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Abstract

Rational Patients experience post-stroke cognitive impairment during aging. To date, no specific treatment solution has been
reported for this disorder.

Objective The purpose of this study was to evaluate the effects of exercise training and coenzyme Q10 supplementation on
middle cerebral artery occlusion (MCAO) induced behavioral impairment, long-term potentiation inhibition and cerebral
infarction size in aging rats.

Methods Fifty aging male rats underwent MCAO surgery and were randomly distributed in to the following groups:
1-Sham, 2- control, 3- Coenzyme Q10, 4- Exercise training and 5- Exercise training with Q10 supplementation (Ex+ Q10).
Aerobic training groups were allowed to run on a treadmill for 12 weeks. Q10 (50 mg/kg) was administered intragastrically
by gavage. Morris water maze, shuttle box and elevated plus maze tests were used to evaluate cognitive function. The popu-
lation spike (PS) amplitude and slope of excitatory postsynaptic potentials (EPSP) in the dentate gyrus area were recorded
as a result of perforant pathway electrical stimulation.

Results Our study showed that Q10 and aerobic training alone ameliorate spatial memory in the acquisition phase, but have
no effect on spatial memory in the retention phase. Q10 and exercise training synergistically promoted spatial memory in
the retention phase. Q10 and exercise training separately and simultaneously mitigated cerebral ischemia-induced passive
avoidance memory impairment in acquisition and retention phases. The EPSP did not differ between the groups, but exercise
training and Q10 ameliorate the PS amplitude in hippocampal responses to perforant path stimulation. Exercising and Q10
simultaneously reduced the cerebral infarction volume.

Conclusion Collectively, the findings of the present study imply that 12 weeks of aerobic training and Q10 supplementation
alone can simultaneously reverse cerebral ischemia induced neurobehavioral deficits via amelioration of synaptic plasticity
and a reduction in cerebral infarction volume in senescent rats.
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Increasing quality of life in developed and developing coun-
tries has led to an increase in life expectancy and an increase
in the number of individuals aged 65 years and older (Col-
laboration 2008). Cerebral ischemia is one of the world’s
most significant health problems. Today, cerebral stroke is
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the third leading cause of death after cardiovascular disease
and cancer, and the second leading cause of death in elderly
individuals; moreover; cerebral stroke is the leading cause
of adult disability worldwide (Boyko et al. 2013; Kim et al.
2020).
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Recently, several researchers suggested that aging and
cerebral stroke enhance each other’s harmful effects on
brain function (Salehpour et al. 2019). Previous studies con-
firmed that following cerebral stroke, aging rats not only
are more sensitive to hypoxia but also experience larger
cerebral infarction sizes (Boyko et al. 2013; DiNapoli et al.
2008). Overall, 25-30% of ischemic stroke survivors suffer
from cognitive dysfunction in the short and long term (Wen
et al. 2018).A review paper reported that 80% of individu-
als with cerebral stroke suffer from cognitive impairments
(Saa et al. 2019; Sun et al. 2014). The prevalence of cogni-
tive disorders in elderly individuals is 10 to 20% and the
risk of dementia increases exponentially with advancing age
(Langa and Levine 2014).

Hypoxia-induced proapoptotic gene products, mitochon-
drial dysfunction and neuroinflammation initiate a complex
cascade of pathogenetic events that lead to neurodegenera-
tion and thus brain dysfunction including cognitive decline
and memory loss (Kim et al. 2020). Both cerebral infarction
(Yu et al. 2013) and aging (Boric et al. 2008) have detri-
mental effects on synaptic plasticity. A reduction in synaptic
plasticity is one of the effective factors for the development
of cerebral ischemia-induced behavioral deficits during
aging. It seems logical that any factor that can reduce cere-
bral ischemia-induced oxidative stress and inflammation is
an effective therapeutic strategy for the treatment of cogni-
tive disorders caused by cerebral infarction.

The first intervention of interest is the administration of
Coenzyme-Q10 (Co-Q10) or ubiquinone (2,3-dimethoxy-
5-methyl-6-polyprenyl-1,4-benzoquinone) which is a pow-
erful endogenous antioxidant in the mitochondrial inner
membrane that plays a major role in the electron transport
chain by contributing to energy production by carrying
electrons. The evidence suggests that Co-Q10 is effective
at protecting lipids from harmful oxidative damage, as is
DNA and proteins. Co-Q10 deficiency is one of the changes
that has been reported in Alzheimer’s disease (Manzar et
al. 2020). Co-Q10 decreases during aging (Barcelos and
Haas 2019), and a previous paper showed that Co-Q10
supplementation reverses age-related brain dysfunction
and decreases protein oxidation (Shetty et al. 2013). Fur-
thermore, Co-Q10, by reducing the levels of inflammatory
cytokines reduces neurological defects and brain injury fol-
lowing brain ischemia (Ghasemloo et al. 2021). Recently,
a behavioral, biochemical, and electrophysiological study
demonstrated that Co-Q10 (50 mg/kg) supplementation for
4 weeks ameliorates memory and long-term potentiation
(LTP) in aged p-amyloid-induced Alzheimer’s disease rats
(Asadbegi et al. 2023).

The second potential intervention of interest is exercise
training. There is a consensus that regular moderate exercise
training is one of the best non pharmacological therapeutic
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strategies for age-related physiological and pathophysi-
ological dysfunctions. Exercise training through anti-
inflammatory and antioxidant effects decreases cerebral
ischemia—reperfusion injury (Hamakawa et al. 2013; Lu
et al. 2021). Additionally, Zhang et al. (Zhang et al. 2017)
indicated that early treadmill exercise significantly amelio-
rated cognitive dysfunction and anxiety-like behavior in an
ischemic rat model. It has also been suggested that exercise
training alleviates cerebral ischemia—reperfusion-induced
cognitive impairment in juvenile rats (Pan et al. 2021). In
this regard, Li et al. showed that exercise training for 4
weeks after cerebral ischemia promoted synaptic plasticity
in adult (8—10 weeks old) rats (Li et al. 2022a).

