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Abstract

Rationale Aging is the major risk factor for Alzheimer’s disease (AD), and cognitive and memory impairments are com-
mon among the elderly. Interestingly, coenzyme Q10 (Q10) levels decline in the brain of aging animals. Q10 is a substantial
antioxidant substance, which has an important role in the mitochondria.

Objective We assessed the possible effects of Q10 on learning and memory and synaptic plasticity in aged p-amyloid (Ap)-
induced AD rats.

Methods In this study, 40 Wistar rats (24—36 months old; 360-450 g) were randomly assigned to four groups (n = 10 rats/
group)—group I: control, group II: AP, group III: Q10; 50 mg/kg, and group IV: Q10+Ap. Q10 was administered orally by
gavage daily for 4 weeks before the AP injection. The cognitive function and learning and memory of the rats were measured
by the novel object recognition (NOR), Morris water maze (MWM), and passive avoidance learning (PAL) tests. Finally,
malondialdehyde (MDA), total antioxidant capacity (TAC), total thiol group (TTG), and total oxidant status (TOS) were
measured.

Results Q10 improved the Ap-related decrease in the discrimination index in the NOR test, spatial learning and memory
in the MWM test, passive avoidance learning and memory in the PAL test, and long-term potentiation (LTP) impairment
in the hippocampal PP-DG pathway in aged rats. In addition, AP injection significantly increased serum MDA and TOS
levels. Q10, however, significantly reversed these parameters and also increased TAC and TTG levels in the Ap+Q10 group.
Conclusions Our experimental findings suggest that Q10 supplementation can suppress the progression of neurodegeneration
that otherwise impairs learning and memory and reduces synaptic plasticity in our experimental animals. Therefore, similar
supplemental Q10 treatment given to humans with AD could possibly provide them a better quality of life.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
associated with deficits in memory and cognitive functions
(Wojsiat et al. 2018). It is the fifth leading cause of death
in cases aged 65 years or older (Prasad and Bondy 2014).
Aging is the main risk factor for AD, and its incidence has
been increasing due to an increase in aging populations
worldwide (Winblad et al. 2016). People aged 65 years
or older are more vulnerable to developing AD (Prasad
and Bondy 2014). In AD, there is a gradual decrease in
intellectual function linked to degeneration and death of
cerebral cortical neurons, which consequently leads to
dementia (Terry and Davies 1980; Prasad and Bondy 2014).

Over the past few decades, different biochemical and
genetic events, including elevated oxidative stress (Sultana
et al. 2006; Xie et al. 2013), mitochondrial dysfunction
(Shoffner et al. 1993; Gibson et al. 2000), chronic
inflammation (Yamamoto et al. 2007; Ramirez et al. 2008;
Calsolaro and Edison 2016; Marshe et al. 2017), A (1-42)
peptide production from proteolysis of amyloid precursor
protein (APP) (Yankner and Mesulam 1991), inherited
mutations in APP, presenilin-1, and presenilin-2 genes
(Mohmmad Abdul et al. 2006; Placanica et al. 2009),
glia-lymphatic (glymphatic) system impairment (Bosche
et al. 2020; Reeves et al. 2020), and hyperphosphorylated
tau protein (Prasad and Bondy 2014; Wojsiat et al. 2018;
Komaki et al. 2019), have been identified in AD leading
to progressive destruction and death of nerve cells. The
damaging effects of these factors causing AD become
more potent with age. Morphological alterations have
been found to be associated with aging in different central
nervous system (CNS) areas. Aging plays a crucial role in
pathophysiological mechanisms of degenerative disorders,
such as AD, Parkinson’s disease (PD), and amyotrophic
lateral sclerosis (Matteo and Esposito 2003).

The accurate pathophysiology of AD is still unclear;
however, neuroinflammation, oxidative stress, and mito-
chondrial function may be involved (Prasad and Bondy
2014; Wojsiat et al. 2018; Komaki et al. 2019). An
increase in oxidative stress may play an important role
in aging (Komaki et al. 2019). Oxidative stress due to
free radical production and lipid peroxidation is asso-
ciated with the pathogenesis of cognitive decline (Berr
et al. 2000). The deficiency of antioxidant defenses can
affect many brain functions, such as memory (Fukui
et al. 2001). Neurons in the brain are highly affected by
increased reactive oxygen species (ROS) formation and
oxidative damage because of the high oxygen usage and
energy generation (Mergenthaler et al. 2013). Enhanced
oxidative damage due to free radicals can initiate long-
term inflammation in AD (Uttara et al. 2009). Also,
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increased oxidative stress along with pro-inflammatory
cytokines possibly promotes neuronal death in AD
(Emerit et al. 2004; Prasad and Bondy 2014).

Due to disruption in the oxidant/antioxidant balance in
AD, free radicals scavengers and/or increased oxidative
stress defense mechanisms are effective in the treatment
of AD (Wojsiat et al. 2018). Using antioxidants for the
treatment of neurodegenerative disorders has been widely
considered (Emerit et al. 2004; Federico et al. 2012). Stud-
ies on animal and AD models using single endogenous
antioxidants and herbal remedies have indicated the pro-
tection of neurons against oxidative stress-related damage
(Prasad and Bondy 2014). Thus, restoring mitochondrial
function, reducing oxidative stress levels, and decreasing
free radicals using antioxidants are the appropriate strate-
gies to treat AD.

