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Effect of prothymosin a on neuroplasticity following
cerebral ischemia-reperfusion injury
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Abstract. Prothymosin a (ProT), a highly acidic nuclear
protein with multiple cellular functions, has shown potential
neuroprotective properties attributed to its anti-necrotic and
anti-apoptotic activities. The present study aimed to inves-
tigate the beneficial effect of ProT on neuroplasticity after
ischemia-reperfusion injury and elucidate its underlying
mechanism of action. Primary cortical neurons were either
treated with ProT or overexpressing ProT’ by gene transfection
and exposed to oxygen-glucose deprivation for 2 h in vitro.
Immunofluorescence staining for ProT and MAP-2 was
performed to quantify ProT protein expression and assess
neuronal arborization. Mice treated with vehicle or ProT
(100 ug/kg) and ProT overexpression in transgenic mice received
middle cerebral artery occlusion for 50 min to evaluate the
effect of ProT on neuroplasticity-associated protein following
ischemia-reperfusion injury. The results demonstrated that in
cultured neurons ProT significantly increased neurite lengths
and the number of branches, accompanied by an upregulation
mRNA level of brain-derived neurotrophic factor. Furthermore,
ProT administration improved the protein expressions of
synaptosomal-associated protein, 25 kDa and postsynaptic
density protein 95 after ischemic-reperfusion injury in vivo.
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These findings suggested that ProT can potentially induce
neuroplasticity effects following ischemia-reperfusion injury.

Introduction

Ischemic stroke is a devastating neurological event that occurs
when blood flow to the brain is interrupted, leading to neuronal
damage and functional impairment. Despite significant
advances in acute management and rehabilitation strategies,
most stroke survivors still experience significant impairments
in motor, sensory, and cognitive function. Effective neuro-
restorative therapies are essential to promote neural plasticity
and facilitate functional recovery (1).

There are three therapeutic approaches suggested to
enhance post-stroke functional recovery. First, interventions
target common injury mechanisms for various cytoarchitectural
damages, including cortical and subcortical, gray and white
matter and the neurovascular unit, to reduce the extension of
direct or indirect damage to partially injured (penumbral)
brain tissues (2-4). The second is to use specialized treat-
ments that enhance neuroplasticity during the subacute phase
of ischemic stroke, including promoting neuronal sprouting,
myelin regeneration, dendritic spine density, arborization and
synaptic connections (5,6). This leads to restoring or compen-
sating functional deficits caused by ischemic stroke by either
enhancing the rewiring process for the damaged brain tissues,
decreasing the remote injury that may occur distal to the
ischemic territory, or even using other intact brain tissues. The
third is to introduce pluripotent stem cells into the ischemic
brain or enhance the proliferation, migration and differentia-
tion of endogenous progenitor cells into the damaged brain to
restoration of neuronal, axonal, and synaptic functions through
replenishing and rewiring of the damaged neural network (7,8).
Thus, treatment strategies combining neuroplasticity strategies
with neuroprotectants have been suggested (7,9).

Prothymosin a (ProT) is a small, ubiquitous protein
essential for cell proliferation and survival through its
involvement in chromatin remodeling and proapoptotic
activity (10). Furthermore, ProT contributes to neuroprotec-
tion against cerebral and retinal ischemia by being involved in
anti-necrosis, anti-apoptosis, immunomodulation and oxidative
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stress (11-15). It has been shown that ProT and peptides derived
from ProT attenuated infarction volume and blood vessel
disruption and improved functional outcomes (16-18). It was
therefore hypothesized that ProT may have a role in promoting
neuroplasticity following ischemic injury.

The present study aimed to investigate whether ProT
improved axonal sprouting and dendrite branching in cultured
neurons exposed to oxygen-glucose deprivation and to explore
its potential of neuroplasticity effect of underlying mecha-
nisms of neuroplasticity following ischemia-reperfusion injury
in mice.