Therefore, a therapeutic strategy to reduce poststroke
cognitive impairment and inhibit synaptic plasticity during
the early period after infarction is important for decreas-
ing morbidity and mortality during aging. Hence, the aim
of the present study was to evaluate the synergistic effect
of Co-Q10 and aerobic training for 12 weeks on transient
middle cerebral artery occlusion-induced cognitive deficit
and long-term potentiation suppression in senescent rats.

Experimental procedures
Subjects

Fifty aging male Sprague-Dawley rats (22-24 months,
380-420 g) were purchased from the animal laboratory of
the Hamadan University of Medical Sciences. The subjects
were housed in groups of 5 at standard conditions (light
(8:00 a.m-20 p.m.)/dark (20p.m-8 a.m.), 50 + 5% humidity
and 20+2 °C temperature) and given ad libitum access to
water and food. All the experimental procedures were con-
ducted according to the National Institute of Health Guide
for the Care and Use of Laboratory Animals (Garber 2011).
The procedures were approved by the ethics committee of
Hamedan University of Medical Science, and the study was
carried out in compliance with the ARRIVE Guidelines.

Study design

Senescent rats were divided into 5 groups: 1-sham (sham,
n=10), 2-control (Con, n=10), 3-coenzyme Q10 supple-
mentation (Q10, n=10), 4-exercise training (Ex, n=10)
and 5-exercise training with Co-Q10 supplementation
(Ex+Q10, n=10).

Senescent rats underwent middle cerebral artery occlu-
sion surgery until cerebral ischemia induction. The sham
group did not experience cerebral ischemia. One week after
MCAQO, the training group was subjected to aerobic exer-
cise on a treadmill for 12 weeks. The Q10 mice were treated
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with coenzyme Q10 (50 mg/kg) by gavage every day at 12
a.m. The experimental timeline is shown in Fig. 1.

Transient middle cerebral artery occlusion

Cerebral ischemia was induced by focal middle cerebral
artery occlusion according to previous methods (Longa et
al. 1989). Briefly, rats were deeply anaesthetized with intra-
peritoneal injection of ketamine (60 mg/kg) and xylazine
(15 mg/kg) under a stereo dissecting microscope (Nikon,
Japan), and the right common carotid artery (CCA) and
carotid bifurcation were exposed through midline neck inci-
sion (1.5-2 cm) freed from surrounding nerves and fascia
without damaging the muscles or the vagus nerve or its col-
laterals. As a next step, the proximal ends of the CCA and
the internal common artery (ICA) were temporally occluded
with an artery clamp, and 6/0 silk sutures were used to tie
2 knots in the external common artery (ECA). An oblique
incision was made between the ECC and bifurcation of the
CCA, and then, a 4 — 0 monofilament nylon suture tip (total
length of monofilament: 3 c¢m; silicon-coated tip length and
diameter: 5 mm and 0.39 mm, respectively) was rounded by
heating and inserted into the internal carotid artery through
the external carotid artery, while the ICA clamp was removed
and advanced 17-20 mm away from the carotid bifurcation
until resistance was felt. The endoscope could occlude the
origin and proximal part of the anterior cerebral artery for
30 min, after which the filament was carefully withdrawn to
establish reperfusion. Notably, after the monofilament was
inserted, the proximal ends of the ECA were loosely tied
to 6/0 silk, and after monofilament removal during reperfu-
sion, this tie was permanently closed to prevent bleeding.
In the sham group, only the CCA and ECA were exposed
and ligated, and no filament was inserted through the ECA.
Finally, the skin was sutured, and the animals were returned
to their individual recovery cages.

Neurological impairment

One day, 6 weeks and 12 weeks after cerebral hypoxia induc-
tion, the subjects underwent modified neurological severity
score testing (mNSS) to evaluate neurological deficits. As

Fig. 1 Experimental timeline Cerebral Ischemia

(for 30 min)

previously described by Pan et al., the mNSS included bal-
ance ability (beam balance test), sensation (placement test
and proprioceptive test), exercise (placing the rat on the
floor and raising the rat by the tail) and reflexes (the pinna
reflex, corneal reflex and starter reflex). The scale ranges
from 0 to 18. At 0 for intact sham rats, 1-6 for mild injury,
7-12 for moderate injury rats and 13—18 for severe injury
and maximum defects, a score of 18 revealed the greatest
neurological impairment. All tests were performed by one
person blinded to the groups (Pan et al. 2021).

Forced treadmill training

Exercise training began seven days after transient focal cere-
bral hypoxia induction. In the training groups, the rats were
allowed to run on a rodent motorize treadmill at 18 m/min
for 30 min/day for 5 days/week for 12 weeks. At the begin-
ning of the exercise program, the duration and intensity of
exercise gradually increased so that the rats ran at 18 m/min
for 30 min until the last training session in the twelfth week.
Exercise sessions began with warm up for 5 min at 10 m/
min, followed by 30 min at 18 m/min and cooling for 5 min
at 10 m/min (Al-Jarrah et al. 2007). During running, mild
shock (0.05 mA) was administered to encourage the rats to
move forward. Similarly, sedentary rats (sham, Con, and
Co-Q10) were left on the off treadmill for the same amount
of time.

Coenzyme-Q10 supplementation

Seven days after MCAO surgery, 50 mg/kg Co-Q10 (Sigma—
Aldrich, St. Louis, MO) was administered intragastrically
via oral gavage needles once a day for 12 weeks.

