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A B S T R A C T

Dendritic and synaptic plasticity in the penumbra are important processes and are considered to be therapeutic
targets of ischemic stroke. Treadmill exercise is known to be a beneficial treatment following stroke. However,
its effects and potential mechanism in promoting dendritic and synaptic plasticity remain unknown. We have
previously demonstrated that the caveolin-1/VEGF signaling pathway plays a positive role in angiogenesis and
neurogenesis. Here, we further investigated the effects of treadmill exercise on promoting dendritic and synaptic
plasticity in the penumbra and whether they involve the caveolin-1/VEGF signaling pathway. A middle cerebral
artery occlusion (MCAO) animal model was established, and rats were randomly divided into eleven groups. At
2 days after MCAO, rats were subjected to treadmill exercise for 7 or 28 days. Daidzein (a specific inhibitor of
caveolin-1, 0.4 mg/kg) was used to confirm the effect of caveolin-1/VEGF signaling on exercise-mediated
dendritic and synaptic plasticity. Neurobehavioral performance, tissue morphology and infarct volumes were
detected by Modified Neurology Severity Score (mNSS), Hematoxylin-eosin (HE), and Nissl staining, while
neural plasticity and its molecular mechanism were examined by Golgi-Cox staining, transmission electron
microscopy, western blot analysis and immunofluorescence. We found that treadmill exercise promoted den-
dritic plasticity in the penumbra, consistent with the significant increase in caveolin-1 and VEGF expression;
improved neurological recovery; and reduced infarct volume. In contrast to the positive effects of the treadmill, a
caveolin-1 inhibitor abrogated the dendritic and synaptic plasticity. Furthermore, we observed that treadmill
exercise-induced improved dendritic and synaptic plasticity were significantly inhibited by the caveolin-1 in-
hibitor, consistent with the lower expression of caveolin-1 and VEGF, as well as the worse neurobehavioral state.
The findings indicate that treadmill exercise ameliorates focal cerebral ischemia/reperfusion-induced neurolo-
gical deficit by promoting dendritic and synaptic plasticity via upregulating caveolin-1/VEGF signaling path-
ways.

1. Introduction

Ischemic stroke is caused by the blockage of an artery in the brain,
accounting for approximately 87% of stroke cases, which contributes to
the major portion of death and post-stroke disability in patients
(Benjamin et al., 2018). There are at least three processes during re-
covery after stroke: resolution of acute tissue damage, behavioral

compensation, and plasticity (Carmichael, 2003). Most studies focus on
reducing oxidative stress, attenuating Ca2+ overload, inhibiting
apoptosis, ameliorating microcirculation, enhancing neurogenesis, and
cell differentiation in the acute stage. Recent studies have shown that
dendritic and synaptic plasticity in the penumbra are important pro-
cesses and are considered to be therapeutic targets of ischemic stroke in
the recovery stage (Ito et al., 2006; Blizzard et al., 2011).
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Ischemic penumbra (IP) was first proposed by Astrup et al. (1981)).
It was defined as a region of reduced cerebral blood flow (CBF) with
absent, spontaneous, or induced electrical potentials that still main-
tained ionic homeostasis and transmembrane electrical potentials. It is
located in the peri-infarct area and Fig.2 shows schematic diagram of
ischemic core and ischemic penumbra (Collaco-Moraes et al., 1994;
Ashwal et al., 1998; Zhao et al., 2017). During the first few hours after
stroke, it is highly likely that molecular events in the penumbra mostly
comprise injury, and most would agree that a few weeks later they
mainly comprise repair. Therefore, the penumbra is not just passively
dying over time. It is also actively recovering (Lo, 2008). It is known
that the evolution of stroke plumbing problems affects the electrical
system of the brain through ischemia-induced loss of synapses and
circuits (Dirnagl et al., 1999). The majority of synapses are found on
dendrites and are a major determinant of how neurons integrate and
process incoming information; thus, dendritic remodeling in the pe-
numbra plays an integral role in stroke recovery (Hickmott and Ethell,
2006). Dendritic spines are the recipients of most excitatory synapses,
where they participate in the transmission and integration of synaptic
signaling (Harris and Kater, 1994). Postmortem histological studies
have shown that stroke can induce changes in dendritic branch com-
plexity and spine density (Corbett et al., 2006). Additionally, dendritic
spine density is closely related to the expression of synaptic protein
markers, such as synapsin I (SYN I) and post-synaptic density protein 95
(PSD95) (Toy et al., 2014). SYN I is expressed in neurons and known as
a specific presynaptic marker (Wiedenmann and Franke, 1985). PSD-95
is a protein that is localized to the postsynaptic density of asymmetric
synapses (Aoki et al., 2001). MAP-2 is selectively concentrated in the
neuron body and dendrites, which can be an indication of compensa-
tory dendrite reconstruction in the remaining neurons (Li et al., 1998;
Garcia et al., 2012). Moreover, after stroke, peri-infarct dendrites are
exceptionally plastic, as manifested by a dramatic increase in the rate of
spine formation that is maximal at 1–2weeks (5–8-fold increase) and
still evident 6 weeks (Brown et al., 2007). When challenged with is-
chemic stroke, dendrites in the penumbra show a series of changes with
morphologic modifications (Brown and Murphy, 2008). (See Table 1.)

It has been demonstrated that physical exercise can enhance neu-
rogenesis and growth factor expression, synaptogenesis, neurogenesis
and angiogenesis (Pang et al., 2017; Zhao et al., 2017). Treadmill ex-
ercise has a significant therapeutic effect on facilitating expression of
PSD-95, SYN I and increasing number of dendritic spines in the striatum
(Shin et al., 2016). Additionally, treadmill exercise has beneficial ef-
fects on working memory in the mouse barrel cortex by suppressing
stress-induced dendritic spine elimination (Chen et al., 2017). Despite
these effects in central nervous system diseases, very little is known
about whether treadmill exercise mediates the effects on dendrites and
dendritic spine development in the penumbra after focal ischemia.

Caveolin-1, a major structural protein of caveolae, is present at
excitatory synapses (Petralia et al., 2003) and binds directly to the
calmodulin-dependent scaffolding protein- striatin (Gaillard et al.,
2001), which acts as a signaling platform in dendritic spine signal
transduction (Benoist et al., 2006), and SNAP25, which forms a com-
plex with caveolin-1 presynaptically for synaptic potentiation (Braun
and Madison, 2000). Recently, both in vivo and in vitro studies have
reported that neuron-targeted overexpression of caveolin-1 achieved by
linking it to a neuron-specific synapsin promoter (synapsin-driven ca-
veolin-1) enhances dendritic growth and arborization (Head et al.,
2011; Mandyam et al., 2017). Vascular endothelial growth factor
(VEGF) is closely related to neurite outgrowth and dendritic spine
formation. As previously reported, olfactory bulb interneurons from
VEGF-inhibited mice display markedly fewer developed dendritic trees
and a reduced total dendritic length and number of dendritic branching
points. (Licht et al., 2010). It has been demonstrated that VEGF exerts
its antidepressant-like effects through the activation of FIK-1 by pro-
moting dendritic spine formation. Thus, VEGF is an important signaling
molecule during dendritic development (Huang et al., 2012). In

primary neuronal cultures, VEGF causes a significant neural outgrowth
and increased cell size compared with untreated neurons (Rosenstein
et al., 2003). We have previously shown that the caveolin-1/VEGF
signaling pathway shows improved functional recovery in response to
treadmill exercise-induced angiogenesis and neurogenesis in penumbra
after ischemia stroke (Gao et al., 2014; Zhao et al., 2017). In the central
nervous system, angiogenesis and neurogenesis are tightly associated
with synaptic and dendritic plasticity. (Carmeliet and Tessier-Lavigne,
2005).