Materials and methods

Animal preparation, anesthesia and monitoring. All
animal procedures were conducted following the Taiwan
National Institutes of Health guidelines and approved by
the Subcommittee on Research-Animal Care of National
Cheng Kung University (NCKU) Medical Center (approval
no. 109184). Sprague-Dawley rats (weight, 5-6 g; age, 1 day;
n=160; obtained from the Laboratory Animal Center of
NCKU) both male and female were used for primary cortical
neuron culture, while male FVB mice (weight, 20-25 g; age,
6-8 weeks; n=24; mice were obtained from the Laboratory
Animal Center of NCKU, and the ProT-overexpressing trans-
genic mice were generated by Professor Chao-Liang Wu,
Department of Biochemistry and Molecular Biology, NCKU)
were used for middle cerebral artery (MCA) occlusion surgery.
The animals were housed in the Laboratory Animal Center of
NCKU under a 12-h light/dark cycle, with an ambient temper-
ature of 20-26°C and humidity maintained at 40-60%. They
were provided with free access to food and water. The animals
were anesthetized with isoflurane (induction 4-5%, mainte-
nance 1-2%), and body temperature was maintained at 37°C
using a thermostatically controlled heating blanket and rectal
probe (Harvard Apparatus) during the surgical procedure.

Protein preparation. ProT and ProTA nuclear localizing signal
(NLS) proteins preparation as previously described (18). The
plasmids encoding wild-type ProT and ProTANLS with
glutathione-transferase (GST) tags were transformed into
BL21 E. coli for protein expression. The transformed E. coli
cultures were incubated at 37°C in lysogeny broth medium
[tryptone (Merck KGaA) 10 g, yeast extract (Sigma-Aldrich;
Merck KGaA) 5 g, sodium chloride (J.T. Baker; Thermo
Fisher Scientific, Inc.) 5 g; components dissolved in 1 1
ddH,0)]. The optical density of the medium at 600 nm
(OD600) reached 0.4-0.8. The cultured cells (I ml) were
transferred to 250 ml of fresh culture medium for large-scale
protein expression. To induce protein expression, isopropyl
[-D-1-thiogalactopyranoside (0.1 M) was added to the culture
medium, and the cells were further incubated at 37°C for 5 h.
following induction, the cells were lysed using a sonicator and
centrifuged (10,000 x g, 4°C, 10 min). The clear supernatant
was then purified using a column designed explicitly for
GST-tagged proteins (Pierce Glutathione Superflow Agarose;
Thermo Fisher Scientific, Inc.). The column was washed with
elution buffer (125 mM Tris-HCI, 150 mM sodium chloride,
10 mM reduced glutathione; pH 8.0) and regeneration buffers
to ensure efficient purification.

The column was washed with elution buffer and regenera-
tion buffers to ensure efficient purification. The purified protein
solution was eluted by gravity flow (flow rate, <150 cm/h) with
5 column volumes of elution buffer and centrifuged (700 x g,
room temperature, 2 min) using filter tubes with appropriate
molecular weight cut-offs. GST-tagged proteins were concen-
trated using 10-kDa filter tubes, while ProT and ProTANLS
were concentrated using 30-kDa filter tubes. The protein
concentration was adjusted to 100 ug/50 pl, and the samples
were stored in a -20°C refrigerator for future use.

Primary cortical neuronal culture. Primary cortical neurons
were obtained from the cerebral cortices of 1-day-old
Sprague-Dawley rats under deep anesthesia induced by
pentobarbital [150 mg/kg; intraperitoneal (IP)]. Following
deep anesthesia, the rats were euthanized by decapitation. The
cortical tissue was minced and dissociated in a papain solution
containing DNase I [0.6 mg/ml papain and DNase I in Hank's
Balanced Salt Solution (HBSS)] at 37°C for 30 min. The reac-
tion was stopped with heat-inactivated horse serum (Thermo
Fisher Scientific, Inc.), and the cell suspension was centrifuged
at 800 x g, 4°C, 5 min and plated onto poly-D-lysine-coated
Petri dishes. The dissociated cells were cultured in DMEM
with 10% horse serum at 37°C in a humidified incubator with
5% CO,. After 3 h of plating, the culture medium was replaced
with a serum-free neurobasal medium containing 25 mM
glutamate, 0.5 mM L-glutamine, and 2% B27 supplement (cat.
no. 17504-044; Invitrogen; Thermo Fisher Scientific, Inc.). The
culture medium was changed every 3 days, and the cultured
cells were allowed to grow for ~6-8 days.

Oxygen and glucose deprivation (OGD). The OGD medium
consisted of HBSS without glucose and bubbled with N, for
30 min. Cultured neurons were then exposed to the OGD
medium and transferred to an anaerobic chamber with an
N,-enriched atmosphere at 37°C for 2 h. Following the depri-
vation period, the cultured neurons were incubated in a neuron
basal medium under normal incubator conditions (5% CO, at
37°C).