Cognitive function measurement

To evaluate spatial (acquisition and retention) and aversive
(acquisition and retention) learning and memory and anxi-
ety after cerebral hypoxia, the Morris water maze (MWM),
shuttle box test and elevated plus maze were used.
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Elevated plus maze

The anxiolytic activity of rats with focal cerebral hypoxia
was demonstrated by the elevated plus maze (EPM) test one
day after the last mNSS test. This test was based upon the
instinctive behavior of rats to stay in the dark compartment
and avoid risky surroundings (open arm) (Sawantdesai et
al. 2016). As previously described by our laboratory (Parsa
et al. 2021b), the EPM apparatus was composed of two
opposing closed arms (10x 50 cm) aligned perpendicularly
to two open arms (50x 10X 50 cm) connected by a central
square (10x 10 cm). This apparatus is located at a height of
80 cm above the ground. Each rat was placed in the center
of the apparatus, facing between the open arm and closed
arm, and allowed to search inside the apparatus for 5 min.
The amount of time spent in the dark arms, indicating anxi-
ety behavior, was recorded via a video camera. It should be
noted that no animal was lost during the research.

Morris water maze

As previously described by our laboratory, the MWM test
(one day after the EPM test) was used for evaluating learn-
ing and spatial memory ability (Zarrinkalam et al. 2018).
Briefly, the MWM device included a circular black pool
(180 cm in diameter, 60 cm in height) filled with water
(22+1 °C) to a depth of 30 cm that was located in a low
light and sound insulated room with various visual cues.
The pool had four quadrants with four starting lines, namely,
north (N), east (E), south (S), and west (W), and an invis-
ible Plexiglas platform (10 cm in diameter) centrally located
1 cm beneath the water in quadrant N. This test included
an acquisition phase and a retention phase that lasted 4 and
1 day, respectively. In the acquisition phase, each day, there
were two blocks with four trials (90 s). There was a 30 s gap
between two trials on the platform, and the rest of the time
between two consecutive blocks was 5 min. In each block,
the starting position of the rats was changed quasirandomly
during each trial. If the rat could not find the platform within
90 s, the experimenter placed the rat on the platform; on
the other hand, if the rat found the platform, the experi-
menter allowed the rat to remain on the platform for 30 s.
The time spent finding the platform was recorded by a cam-
era (Nikon, Melville, New York, USA) located above the
pool, which was connected to a computer. The time needed
for subjects to find the platform was considered the escape
latency. In the acquisition phase, the mean escape latency
(mean escape latency of trials on each day) and mean total
escape latency (mean escape latency of trials on the first,
second, third and fourth days) were recorded. The retention
phase (probe trial) was performed one day after the acquisi-
tion phase (i.e., on day five of MWM testing). In the probe
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trial, the platform was removed, the rat was allowed to swim
for 60 s, and the ratio of time spent in the target quadrant
to the number of times the rat crossed the platform in 60
trials was recorded and used for spatial retention memory
evaluation.

Shuttle box test

One day after the MWM test, the shuttle box test was used
to assess passive avoidance memory in rats with cerebral
hypoxia according to our previous papers (Parsa etal. 2021a;
Zarrinkalam et al. 2018). Briefly, the shuttle box appara-
tus consisted of two dark and light compartments similar
in dimension (20x20x30 cm), with a grid stainless-steel
rod floor connected to a shock generator and a guillotine
door separating the two compartments. This test consists of
two phases, an acquisition trial and a retention trial, which
are performed over 2 consecutive days. On the first day, the
rats were placed in a light compartment, and the guillotine
door was closed. Thirty seconds later, the door was manu-
ally opened, and the rats were returned to their home cages
according to their natural preference in the dark. After 30 s,
the rats were returned to their home cages. The same steps
were repeated 30 min later. When all 4 paws were placed
in the dark, the entrance latency to the dark section (step-
through latency, STLa) was recorded. After the rats entered
the dark section, the door was closed, after which a 0.8 mA
electrical shock was applied for 2 s, after which the rats were
returned to the home cage after 30 s. The test was repeated
after 2 min. The rats were subjected to foot shock each time
the dark section was re-entered. The test was finished when
the rat remained in the light section for 120 s, and the num-
ber of trials was recorded.

On the second day of the retention phase, the rat was
placed in the light compartment, the guillotine door was
opened for 5 s, after which the step-through latency in the
retention test (STLr) and the time spent in the dark section
(TDC) were recorded for 10 min.

Synaptic plasticity and electrophysiological
recording

Hippocampal synaptic plasticity was evaluated by LTP as a
cellular mechanism of learning and memory. LTP induction
was performed according to our previous works (Asadbegi
et al. 2023; Ranjbar et al. 2022). Briefly, the animals were
anaesthetized with urethane (1.5 gr/kg i.p.) and placed in a
stereotaxic device for electrode implantation. Small holes
were drilled on the right side of the skull, and stimulating
electrodes were placed in the perforant path (AP: — 8.1 mm
from bregma; ML: + 4.3 mm from midline; DV: 3.2 mm
from the skull surface); additionally, recording electrodes in
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the dentate gyrus (DG) granular cell layer (AP: — 3.8 mm
from bregma; ML: + 2.3 mm from midline; DV: 2.7-3.2 mm
from the skull surface) were placed in the right hemisphere
according to the Paxinos and Watson atlas of the rat brain
(Paxinos and Watson 2005). Input—output response curves
were generated by stimulating the perforant pathway (PP)
to determine the stimulus intensity used for each animal.
The perforant path was stimulated with monophasic square
waves for 0.1 ms at 10 s intervals. To obtain the high popu-
lation spike (PS) amplitude and field excitatory post syn-
aptic potential (fEPSP) slope, electrodes were positioned.
LTP was provoked using a high-frequency stimulation
(HFS) protocol of 400 Hz (including 10 bursts of 20 stim-
uli, 0.2 ms stimulus duration, and 10 s interburst interval).
HFS-induced changes in the fEPSP slope and PS amplitude
were measured at 5, 30, and 60 min to evaluate the synaptic
response of PP-DG neurons (Karimi et al. 2021; Omidi et

al. 2020; Safari et al. 2021). The data analysis tool (eTrace,
www.sciencebeam.com) was used to measure the fEPSP
slope and PS amplitude.