Currently, first, it is not known whether treadmill exercise promotes
dendritic plasticity in the penumbra after ischemic stroke. Second, the
presence of a relationship between treadmill exercise and caveolin-1/
VEGF signaling pathways on dendritic and synaptic plasticity remains
unknown. Therefore, we hypothesized that the neuroprotective effects
of treadmill exercise involve dendritic/synaptic plasticity and that ca-
veolin-1/VEGF signaling plays a positive role in exercise-mediated
dendritic and synaptic plasticity.

In this study, we show that treadmill exercise can promote the
dendritic/synaptic plasticity. Using a specific inhibitor against caveolin-
1 to elucidate the role of the caveolin-1/VEGF signaling pathway in
treadmill exercise-stimulated dendritic plasticity and synaptogenesis,
we further demonstrated a close correlation between the effects of
treadmill exercise and caveolin-1/VEGF signaling on dendritic and sy-
naptic plasticity.

2. Materials and methods

2.1. Reagents and antibodies

Anti-MAP2 and Anti-synapsin I were purchased from Proteintech
(Rosemont, IL, USA). Anti-caveolin-1, Anti-VEGF and Anti-PSD95 were
purchased from Abcam (330 Cambridge Science Park, Cambridge, UK).
Tubulin antibody was purchased from Affinity Biosciences (Cincinnati,
OH, USA). A FD Rapid Golgi-Stain Kit was purchased from
FDNeuroTechnologies, Inc. (Guilford, MD, USA). Fetal bovine serum

Table 1
Modified Neurological Severity Scoring.

Motor tests

Raising rat by tail 3
Flexion of forelimb 1
Flexion of hindlimb 1
Head moved 10° to vertical axis within 30 s 1
Placing rat on floor (normal= 0; maximum=3) 3
Normal walk 0
Inability to walk straight 1
Circling toward paretic side 2
Falls down to paretic side 3
Sensory tests 2
Placing test (visual and tactile test) 1
Proprioceptive test (deep sensation, pushing paw against table edge to

stimulate limb muscles)
1

Beam balance tests (normal= 0; maximum=6) 6
Balances with steady posture 0
Grasps side of beam 1
Hugs beam and 1 limb falls down from beam 2
Hugs beam and 2 limbs fall down from beam, or spins on beam (>60 s) 3
Attempts to balance on beam but falls off (> 40 s) 4
Attempts to balance on beam but falls off (> 20 s) 5
Falls off; no attempt to balance or hang on to beam (<20 s) 6
Reflex absence and abnormal movements 4
Pinna reflex (head shake when auditory meatus is touched) 1
Corneal reflex (eye blink when cornea is lightly touched with cotton) 1
Startle reflex (motor response to a brief noise from snapping a clipboard

paper)
1

Seizures, myoclonus, myodystony 1
Maximum points 18

One point is awarded for inability to perform the tasks or for lack of a tested
reflex: 13–18, severe injury; 7–12, moderate injury; 1–6, mild injury.
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(FBS) was purchased from Invitrogen (Carlsbad, CA, USA). An en-
hanced chemiluminescence (ECL) kit was purchased from Bio-Rad
(Hercules, CA, USA), and all the other reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified.

2.2. Animals

A total of 191 adult (8-week-old) Sprague-Dawley male rats
(Estrogen in female rats has an important impact on the area of cerebral
infarction.) weighing 250–280 g were purchased from Shanghai
Laboratory Animal Center (Shanghai, China). All the experimental
protocols were approved by the Animal Research Committee of
Wenzhou Medical University and followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. They were
housed in a controlled environment (4 animals per cages, 55 ± 5%
relative humidity, 22 °C, 12: 12-h light/dark cycle) and provided with
free access to food and water. Rats were randomly divided into eleven
groups: Sham-operated (n=19; group S); Inhibitor treated shams
(n=20; 7 and 28 days, groups SI7 and SI28); Model (n=38; 7 and
28 days, groups M7 and M28); Treadmill exercise trained models
(n=38; 7 and 28 days, groups EM7 and EM28); Inhibitor treated
models (n= 38; 7 and 28 days, groups IM7 and IM28); Inhibitor treated
and treadmill exercise trained models (n=38; 7 and 28 days, groups
IEM7 and IEM28). Studies were designed and conducted according to
following criteria (Saver et al., 2009): (1) Randomization: all animals
were randomly assigned to treatment groups. (2) Allocation conceal-
ment: the researcher performing the surgery or treatment application
was blinded to the procedures. Researchers performing mNSS test, HE
staining, infarct volume assessment, western blot; immunofluorescence;
transmission electron microscopy and Golgi-Cox staining were also
blinded to the procedures. (3) Blinded assessment of outcome: two in-
dependent researchers performing the image analysis and outcome as-
sessment were blinded to all surgical procedures and treatment appli-
cations. Notably, rats were anesthetized with 3% isoflurane vaporized
in 30% O2/70%N2 until they were unresponsive to the tail pinch test
and then fitted with a nose cone blowing 1.5% isoflurane for anesthesia
maintenance during surgery. Additionally, all rats were narcotized by
an intraperitoneal injection of 10% chloral hydrate (5ml/kg) before
sacrifice.

2.3. MCAO model of focal brain ischemia

Briefly, after rats were anesthetized, we isolated the common car-
otid artery (CCA) and external carotid artery (ECA) from the sur-
rounding connective tissues. We opened a small nick in the ECA stump
and inserted a fine silicon-coated surgical nylon monofilament
(0.36 ± 0.02mm; L3600, Jia Ling Biotechnology Co., Ltd.,
Guangzhou, China) into the left internal carotid artery lumen through
the ECA and gently inserted it into the internal carotid artery (ICA) up
to a point approximately 18mm distal to the bifurcation of the carotid
artery to block the middle cerebral artery (MCA). The filament was
fixed in place, and the animal was allowed to recover from anesthesia.
After 2 h, the nylon monofilament was withdrawn to permit reperfu-
sion. Rats in the S group were treated identically, except for inserting
the surgical nylon monofilament.

2.4. Treadmill exercise and injection of the caveolin-1 inhibitor

The exercise program utilizing the ZH-PT Treadmill (Huaibei
Zhenghua Bio Equipment Co., Ltd., Anhui, China) was designed based
on our previous study. Before MCAO, the animals were subjected to an
adaptive treadmill training over a 3-day acclimation period. At 2 days
after MCAO, rats in the exercise (EM and IEM) groups were subjected to
a treadmill exercise program (0° slope, 8m/min, 30min/day, 5 days/
week) for a period of 7 or 28 days.

Rats in the SI; IM and IEM groups were injected intraperitoneally

with a specific inhibitor of caveolin-1, daidzein, (0.4 mg/kg) every 24 h
following reperfusion as previously described. Rats in the other groups
(S, M and EM) were injected simultaneously with an equal volume of
saline.

2.5. Neurological function test

The modified neurological severity score (mNSS) test (Chen et al.,
2001) was measured at 1d, 7 d and 28 d after MCAO by two in-
dependent examiners who were blinded to the treatment groups to
score recovery in an open field. The mNSS is a composite of motor,
sensory, reflex, and balance tests and is graded on a scale from 0 to 18
(normal score 0, maximal deficit score 18). The higher the score is, the
more severe is the injury (Table 1).