Transfection of primary neuron cells. To transfect primary
neuron cells, 6 cm dishes were used for plating. A solution
containing 1 yg of DNA from the ProT plasmid, ProTANLS
plasmid, or empty pLKO.1-GFP plasmid (sham or OGD
groups), along with Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) was prepared by diluting
them in 250 pl of neurobasal medium (Invitrogen; Thermo
Fisher Scientific, Inc.) for 5 min at room temperature. The
DNA and Lipofectamine® 2000 were then mixed and incu-
bated for 20 min at room temperature. Subsequently, the
DNA-Lipofectamine® 2000 complexes were added to each
well, and the cells were incubated at 37°C for 4 h, after which
the medium was replaced with fresh medium. After 24 h,
neuron cells were used for the OGD experiment.

Immunofluorescence staining and quantification. Neurons
cultured on coverslips were post-fixed in 4% paraformaldehyde
in PBS for 5 min at room temperature and rinsed with PBS
3 times. Coverslips were processed with primary antibodies
at a dilution of 1:1,000 against MAP-2 (cat. no. sc-390543;



MOLECULAR MEDICINE REPORTS 29: 59, 2024 3

Santa Cruz Biotechnology, Inc.) or 1:100 against prothymosin
a (2F11; cat. no. ALX-804-486-C100; Enzo Life Sciences,
Inc.) at 4°C overnight. Subsequently, an appropriate secondary
antibody conjugated with biotin (1:150; cat. no. 115-065-003;
Jackson ImmunoResearch Laboratories, Inc.) was added,
followed by DTAF-conjugated streptavidin (green; 1:100; cat.
no. 016-010-084; Jackson ImmunoResearch Laboratories,
Inc.) or Alexa red-conjugated streptavidin (red; 1:100; cat,
no. 016-580-084; Jackson ImmunoResearch Laboratories,
Inc.). The sections were co-incubated with DAPI (blue;
1:1,000; cat. no. D8417; MilliporeSigma) at room temperature
for 10 min. Fluorescent photomicrographs of labeled neurons
were captured in at least three fields of view and each result
quantified at x40 magnification using a CoolSNAP-Pro cf
digital camera (Media Cybernetics Inc.). The Digital Image
Analysis System MCID Elite (version 6.0; Imaging Research
Inc.) was employed to assess the relative intensity of ProT.
ImagelJ software (1.49v, National Institutes of Health) with the
Neuron J plugin was utilized to upload MAP-2-stained images
for the analysis of the number and length of neuronal dendrite
branches.

RNA isolation and PCR. Total RNA was isolated from cultured
neurons using TRIzol™ Reagent, (Invitrogen; Thermo Fisher
Scientific, Inc.), and cDNA synthesis was performed using
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The PCR amplification consisted
of an initial denaturation for 5 min at 95°C, followed by
35 cycles of 30 sec denaturation at 95°C, annealing for 45 sec
at 58°C and extension for 1 min at 72°C. The final extension
step was carried out at 72°C for 10 min. RT-PCR was carried
out with specific primers for brain-derived neurotrophic factor
(BDNF), 5'-CCTCCTCTGCTCTTTCTGC-'3 (forward) and
5'"TCCCATTACACTTGGTCTCGT-3' (reverse); GAPDH,
5'-CCAAAGTTG TCATGGATGACC-3' (forward) and
5'-GTCTTCACCACCATGGAG-3' (reverse), and the PCR
products were separated by 2% agarose gel electrophoresis
and visualized using ethidium bromide staining. Gel docu-
mentation was performed under UV light for analysis and
documentation of band patterns.

Experimentalmodel and grouping.Focal cerebral ischemia was
induced by intra-arterial suture occlusion of the proximal right
middle cerebral artery (MCA) for 50 min. Briefly, a 4-0 nylon
suture with its tip rounded by heating over a flame and subse-
quently coated with silicone (Merck KGaA) was inserted from
the external carotid artery into the internal carotid artery until
the tip occluded the origin of the MCA (19,20). Laser-Doppler
flowmetry (LDF; Laserflo BMP2; Vasamedics Inc.) was used
for local cortical blood perfusion (LCBF) measurement, as
previously described (21). The scalp was incised along the
midline, and two areas in bilateral parietal bones were thinned
0.5 mm posterior and 7 mm lateral to the bregma to place
the LDF probes. Another area in the right parietal bone was
thinned 2.0 mm posterior and 2.5 mm lateral to the bregma for
additional LCBF measurements. LCBF was measured prior to
and during MCA occlusion and expressed as a percentage of
the baseline values. Animals were assigned to three groups:
i) WT control group (n=7), ii) WT ProT injection group (n=8)