Measurement of the evoked potentials

A trace of the recording electrodes (arrow) in the dentate
gyrus (DG) is shown in 2a and 2b. The functional role of
the fEPSP slope was evaluated on the basis of the slope
of the line, through which the beginning of the first posi-
tive deflection of the evoked potential was connected to the
peak of the second positive deflection. The PS amplitude
was measured from the peak of the initial positive deflec-
tion of the evoked potential to the peak of the next negative
potential (Fig.2c), as previously described by our labora-
tory (Komaki et al. 2017; Ranjbar et al. 2022). fEPSP slope
and PS amplitude were calculated by following equations:

Fig.2 Schematic drawing of a rat
brain coronal section from Paxi-

nos and Watson showing traces
of recording electrodes (arrows)
in the dentate gyrus (DG) (a).
Cross-sectional view of the hip-
pocampal area with the tip of the
recording electrode (arrowhead)
in the DG; sample on the right
and atlas plate on the left (b).

Scale bar: 2 mm. The arrows
represent the PSs and the slope of
the EPSP (c¢)

2 mm

2 Before HFS

After HFS
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fEPSP slope=AV/AT and PS amplitude= (AV,+AV,)/2.
AV1 determined by the difference between points e and f;
AV2 determined by difference between points f and g; AV
calculated by difference between points ¢ and d and AT was
measured by difference between points a and b (Fig.2c). The
magnitude of LTP was measured by calculating the aver-
age percentage increase in the slope of EPSP and PS com-
pared to the base level. A successful induction of LTP was
identified when the change in PS amplitude surpassed 25%
(Ghaderi et al. 2023). In this paper, to evaluate the effects of
aerobic training and Co-Q10 supplementation on the EPSP
slopes and PS amplitudes of granular cells in the DG in a
cerebral ischemia rat model, LTP was evaluated through the
application of HFS to the perforant pathway.

Cerebral infarction volume

To evaluate the infarction volume, 2, 3, 5 triphenyltetrazo-
lium chloride (TTC) staining was used. Immediately after
electrophysiological recording, the skull was broken, and
the intact brain was kept at -20 °C for one hour. The brain
was cut transversely and immersed in TCC (TTC; Sigma—
Aldrich, St. Louis, MO, USA) for 20 min at 37 °C. Then,
the slices were fixed in 10% formaldehyde for 24 h. TTC
reacts with dehydrogenases in viable cells, resulting in a
red colour, and the white area indicates infarction (Ke et al.
2011). It should be noted that one rat from each group died
during the research period.

Statistical analyses
All the statistical analyses were performed using SPSS ver-

sion 23. The Shapiro—Wilk test was used to confirm the
normality of the data distributions. Statistically significant

differences in neurological score, escape latency and LTP
(EPSP slope and PS amplitude) between groups were tested
by mixed repeated-measures ANOVA. For statistical analy-
ses of the probe and other data, one-way ANOVA was used.
Tukey’s post hoc test was used to compare the experimental
groups. The data are presented as the mean+SEM. Values
were considered significant at P <0.05.

Results
Neurological scores

As shown in Fig. 3, neurological scores at 1 day, 6 weeks
and 12 weeks after cerebral ischemia induction were dif-
ferent between the groups. The neurological score at 1 day
after cerebral ischemia was not different between MCAO
groups (p=0.8). Neurological scores decreased over time
following experimentally induced stroke (p<0.05). The
reduction in neurological scores was greater in the treat-
ment groups than in the the control group. The neurological
score reductions in the first 6 weeks in the Con, Co-Q10, Ex
and Ex+ Q10 groups were 8%, 18%, 32% and 34%, respec-
tively, and in the last 6 weeks were 11%, 34%, 30% and
37%, respectively. Notably, neurological score reductions in
the first 6 weeks and last 6 weeks were not significantly dif-
ferent between the treatment groups. The neurological score
reductions over time in the Q10, Ex and Ex+ Q10 groups
were 46%, 52% and 57%, respectively. Although the neuro-
logical score was greater in the Ex+ Q10 group, there was
no significant difference between the treatment groups.

Fig. 3 Neurological score reduc- 16 -
tion over time was greater in the
treatment groups than in the Con 14 -
group. The data are expressed as
the mean+ SEM 12
* = significant difference vs.
Con grou, @
gt § 10 —&— Sham
7]
s 8- —H—Con
2 6 --k--Q10
=]
= e ®-+- Ex
z 4
- B -Ex+Q10
2 -
0 = —
1 Day 6 weeks 12 weeks

After Stroke Induction

@ Springer



Psychopharmacology (2024) 241:1577-1594 1583
Fig.4 Lack of effect of Co-Q10 " 120 -
and exercise training on anxiety £
in transient middle cerebral arte- = T T
rial occlusion rat model. Data are 2 100 -
expressed as Mean + SEM %
t= significant difference vs. =
sham group = 80 -

L

&S

= 60 -

£

N

s

- 40 -

=

[N

(3]

]

A 20 -

0 T T T 1
Sham Con Ex+Q10

Fig.5 There were more entries 6 -
into the close arms in the isch- T
emia groups than in the sham »
group. The data are expressed as E 5 T
the mean+ SEM <
T= significant difference vs. b4
sham group % 4

=]

N

v

=

s 3

-

=

)

4t

e 2

i

[

=

=1

Z

0 | .
Sham Con Q10 Ex Ex+Q10

Anxiety-like behavior

The percent of time spent in the close arms (F 4 49,=29.36,
P=0.0001) and the number of close arms entries
(F440)=3.5, p=0.02) in the elevated plus maze were dif-
ferent between the groups. Percent of time spent in the close
arms was greater in the transient middle cerebral arterial
occlusion rat model than in the healthy control rat (these
rats underwent surgery even if they did not undergo cere-
bral ischemia, p=0.0001); but percent of time spent in
the close arms was not different between the groups with
MCAO (Fig.4). Furthermore number of close arms entries
was greater in cerebral ischemia rats than in the sham rats
(»=0.03). Additionally, the number of close arms entries
did not differ between the different ischemia groups (Fig.5).