2.6. Infarct volume assessment

Rats were sacrificed by decapitation 7 days or 28 days after MCAO
to evaluate the volume of cerebral infarction. Serial sections from
bregma +4.0 to −6.0mm were selected for Nissl staining to measure
the infarct volume in the ipsilateral hemisphere. Nissl staining was
performed with 0.1% cresyl violet according to a previously reported
procedure (Zhang et al., 2013). For quantification of infarct volume,
five successive coronal sections at 2.0 mm intervals from bregma (+4.0
to −6.0mm) were selected. The volumes of the ipsilateral and the
contra-lateral hemisphere were counted as previously mentioned and
relative infarct volume was described as a percentage of the contra-
lateral hemisphere: contralateral hemispheric volume - non-infarcted
tissue in the ipsilateral hemisphere)/contralateral hemispheric volume
(Swanson et al., 1990).

2.7. Tissue preparation and HE staining

Four rats from each group were sacrificed at 7 and 28 days after
MCAO. Briefly, under deep anesthesia with 10% chloral hydrate (5ml/
kg body weight), rats were transcardially perfused with 0.9% sodium
chloride at 4 °C, followed by 4% paraformaldehyde in 0.1M phosphate
buffer (PB, pH 7.4). The brains were then removed, kept in the same
fixative for 24 h at 4 °C, and immersed in 0.1M phosphate-buffered
20% and 30% sucrose overnight at 4 °C, respectively. Coronal sections
(10 μm thick) of the brains containing ischemic penumbra were cut
using a cryostat.

HE staining adopts the usage of hemalum. Hemalum stains the
nuclei of cells blue. Then, an aqueous eosin counterstains eosinophilic
structures in various shades of red, pink and orange. We used an
Olympus BH-2 microscope (Olympus Optical, London, UK) to capture
the images.

Table 2
Modified Neurological Severity Scores post MCAO.

Groups N 1 day 7 days 28 days

S 19 0 0 0
SI 20 0 0 0
M 38 5.41 ± 0.94⁎ 4.94 ± 0.97⁎ 3.41 ± 0.80⁎Δ

EM 38 5.53 ± 0.87 4.06 ± 0.90# 2.29 ± 0.77#￥

IM 38 5.47 ± 0.94 5.65 ± 0.79# 2.65 ± 0.86#

IEM 38 5.29 ± 0.99 4.88 ± 0.93& 2.71 ± 0.85&

Data were presented as mean ± SD, ANOVA.
⁎ p < 0.05 as compared to the same period of S.
# p < 0.05 as compared to the same period of M.
& p < 0.05 as compared to the same period of EM.
Δ p < 0.05 as compared to the M group at 7 days.
￥ p < 0.05 as compared to the EM group at 7 days.
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Fig. 1. Treadmill training decreased infarct volume; the damage of tissue structure and ameliorated neurologic impairment, while inhibitor increased infarct injury. a
Infarct volumes. b HE staining at 7 days. Scale bars are 20 μm (400×). c Neurological scores in different groups. d Percentage of infarct volume in each group;
columns represent mean ± SD, n=5. #p < 0.05 versus the M7 group; $p < 0.05 versus the EM7 group, Δp < 0.05 versus the M28 group, &p < 0.05 versus the
EM28 group. (#p, $p, Δp, &p < 0.05; ##p, $$p, ΔΔp, &&p < 0.01; ###p, $$$p, ΔΔΔp, &&&p < 0.001).
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2.8. Immunofluorescence

Prepared sections were naturally air-dried and then washed in 0.1M
borate solution (pH 8.6) twice for 10min. The sections were then wa-
shed three times in 0.01M PBS, blocked with 10% normal goat serum at
room temperature for 1 h, and incubated with rabbit Anti-PSD95 and
rabbit Anti-MAP2 overnight at 4 °C. A goat anti-rabbit antibody con-
jugated to green fluorescent protein (GFP) Alexa Fluor 488 (1:100,
Yesen, Shanghai, China) was used to show immunoreactivity. Nuclei
were counterstained with 4,6-diamidino-2-phenylindole (DAPI).
Negative control sections were incubated with 0.01M PBS instead of
primary antibodies and showed no positive fluorescent signals.
Combining the previous exploration of our team with the classical
dissection method, observation area of ischemic penumbra is as follows
(Gao et al., 2014) (Fig.2c) All sections were observed with a microscope
(BX51, Olympus). Positive cells in five non-overlapping fields (×400
magnifications) were enumerated using Image-Pro Plus 6.0 analysis
software.

2.9. Western blot analysis

As previously reported, coronal sections were taken 4mm and 9mm
from the front of the frontal lobe, and the middle brain tissue block was
taken. We identified the midline between the two hemispheres and then
made a longitudinal cut approximately 1.5–2mm from the midline
through each hemisphere. We then made a transverse diagonal cut at
approximately the “10 o'clock” position to separate the core (ie,
striatum and overlying cortex) from the penumbra (adjacent cortex)
(Ashwal et al., 1998) (Fig.12a, b). Approximately 100mg of brain tissue
was homogenized in ice-cold RIPA buffer containing protease inhibitor
cocktail (10 ul/ml) and PMSF. Equal amounts (50 μg) of proteins were
separated by 10% SDS polyacrylamide gel electrophoresis and trans-
ferred to PVDF membranes. Nonspecific sites were blocked with 5%
nonfat milk in TBS with 0.05% Tween 20 (TBST) for 2 h, rinsed and
incubated overnight at 4 °C with primary antibodies, including ca-
veolin-1, VEGF, PSD95, SYN I, MAP2, and Tubulin. The membranes

were washed three times with TBST and treated with horseradish per-
oxidase-conjugated secondary antibodies (1:5000, EarthOx, LLC) for 2 h
at room temperature. The blots were soaked in Super Signal chemilu-
minescent substrate and visualized using a UVP gel-imaging system
(Upland, CA, USA). Densitometric analysis was performed using Al-
phaEaseFC (version 4.0).

2.10. Transmission electron microscopy

Rats were sacrificed at 7 and 28 days after MCAO, and tissue sam-
ples were collected from the ischemic penumbra. Following fixation in
2.5% (w/v) glutaraldehyde overnight, ischemic penumbra tissues were
post-fixed in 2% (v/v) osmium tetroxide and blocked with 2% (v/v)
uranyl acetate. Following dehydration in a series of acetone washes, the
tissues were embedded in Araldite for coronal sections. Semi-thin sec-
tion and toluidine blue staining were performed for observation of lo-
cation. Finally, ultra-thin sections of at least three blocks per sample
were cut and observed using a Hitachi TEM.

2.11. Golgi-cox staining procedure and selection criteria for pyramidal cells

At 7 d and 28 d after MCAO, rats in each group (n=4) were in-
jected intraperitoneally with a lethal dose of chloral hydrate to induce
anesthesia. The brains were removed as soon as possible without per-
fusion and the tissue rinsed in double-distilled water for 2–3 s to remove
blood from the surface. The Rapid Golgi Stain Kit (FD Neuro
Technologies) was used for the tissue preparation and staining proce-
dures. The whole Golgi-Cox staining procedure was conducted in strict
accordance with the manufacturer's user manual and material safety
data sheet. A series of 200 μm thick coronal sections was sliced from the
caudal forelimb region of the motor cortex (approximately from the
bregma to +2.0mm from the bregma) (Budantsev et al., 1993) using a
microtome (Leica CM1950 cryostat; Leica Biosystems GmbH, Wetzlar,
Germany).

