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ARTICLE INFO ABSTRACT

Corticostriatal synaptic plasticity is considered to be a cellular basis for somatic motor regulation and motor skill
learning. Changes in synaptic transmission efficiency underlie functional plasticity, while structural plasticity
Rat involves changes in the ultrastructure of the synapse and the levels of synaptic proteins. Exercise-induced fatigue
Striatum . may impair corticostriatal synaptic plasticity, and this impairment may be an important mechanism for exercise-
g\;gggit;z:z;apse induced fatigue. However, prior research focused mainly on functional plasticity such that the structural plas-
Ultrastructure ticity was not well understood. Because corticostriatal synapses are typical asymmetric synapses, here we have

used transmission electron microscopy to examine the changes of asymmetry synaptic ultrastructure in rat
striatum before and after repetitive exercise-induced fatigue; we have also used western blotting to detect the
levels of synaptic active region protein Munc 13, RIM1 and synaptic vesicle protein Rab3A and postsynaptic
density PSD-95 protein in rat striatum before and after exercise-induced fatigue. The results showed that the
ultrastructure of asymmetry corticostriatal synapses and synaptic protein levels in the striatum of rats were
abnormally changed after repetitive exercise-induced fatigue. These abnormal changes in synaptic ultrastructure
and related protein levels may be the structural basis for the corticostriatal plasticity impairment after exercise-
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induced fatigue.

1. Introduction

Exercise-induced fatigue can be divided into peripheral fatigue and
central fatigue. Peripheral fatigue occurs at the peripheral muscle or
neuromuscular junction, and central fatigue limits the factors that in-
duce fatigue to the central nervous system (Meeusen et al., 2006).
Studies have shown that the central nervous system plays a leading role
in the occurrence of exercise-induced fatigue (Secher et al., 2006), and
the decline in motor ability during exercise is due to fatigue in the
central nervous system (Davis and Bailey, 1997; Davis et al., 2000;
Meeusen et al., 2007). The basal ganglia, a group of interconnected
subcortical nuclei, plays a prominent role in central fatigue regulation
(Nakagawa et al., 2016; Chaudhuri and Behan, 2000). Striatum is the
main input nucleus of the basal ganglia. Magnetic Resonance Imaging
(MRI) found abnormal changes in the activity of the striatum during
human fatigue, and it is suggested that this abnormal activity is related
to fatigue (DeLuca et al., 2009), but the specific neural and molecular
mechanisms have not been elucidated.

As a major input nucleus, the striatum receives glutamatergic
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projections from the cortex and thalamus as well as dopaminergic
projections from the compact region of the substantia nigra (Smith
et al.,, 2004; Ding et al., 2008; Zhai et al., 2018). According to the
function and nerve fiber projections, the striatum can be divided into
dorsomedial striatum (DMS) and dorsolateral striatum (DLS) (Poldrack
and Packard, 2003; Takakusaki et al., 2004; Yin et al., 2006). DMS
mainly receives glutamatergic projections from prefrontal cortex and
plays an important role in the acquisition and execution of target-di-
rected behavior (Shiflett and Balleine, 2011), while DLS mainly receives
glutamatergic projections from primary motor cortex and sensorimotor
area, and participates in the regulation of voluntary movement, motor
skill learning and habitual behavior (Di Filippo et al., 2009; Alloway
et al., 2006). The corticostriatal synapses are typical asymmetric sy-
napses that can undergo plasticity changes, and this plasticity is con-
sidered to be an important cellular basis for motor learning, habit for-
mation and somatic motor regulation (Milosevic et al., 2018; Yin and
Knowlton, 2006). Abnormal corticostriatal synaptic plasticity is not
only an important pathological mechanism leading to Parkinson's dis-
ease (Picconi et al., 2012; Paillé et al., 2010), Huntington's disease
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(Dalbem et al., 2005; Picconi et al., 2006) and dystonia (Martella et al.,
2009), but also one of the important factors of exercise-induced fatigue
(Ma et al., 2018).

Corticostriatal synaptic plasticity includes functional plasticity and
structural plasticity. Long-term potentiation and long-term depression
are the main forms of synaptic functional plasticity (Partridge et al.,
2000; Ronesi and Lovinger, 2005), while synaptic structural plasticity
mainly includes changes in dendritic spine numbers of striatal medium
spiny neurons (Petzinger et al., 2007), the thickness of postsynaptic
density (PSD), the change of the number and proportion of perforated
synapses (Smith et al., 2009; Nezhadi et al., 2017) and changes in the
levels of synaptophysin (Bai and Strong, 2014), RIM1, Munc13 (Garcia-
Junco-Clemente et al., 2005) and Rab3A (Sakane et al., 2006). Human
experiments show that proper physical exercise is conductive to
maintain brain health, synaptic plasticity and cognitive function
(Cotman and Berchtold, 2002; Fernandes et al., 2017). Animal experi-
ments also show that voluntary exercise can increase the regeneration
of brain neurons, reduce injury, improve neuroplasticity and cognitive
function (Carro et al., 2001; van Praag et al., 1999). However, pro-
longed and intensive exercise not only reduces motor function (Aune
et al., 2008), but also impairs synaptic plasticity and cognition, in-
cluding information processing and decision making (Thomson et al.,
2009; Moore et al., 2012). Animal experiments have also confirmed
that high intensity treadmill exercise can reduce the spatial memory
ability of mice and impair synaptic functional plasticity in the hippo-
campus (Sun et al., 2017) and striatum (Ma et al., 2018). The integrity
of corticostriatal synaptic structure is the basis for maintaining its
normal function. However, it is unclear whether the corticostriatal
functional plasticity impairment is accompanied by changes in mor-
phology and related protein levels after intensive exercise.

In this paper, we used transmission electron microscopy and wes-
tern blotting to study corticostriatal synapses after exercise-induced
fatigue in rats.