Spatial learning and memory

The Mean escape latency in the acquisition phase was dif-
ferent between the experimental groups (F=6.2, p=0.004,
Fig.6). Pair-wise comparison showed that mean escape
latency in control groups was more than sham group
(p=0.04), but treatments groups (Q10, Ex and Ex+Q10)
were not different compared to the sham group (p>0.05).
Similarly, the mean escape latency did not differ between
the treatment groups. In this regard, the mean of total escape
latency differed between groups (F449)=7.6, p=0.001).
Mean of total escape latency in the control group was
greater than that in the sham group (p=0.003). Aerobic
training (»p=0.02) and Q10 (p=0.02) supplementation for
12 weeks alone and simultaneously (p=0.001) decreased
mean of total escape latency in the transient middle cerebral
arterial occlusion rat model (Fig.7).
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The time spent in the target quadrant in the retention
phase (probe day) of the MWM test was different among the
five groups (F4 49)=4.7, p=0.008). The time spent in the
target quadrant in the retention phase was shorter in the con-
trol group than in the sham group (p=0.03; Fig.8). Co-Q10
supplementation for 12 weeks did not significantly increase
the amount of time spent in the target quadrant (p=0.1).
Additionally, exercise training for 12 weeks after cerebral
ischemia non significantly promoted the amount of time
spent in the target quadrant (p =0.9). Importantly, exercise
training and Q10 supplementation synergistically promoted
the time spent in the target quadrant (p =0.02). The amount
of time spent in the target quadrant in the Ex+ Q10 group
was not significantly greater than that in the Ex (p=0.08)
and sham groups. As shown in Fig. 9, the number of plat-
form crossings on the probe day in the MWM test was
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Q10 Ex

Ex+Q10

different between the groups (F 4 49,=3.9, p=0.016). There
was less crossover after cerebral ischemia in the sedentary
group than in the sham group (p=0.001). Exercise training
and Co-Q10 alone did not significantly (»=0.09 and p=0.1,
respectively) promote crossover from the removal platform.
Notably, exercise training and Co-Q10 supplementation
synergistically promoted the number of crossovers from the
removal platform in a rat transient middle cerebral artery
occlusion model (p=0.02). There were no significant differ-
ences between the experimental groups (p > 0.05).

Passive avoidance memory
Statistical analyses also revealed that passive avoidance

memory in the shuttle box test differed between the treat-
ment groups. In this regard, the STLa was different between



Psychopharmacology (2024) 241:1577-1594 1585
Fig. 8 Percent of time spent in 60 -
target quadrant in retention phase ?IJ
(Probe day) in MWM was differ- 5 4t
ent between five groups. Data are : 50 -
expressed as Mean + SEM ol
=7 significant difference vs. 8 é
sham group AR~ 40 -
=* significant difference vs. Con GEJ g T
group =%
=# significant difference vs. Ex - g 30 1
group E
2 20 -
D
a
10 -
0 T T T T 1
Sham Con Q10 Ex+Q10
Fig. 9 umber of crossovers to 5 A
find the removed platform in *
the MWM test on the probe day. 4.5 -
The data are expressed as the 4 -
mean+SEM
=t significant difference vs. 3.5 A T
sham group
* =significant difference vs. Con & 3
group 5 25 -
2
£ 2
©1s
1 4
0.5 -
0 T T T T 1
Sham Con Q10 Ex Ex+Q10

the experimental groups (F4 49)=6.3, p=0.002). The results
showed that the STLa in the acquisition phase was longer in
the Con group than in the Sham group (p=0.001). Twelve
weeks of aerobic training and Co-Q10 supplementation
alone (p=0.019 and p=0.02, respectively) and simultane-
ously (p=0.011) decreased the STLa following transient
middle cerebral artery occlusion. The STLa was not signifi-
cantly different among the Q10, Ex and Ex+ Q10 groups
(Fig. 10). Additionally, the number of trials in the acquisi-
tion phase in the treatment groups was lower than that in the
control groups (F4 40=3.7, p=0.01). The number of trials
in the control group was not significantly greater than that in
the sham group (p =0.3). Exercise training with and without
Co-Q10 supplementation decreased the number of trials in
the acquisition phase (p =0.02; Fig.11). The number of tri-
als in which Co-Q10 was used decreased non significantly
(»p=0.1). Notably, there were no differences between the
treatment groups and the sham group.

As shown in Fig. 12 and 13, passive avoidance memory
in the retention phase differed between the groups. The STLr

(F4.40)=28.4, p=0.0001) and time spent in the dark com-
partment (TDC) (F 4 40,=10.6, p=0.0001) were affected by
transient middle cerebral arterial occlusion. There were two
more STLr neurites in the sham group than in the control
group (0.001). Exercise training and Co-Q10 supplementa-
tion returned the STLr to the normal level, but the effect of
exercise training was greater (Fig. 12). In this regard, there
was more TDC following cerebral ischemia than following
healthy surgery (p=0.0001). Exercise training (»p =0.2) and
Co-Q10 supplementation (p=0.09) alone and simultane-
ously (p=0.5) did not significantly decrease TDC in the
retention phase (Fig. 13).