To be included in the analysis, neurons should be selected according
to specific criteria (Gonzalez et al., 2004): (1) the dendritic trees had to

Fig. 2. Schematic diagram of ischemic core and ischemic penumbra. A, B Site of core and penumbra area (picture from the previous paper of our team); C A
representative fluorescence image of MAP-2 in the penumbra at 7 days and 28 days after MCAO.
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be well impregnated to facilitate accurate observation and analysis; (2)
the cell bodies and dendrites had to be in full view and not obscured by
other blood vessels, astrocytes, or clustering of dendrites from other
pyramidal cells; (3) they also had to appear intact and visible in the
plane of the section.

2.12. Sholl analysis

To acquire images for analysis, layer V pyramidal cells within the
peri-infarct area were traced at 400× magnification. Pyramidal neu-
rons were readily identified by their characteristic triangular soma-
shape, apical dendrites extending toward the pial surface, and nu-
merous dendritic spines. To measure the length of dendrites, Sholl
analysis (Sholl, 1953) was conducted using a Sholl analysis plug-in
(available at http://fiji.sc/Sholl Analysis) for ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The number of intersections
and branches of dendrites with a series of concentric rings at 20 μm
intervals from the center of the cell body was counted for each cell. The
total dendritic length can also be calculated using the Sholl analysis.
Five selected neurons were studied for each of the 4 animals in the
different experimental groups and compared across groups using one-
way ANOVA. (This method does not attempt to assess the actual total
dendritic length of labeled neurons, but it has been shown to be a
sensitive and reliable indicator of changes in dendritic morphology
during normal development, after changes in dendritic interactions and
afferent input, and after injury.)

2.13. Measurement of spine density

The dendritic spine density was analyzed for layer V pyramidal
neurons within the peri-infarct area. For each cell, at least 30 μm long
segments of terminal basilar densities (third order or greater) and apical
densities (lower half of the apical segments) were obtained. The same
cells were traced at 400× magnification. The spine number was
counted, and the exact length of the dendritic segment was calculated
to yield spines/10 μm data (Hurtado et al., 2007). We did not make any
attempt to correct for spines that were hidden by the overlying den-
drites. Therefore, the data are likely to underestimate the actual den-
sity.

2.14. Statistical analysis

Data are presented as the mean ± SD. Statistical significance was
examined using one-way analysis of variance (ANOVA). p values<
0.05 were considered statistically significant. Data were analyzed using
SPSS19.0 statistical software.

3. Results

3.1. Treadmill training decreased the infarct volume and damage to the
tissue structure and ameliorated neurologic impairment, while the inhibitor
increased infarct injury

According to the mNSS score (Table 2, Fig.1c), the functional out-
come in the S and SI groups were normal (0). There were no significant

Fig. 3. Treadmill exercise up-regulated MAP-2 expression in the ischemic penumbra after MCAO. a, b Represent western blots and quantification data of MAP-2/
Tubulin in each group; columns represent mean ± SD, n=5. ⁎p < 0.05 versus the S group, #p < 0.05 versus the M7 group, Δp < 0.05 versus the M28 group. c
MAP-2 staining in the ischemic penumbra. Green: MAP-2; Blue: DAPI. Scale bar, 20 μm. (⁎p, #p, Δp < 0.05; ⁎⁎p, ##p, ΔΔp < 0.01; ⁎⁎⁎p, ###p, ΔΔΔp < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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differences in the neurologic score among the four other groups at 1 day
after MCAO (p > 0.05), and the scores of the components subsequently
gradually decreased. At 7 or 28 days after MCAO, the scores for the EM
group were lower than for the M group during the same period (EM7 vs.
M7: p=0.004; EM28 vs. M28: p=0.0003), and scores for the IM group
were higher than those for the M group (IM7 vs. M7: p=0.02; IM28 vs.
M28: p=0.012). Compared with the EM group, the IEM group ex-
hibited significantly improved neurological statuses (IEM7 vs. EM7:
p=0.007; IEM28 vs. EM28: p=0.020). Compared with the M7 or EM7
group, the M28 group or EM28 group exhibited significantly improved
neurological statuses (p < 0.0001).

As shown in Fig.1a, d and Table 3, compared with M group, the EM
group had smaller infarct volumes during the same period
(p < 0.0001), while the IM group had larger infarct volumes (IM7 vs.
M7: p < 0.0001; IM28 vs. M28: p= 0.008). The IEM group had larger
infarct volumes compared with the EM group (IEM7 vs. EM7:
p < 0.0001; IEM28 vs. EM28: p=0.001). In terms of the two M groups
at different time periods, the M28 group had significantly smaller in-
farct volumes compared with the M7 group (p= 0.031), and the same
trend was observed in the EM group during two different time periods
(p= 0.005).

The neuronal morphology of the rat brain was observed after MCAO
by hematoxylin and eosin (HE) staining (Fig. 1b). No infarcts were
found in the brain slices from the S group, while the infarct site was
observed in the ischemic area in the other groups. Brain tissues from the
EM group showed a more regular arrangement than those from the M
group, while tissues from the IM group showed more severe damage
with multiple vacuolated interspaces and dead neurons.

3.2. Treadmill exercise promoted dendritic growth, dendritic spine
formation and synaptic plasticity, as well as the upregulation of caveolin-1
and VEGF in the ischemic penumbra after MCAO

3.2.1. Treadmill exercise promoted dendritic growth
To investigate the effect of treadmill exercise on dendritic growth,

the expression level of MAP-2 in the penumbra and dendritic char-
acteristics (the total number of intersections, total length of dendritic
branches and total dendritic branches of both apical and basal den-
drites) from layer V pyramidal neurons in the penumbra were analyzed.
Western blot and immunofluorescence analysis revealed that ischemic
reperfusion severely decreased the expression of MAP-2 compared with
the S group (Fig. 3a, b, c) (p < 0.0001). At 7 or 28 days after MCAO,
compared with the M group, the expression level of MAP-2 in the EM
group was significantly increased (EM7 vs. M7: p= 0.002; EM28 vs.
M28: p= 0.004). Moreover, the level of MAP-2 in the M28 group was
significantly higher than in the M7 group (p < 0.0001).

Golgi-Cox staining clearly filled the dendritic shafts and spines of
neurons from layer V pyramidal neurons (Fig. 4d, e, f). Ischemic re-
perfusion injury affected the total number of intersections in both apical
and basal dendrites compared with the S group (Fig. 4g, h, i, l) (apical:
p=0.0001; basal: p < 0.0001). Compared with the M group, the total
intersections of both apical and basal dendrites in the EM group were
increased during the same period (EM7 vs. M7, apical: p=0.002; basal:
p=0.015; EM28 vs. M28, apical: p > 0.05; basal: p=0.009). Fur-
thermore, Sholl analysis also revealed an increase in the total

intersections of apical and basal dendrites in the M28 group with re-
spect to the M7 group (apical: p=0.002; basal: p=0.007).

Regarding total dendritic branches, ischemia-reperfusion injury
significantly decreased both apical and basal dendritic branches of layer
V neurons in the penumbra with respect to the S group (Fig. 4j, m)
(p < 0.0001). We further observed the effect of treadmill exercise on
the dendritic branches. Compared with the M group, the total branches
of both apical and basal dendrites were significantly increased in the
EM group during the same period (EM7 vs. M7, apical: p=0.04; basal:
p=0.04; EM28 vs. M28, apical: p=0.011; basal: p=0.025). Both
apical and basal dendritic branches in the M28 group were clearly in-
creased with respect to the M7 group (apical: p=0.0004; basal:
p=0.003).