and iii) ProT transgene group (n=8). ProT overexpression in
transgenic mice has been described (22,23). Briefly, the ProT
minigene employed for transgenic mouse production was
designated pJ6Q-ProT. This construct comprised a complete
1.2-kb murine ProT cDNA sequence, under the control of
the rat (3-actin promoter and SV40 polyadenylation tail. The
minigene, isolated from pJ6€2-ProT through Pvull and Scal
digestions, underwent microinjection into the pronuclei of
FVB zygotes. Subsequently, the injected eggs were transferred
into the oviducts of pseudopregnant recipients. Genomic DNA
from founder mice, obtained via tail biopsies, was subjected
to PCR analysis using RAP-f and ProT-rl primers to confirm
the integration of the transgenic ProT minigene. Normal saline
or ProT protein (100 pg/kg; IP) was injected upon reperfu-
sion (13,18).

Neurobehavioral testing and body weight measurements.
Body weight measurements and neurobehavioral testing were
conducted both before the surgery and prior to sacrifice. A
total of two neurological grading systems, modified from
previous versions (19,24,25), were employed to assess various
aspects of neurological function: i) Sensory Test; this exami-
nation focused on sensorimotor integration in forelimb placing
responses to visual and tactile stimuli. The affected forelimb
underwent forward and sideways visual placing tests, with
scores assigned to each test as follows: 0, complete immediate
placing; 1, incomplete and/or delayed placing (<2 sec); and
2, absence of placing. Additionally, the motor test involved
the postural reflex test to evaluate upper body posture while
the animal's tail was suspended. Scores for this test were
as follows: 0, no observable deficit; 1, forelimb flexion; 2,
forelimb flexion and decreased resistance to lateral push;
3, forelimb flexion, decreased resistance to lateral push and
unilateral circling; and 4, forelimb flexion, making ambula-
tion difficult or impossible. ii) Animals were also rated using
a scale developed by Clark et al (26), with scores ranging 0-28
used for further analysis. Higher scores indicate more severe
brain defects caused by brain injury.

Protein extraction and western blot analysis. The brain
tissue was removed after the animal was deeply anesthetized
(isoflurane 5%j; inhalation), and cell lysates were prepared with
lysis buffer, containing 1% Triton X-100, 20 mM Tris-HC1
(pH 7.5), 150 mM NacCl, 0.5% sodium deoxycholate, 1 mM
EDTA and 0.1% SDS, and were centrifuged at 18,000 x g for
60 min at 4°C. Protein concentrations were determined using
a BCA protein assay kit (Pierce; Thermo Fisher Scientific,
Inc.). Subsequently, 10% SDS-PAGE was used to separate
the 25 pg protein samples, which were then transferred
onto PVDF microporous membranes. The membranes
were blocked with 5% skim milk in TBS -0.05% Tween-20
for 30 min at room temperature and probed with primary
antibodies against growth-associated protein-43 (GAP-43;
1:1,000; cat. no. AB5220; Chemicon; Sigma-Aldrich; Merck
KGaA), postsynaptic density protein 95 (PSD-95; 1:1,000;
cat. no. AB9708; Chemicon, Sigma-Aldrich; Merck KGaA),
synaptosomal-associated protein, 25 kDa (SNAP-25; 1:1,000;
cat. no. AHP1124; Bio-Rad Laboratories, Inc.) and 3-actin
(1:10,000; cat. no. ABT264; Chemicon; Sigma-Aldrich;
Merck KGaA) overnight at 4°C. Membranes were then
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Figure 1. OGD injury increases the Intensity level of ProT in primary cortical neurons. The cultured neurons were exposed to OGD for 2 h. (A) Representative
images of ProT immunofluorescence staining (green) and DAPI-stained (blue) neurons; scale bar, 30 ym. (B) ProT intensity level significantly increased in
primary cortical neurons upon OGD injury in 1-3 days (n=7, "P<0.05 vs. sham). OGD, oxygen and glucose deprivation; ProT, prothymosin c.

incubated with horseradish peroxidase-conjugated immu-
noglobulin secondary antibody (1:5,000; cat. nos. AP106P
and AP182P; Chemicon; Sigma-Aldrich; Merck KGaA)
for 30 min at room temperature. Proteins were visualized
with an Enhanced Chemiluminescence kit (GE Healthcare
Bio-Sciences). Optical densities were measured using Multi
Gauge V3.0 (Fuji Photo Film Co., Ltd.) on a Luminescent
Image Analyzer (Fujifilm LAS-3000; Fuji Photo Film Co.,
Ltd.).