Coenzyme Q10 (Q10) is a natural antioxidant, which is
part of the electron transport chain. Several studies have
assessed the effect of Q10 on animal models of neurode-
generative disorders (Muthukumaran et al. 2014; Sikorska
et al. 2014). As an intracellular antioxidant, it protects
the phospholipids of the membrane and membrane pro-
tein of the mitochondria that scavenge free radicals (Navas
et al. 2007; Lee et al. 2013). Mitochondrial dysfunction
causes AD. In addition, Q10 is essential to generate ATP
by mitochondria. Therefore, Q10 can be added to differ-
ent micronutrient preparations to treat AD (Prasad and
Bondy 2014; Wojsiat et al. 2018). Q10 has neuroprotection
against neurodegenerative disorders (Flint 2002). Treat-
ment with Q10 could reduce markers of oxidative stress in
animal AD models (Prasad and Bondy 2014; Zhang et al.
2018). Also, Q10 supplementation affects the cholinergic
system and protects cholinergic neurons in AD patients
(Majumdar et al. 2014; Yang et al. 2016). On the other
hand, Q10 (150 mg/day) reduced interleukin (IL-6) as an
inflammatory marker (Lee et al. 2012). Q10 levels decline
in the brain of aging animals (Matthews et al. 1998; Ebadi
et al. 2001).

LTP occurs most prominently in the hippocampus and
is regarded as a proper model to study the mechanisms of
long-term changes in the CNS synaptic efficiency, result-
ing in learning and memory formation (Maren and Baudry
1995; Martin et al. 2000). AP peptides in the hippocampus
can strongly inhibit synaptic plasticity.

We evaluated the Q10 effects on impaired learning and
memory and synaptic plasticity in aged rats that received an
intracerebroventricular (ICV) injection of Af. In summary,
we studied whether Q10 treatment can affect the induction of
hippocampal LTP in Af-injected old rats. Therefore, besides
learning and memory behavioral methods, an in vivo field
potential recording method was used to assess the neuropro-
tective impacts of the oral administration of Q10 on impaired
hippocampal synaptic plasticity in aged rats receiving Ap.
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Materials and methods
Ethics statement

The experimental procedures were done according to the
Veterinary Ethics Committee of the Hamadan University of
Medical Sciences (Ethic code: IR-UMSHA.REC.1394.582),
Hamadan, Iran, and conducted following the Guide for Care
and Use of Laboratory Animals published by the United
States National Institutes of Health (NIH Publication No.
85-23, revised 1985).

Animals and experimental design

Adult old aged (24-36 months) male Wistar rats (360—450
g) were prepared from the Hamadan University of Medical
Sciences. They were kept in clear cages in a room at 23 +
1 °C with a relative humidity of 50 + 5%, under a 12/12 h
light/dark cycle. They had free access to food and water.
Following 7 days of acclimation, animals were randomly
divided into four groups (n = 10 animals per group): group
I (control group: receiving normal saline by oral gavage
daily), group II (Ap: receiving a unilateral ICV injection of
AP (1-42), group III (Q10: receiving 50 mg/kg of Q10 by
oral gavage daily), and group IV (Ap+Q10: Q10 administra-
tion by oral gavage daily for 4 weeks before ICV injection of
AP (Komaki et al. 2019). The experiment timeline is shown
in Fig. 1.

ICV injection of AP and neurosurgery

To induce an AD model, AP (1-42) (100 pg; Tocris Bio-
science, UK) was dissolved in PBS (100 pL; vehicle

Ap injection

solution), followed by incubation (37 °C/7 days) before
usage. This process formed amyloid fibrils, which are toxic
to the nervous system (Lorenzo and Yankner 1994; Asa-
dbegi et al. 2017; Asadbegi et al. 2018). Anesthetization
of the rats was done with intraperitoneal (IP) injections
of ketamine and xylazine (100 and 10 mg/kg, respec-
tively) (Ahmadi et al. 2021a), before transferring to the
stereotaxic device (Stoelting Co., USA). After exposing
the skull, we drilled holes in the skull on the ventricu-
lar region considering the coordinates as follows: 2 mm
lateral to the midline, 1.2 mm posterior to bregma, and
4 mm ventral to the cortex surface (Paxinos and Watson
2005). A 10-pL microsyringe (Hamilton Laboratory Prod-
ucts, USA) was used for injections that lasted 5 min. We
kept the syringe in place for 5 min following the injec-
tion before its removal. The injection volume (5 pL) was
administrated slowly (1 pL/min), and the animals had 5-7
days of recovery (Komaki et al. 2019).

Locomotor activity in the open field

The open field (OF) test was applied to measure loco-
motor activity. The apparatus was made of white acrylic
(50 cm (length) X 50 cm (width) x 38 cm (height)). The
field was lit by low ambient room lights (Bisagno et al.
2004). An overhead video camera recorded the time spent
by animals in an open field area, and the obtained data
were analyzed using video track software. Animals were
located in the middle of the OF and could explore for 10
min (Drews et al. 2005). The locomotor activity was con-
sidered as the total distance traveled and average velocity
(Etaee et al. 2017).

1 Week 4 Weeks 2 Weeks 1 Day 2 Days 5 Days 2 Days 1 Day
< >| < ple—> | ¢—> |—>|l¢—>|¢«—| ¢ > .
Biomarker
v v v v R
Acclimatization Q10 administration Recovery Open Fiel  Novel Object Morris Shuttle Box  Surgery, Analysis
(OF) Test  Recognition water maze (PAL) Test LTP
(NOR) Test (MWM) Induction

Fig. 1 Experimental timeline. After 4 weeks of treatment of experi-
mental groups with Q10 (50 mg/kg), to induce an AD model, xyla-
zine (10 mg/kg) and ketamine (100 mg/kg) were used to anesthetize
rats, and they were placed in the stereotaxic apparatus. An intraven-
tricular injection of AP (2 pL) was done (1 pL/2 min). Following
recovery, open field and novel object recognition (NOR) tasks were
performed. To measure spatial and aversive learning and memory fol-
lowing the training trials, Morris water maze (MWM) and shuttle box

Test

tests were performed, respectively. Then, electrophysiological record-
ings were conducted to determine the excitatory postsynaptic poten-
tial (EPSP) slope and population spike (PS) amplitude in the dentate
gyrus of the hippocampus. Induction of LTP was done through a
high-frequency stimulation of the perforant pathway. After the exper-
imental procedures, the levels of the biomarkers of oxidative stress
were calculated by serum assessment
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Novel object recognition (NOR) test

NOR was first designed by Ennanceur and Delacour accord-
ing to the animals’ spontaneous behavior to recognize a new
object in a familiar environment (Ennaceur and Delacour
1988). Recognition memory as a kind of declarative memory
can measure the animal’s ability to judge or discriminate
between objects, considering tactile and visual information
(Ennaceur and Delacour 1988; Barker et al. 2007; Antunes
and Biala 2012). The NOR test measures cortical and hip-
pocampal functioning. Basically, the task was performed as
in our previous studies (Ganji et al. 2017) (Fig. 2). The open
box has a black wooden floor (50 X 45 X 35 cm) equipped
with video recording software.