Subsequent to the analysis of total dendritic length, there was a
marked reduction in both apical and basal length after MCAO compared
with the S group (Fig. 4k, n) (p=0.0001). Compared with the M group,
the total lengths of both apical and basal dendrites were significantly
increased in the EM group during the same period (EM7 vs. M7, apical:
p=0.001; basal: p=0.02; EM28 vs. M28, apical: p=0.041; basal:
p=0.02). Both the apical and basal dendritic total length in the M28
group were significantly increased with respect to the M7 group (apical:
p=0.0001; basal: p=0.016).

3.2.2. Treadmill exercise promoted dendritic spine density and synaptic
plasticity

After MCAO, both the apical and basal dendritic spine density of
layer V neurons in the penumbra were significantly decreased com-
pared with the S group (Fig. 5a, b c, d) (p < 0.0001). Compared with
the M group, the dendritic spine density of both apical and basal den-
drites in the EM group were significantly increased during the same
period (EM7 vs. M7, apical: p=0.008; basal: p=0.009; EM28 vs. M28,
apical: p=0.031; basal: p=0.04). Furthermore, we found that both
the apical and basal dendritic spine density in the M28 group were
markedly increased with respect to the M7 group (apical: p=0.001;
basal: p=0.02).

To investigate the effect of treadmill exercise on synaptic plasticity,
we detected the changes in the synapse and marker synapse proteins
(PSD95 and SYN I) (Fig. 5e, f, g, h). Compared with the S group, the
expression levels of both PSD95 and SYN1 were significantly decreased
(p < 0.0001). Compared with the M group, the level of SYN1 in the EM
group was significantly decreased during the same period (EM7 vs. M7:
p p=0.047; EM28 vs. M28: p=0.035). Moreover, the level of SYN1 in
the M28 group was significantly augmented compared with the M7
group (p < 0.0001). However, treadmill exercise had a limited effect
on the expression of PSD95 at 7 days after MCAO with respect to the M7
group (p > 0.05). Compared with the M28 group, the level of PSD95 in
the EM28 group was significantly increased, while it was markedly
decreased in the M7 group (EM28 vs. M28: p=0.008; M7 vs. M28:
p=0.001). The changing trend of the synaptic structure was consistent
with the neurological outcome (Fig. 5i). Compared with the S group,
the M group exhibited abnormal neurons with fewer and irregular sy-
naptic vesicles and wider synaptic clefts, while the EM group showed
better statuses with an even thickness of the synaptic membrane, more
synaptic vesicles and tight synaptic connections.

Fig. 4. Treadmill exercise promoted dendritic growth. a, b, c Represent western blots and quantification data of Caveolin1/Tubulin and VEGF/Tubulin in each group;
columns represent mean ± SD, n=4. ⁎p < 0.05 versus the S group; #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group. d, e, f Examples of
reconstructed layer V pyramidal neurons and the dendritic complexity was assessed by Sholl analysis. Scale bar,50 μm. g, h Graphs showed the distribution of
dendritic intersections at increasing distance from the cell body. i, l Total number of intersection points; columns represent mean ± SD, n= 4. ⁎p < 0.05 versus the
S group; #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group; j, m Dendritic branches. Columns represent mean ± SD, n=4. ⁎p < 0.05 versus the S
group; #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group; k, n The total length of dendritic branches; columns represent mean ± SD, n= 4.
⁎p < 0.05, versus the S group; #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group. (⁎p, #p, Δp < 0.05; ⁎⁎p, ##p, ΔΔp < 0.01; ⁎⁎⁎p, ###p,
ΔΔΔp < 0.001).

Q. Xie et al. Experimental Neurology 313 (2019) 60–78

67



(caption on next page)

Q. Xie et al. Experimental Neurology 313 (2019) 60–78

68



3.2.3. Molecular changes in the penumbra after MCAO following treadmill
exercise

Concomitantly, we detected the expression change in caveolin-1 and
VEGF (Fig. 4a, b, c). Western blot analysis revealed that the levels of
both caveolin-1 and VEGF were significantly increased in the EM group
at 7 or 28 days after MCAO with respect to M group rats (caveolin-1,
EM7 vs. M7: p < 0.0001; EM28 vs. M28: p=0.036; VEGF, EM7 vs.
M7: p < 0.0001; EM28 vs. M28: p=0.017), consistent with the
changes in the dendritic characteristics and spine density. However,
compared with the M7 group, the M28 group had significantly lower
levels of both caveolin-1 and VEGF (caveolin-1: p=0.002; VEGF:
p=0.024), in contrast to the changes in dendritic characteristics and
spine density.

3.3. Inhibitor had no significant effects on synaptic and dendritic plasticity
of rats in the S group

3.3.1. Inhibitor had no effects on mNSS score, infarct size and neuronal
morphology of rats in the S group

The mNSS scores in the three groups were all 0 (normal) (Table 2),
and none of them had infarcts (Table 3). According to the Nissl staining,
there were no observable pathological changes among the three groups
(Fig.1a, b).

3.3.2. Inhibitor had no significant effects on synaptic and dendritic
plasticity of rats in the S group

We detected whether inhibitor can down-regulate the caveolin-1
and VEGF expression level of rats in the S group. Compared with S
group, the expression level of caveolin-1 and VEGF in the SI groups
slightly decreased, however, there were no statistical difference among
the three groups (S vs. SI7; SI7 vs. SI28: p > 0.05) (Fig.6a, c, d).

We further tested the effects of inhibitor on synaptic and dendritic
plasticity of the shams. Compared with S group, the expression level of
MAP2, PSD95 and SYN 1 in the SI groups slightly decreased, however,
there were no statistical difference among the three groups (S vs. SI7;
SI7 vs. SI28: p > 0.05) (Fig.6b, e, f, g). Additionally, consistent with
the changes in caveolin-1 and VEGF, dendritic characteristics (total
length, total branches and total intersections) and spine density in the
SI7 groups have no statistical reduction compared with the s groups (S
vs. SI7: p > 0.05) (Fig.6h, i, j, k, l, m). These results excluded the
possibility that the inhibitor itself may cause neurological deficits.

3.4. Inhibition of the caveolin-1/VEGF pathway abolished dendritic growth,
dendritic spine formation and synaptic plasticity in the ischemic penumbra
after MCAO

To determine whether the caveolin-1/VEGF pathway was related to
dendritic and synaptic change, an inhibitor was utilized. As we ex-
pected, the levels of both caveolin-1 and VEGF were significantly
downregulated in the IM group at 7 or 28 days after MCAO with respect
to M group rats (caveolin-1, IM7 vs. M7: p < 0.0001; IM28 vs. M28:
p=0.002; VEGF, IM7 vs. M7: p=0.001; EM28 vs. M28: p=0.004)
(Fig. 8a, b, c). Consistent with the changes in caveolin-1 and VEGF, the
expression level of MAP-2 in the IM group was significantly decreased
in the M group during the same period (IM7 vs. M7: p=0.003; IM28
vs. M28: p=0.001) (Fig. 7a, b, c).

3.5. Inhibition of the caveolin-1/VEGF pathway led to dendritic
degeneration

Sholl analysis showed that total intersections of apical and basal
dendrites in the IM group were significantly reduced compared with the
M group during the same period (IM7 vs. M7, apical: p=0.017; basal:
p=0.003; IM28 vs. M28, apical: p=0.009; basal: p=0.013) (Fig. 8d,
e, f, g). The same trend was observed in the change in total length (IM7
vs. M7, apical: p=0.035; basal: p=0.002; IM28 vs. M28, apical:
p=0.0001; basal: p=0.033) (Fig. 8j, k) and total branches (IM7 vs.
M7, apical: p=0.004; basal: p=0.043; IM28 vs. M28, apical:
p=0.017; basal: p=0.027) in comparisons of the IM and M groups
(Fig. 8h, i).

