrations of Tβ4

(0.1–1μg/mL) and were then exposed to 100 μMPrP (106–126) for 24 h.
Data are expressed as the mean ± SEM (n = 3). *p < 0.05, compared to
control. **p < 0.01, compared to control. ***p < 0.001, compared to
control. #p < 0.05, compared to the PrP-only treated group. ##p < 0.01,
compared to the PrP-only treated group
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Tβ4-Induced Autophagy Protects Against PrP
(106–126)-Induced Cell Death

We evaluated the effects of Tβ4-induced autophagy on the
viability of PrP (106–126)-treated HT22 cells using 3-MA
or rapamycin (Fig. 5a, b). PrP (106–126) and 3-MA treatment
showed a significant decrease compared to PrP (106–126)-
only treated group. Moreover, PrP (106–126) and 3-MA treat-
ment induced significant over-production of LDH, which is a
marker of toxicity. As expected, Tβ4 treatment significantly
increased cell viability and decreased the level of LDH com-
pared to PrP (106–126) and 3-MA treatment. PrP (106–126)
and rapamycin treatment showed a significant increase com-
pared to PrP (106–126)-only treated group. Moreover, PrP
(106–126) and rapamycin treatment significantly decreased
the level of LDH. In addition, Tβ4 treatment significantly
increased cell viability and decreased the level of LDH

compared to PrP (106–126) and rapamycin treatment. These
results suggested that Tβ4-induced autophagy inhibits neuro-
toxicity induced by PrP (106–126) in HT22 cells.

Discussion

The present study demonstrates for the first time that the
association between Tβ4 and cholinergic signaling regu-
lates the autophagy and thus plays a pivotal role in the
neuroprotective effects. There is a considerable amount
of recent evidence that Tβ4 has survival and angiogenic
properties, protects tissue against damage, and promotes
tissue regeneration. In addition, Tβ4 plays a key role in
anti-apoptosis, neurite formation, cell proliferation, and
neuronal survival (Malinda et al. 1999; Pirkkala et al.
2001; Pollard and Borisy 2003; Yang et al. 2008).

Fig. 2 Thymosin beta 4 induces the production of autophagy markers. a
HT22 cells were treated with various concentrations of Tβ4 (0.1–1 μg/
mL). b HT22 cells were treated with various concentrations of PrP (106–
126) (25–200 μM). The treated cells were assessed for LC3A/B and

Beclin1 production by Western blot analysis. Data are expressed as the
mean ± SEM (n = 3). *p < 0.05, compared to control. **p < 0.01,
compared to control. ***p < 0.001, compared to control
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The PrP fragment PrP (106–126) possesses the majority of
the pathogenic properties associated with the infectious PrPSc.
The accumulation of PrPSc in the brain of humans and animals
has negative effects on the central nervous system. Here, PrP
(106–126) decreased cell viability in a dose-dependent man-
ner, whereas Tβ4 increased cell viability in PrP (106–126)-
treated HT22 cells in a dose-dependent manner (Fig. 1b, c).
These results show that Tβ4 protects against PrP (106–126)-
induced neurotoxicity.

Autophagy is an important mechanism in various physio-
pathological processes, including tumorigenesis, develop-
ment, cell death, and cell survival (Mizushima et al. 2008;
Rubinsztein 2006). Previous studies have reported that au-
tophagy plays a key role in promoting cell survival against
apoptosis (Eisenberg-Lerner et al. 2009), and autophagic vac-
uoles have been observed in prion-infected cultured neuronal
cells (Schatzl et al. 1997). The LC3A/B protein is localized to
and aggregated on the autophagosome and, therefore, is
regarded as a marker for autophagy. Beclin1 is considered
an essential protein for the nucleation step of autophagy and
is crucial for the autophagy pathway (Meyer et al. 2013).
Thus, we investigated autophagy induction by measuring
LC3A/B and Beclin1 in Tβ4 or PrP (106–126)-treated
HT22 cells. Tβ4 significantly increased expression of
LC3A/B-II and Beclin1, whereas PrP (106–126) decreased

expression of LC3A/B-II and Beclin1 in a dose-dependent
manner (Fig. 2a, b). These results indicate that Tβ4 induces
autophagy.