2. Materials and methods
2.1. Experimental animals and groups

Seventy-two adult male Wistar rats (body weight 300-320g) were
used in the experiment. The experimental animals were purchased from
Beijing Weitonglihua Experimental Animal Technology Co., Ltd. China,
and the production license was SCXK (Beijing) 2016-0011. Food and
water were provided ad libitum. The temperature of the animal room
was controlled at 20-25 °C, and the humidity was kept at 45%-50%.
Three days later, rats were randomly divided into 6 groups: quiet
control group (CG, n = 12), 1d fatigue group (1FG, n = 12), 3d fatigue
group (3FG, n = 12), 7d fatigue group (7FG, n = 12), 12-h recovery
group after 7d fatigue (12RG, n = 12) and 24-h recovery group after 7d
fatigue (24RG, n = 12). Behavioral tests were performed immediately
after successful model establishment. Afterwards, rats in each group
were randomly divided into two subgroups, 6 rats in each group, and
brain tissues of these rats were subjected to transmission electron mi-
croscopy and western blotting.

2.2. Experimental instruments and reagents

Main experimental instruments: animal treadmill (DSPT-202,
HangZhouDuanShi, China), paraffin slicer (RM2235, Leica, Germany),
image analyzer (Leica-200, Germany), transmission electron micro-
scope (Hitachi H-7650, Japan), electric heating incubator (DNP-9802,
ShanghaiJinghong Laboratory Instrument Co., Ltd., Shanghai, China),
dehydrator (Thermo, Excelsior ES, USA), grip strength meter (BIO-GS3,
Bioseb, Vitrolles, France), rotarod tester (Rotamex-5 RotaRod, USA).

Main experimental reagents: chloral hydrate (Sigma, USA), paraf-
ormaldehyde (Sigma, USA), anti-PSD-95 antibody (ab18258, Abcam,
USA), anti-Muncl3 antibody (Rb1242-051209-ws, Osense, Australia),
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Fig. 1. Schematic illustration of establishing exercise-induced fatigue protocol.

anti-Rab3A antibody (ab3335, Abcam, USA), anti-RIM1 antibody
(24576-1-AP, Proteintech, USA), Goat Anti-rabbit IgG/HRP and f(3-actin
(bs-0295G-HRP, bs-0061R, Boosen Biological Technology Co., Ltd.,
Beijing, China).

2.3. The model of exercise-induced fatigue

Following published methods (Hu et al., 2015), the rats were placed
on the treadmill for 30 min to familiarize themselves with the running
environment, and then the treadmill running began. The exercise
loading was classified into three stages: I: 10 m/min, 15min; II: 15m/
min, 15min; III: 20 m/min, run till exhaustion (Fig. 1). Criteria of ex-
haustion was as follows: the running posture changed from stomp-style
into prostrate-style, and it remained stationary in the rear part of the
treadmill, sound/light/electric stimulation could not keep it running.

2.4. Behavioral tests

Grip strength test. The maximal grip strength of rats was monitored
using a grip strength meter, and the test can be used to assess the
neuromuscular function of rats, mainly to measure the maximal muscle
strength of forelimbs. When the tester grabs the tail of the rat and pulls
it back, the rat will instinctively grab the grip rod in front. When the
tension of the tester exceeds the maximal grip strength of the rat, the rat
will release the grip rod. At this time the instrument will automatically
record and display the maximal grip value. Each rat was tested three
times and the average value was obtained. Relative maximal grip
strength (reflecting maximal strength) = maximal grip strength/body
weight.

Rotarod test. This test evaluates motor balance and coordination as
well as motor learning. In the rat, both aspects are under the control of
the dopaminergic innervation of the dorsal striatum: the dorsomedial
part controls motor learning and the dorsolateral part controls motor
coordination and balance (Durieux et al., 2012; Voorn et al., 2004).
Motor performance of rodents in the rotarod allows for reflecting the
functional status of striatal neurons, and this has been used in the
evaluation of motor dysfunction in PD (Rozas et al., 1998). The rotarod
consists of a four-lane rotating rod (diameter 7.5cm) and infrared
beams to detect the moment of fall. The body of the rat was placed
perpendicular to the rotating axis and the head against the direction of
the rotation; the animal must therefore move forward to stay on the
rod. Since several rats were generally tested in the same session, each
rat rested for about 3 min between the different testing speeds. The rats
were trained once on the rotarod at the constant speed of 10 rpm for
2min during three consecutive days before the evaluation of their
performance. In the evaluating session, the rats were placed on the rod
and their performance was tested at different constant speeds (5, 10, 15
and 20 rpm) for a maximum of 2 min at each speed. All rats were video-
recorded while staying on the rod to assess the qualitative aspect of
recovery of motor coordination and posture.

2.5. Preparation of electron microscopy specimen

Rats in CG, FG and RG were anesthetized by intraperitoneal
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Fig. 2. Photograph area. Note: The left side is a coronal section of the right hemisphere of the rat brain. The right side is the right hemisphere slice of the rat brain.

Red square is the photograph area.

injection of 10% chloral hydrate (3.5 ml/kg) during the corresponding
period after fatiguing exercise. 0.1 mol/L PBS (including 100IU/mL
heparin) at 37°C and 4% paraformaldehyde containing 2% glutar-
aldehyde at 4 °C (prepared with 0.1 mol/L PBS, pH7.4) were perfused
and fixed by left ventricular-ascending aorta intubation. One cubic
millimeter of striatum was taken and fixed in 3% glutaraldehyde for
3h. After immersion in 0.1 mol/L PBS for 10min X 3times, the
striatum tissue was placed in 1% osmic acid (prepared with 0.1 mol/L
PBS) for 40min. After dehydration and resin embedding, ultrathin
sections of 70nm thickness were cut and then counterstained with
acetyl uranium and lead acetate.

2.6. Transmission electron microscopy

Tissue was examined under a Hitachi H-7650 Transmission Electron
Microscope operated at 100kV. Photographing the dorsolateral
striatum (Fig. 2). Images were obtained at 40,000x magnification using
an AMT digital camera and software. Three consecutive slices were cut
at the same position of each rat's striatum for a total of 108 slices. For
each striatum under investigation, a total of 40 images of simple,
asymmetric synapses were obtained. Three synapses were imaged from
each grid. Synapses were spaced by a minimum of one grid box to re-
duce bias. The microscopist was blinded to treatment conditions while
imaging.