On the first day, habituation and acquisition phases were
performed. Accordingly, two habituation sessions (10 min)
in the arena with no object at an interval of 30 min were con-
sidered. The training was performed for 30 min following
habituation. In this phase, two identical objects were posi-
tioned near two adjacent corners of the arena, and the animal
was positioned in the middle of the box and had 10 min to
find the objects (Cohen and Stackman Jr 2015). The explora-
tion process was regarded as smelling the object. Then, 24
h later, a retention test was done. In this phase, the objects
were replaced by a novel (unfamiliar) object, and the animal
was placed in the open field for 10 min. The discrimination
index (DI) for the new object was measured by dividing the
time spent exploring the new object by the total exploration
time recorded by video tracking software.

Assessment of spatial memory using Morris water
maze (MWM) task

The MWM test as a hippocampal-dependent test assesses
spatial learning and memory in rodents (Zarrinkalam et al.
2018; Omidi et al. 2019). As described previously (Karimi
et al. 2019; Shekarian et al. 2020; Ahmadi et al. 2021b), the
MWM has a black circular pool (diameter: 180 cm; depth:
60 cm) full of water (22 + 1 °C) to a depth of 35cm. It is
divided into four quadrants at equal distances along the pool

Fig.2 Novel object recognition

(NOR) test was first designed

by Ennanceur and Delacour

according to the animals’ spon-

taneous behavior to recognize

a new object in a familiar

environment ' -

Habituation
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rim and has four starting sites. There is a hidden platform
(diameter: 10cm) placed 1 cm below the water surface in the
middle of the northern quadrant, which is consistent for all
rats throughout the training tasks. In brief, the training ses-
sion included a block of eight trials daily for 4 consecutive
days. The rats were located in the water at one of the four
different locations, and the time between the entrance into
the water and escape toward the platform (escape latency)
was recorded. Each rat was given two blocks of four trials
for 60 s at about the same time every day (10:00-12:00) for
4 continuous days. The subjects could stay for 30 s on the
platform between the two trials and had 5 min of resting
time between the two continuous blocks. When a rat could
not find the platform for 60 s, the researcher guided it to the
platform and could remain there for 30 s. A video camera
(Nikon, Melville, USA) connected to a computer was placed
above the pool for recording the parameters, such as the time
spent to reach the submerged platform (escape latency), the
length of the swimming path (traveled distance), and the
time spent in the target quadrant. On day 5, each animal
was subjected to one probe trial (60 s) and a visible plat-
form trial. The platform was not available in the probe trials;
however, in the visible platform trials, an aluminum foil was
used to cover the platform. Escape latency, distance traveled,
and the mean swimming speed were recorded in each trial
(Zarrinkalam et al. 2018).

Passive avoidance learning (PAL) test

In the PAL task, the subjects learn to avoid an environment
where they previously received an adverse stimulus (foot
shock). The PAL apparatus, as well as the procedure, were
similar to those we previously described (Zarrinkalam et al.
2016; Karimi et al. 2020). In brief, the apparatus is made
of transparent plastic and has a rectangular opening guil-
lotine door (6 X 8 cm) to separate the light compartment
(20 %20 %30 cm) from the dark one (20 X 20 X30 cm).
The dark compartment floor has stainless steel rods (3 mm
diameter) placed 1 cm apart. A shock generator is attached to
the electrified floor of the dark box. The test was conducted

N ——— e—— ¥

Training Retention test
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for 2 continuous days. On the first day, after two steps of
the habituation trial, training was performed by applying an
intermittent electric shock (1.5 s, 0.4 mA intensity) upon
the rat’s entrance into the dark chamber through an isolated
stimulator. The rat was gently located in the white chamber,
and 5 s later, the guillotine door was opened and the rat
could enter the dark compartment. Once entering the dark
box, the door was closed, followed by delivering an electric
shock through the floor grid (acquisition trial). Latency to
enter the dark chamber (STLa) and the number of electrical
shocks received to the acquisition were noted. Then, animals
were transferred to their home cages. On day 2 (memory
test), they received no electrical shock. Each animal was
again placed in the light compartment (retention trial), and
latency to enter the dark chamber (STLr) and the total time
spent in the dark compartment (TDC) (as an indicator of
inhibitory avoidance behavior) were recorded (Zarrinkalam
et al. 2016).

Surgical procedures, electrophysiological
recordings, and induction of LTP

The used methods were similar to previous studies (Nazari
et al. 2016; Komaki et al. 2017; Omidi et al. 2020a; Omidi
et al. 2020b). In brief, after an IP injection of urethane (1.5
g/kg), animals were anesthetized and positioned in the stere-
otaxic device for surgical procedure and recording. After
exposing the skull, we placed a stainless steel concentric
bipolar electrode (diameter: 125 pm, insulated with Teflon)
in the lateral perforant path (PP) according to the following
coordinates: 4.3 mm lateral to the midline, 8.1 mm posterior
to bregma, and 3.2 mm ventral below the skull surface (Paxi-
nos and Watson 2005). Also, a bipolar recording electrode
(3.8 mm posterior to bregma and 2.3 mm lateral to the mid-
line) was moved to the dentate gyrus (DG), until detecting
the maximum field excitatory postsynaptic potentials (EPSP)
(commonly, 2.7-3.2 mm ventral).