3.6. Inhibiting of the caveolin-1/VEGF pathway abolished dendritic spine
and synaptic construction

We further detected the expression changes in both PSD95 and
SYN1, as well as the dendritic spine density at 7 or 28 days after in-
jecting inhibitor. Compared with the M group, the expression of both
PSD95 and SYN1 were clearly decreased in the IM group during the
same period (PSD95, IM7 vs. M7: p=0.008; IM28 vs. M28: p=0.018;
SYN1, IM7 vs. M7: p=0.013; IM28 vs. M28: p=0.033) (Fig. 9e, f, g,
h). Similarly, rats in the IM group had fewer dendritic spines on both
apical and basal dendrites with respect to the M group during the same
period (IM7 vs. M7, apical: p=0.024; basal: p=0.035; IM28 vs. M28,
apical: p=0.012; basal: p=0.009) (Fig. 9a, b, c, d). Concerning sy-
naptic structure, transmission electron microscope analysis revealed
that rats in the IM group showed more serious uneven thickness of the
synaptic membrane, degradation of synaptic vesicles and even dis-
appearance of synaptic connections compared with the M group
(Fig. 9i).

3.7. Inhibition of the caveolin-1/VEGF signaling pathway suppressed
exercise-promoted dendritic growth, dendritic spine formation and synaptic
plasticity in the ischemic penumbra after MCAO

To ascertain whether the caveolin-1/VEGF signaling pathway par-
ticipated in exercise-induced dendritic and synaptic plasticity, inhibitor
and treadmill exercise were performed after MCAO, and Western blot
analysis was employed to investigate the level of caveolin-1 and VEGF.
The results showed that the inhibitor significantly suppressed the ex-
pression of both caveolin-1 and VEGF upregulated by treadmill exercise
when comparing EM7 with IEM7 (caveolin-1: p < 0.0001; VEGF:
p=0.001). However, the expression of caveolin-1 was significantly
increased (p=0.008), while there was no significant effect on VEGF, in
comparisons of EM28 and IEM28 (p > 0.05). Furthermore, compared
with the EM7 group, the EM28 group had significantly lower levels of
both caveolin-1 and VEGF (caveolin-1: p < 0.0001; VEGF: p=0.002)
(Fig. 11a, b, c).

3.8. Inhibition of the caveolin-1/VEGF pathway abolished exercise-
promoted dendritic growth

To reconfirm the role of the caveolin-1/VEGF signaling pathway in
exercise-improved dendritic growth, we established four groups (EM7;
IEM7; EM28 and IEM28) and examined their dendritic characteristics
by Western blotting, immunofluorescence and Golgi-Cox staining. The

Fig. 5. Treadmill exercise promoted dendritic spine density and synaptic plasticity. a, b Examples of dendritic spines. Scale bar,10 μm. c, d Density of dendritic
spines. Columns represent mean ± SD, n=4. ⁎p < 0.05 versus the S group; #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group. e, f, g Represent
western blots and quantification data of PSD95 and SYN1 in each group; columns represent mean ± SD, n=4. ⁎p < 0.05 versus the S group; #p < 0.05 versus the
M7 group; Δp < 0.05 versus the M28 group. h PSD95 staining in the ischemic penumbra. Green: PSD95; Blue: DAPI. Scale bar, 20 μm. i Transmission electron
microscopy showed the synaptic structures, and the scale bars indicated 0.2 μm. (⁎p, #p, Δp < 0.05; ⁎⁎p, ##p, ΔΔp < 0.01; ⁎⁎⁎p, ###p, ΔΔΔp < 0.001). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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immunofluorescence and Western blot assays were applied to observe
MAP2-positive cell and expression levels. A lower level of MAP2 was
observed in the IEM group compared with the EM group during the
same period (EM7 vs. IEM7: p=0.045; EM28 vs. IEM28: p=0.024)
(Fig. 10a, b, c).

Compared with the EM7 group, both apical and basal dendritic in-
tersections were significantly decreased in the IEM7 group (apical:
p=0.004; basal: p=0.016). At 28 days, there were no significant
differences in apical dendritic intersections in EM28 compared with
IEM28 (p > 0.05), while a significant decrease in basal dendritic in-
tersections was observed by comparing EM28 with IEM28 (p=0.04)
(Fig. 11d, e, f, g). Moreover, both apical and basal dendritic branches
were markedly decreased in the IEM group with respect to the EM
group during the same period (EM7 vs. IEM7, apical: p=0.016; basal:
p=0.007; EM28 vs. IEM28, apical: p=0.003; basal: p=0.033)
(Fig. 11h, i). Additionally, compared with the EM group, both the apical
and basal dendritic total length in the IEM group were markedly de-
creased during the same period (EM7 vs. IEM7, apical: p=0.003; basal:
p=0.002; EM28 vs. IEM28, apical: p=0.02; basal: p=0.02) (Fig. 11j,
k). Notably, compared with the EM7 group, total intersections, total
length and total branches of both apical and basal dendrites were sig-
nificantly improved in the EM28 group, in contrast to the trend ob-
served for caveolin-1 and VEGF (Fig. 11e–k).

3.9. Inhibition of the caveolin-1/VEGF pathway abolished exercise-
promoted dendritic spine and synaptic construction

To confirm the effect of the caveolin-1/VEGF pathway on dendritic
spines and synapses, we further detected the dendritic spine density and
expression changes in PSD95 and SYN I at 7 or 28 days after inhibitor
injection and treadmill exercise. Compared with the EM group, the
expression levels of both PSD95 and SYN1 in the IEM group were de-
creased during the same period (PSD95, EM7 vs. IEM7: p=0.025;
EM28 vs. IEM28: p=0.003; SYN1, EM7 vs. IEM7: p=0.013; EM28 vs.
IEM28: p > 0.05) (Fig. 12e, f, g, h). Similarly, rats in the IEM7 group
had fewer dendritic spines on both apical and basal dendrites with re-
spect to the EM7 group (apical: p=0.007; basal: p=0.033). However,
compared with the EM28 group, no significant reduction was observed
for either the apical or basal dendritic spine density in the IEM group
(p > 0.05) (Fig. 12a, b, c, d). Additionally, the statuses of the synapses
were compared with the EM group (Fig. 12i). Similarly, and consistent
with the trend of the dendritic characteristics, the changes in spine
density and synaptic plasticity in the EM28 group were significantly
increased with respect to the EM7 group.

4. Discussion

In this study, we found that treadmill training played a novel role in

Fig. 6. Inhibitor had no significant effects on synaptic and dendritic plasticity of rats in the group S. a, b, c, d, e, f, g Represent western blots and quantification data of
Caveolin1/Tubulin, VEGF/Tubulin, MAP-2/Tubulin, PSD95/Tubulin and SYN I/Tubulin in each group; columns represent mean ± SD, n= 4. h, k Examples of
dendritic spines. Scale bar,10 μm. i Density of dendritic spines. Columns represent mean ± SD, n= 4. j Dendritic branches. Columns represent mean ± SD, n=4. l
Total number of intersection points; columns represent mean ± SD, n= 4. m Dendritic branches. Columns represent mean ± SD, n= 4.