2.7. Transmission electron microscopy image analysis

Since the glutamatergic synapses of corticostriatal are mainly
asymmetric synapses, the synapses that release GABA, DA and ACh are
mainly symmetric synapses (Bamford et al., 2004; Kawaguchi, 1997;
Izzo and Bolam, 1988), the asymmetric synapses were selected and
taken photograph according to the random principle. Identification of
neuronal ultrastructure follows published methods (Peters, 1991): The
dendritic stems are nucleus-free protrusions with a smooth outline
containing mitochondria, Nissl bodies and parallel neurofibrils, but no
Glogi complexes. Dendritic spines are smaller than dendritic trunks,
lacking microtubules, mitochondria and rough endoplasmic reticulum,
and there are villous substances which often contain granular clusters.
In some ultrathin slices, the head or/and neck of dendritic spine have
spinous organs (flat membrane sac of endoplasmic reticulum). There

are at least three synaptic vesicles in the presynaptic endings of
asymmetric synapses with parallel antecedent membranes and a large
gap between the anterior and posterior membranes and thicker PSD.
The length of synaptic active zone, the thickness of PSD, the width of
synaptic gap and the curvature of synaptic interface (i.e., the arc
length/chord length of postsynaptic membrane) were measured by
Leica-200 image analyzer (Giildner and Ingham, 1980; Kobayashi et al.,
2014). The length of synaptic active zone and the thickness of PSD were
measured following published method of Giildner and Ingham (1980),
the curvature of synaptic interface was measured following the method
of Jones and Devon (1978) and the width of synaptic gap was measured
by multi-point averaging method. The center of the synaptic vesicles
was labeled by point tools of Image Tool software (UTHSCSA, Im-
ageTool, Version 3.0), the shortest distance between synaptic vesicles
and presynaptic active zone and the shortest distance between synaptic
vesicles were measured by LoClust software (Nikonenko and Skibo,
2004). If the synaptic vesicle contacts with the presynaptic active zone,
it is defined as a releasing/docking vesicle; if the distance between the
center of synaptic vesicle and the presynaptic active zone is less than
200 nm, it is defined as a recycling vesicle; if more than 200 nm, it is
defined as resting vesicle pool (Zhang et al., 2015).

2.8. Western blotting

After behavioral testing was completed, the rats were anesthetized
with 10% chloral hydrate (3.5 mL/kg), then were quickly decapitated,
then the right striatum was separated on an ice tray and placed in a pre-
cooled mortar. After adding the tissue lysate, the striatum was grinded
and homogenized, then transferred to an EP tube, centrifuged at
14,000 rpm for 5 min, and the supernatant was collected. After the
protein level was determined by BCA method, 5 times SDS was added,
boiled for 5 min, cooled and stored in —80 °C refrigerator to be tested.
Samples containing 20 pg total protein were selected for electrophoresis
(S1: 90V, 15min; S2: 120V, to the end), followed by transfer to poly-
vinylidene fluoride (PVDF) membranes (100V, 90min). The PVDF
membrane was immersed in 5% milk for 1 h and then added primary
antibody (PSD, 1:1000; Rab3A, 1:1000; Munc13, 1:1000; RIM1, 1:500;
B-actin, 1:200), incubated overnight at 4 °C. Wash 3 times with 1*TBST
for 10min each time. The secondary antibody (Goat Anti-rabbit IgG/
HRP, 1:1500) was added and incubated for 60 min at room
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temperature, washed the membrane. ECL luminescent agent was added
to the film and incubated at room temperature for 5Smin. After devel-
opment and exposure, the gel imaging system (ChemiDoc MP) was used
to photograph. The target protein was analyzed by image analysis
software (Image J), target protein level = gray value of target protein/
gray value of internal reference protein.

2.9. Statistical analysis

The experimental data were analyzed by SPSS 20.0 statistical soft-
ware (IBM Corp., Armonk, NY, USA). Statistical data are expressed as
mean * standard deviation. One-way ANOVA was used to compare
the differences between groups, then post hoc test was carried out.
Under the circumstance of equal variances assumed, LSD was used to
compare the homogeneity of variance, and when the variance was
unequal, Tanhane's method was used to compare the differences. The
differences were considered statistically significant when P < 0.05.

3. Results
3.1. Changes of body weight and behavior after exercise-induced fatigue

Behavioral observation showed that rats adjusted themselves well to
the treadmill exercise at the beginning; rats were always in the middle
or first 1/3 of the runway. Gradually, the exercise capacity of the rats
decreased and they showed difficulty in maintaining the preconditioned
speed, and running posture changed from stomp-style into prostrate-
style, remaining stationary in the rear part of the treadmill, slight
sound, light or direct current stimulation couldn't keep the rats running,
and appeared fatigue state consistent with the literature (Hu et al.,
2015). (Fig. 1).

All rats were weighed after treadmill exercise, and the results
showed that the weight of rats decreased in varying degrees with the
number of exercise fatigue increased, and there were significant dif-
ferences between groups (one-Way ANOVA, df =5, F = 10.30,
P = 0.000). Post hoc test showed that 3FG was significantly lower than
CG (n = 6, one-way ANOVA, P < 0.05). 7FG was significantly lower
than CG and 1FG (n = 6, one-Way ANOVA, both P < 0.01). 12RG and
24RG were significantly lower than CG and 1FG (both n = 6, one-Way
ANOVA, and the best P < 0.01), but there was no significant difference
compared with 7FG (both n = 6, one-Way ANOVA, both P > 0.05).
Weight loss in rats may be related to higher energy consumption during
exercise (Fig. 3).

The results of relative grip strength after exercise-induced fatigue
showed that relative grip strength of rats was significantly different
among different groups (one-way ANOVA, df =5, F=117.28,
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Fig. 3. Changes in body weight of rats in each group after exercise-induced
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P = 0.000). The results of post hoc test showed that the relative grip
strength of rats in 1FG, 3FG and 7FG decreased significantly compared
with CG (all n = 6, one-way ANOVA, all P < 0.01). The relative grip
strength of 7FG was significantly lower than that of 1FG and 3FG (both
P < 0.01). Both 12RG and 24RG showed a significant increase com-
pared with 7FG (one-Way ANOVA, both P < 0.01), but still remained
lower than CG (one-way ANOVA, both P < 0.01) (Fig. 4). The results
suggest that exhaustive exercise can impair neuromuscular function
and reduce muscle strength, which is consistent with reports by Park SS
et al. (Park et al., 2019).