HFS impact on the EPSP slope

As shown in fig.14 the significant effects of time (F=11.07,
p=0.0001) and insignificant effect of group (F=0.18,
p=0.24) and Time*group interaction (F=1.27, p=0.25)
were found on the EPSP slope of the DG granular cells after
HFS. Notably, EPSP, 5 min after HFS was not different
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Fig. 10 The entrance latency to 35 4
the dark section (STLa) in the ¥
acquisition phase was shorter 30
in the treatment groups than
in the Con group. The data are
expressed as the mean + SEM 25 A
=t significant difference vs. -
sham group g 20 A * *
* =significant difference vs. Con - *
group d 15
»n
10
5 4
0 T
Sham Con Q10 Ex Ex+Q10
Fig. 11 The number of trials to 1.8 1
acquire in the shuttle box test was
lower in the treatment groups 1.6
than in the Con group. The data "
are expressed as the mean=+ SD = 1.4
(n=10 per group) & 1.2 -
* =significant difference vs. Con 8
group E 1-
E
z 0.8 - %
0.6 -
0.4 -
* *
0 T 1
Sham Con Q10 Ex Ex+Q10
Fig. 12 The step-through latency 250
in the retention phase (STLr)
returned to the normal level in
response to Co-Q10 and exercise 200 - "
training for 12 weeks in the
shuttle box test in a transient -
middle cerebral arterial occlusion g 150 -
rat model. The data are expressed ?
as the mean+ SEM =
=7 significant difference vs. % 100 - T
sham group
* =significant difference vs. Con
group 50 -
0 T T T
Sham Con Q10 Ex Ex+Q10

than that in the sham group at all three time points (5, 30 and
between the experimental groups (F 49=1.55, p=0.22, 60 min after HFS), but these decreases were not significant.
Fig.15), morover, EPSP 30 min after HFS did not differ  In this regard, exercise training and Co-Q10 insignificantly
between groups (F49=1.67, p=0.19, Fig.16), nor did  promoted the EPSP slope in cerebral infarction.
EPSP in 60 min after HFS (F 4 40,=1.44, p=0.25, Fig.17).
The EPSP slope in the control group was significantly lower
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Fig. 13 Time spent in the dark 200 -
compartment was greater in the
transient middle cerebral arterial 180 -
occlusion rat model. The data are 160 - i T T
expressed as the mean+ SEM -
=7 significant difference vs. (})‘3 140 -
sham grou ~
group o 120 -
a
= 100 -
80 -
60 -
40 -
20 -
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Fig. 14 Time-dependent altera- 200
tions in hippocampal responses
to perforant path stimulation after 180
high-frequency stimulation (14). 2 160
Exercise training and Co-Q10 has 2 - - -
no effect on EPSP slope in 5 (15), 'T—a' 140
30 (16) and 60 (17) min after 2 ag
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Fig. 15 Time-dependent altera- 200 .
tions in hippocampal responses 5 Mln
to perforant path stimulation after 180
high-frequency stimulation (14). -
Exercise training and Co-Q10 has '@ 160
no effect on EPSP slope in 5 (15), '.T—.a
30 (16) and 60 (17) min after 2 140
HFS. The data are expressed as =
Mean+SEM < 120
X
< 100
2
S 80
v
A i
& 60
R
=40
20
0 — . )
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Fig. 16 Time-dependent altera- 200 - .
tions in hippocampal responses 3 0 Mln
to perforant path stimulation after 180 -
high-frequency stimulation (14).
Exercise training and Co-Q10 has g5 160 -
no effect on EPSP slope in 5 (15), _E'
30 (16) and 60 (17) min after 9 140 -
HEFS. The data are expressed as _g
Mean+SEM = 120 -
X 100 -
A
&
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&
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Fig. 17 Time-dependent altera-
tions in hi 200 -
ions in hippocampal responses >
to perforant path stimulation after & 180 -
high-frequency stimulation (14). E
Exercise training and Co-Q10 has s 160 -
no effect on EPSP slope in 5 (15), E 140 -
30 (16) and 60 (17) min after o
HFS. The data are expressed as X 120 -
Mean+SEM g
2 100 -
=
»n 80
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w -
% 60
= 40 -
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HFS impact on the PS amplitude

The results showed that the changes in PS amplitude after
HFS in the different groups were related to time (F=9.4,
p=0.0001). Furthermore, the results indicated a signifi-
cant effect of time (F=124.87, p=0.0001). Addition-
ally, statistical analyses showed that the PS amplitude
was different between the experimental groups (F=46.3,
p=0.0001; Fig.18). One-way ANOVA revealed that the
PS amplitude 5 min after HFS was different between the
groups (F440,=37.7, p=0.0001; Fig.19). A post hoc test
demonstrated that the PS amplitude in the sham groups was
greater than that in the control group (p=0.0001); more-
over, aerobic training had no effect on the PS amplitude, but
Co0-Q10 supplementation with and without exercise training
promoted PS compared to that in the control group. Nota-
bly, exercise training and Co-Q10 synergistically ameliorate