Electrophysiological recordings

The electrophysiological recordings, as well as LTP induc-
tion, were similar to those previously described (Tahmasebi
et al. 2015; Nazari et al. 2016; Komaki et al. 2017; Omidi
et al. 2020a; Omidi et al. 2020b). After anesthetization of the
animals using an IP injection of urethane (ethyl carbamate;
Sigma, USA; 1.5 g/kg), they were located in the stereotaxic
device. The skin was incised, and the DG location (ML:
2.3 mm from the midline, AP: —3.8 mm from the bregma,
and DV: 2.7-3.2 mm from the skull surface) and perforant
pathway (PP) (ML: 4.3 mm from the midline, AP: —8.1 mm
from the bregma, and DV: 3.2 mm from the skull surface)
were defined (Paxinos and Watson 2005), followed by drill-
ing two small burr holes into the DG and PP. Next, bipolar

stimulating and recording electrodes were gently lowered
along the cortex into the PP and DG regions, respectively.
They moved very gently to observe the maximum field excit-
atory postsynaptic potentials (fEPSPs). After stimulating the
PP, the field potential recordings were recorded in the DG.

By changing the single-pulse stimulation intensity and
averaging ten responses for each intensity, we generated the
input/output (I/O) response curve. The evoked field potential
was 50% of the maximum response in the following stimula-
tions (Omidi et al. 2020b). The stimuli (single 0.1 ms bipha-
sic square wave) characteristics were defined according to
our package (eTrace, www.sciencebeam.com) followed by
sending to a constant current isolator unit (A365, World Pre-
cision Instruments, US) at 0.1 Hz.

After making sure of the base response sustainability
(about 45 min), high-frequency stimulation (HFS) was deliv-
ered for the induction of LTP. HFS protocol was as follows:
400 Hz, 10 bursts of 20 stimuli, 0.2-ms stimulus duration,
and the 10-s interburst interval at a stimulus intensity. The
fEPSP slope, as well as two variables of maximal response,
were noted at 5, 30, and 60 min following HFS for evaluat-
ing changes in the DG neuron’s synaptic response.

Biochemical analysis

At the end of the experiment, 5 ml of blood samples were
taken from the portal vein by cardiac puncture and trans-
ferred into heparinized tubes. The samples were then centri-
fuged at 3500 rpm for 10 min at 4 °C. Serum samples were
frozen at —80 °C and sent for biochemistry measurement.
Finally, plasma measurements were performed for malon-
dialdehyde (MDA), total antioxidant capacity (TAC), total
thiol group (TTG), and total oxidant status (TOS) (Komaki
et al. 2019).

Measurement of TAC

TAC determination in serum was performed by ferric reduc-
ing antioxidant power assay (FRAP) (Benzie and Strain
1999). It can reduce 2,4,6-Tris(2-pyridyl)-s-triazine (Fe III-
TPTZ) to Fe II-TPTZ (blue) with biological antioxidants.
Alterations in absorbance of the sample at 600 nm were
compared with FeSO4 7H20, which was considered a stand-
ard (Salehi et al. 2015).

Measurement of MDA

The MDA generation to assess lipid peroxidation (LPO) was
distinguished by reaction with thiobarbituric acid (TBA).
Briefly, the determination of the LPO products (MDA) was
done through the addition of 1.0 mL of 1% TBA reactive
substances and 1.0 mL of 20% trichloroacetic acid to the
supernatant (100 pL) and then incubating the solution (100
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°C/80 min). The solution was cooled on ice, followed by
centrifugation (3000 rpm/20 min), and reading the superna-
tant absorbance at 532 nm (Salehi et al. 2015).

Determination of the TOS

The Earl’s method determined serum TOS (2005). Briefly,
225 pL of reagent 1 (150 pM xylenol orange, 140 mM NaCl,
and 1.35 M glycerol in H,SO, solution (25 mM; pH1.75))
was mixed with the sample (35 pL). The absorbance was
read by a spectrophotometer at 560 nm (sample blank), then,
11 pL of reagent 2 (5 pM ferrous ion and 10 mM o-dianisi-
dine in 25 mM H,SO, solution) was added to the mixture,
and then incubation was done for 3 to 4 min. Afterward,
its absorption was read at 560 nm. The analytical sensitiv-
ity was considered 0.0076 absorbance/pM. Following cali-
bration of the assay with H,0,, the values were reported
as mmol H,O, equivalent/L. Measurement of the method
detection limit was done by evaluating the zero calibrators
ten times. The detection limit (the mean TOS of the zero
calibrators more than the standard deviation) was 1.13 pmol
H,0, equivalent/L (Akalin et al. 2007; Aslan et al. 2014).

Measurement of TTG

The Ellman’s reagent (DTNB; 5,5’ -dithio-bis-(2-nitrobenzoic acid))
was applied to determine TTG following the Hu method (Hu 1994).

Statistical analysis

Values are provided as mean + SEM and analyzed using
GraphPad Prism® 5.0. One-way analysis of variance

>

_I

=
L

[
1

Mean Velocity(cm/s)

Y

=

(ANOVA) was used to analyze the data obtained
from the NOR and PAL tests. Two-way ANOVA was
employed to analyze the data obtained from the spatial
learning evaluation (training trials) considering days
and treatments as repeated measures and between-
subjects factors, respectively. One-way and two-way
ANOVA followed by Bonferroni and Tukey’s tests
were applied to analyze the data obtained from the
probe, working, visibility trials, and biochemical data.
Electrophysiology results were analyzed by the two-
way ANOVA with repeated measures analysis. Tukey’s
multiple comparison test was applied to analyze the
significance of the differences between the groups,
when appropriate. A p-value of smaller than 0.05 was
regarded as significant.