The balance ability and coordination of the rats after exercise-in-
duced fatigue were further tested by rotarod test, the main observation
index was the time that the rats stayed on the rotating rod at different
rotational speeds (5, 10, 15 and 20 rpm). The comparison between
groups showed that there were significant differences in the time
staying on the rotating rod at 5, 10, 15 and 20 rpm (one-way ANOVA,
all df = 5, respectively F = 10.88, 39.69, 58.01, 119.41, all P = 0.000).
The results of post hoc test showed that the retention time in 7FG was
significantly lower than that in CG at 5rpm (n = 6, one-way ANOVA,
P < 0.01). Compared with CG, the rest groups had a decreasing trend
(all n = 6, one-way ANOVA, all P > 0.05).

The retention time of rats in 1FG, 3FG and 7FG was significantly
lower than that in CG at the rotational speeds of 10 rpm, 15 rpm and
20 rpm (n = 6, one-way ANOVA, all P < 0.01). And the retention time
of rats in 12RG and 24RG increased significantly compared with that in
7FG (n = 6, one-Way ANOVA, P < 0.05 or P < 0.01), but it was still
significantly lower than that in CG (n = 6, one-way ANOVA, all
P < 0.01) (Fig. 5). The results suggest that exercise-induced fatigue
reduced the balance and coordination ability of rats, which is consistent
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Fig. 5. Comparison of retention time of rats on the rotating rod in each group
after exercise-induced fatigue.
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Fig. 6. Transmission electron microscopic observation of asymmetrical synapses in rat striatum in each group. A: Section of dorsolateral striatum and photographing
site. B: Ultrastructural observation of asymmetric synapses, the arrow shows the postsynaptic thickness.

with the results reported in the literature (Franzone and Reboani,
1977). After 12h and 24 h recovery, the retention time increased sig-
nificantly, and the balance ability was restored significantly, but still
could not reach the normal state.

3.2. Ultrastructural changes of asymmetrical synapses in rat striatum after
exercise-induced fatigue

A large number of symmetric and asymmetric synapses were ex-
amined in the striatum under the transmission electron microscope. The
presynaptic and postsynaptic membranes of asymmetric synapses are
parallel, and PSD is thick and obvious (Fig. 6). The presynaptic and
postsynaptic membranes of the symmetric synapses are also parallel,
but the PSD is not obvious and only shows slight thickening. According
to these characteristics, the two types of synapses can be distinguished.
Since the asymmetric synapses in the striatum are mainly glutamatergic
synapses, the asymmetric synapses selected in this study are mainly
glutamatergic synapses. A total of 272 asymmetric synapses were se-
lected according to the random principle for observation, measurement
and analysis. There are 48 in CG, 42, 45, 48, 40 and 49 in 1FG, 3FG,
7FG, 12RG and 24RG, respectively. Among the 272 synapses selected,
91.86% of the asymmetric synapses were located on dendritic spine and
8.14% of the asymmetric synapses were located on the dendritic trunk,
and there was only one asymmetric synapse on each dendritic spine.

Statistical results (Fig.6, Table 1) showed that PSD thickness, the
length of synaptic active zone and the synaptic interface curvature of

rat striatum asymmetric synapses after exercise fatigue were sig-
nificantly different between groups (one-Way ANOVA, all df = 5, re-
spectively F = 23.8, 18.69, 10.68, all P = 0.000), there was no differ-
ence in the width of synaptic cleft between groups (df = 5, F = 1.89,
P = 0.68). Post hoc test results showed that there was no significant
change in the PSD thickness, the length of synaptic active zone and the
synaptic interface curvature of DLS asymmetric synapses in 1FG rats
compared with CG (one-Way ANOVA, All P > 0.05). PSD thickness
and the synaptic interface curvature of the striatum asymmetric sy-
napses in 3FG were significantly higher than those in CG and 1FG (one-
Way ANOVA, both P < 0.05), the length of synaptic active zone and
the width of synaptic cleft had no significant changes compared with
CG (one-way ANOVA, both P > 0.05). PSD thickness and the synaptic
interface curvature of DLS asymmetric synapses in 7FG rats were sig-
nificantly higher than those in CG and 1FG (one-way ANOVA, all
P < 0.01), the length of synaptic active zone was significantly longer
than that in CG and 1FG (one-way ANOVA, both P < 0.05), and the
width of synaptic cleft had an increasing trend compared with CG
(P > 0.05). PSD thickness and the synaptic interface curvature of the
DLS striatum asymmetric synapses in 12RG rats had a decreasing trend
compared with 7RG (both P > 0.05), but were still higher than CG
(one-Way ANOVA, both P < 0.05), the length of synaptic active zone
and the width of synaptic cleft had a decreasing trend compared with
7RG (all P > 0.05). The synaptic interface curvature in 7FG was also
significantly higher than that in 1FG (P < 0.01). PSD thickness and the
length of synaptic active zone in DLS striatum of 24RG rats were
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Table 1
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Measurement of structural parameters of glutamatergic synapses in rat dorsolateral striatum in different groups (X + SD ,n=16).

thickness of post-synaptic density (nm)

length of synaptic active zone (nm)

width of synaptic cleft (nm) curvature of synaptic interface

CG 49.29 + 12.24 279.58 + 65.77
1FG 48.98 + 14.43 281.48 + 75.84
3FG 54.98 + 15.03"* 284.69 + 90.07
7FG 64.26 + 16.77°"* 298.46 + 85.75""
12RG 55.26 + 18.07* 290.48 + 80.74
24RG 51.59 + 16.76% 281.59 * 77.97%

17.69 + 5.95 1.21 + 0.24
16.98 + 9.78 1.28 + 0.21
19.69 + 7.95 1.39 + 0.28**
21.09 + 10.18 1.47 + 0.61"*#
20.65 * 9.58 1.41 = 0.51"%#
18.69 * 10.95 1.29 + 0.34%%58

Compared to CG, *:P < 0.05, **:P < 0.01; Compared to 1FG, #: P < 0.05, ##P < 0.01; Compared to 7FG, &P < 0.05, &&:P < 0.01; Compared to 12RG,

$:P < 0.05, $$:P < 0.01; (one-way analysis of variance).

significantly lower than those of 7FG rats (one-way ANOVA, both
P < 0.05), the synaptic interface curvature was significantly lower
(one-way ANOVA, P < 0.01), meanwhile, the synaptic interface cur-
vature of 24RG rats was also significantly lower than that of 12RG rats
(one-way ANOVA, P < 0.01).