@ Springer

the PS amplitude 5 min after HFS. Furthermore, the results
showed that the PS amplitude 30 min after HFS in the perfo-
rant pathway was different between the groups (F 4 49, =40,
p=0.0001; Fig.20). Pair-wise comparison of the two groups
revealed that middle cerebral artery occlusion decreased
the PS amplitude compared to that in the sham group
(0.0001); additionally, acrobic training had no effect on the
PS amplitude (p=0.9), but Co-Q10 and exercise training
synergistically elevated the PS amplitude 30 min after HFS.
Moreover, the PS amplitude 60 min after HFS was differ-
ent between the groups (F4 49)=11.7, p=0.0001; Fig.21).
Cerebral ischemia decreased the PS amplitude compared to
that in the sham group (p =0.01). Neither Co-Q10 nor exer-
cise training for 12 weeks had any effect on the PS ampli-
tude (p=0.055 and p=1, respectively). At 2 additional
time points, exercise training and Co-Q10 supplementation
for 12 weeks synergistically ameliorated the PS amplitude
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Fig. 18 Time-dependent altera- 500 -
tions in hippocampal responses
to perforant path stimulation < 450 -
after high-frequency stimulation. g 400
Exercise training and Co-Q10 i) 1
synergistically ameliorate PS = 350 -
amplitude in 5, 30 and 60 min f N
after HFS. Data are expressed as S 300 -
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=T significant difference vs. sham :: 250 -
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Fig. 19 Time-dependent altera- 500
tions in hippocampal responses
to perforant path stimulation
after high-frequency stimulation. —_
Exercise training and Co-Q10 g 400 -
synergistically ameliorate PS %
amplitude in 5, 30 and 60 min &
after HFS. Data are expressed as =
Mean+SEM S 300 -
=7 significant difference vs. sham N
group ~
* = significant difference vs. %
control group £ 200
#= significant difference vs. Ex —;
group =)
=1 significant difference vs. Q10 <

»n 100
group z

0
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60 min after HFS compared with that in the control group
(»p=0.0001).

Cerebral infarction volume

Statistical analyses also revealed that the infarct volume was
different between the experimental groups (F 40, =146.8,
p=0.0001). The cerebral infarction volume was 32.24% in
the con group and 27.02% in the training group (p=0.012).
Co-Q10, like exercise training but with more impact power,
decreased the infarction volume (0.0002). The cerebral
infarction volume in the Co-Q10 group was 24.3%. Fur-
thermore, exercise training and Co-Q10 supplementation
synergistically decreased the infarction volume by 10%

5 min

30 min 60 min

After HFS

S Min L

#*
| I
Con | Q10

(»=0.0001) (Fig.22). The cerebral infarction volume in the
Ex+ Q10 group was 22.1%.

Ex Ex+Q10

Discussion

Focal cerebral ischemia is one of the most common cerebral
vascular diseases and is prevalent in elderly people (Thal
et al. 2012). Neurobehavioral deficits are among the most
important consequences of this disease. Poststroke exercise
training, as a noninvasive therapy, plays a critical role in
neurobehavioral function recovery (Geng et al. 2021; Xing
et al. 2018). The aim of this study was to evaluate the pro-
cognitive effect of exercise training and Co-Q10 supplemen-
tation on focal cerebral ischemia-induced neurobehavioral
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Fig. 20 Time-dependent altera- 500 -
tions in hippocampal responses

to perforant path stimulation 450

after high-frequency stimulation.
Exercise training and Co-Q10
synergistically ameliorate PS
amplitude in 5, 30 and 60 min
after HFS. Data are expressed as

350

Mean+SEM 300
=T significant difference vs. sham
group 250 -

* = significant difference vs.
control group
#= significant difference vs. Ex
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Fig. 21 Time-dependent altera- 450 -
tions in hippocampal responses
to perforant path stimulation 400 -
after high-frequency stimulation. —_
Exercise training and Co-Q10 g 350 -
synergistically ameliorate PS % *
amplitude in 5, 30 and 60 min &
after HFS. Data are expressed as f 300 -
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=t significant difference vs. sham 32 250 -
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* = significant difference vs. % 200 -
control group g
#= significant difference vs. Ex = 150 -
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S50 -
0 f
Sham

impairment and synaptic plasticity inhibition in senescent
rats. Briefly, the results showed that short- and long-term
spatial memory, passive avoidance memory and anxiety
were impaired following cerebral ischemia in senescent rats.
Poststroke cognitive impairment is well documented (Joki-
nen et al. 2015; Sun et al. 2014). A review of studies in this
field revealed that neuronal loss (Li and Fan 2021; Zhang
and Bi 2020), brain edema (Lin et al. 2016), and synaptic
dysfunction are fundamental reasons for this process. In
addition, our findings are in agreement with those of previ-
ous studies showing that cerebral infarction causes impair-
ments in synaptic plasticity in the hippocampus (Gasparova
et al. 2008).

The main findings of the present study were that aero-
bic training and Co-Q10 supplementation, administered
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separately or in combination, ameliorated learning and
memory deficits, reestablished synaptic plasticity and
reduced infarction volume after transient middle cerebral
arterial occlusion in senescent rats. In line with our findings,
Salehpour et al. showed that Co-Q10 (500 mg/kg by gavage)
administered for 2 weeks after cerebral ischemia improved
spatial and episodic memory in artificially aged mice via
a reduction in reactive oxygen species and a decrease in
neuroinflammatory responsiveness (Salehpour et al. 2019).
Additionally, Shetty et al. confirmed that, unlike a low dose
of Co-Q10 (96 mg/kg/day), a high dose of Co-Q10 (457 mg/
kg/day) for 15 weeks reverses age-related impairments in
spatial learning and lowers protein oxidation and oxida-
tive damage in the brain (Shetty et al. 2013). Surprisingly,
analysis of the data confirmed that Co-Q10 has no effect on

Ex Ex+Q10
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Fig. 22 Exercise training and
Q10 supplementation alone and
in combination decreased the
infarction size in middle cerebral
arterial occlusion-induced rats.
The data are expressed as the
mean+SEM

* p<0.05 , ***p<0.001 and
****p<0.0001
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- 20
2
-
2
& 10
=
—

0

spatial memory in the retention phase, which is thought to
be a measure of strength and accuracy. These findings are
in agreement with those of Omidi et al., who reported that a
low dose of Co-Q10 (100 mg/kg) for 90 days has no effect
on retention memory in healthy or diabetic rats (Omidi et al.
2019). These findings demonstrated that Co-Q10 promotes
learning but does not affect learning accuracy; this finding
showed that Co-Q10 may affect attention or motivation
rather than spatial performance.