Results

Locomotor activity

Based on the results, no significant differences were found in
the distance traveled (Fig. 3A) and mean velocity (Fig. 3B)
in OF test between the groups [(p > 0.05); F (3, 34) =

2/992)].

NOR test

According to the results, the Ap group had a significantly
lower DI (p < 0.01) in comparison with the control, Q10,
and AB+Q10 groups (Fig. 4). Therefore, DI increased by
Q10 in AB-injected rats.

40

30+

20+

Distance travelled (m/10 min)

Fig. 3 Comparison of distance traveled (A) and mean velocity (cm/s) (B) in the open field arena between experimental groups. Columns indicate

mean + SEM
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MWM task

In the control, Q10, and AP+Q10 rats, escape latency
showed a significant decrease (control rats: p < 0.001; Q10
rats: p < 0.001; AB+Q10 rats: p > 0.05) on day 4 in compar-
ison with the first day (Fig. 5A). In AB-injected rats, escape
latency failed to change after 4 days of training (p > 0.05).
Therefore, Q10 attenuated A deteriorative impact on mem-
ory acquisition. All groups except the A group could learn
the invisible platform position following 4 days of training.

The experimental groups except AP animals had a shorter
swimming path during training (p < 0.05) (Fig. 5B). A sig-
nificant difference was detected between the experimental
groups in escape latency (p < 0.001; [F (9, 84) = 2/247));
two-way ANOVA) and swimming distance (p < 0.001, [F
(9, 84) = 3/871]). We used swimming speed to measure the
rats’ motor activity, which showed no significant changes
through training (p > 0.05, data not shown).

Based on the results, Ap-injected rats receiving Q10
(Ap+Q10 group) were observed with a significant reduction
in escape latency and moved distance than the Ap-injected
rats (AP group) (p < 0.05) (Fig. 5SA). Therefore, Q10
decreased the Af deteriorative effects on memory acqui-
sition and hence improved Ap-related reference memory
impairment.

In addition, a probe trial was performed 24 h following
the last training trial on day 5, in which we removed the plat-
form and noted time spent in each quadrant. In Ap-treated
rats, time in the target zone decreased compared to the other

Fig.4 Comparison of dis-

~_ -
crimination indices of the novel \c 1 50
object recognition task between =)
the experimental groups. A
Columns indicate mean + SEM. w4
** p < 0.01 versus the control 2]
group and # p < 0.05 and ## p =
< 0.01 versus the AP group E 1 00 =
=
£
g
g 50-
=
D)
72]
a8

three groups. The AB+Q10 group spent a longer time in the
target zone than the AP group (p <0.05) (control rats: 17.91
+0.85,7=9;Q10: 18.35 +0.865,n =9; AP: 10.07 + 1.73
s, n=9; AP+Q10: 14.67 +0.85s,n =9, p < 0.001, [F (3,
32) = 11/41]) (Fig. 6). Thus, Q10 could increase time spent
in the target area and improve spatial memory impairment
in AP-treated animals. There were no significant differences
between experimental groups in escape latency to discover
the visible platform in the visual discrimination task (data
not shown, p > 0.05), which indicates no visual deficit in
rats.

PAL test

In the training phase, the results showed that there were no
significant differences between the experimental groups
in STLa (p > 0.05) (Fig. 7A). Moreover, the experimen-
tal groups showed a significant difference in the number of
trials to acquisition (p < 0.001). Based on the results, the
number of trials to acquisition was significantly higher in
the Ap rats in comparison with the control and Q10 groups
(p <0.01) (Fig. 7B). Meanwhile, Q10 administration failed
to change the number of trials to acquisition in the AB+Q10
group in comparison with the A group (p > 0.05) (Fig. 7B).

There was a significant difference between experimental
groups in the retrieval phase of the PAL and memory test
(p < 0.001). The STLr in AP rats was significantly lower
compared to the control group (p < 0.001). However, the
AP and AB+Q10 groups showed no remarkable differences
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A (p > 0.05) (Fig. 7C). Also, the experimental groups were
60 —— found with a significant difference in TDC (p < 0.001). The
B = AP group showed a longer TDC compared to the control and
O % - E 2Fa E % Q10 groups (p < 0.01 and p < 0.001, respectively) (Fig. 7D).
E‘ 40 g E E g g £ E E g Bgz However, no significant difference was found between the
15} gla|E M H 2
3 § E : E E : ?‘, é AB+Q10 and AP groups (p >0.05).
2 B R E 2
5 201 % 21E((IN: E H|I[ E E Measurement of evoked potentials
ol ﬁ ; E g : E g 2 ;E Population spike (PS) and fEPSP are two components of
N o Q; the evoked field potential in the DG. The fEPSP slope was
00&‘ Q v considered as 20-80% of the height amplitude (Asadbegi
et al. 2016; Komaki et al. 2017; Komaki et al. 2019). The
B data analysis tool (eTrace, www.sciencebeam.com) was used
_ 4009 . Day 1 to measure the fEPS? slgpe and PS amplitude. .
E €3 Day2 Through the application of HFS to the PP, we induced
= 300 E w A 3 Day3 LTP in the DG to assess the Q10 impacts on the EPSP slopes
B g HE g Y i i
s e . : o D Day 4 as 'well as'PS amplitudes .of granular cells of DG in AD
E 200 % B ### HE E animals. Figures 8 and 9 display the effects of Ap and Q10
8 e E HEE 2 on the EPSP slope and PS amplitude, respectively. The sig-
£ 00l E = LEE % nificant effect of time (p < 0.001; [F (3, 28) = 17/96]) and
= HEBL BEHEL E treatment (p < 0.001; [F (3, 84) = 21/28]) was found on the
0 AR E HEE g ! EPSP slope of the DG granular cells (Fig. 8).
& 0,@ R AP could cause a significant reduction in the hippocam-
¢t pal EPSP slope than the control and Q10 groups (AB: n =