3.3. Distribution of asymmetric synaptic vesicles in rats striatum after
exercise-induced fatigue

Neurotransmitters are stored in synaptic vesicles and the distribu-
tion of synaptic vesicles may affect the normal release of neuro-
transmitters in synaptic vesicles and the synaptic function. It has been
found that exercise fatigue can change striatum synaptic function (Ma
et al., 2018). However, it is not known at present whether this change
in synaptic function is accompanied by changes in the distribution of
synaptic vesicles. Therefore, the distribution of vesicles in asymmetric
synaptic terminals of DLS in each group was observed by transmission
electron microscopy (Fig. 7). We first classified the vesicles in the
presynaptic terminals into three categories based on published methods
(Zhang et al., 2015; Fowler and Staras, 2015): (1) docking vesicles:
connected to presynaptic active zone; (2) Recycling vesicles: less than
200 nm away from presynaptic active zone; (3) resting vesicles: more
than 200nm away from presynaptic active zone. Statistical results
(Table 2) showed that there was no difference in the total number of
synaptic vesicles between groups after exercise fatigue (one-way
ANOVA, df =5, F = 0.42, P = 0.83). There were significant inter-
group differences in the number of docking vesicles, resting vesicles and
recycling vesicles (Table 2) (one-way ANOVA, all df = 5, respectively
F = 28.41, 21.88, 19.68, all P = 0.000). Post hoc test results showed
(Table 2) that the total number of asymmetric synaptic vesicles in 1FG,
3FG, 7FG, 12RG, and 24RG was not significantly different from that in
CG (one-Way ANOVA, all P > 0.05). The number of docking vesicles
and recycling vesicles in 1FG had an increased trend compared with
that in CG (one-Way ANOVA, both P > 0.05), and the number of
resting vesicles decreased but had no significant difference (one-Way
ANOVA, P > 0.05). The number of docking vesicles and recycling
vesicles in 3FG was significantly increased compared with those in CG

(one-Way ANOVA, P < 0.05 and P < 0.01), the number of resting
vesicles was significantly lower than that in CG (one-Way ANOVA,
P < 0.01). In addition, the number of docking vesicles and recycling
vesicles in 3FG was significantly higher than that in 1FG (one-Way
ANOVA, both P < 0.05), while the number of resting vesicles was
significantly lower than that in 1FG (one-way ANOVA, P < 0.05). The
number of docking vesicles and recycling vesicles in 7FG were sig-
nificantly increased compared with CG and 1FG (one-Way ANOVA, all
P < 0.01), while the number of resting vesicles was significantly lower
than that in CG and 1FG (one-Way ANOVA, all P < 0.01). The number
of docking vesicles and recycling vesicles in 12RG were significantly
reduced compared with those in 7FG (one-Way ANOVA, both
P < 0.05), but still significantly higher than those in CG (one-Way
ANOVA, P < 0.05 and P < 0.01), the number of resting vesicles in
12RG had an increased trend compared with that in 7FG (one-Way
ANOVA, P > 0.05), but it was still significantly lower than that in CG
(one-Way ANOVA, P < 0.01). In addition, the number of recycling
vesicles in 12RG was significantly higher than that in 1FG (one-way
ANOVA, P < 0.01), while the number of resting vesicles was sig-
nificantly lower than that in 1FG (one-way ANOVA, P < 0.01). The
number of docking vesicles and recycling vesicles in 24RG decreased
significantly compared with those in 7FG (one-way ANOVA, both
P < 0.01), which was also significant decreased compared with those
in 12RG (one-way ANOVA, both P < 0.05). The number of resting
vesicles in 24RG was significantly higher than that in 7FG (one-way
ANOVA, P < 0.05), but it was still significantly lower than that in CG
(one-way ANOVA, P < 0.05).

After statistics of the distance between synaptic vesicles and sy-
naptic active zone, it was further found (Fig. 8) that the distribution of
synaptic vesicles in asymmetric synapses of rat striatum in CG was
dispersed, and the histogram of synaptic vesicles tended to be normally
distributed. However, under the condition of exercise fatigue, especially
after repetitive exercise fatigue, synaptic vesicles began to concentrate
in the presynaptic active zone and the histogram showed a positive
skewness distribution. These results suggest that repetitive exercise
fatigue remodels the spatial distribution of synaptic vesicles in the
striatum, and the final result is that asymmetric synaptic vesicles are