Statistical analysis. All data were expressed as the
mean *+ SD. Paired Students' t-test was used to evaluate
the response to a change in conditions, and unpaired
Student's t-test/one-way ANOVA with Fisher's protected
least significant difference (LSD) and Tukey's post hoc
comparison was used to evaluate differences between
groups. Neurobehavioral scores were expressed as medians
+95% confidence interval (CI) and analyzed using the
Mann-Whitney U test. Data were analyzed using SPSS
version 17.0 software (SPSS Inc.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Increased ProT expression in cortical neurons exposed to
OGD. To investigate the influence of OGD on ProT protein
expression, cortical neurons obtained from 1-day-old rats
were cultured for ~1 week. Immunofluorescence staining of
ProI/DAPI was performed on cultures exposed to OGD for
1-3 days to assess changes in ProT expression. The intensity
of ProT significantly increased by 37.9, 34.2 and 46.5% in
cultured neurons 1-3 days after exposure to OGD, respectively
(Fig. 1; P<0.05).

Transfection increases ProT gene expression. To evaluate
the effect of ProT on neuronal plasticity in cultured cortical
neurons after OGD injury, ProT/ProTANLS plasmid DNA
transfection was conducted prior to OGD, while the sham and
OGD group were transfected with empty plasmid. The sham
group did not exhibit an increase in ProT expression compared
with the normal group. Immunofluorescence staining of ProT
was performed on cultured neurons after OGD for 1-3 days
(Fig. 2A). The relative intensity of ProT was significantly
increased compared with the sham or the OGD control group
(Fig. 2B; see Table SI for more precise data).

Transfection of the ProT gene increases cultured neuron
dendritic arborization following OGD injury. To investigate
the direct effect of ProT on neurite plasticity, neurons were
transfected with ProT/ProTANLS plasmid DNA before being
subjected to OGD injury, while the sham and OGD groups
were transfected with empty plasmid. The total length of
neurites and the number of dendritic branches were quantified
by MAP-2 immunofluorescence staining (Fig. 3A). MAP2
isoforms are specialized cytoskeletal proteins found predomi-
nantly in neurons, where they are abundant in dendrites and
perikarya. This suggests their involvement in shaping and
maintaining neuronal morphology as neurons develop. MAP2
is a commonly employed marker for identifying neuronal
cells and visualizing dendritic processes (27,28). In the OGD
group, neurites exhibited rupture and shortening compared
with the sham control, resulting in decreased total length and
number of branches. However, compared with the OGD group,
transfection with ProT/ProTANLS plasmid DNA significantly
increased the total length and number of branches, indicating
enhanced neurite plasticity in cultured primary cortical
neurons following OGD injury (Fig. 3B; Table SII).
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Figure 2. Expression of ProT in primary cortical neurons transfected with the ProT gene upon OGD injury. Cultured neurons in both the sham and OGD groups
were transfected with the empty pLKO.1-GFP plasmid. The ProT and ProTANLS groups were transfected with ProT and ProTANLS overexpression vectors,
respectively. (A) Representative images of ProT immunofluorescence staining (scale bar, 30 ym). (B) Intensity of ProT staining significantly increased in the
ProT-transfected group compared with the sham or OGD groups (n=5; "P<0.05 vs. sham; "P<0.05 vs. OGD controls). ProT, prothymosin a; OGD, oxygen and

glucose deprivation.

ProT treatment increases cultured neuron dendritic arbo-
rization after OGD injury. To ascertain the role of ProT in
neuronal plasticity, the cultured neurons were pre-treated with
ProT/ProTANLS protein before OGD injury. The total length of
neurites and the number of dendritic branches were calculated
by MAP-2 immunofluorescence staining (Fig. 4A). Compared
with the sham control group, in the OGD group, neurites were
ruptured and shortened and the total length and number of
branches significantly decreased. However,compared with that of
the OGD group, the total length and number of branches signifi-
cantly increased in the ProT/ProaTANLS protein-treated group
upon OGD injury. These data suggested that Prol/ProTANLS
protein treatment facilitated neurite plasticity in cultured primary
cortical neurons after OGD injury (Fig. 4B; Table SIII).