Fig.5 The average latency to find the invisible platform (A) and
swimming distance (B) vs. training days. CoQIl0 significantly
decreased the latency and distances. Values are provided as mean +
SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus the control
group and # p < 0.05, ## p < 0.01, and ### p < 0.001 versus the AP

group
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Fig.6 A probe test was used to measure spatial reference memory.
Values are provided as mean + SEM. *** p < 0.001 versus the con-
trol group and # p < 0.05 and ### p < 0.001 versus the AP group
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8, 102.8 + 6.51; control: n = §, 149.9 + 8.39 [p < 0.001];
Q10: n =8, 132.3 + 3.62; [p < 0.05]). Q10 administration
compensated for a reduction in the EPSP slope than the Ap
group (Q10+AB, n =28, 115.8 + 5.41; Ap: 102.8 + 6.51; but
it was not significant at p > 0.05).

The obtained results indicated the significant effect of
time (p < 0.001; [F (3, 28) = 196/7]) and treatment (p <
0.001; [F (3, 84) = 24/18]) on the PS amplitude of the DG
granular cells (Fig. 9). According to the Tukey’s post hoc
results, AP could cause a significant impairment in the PS
amplitude (AP: 172.1 + 13.52; control: 318.8 + 24.26; Q10:
301.0+19.37; AP versus the control [p < 0.001]). The Ap
and AP+Q10 groups were found with significant differences
in the PS amplitude following Q10 administration (Af:
172.1 + 13.52; Ap+Q10: 245.1 + 13.10, AP vs. Ap+Q10
[p < 0.05]). Furthermore, no significant differences were
observed in PS amplitude between the Q10 and control
groups (Q10: 301.0 + 19.37; control: 318.8 + 24.26 [p >
0.05]). These findings demonstrated that A injection (ICV)
could impair the LTP of the EPSP slope and PS amplitude,
whereas treatment with Q10 could increase them.

Effect of Q10 and AB on TAC, TOS, TTG, and MDA

Analysis of TAC indicated a significant difference between
experimental groups [F (3, 28) =77/11, p < 0.001]. Moreover,
there was a significant difference in the TOS among the experi-
mental groups [F (3, 24) = 31/86, p < 0.001]. In addition, there
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Fig.7 Effect of CoQ10 oral administration in the training phase (A,
B) and the retrieval phase (C, D) of the step-through passive avoid-
ance task. Entrance latency into the dark chamber (A) and the number
of trials to acquisition (B) in the training stage, and latency to enter
into the dark chamber (C) and the time spent in the dark chamber (D)

was a significant difference in the MDA and the TTG levels
between the groups [F (3, 28) = 13/71, p < 0.001] [F (3, 24)
=23/69, p < 0.001] (Fig. 10).

Discussion

We investigated whether Q10 treatment can prevent the
learning, memory, and synaptic plasticity impairment caused
by ICV AP injection in aged rats. We used old rats to create
a better AD model similar to AD patients.

The main findings of our study were as follows: Q10
could improve the Af-related decrease in the DI in the
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in the retrieval phase in the experimental groups are displayed. Col-
umns indicate mean + SEM. * p < 0.05, ** p < 0.01, and *** p <
0.001 versus the control group and ## p < 0.01 and ### p < 0.001
versus the AP group

NOR test, spatial learning and memory in the MWM test,
passive avoidance learning and memory in the PAL test,
and synaptic plasticity impairment in the hippocampal
PP-DG pathway in aged rats. In addition, AP injection
significantly increased serum MDA and TOS levels. Q10,
however, significantly reversed these parameters and also
increased TAC and TTG levels in the Ap+Q10 group.
Q10 alone showed no significant effectiveness in the
learning and memory performance of aged rats (Q10
group) evidenced by the NOR, PAL, and MWM tests, and
also synaptic plasticity (LTP induction). In this regard,
in normal conditions, treatment with Q10 (Mcdonald
et al. 2005; Sumien et al. 2009) or different antioxidant
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Fig.8 Time-dependent alterations in hippocampal responses to per-
forant path stimulation after high-frequency stimulation (HFS). Long-
term potentiation (LTP) of the EPSP slope in DG granular cell syn-
apses of the hippocampus showed significant differences between

chemicals was not capable of improving memory perfor-
mance (Monsef et al. 2019). Therefore, an increase in anti-
oxidant concentration and activity in physiological condi-
tions is not effective in cognition and may even cause a
decrease in this process (Bouayed and Bohn 2010).

No significant differences were found in the distance
traveled between the experimental groups. Therefore, A or
treatment with Q10 could not significantly affect the motor
activity of animals, which is consistent with the findings of
other studies (Dumont et al. 2011).

According to the data obtained from the training stage
of the PAL task, no significant differences were found in
STLa between the experimental groups. STLa indicates
the rats’ natural preference for dark places. Thus, Q10 or
AP could not significantly affect the rat behavior before
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groups. Values are provided as mean + SEM % of the baseline. * p <
0.05; ** p < 0.01, and *** p < 0.001 versus the control group and # p
< 0.05 versus the AP group

delivering the initial shock and initiation of the acquisi-
tion process in the PAL test. In the training stage, the Ap
group was found with an elevation in the number of tri-
als to acquisition in comparison with the control group.
This result demonstrates that Ap can impair the acquisi-
tion phase of PAL, which is highly associated with the
integrity of some brain areas, such as the hippocampus
and the amygdala (Gold 2004). Ap rats treated with Q10
(AP+Q10) failed to change the number of trials to acquisi-
tion compared to the AP group. This finding can be owing
to the research design, experiment’s conditions and dura-
tion, and Q10 dosage. In the PAL test, STLr and TDC are
regarded as indicators of the retrieval phase of passive
avoidance learning and memory processing (Zarrinkalam
et al. 2018; Omidi et al. 2019). The A group was found
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Fig.9 Time-dependent alterations in long-term potentiation (LTP) of
population spike (PS) amplitudes in the dentate gyrus (DG) granular
cell synapses against perforant pathway stimulation after high-fre-
quency stimulation (HFS). Values are provided as means + SEM %

with lower STLr and longer TDC than the control group,
which indicates a decrease in the retrieval of PAL mem-
ory in the AP group than the control group. Q10 failed to
change the STLr and TDC in Ap-treated rats.