Fig. 7. Distribution of synaptic vesicles in asym-
metric synapses of rat striatum(A) Asymmetric sy-
naptic structure under electron microscope.
Docking vesicles contact with the presynaptic active
zone (PAZ), their diameter is marked in red.
Recycling vesicles are those that are found within
200 nm from the PAZ, their diameter is marked in
white. Resting vesicles are found more than 200 nm
away from the PAZ, their diameter is marked in
yellow. (B) Quantitative measurement of AZD using
LoClust software. (C) Quantitative measurement of
synaptic vesicle distance using LoClust software.
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Table 2
Statistics on the number of asymmetric synaptic vesicles in DLS of rats in each group ( X + SD )
Docked Vesicle Pool Recycling Vesicle Pool Resting Vesicle Pool Total Number of Vesicles
CG 9.35 + 1.53 22.20 + 7.89 58.02 + 10.81 97.68 + 27.85
1FG 10.58 = 1.43 26.02 = 8.81 55.36 = 10.15 101.66 + 30.23
3FG 12.79 * 2.03** 32.35 + 8.07"** 47.69 + 9.95"% 103.09 + 33.09
7FG 14.26 + 2.127%## 40.82 + 9.09"*% 42,55 + 8.64""* 110.49 + 30.98
12RG 12.12 + 1.87** 34.07 + 8.85 77 46.95 * 9.31%* 99.41 + 35.51
24RG 10.09 + 1.66%%% 24.99 + 9.19% 50.79 + 10.95* 102.87 + 36.36

more likely to release neurotransmitters under exercise fatigue.
Statistical analysis of vesicle diameter and vesicle spacing showed
that there were no differences in vesicle diameter of the docking
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vesicles, recycling vesicles and resting vesicles in the asymmetrical
synapses of rat striatum after exercise fatigue (one-way ANOVA, all
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Fig. 8. Histogram of asymmetric presynaptic vesicles distribution in rat striatum in each group. Note: abscissa unit: nm.
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Table 3
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Diameter and nearest distance statistics of DLS asymmetric synaptic vesicles of rats in each group ( X + SD )

Vesicular Diameters (nm)

Nearest Neighbor Distance (Clustering)

Docked Vesicle Recycling Vesicle

Resting Vesicle

Resting (201-900 nm) Docked + Recycling (0-200 nm)

CG 20.98 + 1.31 23.79 = 1.36 24.68
1FG 21.09 = 1.29 23.98 + 1.41 24.32
3FG 20.89 + 1.64 24.32 + 1.63 24.78
7FG 20.78 + 1.71 2429 + 1.81 25.06
12RG 21.11 = 1.27 24.81 = 1.49 25.22
24RG 20.33 + 1.55 24.09 + 1.82 24.69

H o+t

1.51 4241 + 0.79 42,98 + 0.75
1.65 42.89 + 0.85 42.24 + 0.68
1.59 43.95 + 0.63** 41.09 + 0.81*%
1.75 44,75 + 0.88"*# 40.08 = 0.91##
1.22 44.09 + 0.81"* 41.33 * 0.75"*&
1.97 43.68 + 0.84™% 41.89 + 0.88™

0.77), but the closest distance between resting vesicle and docking
vesicle + recycling vesicle was significantly different among different
groups (one-way ANOVA, both df = 5, respectively F = 8.67, 12.6,
both P = 0.000) (Table 3).

The results of post hoc test showed that there was no significant
change in the distance between the striatum asymmetric synaptic ve-
sicles (including docking vesicles, recycling vesicles and resting ve-
sicles) in 1FG compared with that in CG (one-Way ANOVA, all
P > 0.05). The distance between resting vesicles in 3FG was sig-
nificantly higher than that in CG and 1FG (one-Way ANOVA, both
P < 0.05), the shortest distance between the docking vesicles and re-
cycling vesicles was significantly lower than that in CG and 1FG (one-
Way ANOVA, both P < 0.05). The distance between the resting ve-
sicles in 7FG was higher than that in CG and 1FG (one-way ANOVA,
both P < 0.01), the shortest distance between docking vesicles and
recycling vesicles was significantly lower than that in CG and 1FG (one-
way ANOVA, both P < 0.01). The distance between the resting vesicles
in 12FG showed a decreasing trend compared with that in 7FG (one-
Way ANOVA, P > 0.05), but remained significantly higher than that in
1FG and CG (one-Way ANOVA, P < 0.05 and P < 0.01). The shortest
distance between striatal docking vesicles and recycling vesicles in
12RG was significantly increased compared with that in 7FG (one-Way
ANOVA, P < 0.05), but remained significantly lower than 1FG and CG
(one-Way ANOVA, both P < 0.05). The shortest distance between
resting vesicles in 24RG was significantly lower than that in 7FG (one-
Way ANOVA, P < 0.05), but it was still higher than that in CG (one-
Way ANOVA, P < 0.05). The shortest distance between the striatal
docking vesicles and recycling vesicles in 24RG was significantly in-
creased compared with that in 7FG (one-Way ANOVA, P < 0.05), but
it was still significantly lower than that in CG (one-Way ANOVA,
P < 0.05). The results suggest that synaptic vesicles in striatal asym-
metric synapses accumulate in the space near the synaptic active zone,
making synaptic vesicles easier to dock and release, which may be an
important sign of synaptic function enhancement.

3.4. Changes of synaptic protein levels in rat striatum after exercise-induced
fatigue

The results of western blotting showed that the levels of PSD-95
(Fig. 9), Muncl3 (Fig. 10) and Rab3A (Fig. 12) in rat striatum had
extremely significant inter-group differences after exercise fatigue (one-
way ANOVA, all df =5, respectively F = 33.72, 45.58, 38.87, all
P = 0.000), RIM1 (Fig. 11) had no inter-group differences (one-way
ANOVA, df = 5, F = 1.26, P = 0.38). The results of post hoc test further
showed that the levels of PSD-95 (Fig. 9), Muncl3 (Fig. 10), RIM1
(Fig. 11) and Rab3A (Fig. 12) in 1FG did not change significantly
compared with those in CG (all P > 0.05). The levels of PSD-95,
Muncl3 and Rab3A in 3FG and 7FG were significantly higher than
those in CG (P < 0.05, P < 0.01), RIM1 level showed an increasing
trend compared with CG, but there was no significant difference
(P > 0.05). The level of Munc13 in 3FG was significantly higher than
that in 1FG (P < 0.01), and the levels of PSD-95, Muncl3 and Rab3A
in 7FG were significantly higher than that in 1FG (all P < 0.01).
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Fig. 9. Changes of PSD-95 protein levels in the striatum of rats in each group.
Compared to CG, *:P < 0.05, **:P < 0.01; Compared to 1FG, #: P < 0.05,
##P < 0.01; Compared to 7FG, &P < 0.05, &&:P < 0.01; Compared to 3FG,
" P < 0.05, ™ P < 0.01; Compared to 12RG, $: P < 0.05, $$: P < 0.01;
(one-way analysis of variance).
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Fig. 10. Changes of Munc13 protein levels in the striatum of rats in each group.