The signaling molecule of the PI3K/AKT/mTOR pathway,
mTOR, is closely associated with the inhibition of autophagy
(Singh et al. 2012). For these reasons, the total and phosphor-
ylated levels of AKT and mTOR were measured to determine
whether the PI3K/AKT/mTOR pathway was involved in
Tβ4-induced autophagy. As expected, Tβ4 significantly de-
creased the phosphorylation expression levels of mTOR and
AKT, which had increased in HT22 cells with exposure to PrP
(106–126). In addition, phosphorylation levels of mTOR and
AKT in cells treated with rapamycin were lower than in cells
treated with Tβ4 and PrP (106–126) (Fig. 3a, b). This result
suggests that inhibiting the PI3K/AKT/mTOR pathway is im-
portant for regulating Tβ4-induced autophagy. In addition,
Tβ4 in combination with rapamycin could be useful for ther-
apeutic purposes.

The cholinergic neurotransmitter system requires the co-
expression of proteins involved in acetylcholine (ACh) syn-
thesis, storage, and release (Aizawa and Yamamuro 2010).
ChTp and AChE play critical roles in the maintenance of
ACh level and as cholinergic marker enzymes (Zhao et al.
2015). ChTp is a transmembrane protein localized at the nerve
terminals and binds to extracellular acetylcholine with high

Fig. 3 Thymosin beta 4 induced autophagy by inhibiting the PI3K/AKT/
mTOR signaling pathway in PrP (106–126)-treated HT22cells. a HT22
cells were stimulated with 100 μMPrP (106–126) for 24 h in the absence
or presence of Tβ4 (0.4 μg/mL) or mTOR inhibitor (rapamycin). b The
bar graphs indicate the average p-mTOR/mTOR, p-AKT/AKT, LC3A/B,

and Beclin1 activity. Data are expressed as the mean ± SEM (n = 3).
**p < 0.01, compared to control. ***p < 0.001, compared to control.
#p < 0.05, compared to the PrP-only treated group. ##p < 0.01, compared
to the PrP-only treated group. ###p < 0.001, compared to the PrP-only
treated group
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affinity and transports it into the cell (Bales et al. 2006; Perry
et al. 1993). AChE hydrolyzes the acetylcholine in

neuromuscular junctions and brain cholinergic synapses and
terminates signal transmission. A previous study considered

Fig. 4 Expression of cholinergic signaling factors ChTp and AChE in
conditions of activated autophagy. HT22 cells were pre-treated for 3 h
with the autophagy inhibitor 3-methyladenine (3-MA; 5 mM) and were
stimulated with 100 μM PrP (106–126) for 24 h in the absence or

presence of Tβ4 (0.4 μg/mL). Data are expressed as the mean ± SEM
(n = 3). *p < 0.05, compared to control. **p < 0.01, compared to control.
***p < 0.001, compared to control. #p < 0.05, compared to the PrP-only
treated group

Fig. 5 Tβ4-induced autophagy protects against cell death by PrP (106–
126). HT22 cells were stimulated with 100 μMPrP (106–126) for 24 h in
the absence or presence of Tβ4 (0.4 μg/mL) or mTOR inhibitor
(rapamycin) or autophagy inhibitor (3-MA). Accordingly, cell viability
was assessed by a MTT assay and b LDH release assay. Data are

expressed as the mean ± SEM (n = 3). ***p < 0.001, compared to control.
##p < 0.01, compared to the PrP-only treated group. ###p < 0.001,
compared to the PrP-only treated group. +p < 0.05, compared to PrP
and rapamycin treated group. $p < 0.05, compared to PrP and 3-MA
treated group
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the relevance of cholinergic dysfunction in Alzheimer’s dis-
ease (AD) and related neurodegenerative pathologies
(Contestabile et al. 2008). However, the effects of Tβ4 on
cholinergic dysfunction induced by PrPSc are still unknown.
Thus, we investigated whether Tβ4 recovered cholinergic
dysfunction in PrP (106–126)-treated HT22 cells. In this
study, we found that Tβ4 up-regulated ChTp expression in
PrP (106–126)-treated HT22 cells, whereas increased levels
of ChTp were reversed by 3-MA, an autophagy inhibitor. Tβ4
down-regulated AChE expression in PrP (106–126)-treated
HT22 cells, whereas decreased AChE was reversed by 3-
MA (Fig. 4). The results of the present study show that Tβ4
increases autophagy and leads to activation of cholinergic sig-
naling through the induction of autophagy in PrP (106–126)-
treated HT22 cells. Therefore, this result may highlight one of
the key mechanisms underlying the observed neuroprotective
effects of Tβ4.