According to the data obtained from the memory retrieval
of the PAL and NOR tasks, Q10 could improve memory and
cognitive deficit in the AB+Q10 group in the NOR test, and
Q10 could enhance the DI in the NOR test in the Af+Q10
group, which indicates the greater effectiveness of Q10 in
the brain NOR-processing regions compared to PAL-related
areas. Q10 alone caused no significant effect in both PAL
or NOR tests in the Q10 group. These findings demonstrate
that Q10 was not capable of enhancing learning and memory
in the Q10 group.

According to the results of the NOR test, the Ap group
showed less time exploring the new object compared to the

of the baseline. * p < 0.05, ** p < 0.01, and *** p < 0.001 versus the
control group and # p < 0.05, ## p < 0.01, and ### p < 0.001 versus
the AP group

three other groups, which can result from neophobia as one
of the pitfalls in assessing memory in non-verbal animals
(Thorpe et al. 2004). Medial temporal lobe systems,
like the hippocampus and amygdala, are associated with
emotion-associated memory. The amygdala plays an
important role in the processing of emotion, whereas the
hippocampus is involved in episodic memory (Yang and
Wang 2017). The amygdala modifies both the storage and
encoding of hippocampal-dependent memories (Phelps
2004). The hippocampus and basolateral amygdala
groups (BLA) can work separately to exhibit their various
functions in emotion and memory. Nonetheless, synergism
in the amygdala-hippocampus axis is involved in emotion-
regulated memories (Yang and Wang 2017). The amygdala
is important to learn the valence of new objects from
the emotional expressions of others (Blair et al. 2008).
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Also, amygdala atrophy occurs in early AD (Poulin et al.
2011). Lesions of the amygdala in monkeys could disrupt
emotional behavior in some new objects (Zola-Morgan
et al. 1991; Sarowar et al. 2017). Thus, amygdala atrophy
because of AB-induced AD can impair emotional behavior
regarding new objects (Zola-Morgan et al. 1991; Sarowar
et al. 2017) in AD. Therefore, the shorter exploration
time of the AP group can be due to memory impairment,
not neophobia. The time exploring the novel object was
similar in transgenic and wild-type AD mice (Baazaoui
and Igbal 2017). Both groups were similar regarding non-
spatial working memory and exploration of a new object.
Hence, the neophobia effect on the exploration of new
objects in our research might be eliminated.

DI to new objects increased by Q10 in Ap-treated ani-
mals. Thus, Q10 improved non-spatial memory deficit in
Ap-treated rats. Muthukumaran et al. (2018) reported that
transgenic AD mice, whether or not they were treated with
Q10, acted similarly to non-transgenic mice in the NOR test.
Nonetheless, only transgenic mice that received Q10 rec-
ognized the familiar object moving to a new location (the
NLR test) similar to non-transgenic mice (Muthukumaran
et al. 2018)).

The current research on the Q10 neuroprotective impact
on cognition in Ap-injected aged male rats showed that AP
could significantly diminish spatial memory acquisition
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and impair spatial memory retention. Q10 could increase
the level of memory acquisition and retention, which was
found in AP rats. Treatment with Q10 attenuated AP dete-
riorative effect on memory and learning in aged male rats.
Therefore, supplementation with Q10 improved learning and
memory in Af-treated rats. Furthermore, the Q10 alone did
not affect swimming speed, which suggests that locomotion
improvement cannot lead to spatial learning improvement.
AD causes a remarkable impairment in memory (Selkoe
2002). AP impairs alternation behavior as well as passive
avoidance task scores in rats (Rasoolijazi et al. 2013). Also,
Ap intrahippocampal injection induced significant learning
impairments in PAL and MWM tests (Asadbegi et al. 2017;
Komaki et al. 2019). Our findings are consistent with other
studies on Ap-induced memory impairment (Asadbegi et al.
2017; Shekarian et al. 2020). The following mechanisms
are possibly involved in memory and cognitive impairments
in AD: (1) changes in synapses and neurons in brain areas
associated with learning and memory functions, such as the
basal forebrain, the hippocampus, entorhinal cortex, and
neocortical association cortices (Mattson et al. 1999) and
(2) AP neurotoxicity that increases apoptosis, inflammatory
responses, the cell wall permeability, and free radical dam-
age (Clippingdale et al. 2001) because an increase in Ap
(AB 1-42) is involved in the AD pathogenesis (Prasad and
Bondy 2014).
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In our experiment, AP injection significantly increased
serum MDA and TOS levels, indicating an increase in serum
ROS and oxidant components. Q10 supplementation, how-
ever, significantly reversed these parameters and increased
TAC and TTG levels, which indicated that Q10 treatment
could alter the oxidant/antioxidant balance, in favor of anti-
oxidants. There is a significant reduction in the antioxidant
enzyme activities, such as catalase, glutathione peroxidase,
and superoxide dismutase in various brain areas in AD
(Venkateshappa et al. 2012). Increased oxidant events can
increase the generation and accumulation of Af. Increased
oxidative events accelerate the intracellular buildup of Ap
in neurons (Misonou et al. 2000; Prasad and Bondy 2014).
Consequently, AP oligomerization, overproduction, and
aggregation increase oxidative stress. After the initiation of
the positive feedback loop, where ROS generation and Af
are connected, this loop gently can enhance and accelerate
brain pathology (Wojsiat et al. 2018).