Rab3A level in 7FG was also significantly higher than that in 3FG
(P < 0.01). The levels of PSD-95, Munc13, RIM1 and Rab3A had still
an increasing trend compared with 7FG, but there was no significant
difference (P > 0.05), while there was significant difference compared
with CG and 1FG (P < 0.05or P < 0.01). The level of Rab3A in 12RG
was also significantly different from that in 3FG (P < 0.01). The levels
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Fig. 12. Changes of Rab3A protein levels in the striatum of rats in each group.

of PSD-95, Munc13 and Rab3A in 24RG was significantly lower than
those in 7FG (all P < 0.05), and significantly lower than those in 12RG
(P < 0.05 or P < 0.01). Muncl3 and Rab3A in 24RG were sig-
nificantly lower than those in CG and 1FG (P < 0.05 or P < 0.01).

4. Discussion
4.1. Effect of exercise-induced fatigue on the behavior of rats

From the appearance, the rats had dark hair, sluggish eyes, and
lacked appetite. Their limbs couldn't fully support their body weight, so
they squatted on the ground, hind limb spacing widening; they also
showed shortness of breath and tremor-like symptoms after exhaustive
exercise. In addition, the body weight of the rats also decreased after
repetitive exercise fatigue, indicating that exhaustive exercise caused
an imbalance in the body's catabolism and anabolism, especially an
enhanced catabolism, which will affect other physiological functions of
rats in the long run. Subsequent behavioral experiments confirmed this
hypothesis. The relative grip strength decreased, the retention time on
the rotating rod decreased, indicating the rat's strength, balancing and
coordinating function decreased, which are important manifestations of
exercise fatigue (Gandevia, 2001; Masaaki and Yasuyoshi, 2012). With
the prolongation of recovery time after fatigue, the rat's strength, bal-
ancing and coordinating function partly recovered, but couldn't return

Neurochemistry International 129 (2019) 104476

to normal after 24 h of exercise, suggesting that repetitive exercise fa-
tigue involved (or damaged) the central motor control system of rats.

4.2. Effect of exercise-induced fatigue on asymmetric synaptic morphology
in the striatum

A synapse is the main part of information transmission in the central
nervous system. The synapses of the striatum can be divided into
symmetrical and asymmetric synapses, among which the Glu synapses
of striatum are asymmetric (Bamford et al., 2004; Kawaguchi, 1997;
Izzo and Bolam, 1988). It has been reported that exercise fatigue can
damage the Glu synaptic function in the hippocampus (Sun et al., 2017)
and striatum (Ma et al., 2018) of rats, but whether this change is ac-
companied by abnormal changes in the synaptic structure is still un-
certain. In this experiment, the ultrastructure of asymmetric synapses in
rat striatum was observed by transmission electron microscopy. The
results showed that the ultrastructure changes of striatum became more
obvious with the accumulation of exercise-induced fatigue, the main
manifestation were that the length of synaptic active zone of striatum,
the thickness of PSD and the curvature of synaptic interface increased in
different degrees. The change of synaptic cleft was not obvious. The
results suggested that repetitive exercise fatigue could induce abnormal
changes in the structure of striatum asymmetric synapses.

The presynaptic active zone is formed by transferring from pre-
cursor active zone to the putative presynaptic contact surface in the
form of vesicle transport and then fusing with the plasma membrane
(Ahmari et al., 2000). It is a presynaptic zone dedicated to the release of
vesicles which can modulate optimal timing and speed of synaptic
transmission, and it can also dynamically regulate the overall level,
efficiency and reliability of transmitter release. The presynaptic active
zone is between 200 and 300 nm in diameter (Schikorski and Stevens,
2001), and its area is closely related to the probability of transmitter
release (Schikorski and Stevens, 1997). The smaller active zone in-
dicates a lower probability of transmitter release (Kreitzer and
Malenka, 2008). In addition, the curvature of curved synapses is higher
than that of straight synapses. Generally speaking, the larger the cur-
vature of synapse interface, the larger range of contact between pre-
synaptic and postsynaptic membrane, and the stronger synaptic func-
tion. Therefore, studies have analyzed the plasticity of synapses from
the perspective of the curvature change of synaptic interface (Dyson
and Jones, 1980) and found that the length of presynaptic active zone
and the curvature of synaptic interface of asymmetric synapses in rat
striatum were significantly increased after exercise-induced fatigue.
These results suggest that high intensity exercise can increase the
probability of transmitters release and enhance the efficiency of sy-
naptic transmission by increasing the length of synaptic active zone and
the curvature of synaptic interface, thereby change synaptic plasticity,
which is consistent with the electrophysiological results reported by Ma
J et al. (Ma et al., 2018). After the release of neurotransmitters from the
presynaptic active zone, they diffused through the synaptic gap and
acted on the corresponding receptors on the postsynaptic membrane to
complete the nerve information transmission. Therefore, the wider the
synaptic gap, the longer it took for neurotransmitters to diffuse to the
postsynaptic membrane, and the more neurotransmitters were re-
uptaken or decomposed. Therefore, it is generally believed that the
increase in the width of the synaptic gap will lead to the reduction of
synaptic transmission function, and vice versa. This experiment found
that there was an increasing trend in the synaptic cleft of striatum
asymmetric synapses after exercise-induced fatigue, but there was no
significant change. This may be due to the fact that synaptic cleft is
insensitive to high intensity exercise, and excessive enhancement of
synaptic transmission is resisted only by its slight increase.

PSD is a homogeneous dense substance on the medial cytoplasmic
surface of postsynaptic membrane, its components are mainly tubulin,
actin, neurofilament protein and fodrin (de Bartolomeis and Fiore,
2004), it is the structural basis for postsynaptic signal transduction and
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integration. The thickness of PSD is closely related to changes of sy-
naptic function and is an important morphological index for synaptic
plasticity. The thicker PSD becomes, the better communication between
neurons gets. A decrease in the thickness of PSD indicates a decrease in
the level of various proteins, which inevitably affects transmission of
neurotransmitters (Thiel, 1993). In this experiment, it was found by
electron microscopy that PSD showed a semicircular band with high
electron density. The thickness of asymmetric synaptic PSD in rat
striatum increased significantly after repetitive exercise-induced fatigue
and decreased during recovery period which indicated that the plasti-
city of corticostriatal synaptic structure was impaired, and this further
confirmed that exercise-induced fatigue can damage the synaptic
plasticity of corticostriatal in a bidirectional manner reported by Ma J
et al. (Ma et al., 2018).