ProT treatment increases BDNF mRNA levels after OGD
injury. To examine whether ProT/PréTANLS treatment would
virtually promote BDNF levels in the neurons after exposure
to OGD. Treatment of ProI/ProTANLS protein significantly

increased the level of BDNF mRNA level by 40.0 and 60.7%,
respectively (Fig. 5).

In vivo stroke animal model. To further investigate the under-
lying mechanism of the neuroplastic effect of ProT in vivo,
focal cerebral ischemia was employed on FVB wild-type
mice and FVB ProT overexpression in transgenic mice by
intra-arterial suture occlusion of the proximal right MCA for
50 min. LCBF was measured prior to and during the MCA
occlusion and after the onset of reperfusion (Table SIV). Body
temperature was kept constantly at 37°C.

ProT improves neurologic behavior score. To evaluate whether
ProT treatment improves neurobehavioral outcomes, a neurologic
behavior test was conducted. The ProI-treated and ProT overex-
pression in transgenic mice groups had a less severe neurologic
behavior score than the control group, especially significant in
the 28-point clinical scale (Table I) (26). This result indicated that
ProT ameliorated neurobehavioral recovery after ischemic insults.
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Figure 3. Dendritic arborizations of primary cortical neurons transfected with ProT gene upon OGD damage. (A) Representative images of the MAP-2
immunofluorescent staining in cultured neurons 1-3 days after exposure to OGD (scale bar, 30 #m). (B) ProT or ProTANLS transfection increased the number
of dendritic branches and dendritic length in OGD groups (*P<0.05 vs. sham; "P<0.05 vs. OGD controls). ProT, prothymosin a; OGD, oxygen and glucose
deprivation; MAP-2, microtubule-associated protein-2.
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Figure 4. Dendritic arborizations of primary cortical neuron treatment with ProT protein upon OGD damage. (A) Representative images of the MAP-2 immu-
nofluorescent staining in cultured neurons 1-3 days after exposure to OGD (scale bar, 30 gm). (B) ProT (1 ug/ml) or ProTANLS protein treatment (1 gg/ml)
increased the number of dendritic branches and dendritic length in OGD groups (“P<0.05 vs. sham; "P<0.05 vs. OGD controls). ProT, prothymosin a; OGD,
oxygen and glucose deprivation; MAP-2, microtubule-associated protein-2.

ProT increases neuroplasticity-associated proteins at the  between neurons at synapses. The function of SNAP-25 is
penumbra. SNAP-25 is a protein related to neuronal signal  essential for normal neuronal transmission and it participates
transmission. It primarily operates at presynaptic terminals, in inter-neuronal messaging (9,29). In presynaptic area analysis,
aiding in the regulation of neurotransmitter release, especially =~ SNAP-25 significantly increased in the ProT injection group and
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Table I. Weight loss and sensorimotor behavioral scores.

Neurologic behavior score

Group n Weight loss (g) Motor Sensory 28-point clinical scale
WT 7 3.5+0.5 1.7 (1.2-2.2) 30((24-3.6) 20.6 (19.4-21.7)
WT ProT (IP) 8 3.6+0.9 14(09-1.9) 2.6 (1.9-34) 17.9 (16.4-19.3)
ProT overexpression in transgenic mice 8 3.8+0.5 1.5(1.0-2.0) 2.6(2.1-3.1) 18.3 (16.8-19.7)*

Weight data and neurologic behavioral scores are expressed by mean + standard deviation and by median (95% CI), respectively. Transgene
with ProT or intravenous injection of ProT (100 pg/kg) significantly improved sensorimotor neurologic scores, but not weight loss, compared
with vehicle-injected control values. *P<0.05 vs. vehicle data. WT, wild-type; ProT, prothymosin a; IP, intraperitoneal injection.
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Figure 5. RT-PCR analysis of the BDNF mRNA levels in ProT-treated
neurons exposed to OGD. (A) Cultured cortical neurons pretreated with ProT
(1 pg/ml) or ProTNLS (1 sg/ml) and exposed to OGD. Representative mRNA
levels of BDNF analyzed by RT-PCR. (B) ProT (1 ug/ml) or ProTNLS
(1 pg/ml) treatment increased BDNF mRNA levels in neurons after exposure
to OGD ("P<0.05). RT-PCR, reverse transcription PCR; BDNF, brain-derived
neurotrophic factor; OGD, oxygen and glucose deprivation; ProT, prothy-
mosin a; NLS, nuclear localizing signal.