For these reasons, we investigated whether Tβ4-
induced autophagy protected PrP (106–126)-induced neu-
rotoxicity in HT22 cells. PrP (106–126) and 3-MA de-
creased cell viability, increased level of LDH. Whereas,
PrP (106–126) and rapamycin increased cell viability, de-
creased level of LDH. In addition, Tβ4 treatment up-
regulated cell viability, down-regulated level of LDH com-
pared to PrP (106–126) with 3-MA or rapamycin treat-
ment. The results of the present study show that autophagy
induced by Tβ4 and rapamycin prevents against PrP (106–
126)-induced neurotoxicity.

In summary, regulating autophagy could be a therapeutic
target for recovering cholinergic function in a cellular prion
disease model. Although further studies are needed, autopha-
gy activity from neurons treated with Tβ4 may be an ideal
therapeutic target for novel neuroprotective drugs.

Funding Information This work was supported by a grant from the
National Research Foundation of Korea, funded by the Korean govern-
ment (NRF-2015R1D1A1A01057696).

References

Aizawa S, Yamamuro Y (2010) Involvement of histone acetylation in the
regulation of choline acetyltransferase gene in NG108-15 neuronal
cells. Neurochem Int 56:627–633. https://doi.org/10.1016/j.neuint.
2010.01.007

Bales KR, Tzavara ET, Wu S, Wade MR, Bymaster FP, Paul SM,
Nomikos GG (2006) Cholinergic dysfunction in a mouse
model of Alzheimer disease is reversed by an anti-A beta
antibody. J Clin Invest 116:825–832. https://doi.org/10.1172/
jci27120

Boellaard JW, KaoM, SchloteW, Diringer H (1991) Neuronal autophagy
in experimental scrapie. Acta Neuropathol 82:225–228

Boya P, Reggiori F, Codogno P (2013) Emerging regulation and functions
of autophagy. Nat Cell Biol 15:713–720. https://doi.org/10.1038/
ncb2788

Cherra SJ III, Chu CT (2008) Autophagy in neuroprotection and neuro-
degeneration: a question of balance. Future Neurol 3:309–323.
https://doi.org/10.2217/14796708.3.3.309

Contestabile A, Ciani E, Contestabile A (2008) The place of choline
acetyltransferase activity measurement in the Bcholinergic
hypothesis^ of neurodegenerative diseases. Neurochem Res 33:
318–327. https://doi.org/10.1007/s11064-007-9497-4

Deretic V, Saitoh T, Akira S (2013) Autophagy in infection, inflammation
and immunity. Nat Rev Immunol 13:722–737. https://doi.org/10.
1038/nri3532

Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A (2009) Life and
death partners: apoptosis, autophagy and the cross-talk between
them. Cell Death Differ 16:966–975. https://doi.org/10.1038/cdd.
2009.33

Hay N (2005) The Akt-mTOR tango and its relevance to cancer. Cancer
Cell 8:179–183. https://doi.org/10.1016/j.ccr.2005.08.008

Heiseke A, Aguib Y, Schatzl HM (2010) Autophagy, prion infection and
their mutual interactions. Curr Issues Mol Biol 12:87–97

HubbiME, Semenza GL (2015)An essential role for chaperone-mediated
autophagy in cell cycle progression. Autophagy 11:850–851. https://
doi.org/10.1080/15548627.2015.1037063

Kiriyama Y, Nochi H (2015) The function of autophagy in neurodegen-
erative diseases. Int J Mol Sci 16:26797–26812. https://doi.org/10.
3390/ijms161125990

Larsen KE, Sulzer D (2002) Autophagy in neurons: a review. Histol
Histopathol 17:897–908. https://doi.org/10.14670/hh-17.897