Fig. 7. Inhibitor down-regulated MAP-2 expression in the ischemic penumbra after MCAO. a, b Represent western blots and quantification data of MAP-2/Tubulin in
each group; columns represent mean ± SD, n= 4. #p < 0.05 versus the M7 group, Δp < 0.05 versus the M28 group. c MAP-2 staining in the ischemic penumbra.
Green: MAP-2; Blue: DAPI. Scale bar, 20 μm. (#p, Δp < 0.05; ##p, ΔΔp < 0.01; ###p, ΔΔΔp < 0.001). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Inhibition of the caveolin-1/VEGF
pathway led to dendritic degeneration. a, b, c
Represent western blots and quantification
data of Caveolin1/Tubulin and VEGF/
Tubulin in each group; columns represent
mean ± SD, n=4. #p < 0.05 versus the M7
group; Δp < 0.05 versus the M28 group. d, e
Graphs showed the distribution of dendritic
intersections at increasing distance from the
cell body. f, g Total number of intersection
points; columns represent mean ± SD, n= 4.
#p < 0.05 versus the M7 group; Δp < 0.05
versus the M28 group; h, i Dendritic bran-
ches. Columns represent mean ± SD, n= 4.
#p < 0.05 versus the M7 group; Δp < 0.05
versus the M28 group; j, k The total length of
dendritic branches; columns represent
mean ± SD, n=4. #p < 0.05 versus the M7
group; Δp < 0.05 versus the M28 group. (#p,
Δp < 0.05; ##p, ΔΔp < 0.01; ###p,
ΔΔΔp < 0.001).
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recovery from ischemic stroke - promoting dendrite outgrowth, den-
dritic spine formation and synapse development of layer V pyramidal
neurons in the penumbra after ischemic reperfusion. Furthermore, the
caveolin-1/VEGF signaling pathway could not only mediate dendritic

and synaptic plasticity, but it is also a potential molecular mechanism
for treadmill training to promote these effects.

The dendritic length reflected the total space for synapses, and the
spine density represented the density of excitatory synapses to some

Fig. 9. Inhibition of the caveolin-1/VEGF pathway damaged dendritic spine density and synaptic plasticity. a, b Examples of dendritic spines. Scale bar,10 μm. c, d
Density of dendritic spines. Columns represent mean ± SD, n= 4. #p < 0.05 versus the M7 group; Δp < 0.05 versus the M28 group. e, f, g Represent western blots
and quantification data of PSD95/Tubulin and SYN1/Tubulin in each group; columns represent mean ± SD, n=4, #p < 0.05 versus the M7 group; Δp < 0.05
versus the M28 group. h PSD95 staining in the ischemic penumbra. Green: PSD95; Blue: DAPI. Scale bar, 20 μm. i Transmission electron microscopy showed the
synaptic structures, and the scale bars indicated 0.2 μm. (#p, Δp < 0.05; ##p, ΔΔp < 0.01; ###p, ΔΔΔp < 0.001). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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extent (Kolb et al., 2001). Synapses are the structural basis for the
transmission, processing, and storage of information between adjacent
neurons. In the acute MCAO model, dendrites and their spines represent
the most vulnerable structures after the loss of blood supply. As a result,
those changes disrupt the neuronal circuit and impair the function of
the brain. Ischemic stroke not only causes neuronal death in the is-
chemic core area but also damages the structure and function of sur-
viving neurons around the ischemic region. Although the dysfunction
occurred at 7 and 28 days after cerebral ischemia-reperfusion in rats, it
might recover partially over time, which may be related to the re-
organization and synaptic reconnection of surviving neurons in the
penumbra. In the present study, results from Golgi-Cox staining re-
vealed that the apical and basal dendritic characteristics (dendritic in-
tersections, dendritic length, dendritic branches and dendritic spine
density) of layer V pyramidal neurons were significantly decreased in
the penumbra at two time-points after MCAO, indicating the degen-
eration of dendrites and spines and in accordance with previous studies
(Gonzalez and Kolb, 2003; Mostany and Portera-Cailliau, 2011; Jiang
et al., 2012; Li et al., 2015). Comparisons of the M7 and M28 groups
suggested that dendrites and dendritic spines showed a dynamic pro-
cess (decreasing in the early stage and gradually increasing) after
MCAO, and neurological improvement was closely related to changes in
dendrites and dendritic spines. Further detection of SYN1 and PSD95
revealed that the expression level continued to grow but did not reach
normal levels, consistent with the pathological damage of the ischemic
penumbra and decrease in the cerebral infarction volume. This series of
results indicated that dendritic plasticity and synaptic development in
the penumbra played an important role in stroke recovery.

Previous studies have shown that when the brain is in a severe is-
chemic state, such as a 90% reduction in blood flow, irreversible den-
dritic damage and spine loss will occur within 10–20min (Brown and

Murphy, 2008). After cerebral ischemia, the plasticity of dendrites and
dendritic spines serves as the basis for motor function recovery. For
example, environmental stimulation enhances dendritic branching and
length. Multiple studies have shown that sensory experience, such as
exercise training, can significantly affect the dynamic changes in den-
drites and dendritic spines. In the primary motor cortex of mice, ex-
ercise training can promote the formation of dendritic spines and im-
prove the survival rate of new dendritic spines (Xu et al., 2009; Fu et al.,
2012). Dendritic morphological changes were observed after physical
exercise in other nervous system diseases. For instance, low-intensity
exercise can increase the dendritic complexity and level of PSD95 in the
hippocampus after MCAO (Shih et al., 2013). Treadmill exercise facil-
itates the expression of PSD95 and synaptophysin and increases the
number of dendritic spines on dopaminergic neurons and fibers in
mouse models of Parkinson's disease (Shin et al., 2016). In our study,
treadmill exercise increased both the apical and basilar dendritic
complexity and dendritic spine density in penumbra at 7 and 28 days
after MCAO. Such changes in the dendritic structure would allow them
to change their connectivity patterns and participate in larger and/or
different neural networks in the cortex (Hickmott and Ethell, 2006).
Dendritic stability was manifested by a significant increase in dendritic
spine formation that peaked at 1–2weeks, persisted for up to 6 weeks,
and was specific to the peri-infarct cortex (Brown et al., 2007). Con-
sistent with a previous study, we found that dendritic plasticity gra-
dually increased in comparisons of the EM7 and EM28 groups. These
results indicated that treadmill training could improve neurological
function by promoting dendritic spine formation, dendritic extension
and branching, and the effect of long-term exercise training to improve
the symptoms of motor deficit after stroke was more obvious. Re-
garding the expression level of synaptic marker proteins, we found that
PSD95 expression was elevated in EM7 compared with the M7 group,

Fig. 10. Inhibition of the caveolin-1/VEGF pathway abolished exercise-promoted MAP-2 expression in the ischemic penumbra after MCAO. a, b Represent western
blots and quantification data of MAP2/Tubulin in each group; columns represent mean ± SD, n= 4. $p < 0.05 versus the EM7 group, &p < 0.05 versus the EM28
group. c MAP-2 staining in the ischemic penumbra. Green: MAP-2; Blue: DAPI. Scale bar, 20 μm. ($p, &p < 0.05; $$p, &&p < 0.01; $$$p, &&&p < 0.001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Inhibition of the caveolin-1/VEGF
pathway abolished exercise-promoted dendritic
growth. a, b, c Represent western blots and quan-
tification data of Caveolin1/Tubulin and VEGF/
Tubulin in each group; columns represent
mean ± SD, n= 4. $p < 0.05 versus the EM7
group; &p < 0.05 versus the EM28 group. d, e
Graphs showed the distribution of dendritic inter-
sections at increasing distance from the cell body.
f, g Total number of intersection points; columns
represent mean ± SD, n=4. $p < 0.05 versus
the EM7 group; &p < 0.05 versus the EM28
group; h, i Dendritic branches. Columns represent
mean ± SD, n= 4. $p < 0.05, versus the EM7
group; &p < 0.05 versus the EM28 group; j, k The
total length of dendritic branches; columns re-
present mean ± SD, n=4. $p < 0.05 versus the
EM7 group; &p < 0.05 versus the EM28 group.
($p, &p < 0.05; $$p, &&p < 0.01; $$$p, &&&

p < 0.001).
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but this difference was not statistically significant. It can be explained
that, spine addition is not always coupled to synapse formation and
synaptic contacts appear after the emergence of the dendritic spine (Ziv
and Smith, 1996; Knott et al., 2006; Nagerl et al., 2007). Alternatively,

in the Filopodia model, spines grow toward axons to make de novo
synapses (Ziv and Smith, 1996), providing a good explanation for why
the dendritic spines clearly increased in the EM7 group without an
obvious increase in the synaptic protein. To our knowledge, the present