ProT overexpression in transgenic mice group compared with
the control group at the penumbra (Fig. 6). However, there were
no significant differences at the contralateral area and ischemic
core. Concerning postsynaptic area analysis, PSD-95 is a protein
located at the postsynaptic density of neurons and is typically
involved in inter-neuronal signal transmission. It plays a crucial
role at the postsynaptic density in regulating connections and
communication between neurons. It is a synaptic protein that
helps maintain the stability of neuronal connections (20,30).
PSD-95 significantly increased in the ProT injection group and
ProT overexpression in transgenic mice group compared with
the control group at the penumbra. There was no significant
difference between the contralateral area and the ischemic core.

Discussion

Stroke has attracted significant attention due to the high
mortality rate and the effect on the lifestyle of stroke patients.
The development of a good neuroprotectant is essential for
clinical therapies. The present study demonstrated an increase
in endogenous ProT expression following OGD injury.
Previous reports have suggested that ProT is neuroprotective
by preventing necrosis and apoptosis after stroke (13,14).
However, the role of ProT in promoting neuroplasticity
remains unclear.

The results of the present study indicated that ProT gene
overexpression enhanced the length and dendritic branch
recovery of neurites damaged by OGD toxicity. Having
established the involvement of the ProT gene in neurite
recovery, the present study proceeded to investigate the
direct effects of ProT protein treatment. It revealed that
ProT protein promoted neurite recovery, consistent with the
transfection results. ProT possesses immunological func-
tions at the nuclear localization signal (NLS), deleted in
ProTANLS (31). A previous study reported that ProTANLS
attenuates the proinflammatory activity and enhances the
neuroprotective effects of ProT in ischemic injuries (18).
Therefore, the present study also treated cells with ProTANLS
through transfection and protein administration following
OGD injury. The results indicated that ProTANLS also
exerted neuroplasticity effects, but the improvement was not
significantly better compared with ProT. Numerous studies
have shown that ischemic stress induces a complete release
of ProT in a serum- and supplement-free system (32-34).
In serum-free conditions, neurons in low-density cultures
undergo necrosis, while neurons cultured at high density
exhibit an elevated ProT release, accompanied by increased
apoptotic features and enhanced survival activity (35). When
the conditioned medium from neurons in the high-density
culture, which contained ProT, was added to the low-density
culture, the survival activity markedly increased (35). In
the present study, the neural cell culture medium initially
contained serum and supplements, which were subsequently
removed during the 2 h of OGD. The addition of ProT to
the culture medium with serum and supplements resulted in
a notable upregulation of BDNF mRNA expression and an
increase in the cell survival rate.

A previous study mentioned that in vitro experiments
on neurons cultured in hypoxic and low-glucose solutions,
extracellular ProT changes the cell death mode from necrosis
to apoptosis through putative Gi-coupled ProT receptor acti-
vation and delays neuronal cell death. During this period,
neurotrophic factors, such as BDNF, are produced and inhibit
apoptosis (36). BDNF plays an important role in neuronal
survival and growth, serves as a neurotransmitter modulator
and participates in neuronal plasticity (37). The current study
demonstrated that the administration of ProT functions simi-
larly to extracellular ProT, inducing an increase in BDNF
mRNA expression. Therefore, to investigate the impact of
ProT on neuronal plasticity, exploring neuroplasticity-related
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Figure 6. Western immunoblot analysis for neuroplasticity-associated proteins in the ischemic brain after ischemic insults for 24 h. (A) Images show typical
changes in the protein expressions of GAP-43, SNAP-25, and PSD-95 in the contralateral hemisphere, ischemic core and penumbral cortices 24 h after
ischemia. (B) The ProT injection group (100 pg/kg, n=8) and ProT overexpression in transgenic mice group (n=8) showed an increase in the level of SNAP-25
vs. the control group (n=7) in the penumbra area ("P<0.05), but not an increase in the level of GAP-43. GAP-43, growth-associated protein-43 SNAP-25,
synaptosomal-associated protein, 25 kDa; PSD-95, postsynaptic density protein 95; WT, wild-type.

proteins associated with BDNF, such as GAP-43, PSD-95 and
SNAP-25 (9,20,38), becomes crucial.