Malinda KM, Sidhu GS, Mani H, Banaudha K, Maheshwari RK,
Goldstein AL, Kleinman HK (1999) Thymosin beta4 accelerates
wound healing. J Invest Dermatol 113:364–368. https://doi.org/10.
1046/j.1523-1747.1999.00708.x

Melo JB, Agostinho P, Oliveira CR (2007) Prion protein aggregation and
neurotoxicity in cortical neurons. Ann N YAcad Sci 1096:220–229.
https://doi.org/10.1196/annals.1397.088

Meyer G, Czompa A, Reboul C, Csepanyi E, Czegledi A, Bak I, Balla G,
Balla J, Tosaki A, Lekli I (2013) The cellular autophagy markers
Beclin-1 and LC3B-II are increased during reperfusion in fibrillated
mouse hearts. Curr Pharm Des 19:6912–6918

Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy
fights disease through cellular self-digestion. Nature 451:1069–
1075. https://doi.org/10.1038/nature06639

Na JY, Kim S, Song K, Kwon J (2014) Rutin alleviates prion peptide-
induced cell death through inhibiting apoptotic pathway activation
in dopaminergic neuronal cells. Cell Mol Neurobiol 34:1071–1079.
https://doi.org/10.1007/s10571-014-0084-3

Nakagaki T, Satoh K, Ishibashi D, Fuse T, SanoK, Kamatari YO, Kuwata
K, Shigematsu K, Iwamaru Y, Takenouchi T, Kitani H, Nishida N,
Atarashi R (2013) FK506 reduces abnormal prion protein through
the activation of autolysosomal degradation and prolongs survival in
prion-infected mice. Autophagy 9:1386–1394. https://doi.org/10.
4161/auto.25381

Noda T, Ohsumi Y (1998) Tor, a phosphatidylinositol kinase homologue,
controls autophagy in yeast. J Biol Chem 273:3963–3966

Perry EK, Irving D, Kerwin JM, McKeith IG, Thompson P, Collerton D,
Fairbairn AF, Ince PG, Morris CM, Cheng AV, Perry RH (1993)
Cholinergic transmitter and neurotrophic activities in Lewy body
dementia: similarity to Parkinson’s and distinction from Alzheimer
disease. Alzheimer Dis Assoc Disord 7:69–79

Philp D, Goldstein AL, Kleinman HK (2004) Thymosin beta4 promotes
angiogenesis, wound healing, and hair follicle development. Mech
Ageing Dev 125:113–115. https://doi.org/10.1016/j.mad.2003.11.005

Pirkkala L, Nykanen P, Sistonen L (2001) Roles of the heat shock tran-
scription factors in regulation of the heat shock response and be-
yond. FASEB J 15:1118–1131

Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112:453–465

64 Neurotox Res (2019) 36:58–65

https://doi.org/10.1016/j.neuint.2010.01.007
https://doi.org/10.1016/j.neuint.2010.01.007
https://doi.org/10.1172/jci27120
https://doi.org/10.1172/jci27120
https://doi.org/10.1038/ncb2788
https://doi.org/10.1038/ncb2788
https://doi.org/10.2217/14796708.3.3.309
https://doi.org/10.1007/s11064-007-9497-4
https://doi.org/10.1038/nri3532
https://doi.org/10.1038/nri3532
https://doi.org/10.1038/cdd.2009.33
https://doi.org/10.1038/cdd.2009.33
https://doi.org/10.1016/j.ccr.2005.08.008
https://doi.org/10.1080/15548627.2015.1037063
https://doi.org/10.1080/15548627.2015.1037063
https://doi.org/10.3390/ijms161125990
https://doi.org/10.3390/ijms161125990
https://doi.org/10.14670/hh-17.897
https://doi.org/10.1046/j.1523-1747.1999.00708.x
https://doi.org/10.1046/j.1523-1747.1999.00708.x
https://doi.org/10.1196/annals.1397.088
https://doi.org/10.1038/nature06639
https://doi.org/10.1007/s10571-014-0084-3
https://doi.org/10.4161/auto.25381
https://doi.org/10.4161/auto.25381
https://doi.org/10.1016/j.mad.2003.11.005


Prusiner SB (1982) Novel proteinaceous infectious particles cause scra-
pie. Science (New York, NY) 216:136–144