Fig. 12. Inhibition of the caveolin-1/VEGF pathway abolished exercise-promoted dendritic spine and synaptic construction a, b Examples of dendritic spines. Scale
bar,10 μm. c, d Density of dendritic spines. Columns represent mean ± SD, n=4. $p < 0.05 versus the EM7 group; &p < 0.05 versus the EM28 group. e, f, g
Represent western blots and quantification data of PSD95 and SYN1 in each group; columns represent mean ± SD, n=4. $p < 0.05 versus the EM7 group; &

p < 0.05 versus the EM28 group. h PSD95 staining in the ischemic penumbra. Green: PSD95; Blue: DAPI. Scale bar, 20 μm. i Transmission electron microscopy
showed the synaptic structures, and the scale bars indicated 0.2 μm. ($p, &p < 0.05; $$p, &&p < 0.01; $$$p, &&&p < 0.001). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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study is the first to investigate the effect of treadmill exercise on den-
dritic morphology in the penumbra after brain ischemia. Our present
results revealed that treadmill exercise could enhance the dendritic
complexity and dendritic spine growth in the penumbra, indicating that
exercise-induced dendritic plasticity is a potential mechanism for re-
covery after cerebral ischemia.

Dendritic plasticity and synaptogenesis are complex processes after
cerebral stroke, and their molecular mechanisms have not yet been
clearly studied. Our previous in vitro and in vivo studies have shown
that the caveolin-1/VEGF signaling pathway mediated neurovascular
regeneration and promoted autophagy to reduce apoptosis after
ischemia-reperfusion injury in rats. In our study, we found that the
inhibitor couldn't cause neurological deficits and had no significant
effects on synaptic/dendritic plasticity of rats without MCAO. It can be
explained that under physiological conditions, the caveolin1/VEGF
pathway is in an inactive state and the inhibitor does not work. In
contrast, when cerebral ischemia-reperfusion occurs, the caveolin1/
VEGF pathway is activated, and inhibitors can have a destructive effect
on aggravating neurological deficits and increasing cerebral infarction
volume by inhibiting the activated caveolin1/VEGF pathway. As ex-
pected, we found that an inhibitor could decrease the dendritic length,
complexity and spine density of basilar and apical dendrites after 7 and
28 days. However, the downstream signaling molecular mechanism of
VEGF is complex. As previously reported, VEGF can regulate dendritic
growth and synaptogenesis by regulating the VEGFR2, PI3/AKT, and
MAPK /MEK signaling pathways (Rosenstein et al., 2003). It is intri-
guing to speculate that VEGF may affect the transcriptional regulation
and translation of neuronal microtubular proteins and play a role in
soma to dendritic growth and maturation (Rosenstein et al., 2003). In
primary neuronal cultures, VEGF can directly improve neural out-
growth in the absence of angiogenic or astroglial activity (Rosenstein
et al., 2003). However, VEGF also can indirectly promote dendritic
plasticity and synapse formation by improving neurovascular re-
generation. Therefore, our experiment can only demonstrate that the
caveolin-1/VEGF signal pathway participates in dendritic growth and
synapse formation after cerebral ischemia reperfusion, but it cannot
determine whether the caveolin-1/VEGF pathway directly mediates or
indirectly promotes dendritic plasticity through angiogenesis and neu-
rogenesis.

We further analyzed the relationship between exercise-induced
dendritic plasticity and the caveolin-1/VEGF signaling pathway. As
expected, the inhibitor suppressed the effects of exercise after MCAO.
Compared with the EM7 group, a significantly shorter total dendritic
length and lower spine density were observed for both basilar and
apical dendrites in the IEM7 groups, consistent with the lower expres-
sion levels of caveolin-1 and VEGF. These results demonstrated that
treadmill training promoted dendritic growth and dendritic spine for-
mation through the caveolin-1/VEGF signaling pathway. Notably, there
was no significant difference in the level of VEGF between the EM28

and IEM28 groups, indicating that caveolin-1/VEGF signaling played a
necessary but not major role in exercise-mediated dendritic plasticity
after 28 days and that other signaling molecules (e.g., BDNF, BFGF and
Notch) might be involved in this process. Interestingly, compared with
the EM7 group, the expression of caveolin-1 and VEGF was significantly
decreased in the EM28 group, but the number of dendritic spines and
total length and branches of dendrites were markedly increased.
Intriguingly, growing evidence suggests that the molecular–genetic
programs responsible for vessel formation can also influence neurite
development and outgrowth, thereby raising the possibility that den-
dritic remodeling after stroke may be predicated on peri-infarct an-
giogenesis (Carmeliet and Tessier-Lavigne, 2005). Therefore, this result
can be explained by the crucial role of early angiogenesis and neuro-
genesis mediated by the treadmill exercise-upregulated caveolin-1/
VEGF signaling pathway in nutrition and support in the later stage. In
addition, new neurons differentiate into mature neurons in 28 days,
which may increase dendritic plasticity and synaptogenesis. Based on
these results, we can reasonably speculate that the caveolin-1/VEGF
signaling pathway may directly promote dendritic plasticity by af-
fecting the transcriptional regulation and translation of neuronal mi-
crotubular proteins in the early recovery stage, whereas this pathway
promotes dendrite plasticity indirectly by modulating angiogenesis and
neurogenesis in the later stage. However, this hypothesis requires fur-
ther analysis in vitro.

The major limitations of this study should be noted. First, due to the
limitations of the experimental conditions, this experiment failed to use
real-time detection of cerebral blood flow technology to unify the
modeling, potentially leading to an instability of modeling complex
cerebrovascular differences in rats. Second, dendrites, dendritic spines
and synaptic changes were observed at morphological levels. Due to the
limitations of the experimental conditions, no electrophysiological
methods were used to detect the change in LTP at the functional level.
Third, there were fewer signaling pathway proteins, and no in vitro
experiments were performed. It was not clear whether the treadmill
exercise-upregulated caveolin-1/VEGF pathway had direct or indirect
effects on dendrites, spines and synapses. In view of the deficiencies of
the experimental design, we will try our best to improve the experi-
mental design in future experiments.

5. Conclusions

The findings of this study indicate that treadmill exercise plays a
novel role in promoting dendritic and synaptic plasticity in the pe-
numbra. Furthermore, the caveolin-1/VEGF signaling pathway can not
only mediate dendritic and synaptic plasticity but is also involved in
exercise-mediated dendritic and synaptic plasticity. However, tread-
mill-induced dendritic and synaptic plasticity after ischemic stroke is a
complex, a cascade of signaling events and multi-channel process that
involves many key factors and remains to be fully elucidated.
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