4.3. Effects of exercise-induced fatigue on striatum asymmetric synaptic
vesicles

Neurotransmitters are the physical basis of synaptic communica-
tion, especially in chemical synapses. Neurotransmitter release is
mediated by synaptic vesicles, during which synaptic vesicles need to
be transported to the synaptic active zone for the release of neuro-
transmitters. Therefore, the number of synaptic vesicles and their po-
sition relative to the synaptic active zone are closely related to synaptic
function. In this study, the shortest distance between synaptic vesicles
was used as an index to evaluate the accumulation of synaptic vesicles
(Nikonenko and Skibo, 2004). The number of vesicles in the asym-
metric synapses, the shortest distance between vesicles, and the size of
the vesicles were observed through a transmission electron microscope.
It was found that exercise-induced fatigue could not change the number
and size of synaptic vesicles in rat striatum, but it could significantly
change the spatial distribution of synaptic vesicles. Under normal
conditions, the vesicles in the asymmetric synapses of rat striatum were
dispersed, there were relatively less docking and circulating vesicles
and more resting vesicle; but with the accumulation of exercise fatigue,
the number of docking and circulating vesicles in the asymmetric sy-
napses of the rat striatum increased, the shortest distance between them
decreased, while resting vesicles decreased in number and the distance
between them. The trend test results further showed that the synaptic
vesicle ratio increased with the accumulation of exercise fatigue in the
range of 200 nm from the asymmetric synaptic active zone of the rat
striatum (Fig. 8, P < 0.05). The aggregation of synaptic vesicles at the
front of the synapse was a significant feature of normal chemical sy-
napses. Synaptic vesicles located in different areas had different relea-
sability, and vesicles that accumulated in the synaptic active zone re-
leased more easily (Rizzoli and Betz, 2004). Therefore, the increase in
the number of docking and circulating vesicles found in this study in-
dicated that asymmetric synaptic vesicles in the striatum of rats re-
leased more easily after exercise-induced fatigue, which may be another
mechanism leading to the enhancement of asymmetric synaptic func-
tion in the striatum of rats after exercise-induced fatigue.

4.4. Effects of exercise-induced fatigue on synaptic protein levels in striatum

RIM1 and Munc13, as two specific proteins in the presynaptic active
zone, play an important role in the regulation of transmitter release and
synaptic transmission efficiency (Varoqueaux et al., 2002; Schoch et al.,
2002). Rab3A is an important protein expressed on synaptic vesicles, it
can switch from the inactivation state of binding GDP to the activity
state of binding GTP, and then mediate the release process of synaptic
vesicles (Sakane et al., 2006). It has been proved that RIM1 and
Muncl3 can form a trimer with Rab3A that links synaptic vesicles to
cytomatrix, and thereby positions synaptic vesicles near the presynaptic
plasma membrane (Dulubova et al., 2005), and it can regulate neuro-
transmitters release and synaptic transmission intensity. The results of
this experiment showed that the RIM1 level of rat striatum only
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increased after exercise fatigue, but the levels of Muncl3 and Rab3A
increased significantly. The results suggested that exercise fatigue may
enhance synaptic transmission efficiency by increasing Muncl3 and
Rab3A protein levels in rat striatum, while RIM1 may not participate in
the regulation of synaptic transmission efficiency in rat striatum by
increasing protein level. It has been found that the regulation of RIM1
on synaptic transmission is mainly achieved by phosphorylation which
mainly mediated by PKA (Castillo et al., 2002; Kaeser and Siidhof,
2005). However, whether RIM1 phosphorylation is involved in this
study needs further experimental confirmation. In addition to the
asymmetric synapses of Glu in the striatum, there are symmetric sy-
napses that can release GABA, DA and ACh (Bamford et al., 2004;
Kawaguchi, 1997; Izzo and Bolam, 1988). Since RIM1, Muncl3 and
Rab3A exist in all chemical synaptic terminals, further research is
needed to confirm whether the changes in the levels of RIM1, Munc13
and Rab3A detected by western blotting in this study can accurately
reflect the changes in protein levels in asymmetric synapses.

PSD-95 is a structural anchoring protein which locates in the PSD of
asymmetric synapses, it is an important regulator of synaptic strength
and plasticity (Nezhadi et al., 2017; Nieto-Sampedro et al., 1982). Hu el
al (Hu et al., 2009). found that running can change the dendritic
structure and upregulate protein level of PSD-95 significantly in normal
rats. The results of this experiment also showed that there was a sig-
nificant increase in the level of PSD-95 in rat striatum after repetitive
exercise-induced fatigue, which was correlated with thickness of PSD.
The increased level of PSD-95 in rat striatum after exercise-induced
fatigue is conductive to the interconnection of various signal molecules
on the postsynaptic membrane and the clustering and localization of
signal molecules in neurons, and then enhancing the ability of neurons
to respond to neural signals. It is one of the important structural
foundations for the enhancement of synaptic transmission efficiency.
These results further confirm the report of Ma J et al. (Ma et al., 2018).

5. Conclusion

Exercise-induced fatigue can reduce the rats' strength, balancing
and coordinating functions and change the morphological structure of
asymmetric synapses, the spatial distribution of synaptic vesicles, and
the levels of related synaptic proteins in the striatum. This change in-
volves both the presynaptic and postsynaptic membrane, and can
eventually lead to abnormal enhancement of asymmetric synaptic
transmission. The results confirmed that the impaired asymmetric sy-
naptic functions in the striatum of rats after exercise-induced fatigue
might be associated with the abnormal changes of synaptic morpholo-
gical structure and the levels of related synaptic proteins.
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