Rosenfeldt MT, Ryan KM (2011) The multiple roles of autophagy in cancer.
Carcinogenesis 32:955–963. https://doi.org/10.1093/carcin/bgr031

Rubinsztein DC (2006) The roles of intracellular protein-degradation
pathways in neurodegeneration. Nature 443:780–786. https://doi.
org/10.1038/nature05291

Schatzl HM et al (1997) A hypothalamic neuronal cell line persistently in-
fected with scrapie prions exhibits apoptosis. J Virol 71:8821–8831

Schmelzle T, Hall MN (2000) TOR, a central controller of cell growth.
Cell 103:253–262

Sikorska B, Liberski PP, Brown P (2007) Neuronal autophagy and
aggresomes constitute a consistent part of neurodegeneration in ex-
perimental scrapie. Folia Neuropathol 45:170–178

Singh BN, Kumar D, Shankar S, Srivastava RK (2012) Rottlerin induces
autophagy which leads to apoptotic cell death through inhibition of
PI3K/Akt/mTOR pathway in human pancreatic cancer stem cells.
Biochem Pharmacol 84:1154–1163. https://doi.org/10.1016/j.bcp.
2012.08.007

Sosne G, Chan CC, Thai K, Kennedy M, Szliter EA, Hazlett LD,
Kleinman HK (2001) Thymosin beta 4 promotes corneal

wound healing and modulates inflammatory mediators
in vivo. Exp Eye Res 72:605–608. https://doi.org/10.1006/
exer.2000.0985

Yang H, Cheng X, Yao Q, Li J, Ju G (2008) The promotive effects of
thymosin beta4 on neuronal survival and neurite outgrowth by up-
regulating L1 expression. Neurochem Res 33:2269–2280. https://
doi.org/10.1007/s11064-008-9712-y

Yu FX, Lin SC, Morrison-Bogorad M, Atkinson MA, Yin HL (1993)
Thymosin beta 10 and thymosin beta 4 are both actin monomer
sequestering proteins. J Biol Chem 268:502–509

Zhao RR, Xu F, Xu XC, Tan GJ, Liu LM, Wu N, Zhang WZ, Liu JX
(2015) Effects of alpha-lipoic acid on spatial learning and memory,
oxidative stress, and central cholinergic system in a rat model of
vascular dementia. Neurosci Lett 587:113–119. https://doi.org/10.
1016/j.neulet.2014.12.037

Zhong Z, Sanchez-Lopez E, Karin M (2016) Autophagy, inflammation,
and immunity: a troika governing cancer and its treatment. Cell 166:
288–298. https://doi.org/10.1016/j.cell.2016.05.051

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Neurotox Res (2019) 36:58–65 65

https://doi.org/10.1093/carcin/bgr031
https://doi.org/10.1038/nature05291
https://doi.org/10.1038/nature05291
https://doi.org/10.1016/j.bcp.2012.08.007
https://doi.org/10.1016/j.bcp.2012.08.007
https://doi.org/10.1006/exer.2000.0985
https://doi.org/10.1006/exer.2000.0985
https://doi.org/10.1007/s11064-008-9712-y
https://doi.org/10.1007/s11064-008-9712-y
https://doi.org/10.1016/j.neulet.2014.12.037
https://doi.org/10.1016/j.neulet.2014.12.037
https://doi.org/10.1016/j.cell.2016.05.051

	Thymosin beta 4-Induced Autophagy Increases Cholinergic Signaling in PrP (106–126)-Treated HT22 Cells
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Cell Culture
	Cell Viability Assay
	Western Blotting
	Lactate Dehydrogenase (LDH) Assay
	Statistical Analysis

	Results
	Tβ4 Protects HT22 Cells against PrP (106–126)-Induced Neurotoxicity
	Tβ4 Treatment Leads to an Increase in Autophagy Markers
	The PI3K/�AKT/mTOR Signaling Pathway Is Involved in Tβ4-Induced Autophagy
	Tβ4 Increases Cholinergic Signaling Through �Induction of Autophagy
	Tβ4-Induced Autophagy Protects Against PrP (106–126)-Induced Cell Death

	Discussion
	References