However, the mechanisms underlying the procogni-
tive effect of Co-Q10 supplementation following cerebral
ischemia have not been elucidated. The main mechanism
of the beneficial effect of Co-Q10 supplementation therapy
relies on the mitigation of stress and inflammation. Oxida-
tive stress and neuroinflammation play a cardinal role in
hippocampal nerve cell apoptosis induced by ischemia and

% %k %k %k
| %
I %%k %
% %k %k k
1 t 3
e e | —
o
1 1 I 1
sham Con Q10 Ex Q10+Ex

subsequent cognitive decline during ageing. In this regard,
previous studies confirmed that the senescent brain is
more sensitive to oxidative stress and inflammation caused
by ischemic injury than the young brain is (Salehpour et
al. 2019). Li et al. demonstrated that 28 days of Co-Q10
supplementation (1200 mg/kg/day) via gavage exerted neu-
roprotective effects by decreasing the infarction volume
in the ischemic hemisphere induced by cerebral ischemia
injury in aged mice (Li et al. 2007). Likewise, a large body
of evidence demonstrates that Co-Q10 rescues mitochon-
drial function and prevents brain damage induced by middle
cerebral arterial occlusion (Dong et al. 2015; Salehpour et
al. 2019). It should be noted that starting time (age) and the
amount and duration of intake of Co-Q10 are critical deter-
minants of functional outcome (Shetty et al. 2013).
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Moreover, the magnitude of cerebral ischemia-induced
neurobehavioral deficit mitigation induced by exercise
training in the present study was similar to that induced
by Co-Q10 supplementation, but the protective effect of
Co-Q10 on ischemia-induced synaptic plasticity impair-
ment was greater than that of exercise training. The molecu-
lar mechanism of the procognitive effect of exercise training
after focal cerebral ischemia in senescent rats is not yet clear.
In line with our findings, Nie et al. demonstrated that post-
stroke exercise promoted by synaptic plasticity decreased
cognitive impairment (Nie and Yang 2017). Additionally,
Tang et al. reported that gradual aerobic training for 2 weeks
promoted the number of microvessels surrounding the area
of hippocampus ischemia by upregulating the expression
of MT1-MMP, downregulating the expression of RECK on
vascular endothelial cells around the cerebral ischemic area
and alleviating neurological function after cerebral ischemia
in adult male rats (Tang et al. 2018). On the other hand, 2
weeks of moderate-intensity aerobic training improved post-
stroke cognitive impairment through the caveolin-1/VEGF
pathway partially by enhancing angiogenesis, neurogenesis
and synaptic plasticity in adult male mice (Chen et al. 2019).
Running wheel exercise training and skilled reaching train-
ing for 6 weeks ameliorated motor and cognitive functions
in transient middle cerebral arterial occlusion rats through
a mechanism probably associated with the axonal growth
inhibitor pathway (suppressing the expression of the NgR1/
RhoA/ROCK axon growth inhibitors and increasing the
expression of the endogenous antagonists LOTUS/LGI1) in
young rats (Li et al. 2022b). Furthermore, exercise training
for 4 weeks increased the opening conductance level, time
and probability of NMDA receptor channel activation and
accelerated the formation of learningdependent longterm
potentiation after cerebral ischemia in young rats (Yu et al.
2013). The duration of training is a key factor in increasing
the efficiency of training in the recovery of patients. Many
studies have used training in the short term, and studies with
longer durations are limited. In this regard, Mankhong et al.
reported that 12 weeks of aerobic training improved motor,
balance, and memory functions via the inhibition of tau
modification, especially tau acetylation, following infarc-
tion in a young rat MCAO model (Mankhong et al. 2020).
Our results showed that exercise training and Co-Q10 for
12 weeks synergistically reinstated neurobehavioral deficits
after transient middle cerebral artery occlusion via amelio-
ration of synaptic plasticity in senescent rats.

How these two treatments put together could decreases
infarction size, promoted synaptic plasticity and reduced
behavioral deficits after cerebral ischemia during aging, is
not yet clear. It is likely that exercise training and Co-Q10
supplementation both reinforce each other’s anti-inflam-
matory and antioxidatant effects. In this regard, it has been
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shown that Co-Q10 supplementation in exercised rats led
to a decrease in cholesterol, triglyceride, lipid peroxida-
tion (MDA) and heat shock proteins (HSP60, HSP70 and
HSP90)(Pala et al. 2018). Another possible hypothesis is
that Co-Q10 and exercise training amplified each other anti-
apoptotic effects. Although, Astani et al. (2022) reported that
high intensity interval training and Co-Q10 supplementa-
tion for 12 weeks insignificantly decreased Bax/Bcl2, Cas-
pase 3 and Caspase 8 expression in the myocardial of obese
rats (Astani et al. 2022). More studies are needed regarding
the underlying molecular mechanism contributing to syner-
gistic effects of chronic exercise training and Co-Q10 sup-
plementation against cerebral ischemia-induced behavioral
deficits. It should to be noted that one of the limitations of
this research is that gavage-induced stress was not justified
between groups; in fact there was no vehicle control for the
Co0-Q10 administration in the groups that did not received
gavage. This lack of control may reduce the effectiveness
of the Co-Q10 administration. It is possible that part of the
effectiveness of the Co-Q10 administration was spent on
eliminating the side effects of stress gavage-induced stress.
Therefore, conceivable that Co-Q10 administration has
more effects than what is reported in the findings.

Conclusion

In general, the results of this study showed that Co-Q10 and
aerobic training for 12 weeks alone and synergistically ame-
liorated transient middle cerebral artery occlusion-induced
memory and learning deficits and suppressed synaptic plas-
ticity and reduced cerebral infarction volume and neurologi-
cal score in senescent rats.
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