To further investigate the neuroplastic effect of ProT
in vivo, the present study employed intra-arterial suture occlu-
sion of the proximal right MCA on FVB wild-type mice and
FVB ProT overexpression in transgenic mice in an animal
model. The results demonstrated that ProT treatment or ProT
overexpression in transgenic mice improved neurobehavioral
outcomes compared with the control group, suggesting that
ProT improves motor-sensory functional recovery following
stroke. To investigate the molecular mechanism of the neuro-
plasticity effect of ProT after ischemic injury, the present
study assessed the expression of several plasticity-associated
proteins. The results revealed that ProT injection or the ProT
overexpression in transgenic mice group exhibited increased
expression of PSD-95 and SNAP-25, leading to improved
neurite outgrowth and arborization. The expression of
neuroplasticity-associated proteins were analyzed in three
regions: Contralateral, penumbra and ischemic core. The
contralateral area, corresponding to the healthy left brain,
showed similar levels of plasticity-associated protein expres-
sion among the control group, ProT injection group and ProT
overexpression in transgenic mice group. In the penumbra,
ischemic damage is reversible through reperfusion and the
levels of plasticity-associated proteins were significantly
higher in the ProT injection and ProT overexpression in
transgenic mice groups compared with the control group.

However, no differences were observed in the ischemic core,
where necrosis occurred.

Based on the aforementioned analysis and discussions, in
conjunction with findings from previous studies and the results
of the present study, it was concluded that ProT facilitated
the enhancement of dendritic branch and length regrowth
by increasing the expression of plasticity-associated proteins
in vitro. Additionally, ProT treatment and ProT overexpres-
sion in transgenic mice resulted in less severe neurological
behavioral outcomes following stroke. ProT treatment and
ProT overexpression in transgenic mice exhibited increased
protein levels of neuroplasticity-associated proteins compared
with the control group. However, the detailed mechanism by
which ProT promotes neuron regrowth remains unclear. It has
been reported that deletion of the NLS from ProT decreases
the expression of activated MMP-2 and MMP-9 72 h after
ischemia/reperfusion injury (18). Another study has indicated
that MMP enzymes also play essential roles in neuroplas-
ticity and brain remodeling during the subacute stage of
stroke (20,39,40). Further research is needed to elucidate these
mechanisms.

Nevertheless, there are several potential limitations in
the present study. First, although it demonstrated the poten-
tial positive effects of ProT on neuroplasticity following
ischemia-reperfusion injury, it primarily focused on the
cellular level and used mouse models. Further investigations
are warranted in other animal models and clinical trials to
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determine the feasibility of applying ProT to human brain
injuries. Second, the in vitro study used immunofluorescence
staining to represent protein expression. For subsequent
studies, alternative biotechnological assessments should be
considered. Third, the present study predominantly concen-
trated on specific neuroplasticity-related proteins such as
BDNF, SNAP-25 and PSD-95. However, neuroplasticity is a
complex process regulated by various molecular mechanisms.
Future investigations could expand to explore other related
proteins and pathways to gain a more comprehensive under-
standing of ProT on neuroplasticity. Finally, the results of the
present study were obtained in a controlled laboratory setting
and real clinical situations may be more complex. Therefore,
future research needs to consider the actual treatment condi-
tions of patients to determine the clinical applicability of ProT
and its potential limitations.

In conclusion, ProT is a promising neuroplasticity agent for
treating ischemic stroke models in vitro and in vivo. The treat-
ment of ProT in both gene transfection and protein addition
increased the expression of neuroplasticity-associated proteins
BDNF. In addition, ProT injection stroke mice and ProT
overexpression in transgenic mice had a less severe outcome
than the control group in the neurologic test. Furthermore,
the expression of neuroplasticity-associated proteins PSD-95
and SNAP-25 increased at the penumbra area, indicating the
repair and growth of ischemic damage neurons. The findings
suggested that ProT has a potent neuroplastic effect in ischemic
stroke. However, the detailed mechanism remains unclear.
Further investigating ProT in developing novel therapy against
ischemic stroke may be worthwhile.
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