Q10 can prevent memory and cognitive impairments in
different conditions (Sandhir et al. 2014). Q10 also could
improve spatial learning, reduce oxidative injury, and delay
early aging (Papucci et al. 2003). Also, Q10 improved cogni-
tive deficit, in experimental models of AD and PD, through
an improvement in electron transport within the MC mem-
brane (Sandhir et al. 2014). Q10 possibly can be used for
the treatment of AD. Treatment with Q10 in STZ-infused
rats could reverse oxidative damage and decline ATP levels
in the hippocampus as well as the cerebral cortex of rats
injected with STZ (ICV). Q10 modulated cognitive deficit
caused by STZ injection (ICV) in rats in the MWM and
PAL tests (Ishrat et al. 2006). Cholinergic signaling plays
arole in learning and memory formation, and its modifica-
tion causes cognitive impairment in AD (Cummings 2000).
Q10 supplementation improves memory processing through
an improvement in hippocampal cholinergic function by an
increase in choline acetyltransferase and a decrease in ace-
tylcholinesterase activities (Ishrat et al. 2006), neurogen-
esis by a reduction in Af formation (Muthukumaran et al.
2018) and oxidative stress markers, and an increase in ATP
amounts in the hippocampus and cortex (Ishrat et al. 2006).
In diabetic and ischemic injury model rats, pre-treatment
with Q10 (a strong antioxidant and free radical scavenger in
the hippocampus and DG) significantly decreased neuronal
loss because of ischemia and decreased activity of caspase-3
associated with apoptotic cell death (Young et al. 2007).

The elevated levels of oxidative stress, mitochondrial
impairment, and metabolic aberrancies are the main fac-
tors to induce AD (Mattson et al. 1999). In this study, we
found that Q10 prevented the memory and cognitive deficit
caused by AP in aged rats; however, it was weaker compared
to adult rats. More ROS are generated in the mitochondria
of aged animals, and also, their mitochondria are charac-
terized by higher amounts of lipid peroxides and losses of

polyunsaturated fatty acids, suggesting elevated oxidative
stress in old age. Therefore, ROS are highly involved in the
aging process (Ebadi et al. 2001). There are several factors
promoting progressive neurodegeneration, and their delete-
rious effects become more potent in aging. For example,
the glymphatic system causes waste removal and brain fluid
clearance during sleep through glia-supported perivascular
channels. The impairment of the glymphatic system reduced
the clearance of AD-associated proteins. Human studies
have reported a diminish in the glymphatic function in AD
(Reeves et al. 2020; Silva et al. 2021).

LTP is a persistent elevation in synaptic strength in the
hippocampus and has been a famous model to investigate
learning and memory formation (Komaki et al. 2019). Ap
caused impairments in synaptic plasticity in the hippocam-
pus in a rat model of AD (Asadbegi et al. 2016). Meas-
urements of hippocampal LTP, as a cellular mechanism of
learning and memory, indicate the probable mechanisms of
Q10 function in such situations. We found that Ap attenu-
ated hippocampal LTP induction in aged rats, which is in
line with the idea that intrahippocampal injection of A can
reduce LTP induction in adult rats (Asadbegi et al. 2016).
Ap injection decreased LTP, whereas treatment with Q10
enhanced LTP in Ap-injected adult rats (Komaki et al.
2019). The hippocampus is highly associated with learning
and memory. AD is initiated with slight changes in synaptic
efficacy in the hippocampus leading to noticeable neuronal
degeneration (Selkoe 2002).

From another perspective, elevated chronic inflammatory
processes are considered an important factor to initiate and
promote neurodegeneration in AD and associated neurologi-
cal diseases regarding inflammatory endothelium activation
(Bentz et al. 2010; Bosche et al. 2020; Haupt et al. 2020; Tso
et al. 2021). Many investigations using non-steroidal anti-
inflammatory drugs, such as aspirin and ibuprofen, indicated
their effectiveness in patients with idiopathic AD (Rich et al.
1995). Therefore, using anti-inflammatory agents combined
with antioxidants can be used to reduce the progression
of AD (Prasad and Bondy 2014). The Q10 level showed
a negative correlation with inflammatory markers, such as
TNF-a and IL-6 (Lee et al. 2013). Also, Q10 exerted anti-
inflammation activities by a decrease in nuclear factor-xB
(NF-«B)-dependent gene expression. NF-kB is activated by
the ROS leading to up-regulation of the expression levels
of pro-inflammatory cytokines. Nonetheless, this NF-kB-
activating cascade is suppressed by antioxidants, such as
Q10 (Lee et al. 2013).

Improvement in the CoQ10 bioavailability and conse-
quently its efficiency can be involved in better protection
against Af-related injury. Although the oil-soluble Q10
exhibits effective neuroprotection in animal models of neu-
rodegenerative disorders, it showed no effect in clinical trials
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of PD, amyotrophic lateral sclerosis, and Huntington’s dis-
ease (Muthukumaran et al. 2018).

Such clinical failures were probably due the low bioavail-
ability in such lipid-solubility CoQ10 formulations at com-
parable doses used on preclinical trials not allowed in FDA-
approved human clinical trials. Because oil-soluble CoQ10
at our low dosage could have also been a limiting factor in
our research, we tried to improve the Q10 bioavailability
with a water-soluble formulation (produced by or obtained
from the study of Muthukumaran et al. (2018)). Therefore,
clinical trials may have failed because of FDA required
much lower doses administrated to participants. Hence, a
lower dose of Q10 (50 mg/kg/day) in our research may be
allowed for a clinical trial.

Our study may not be a preclinical test on the efficacy of
Q10 in preventing AD, but this formulation can be a prom-
ising contender for such an effect. MSW or PAL tests are
applied in preclinical research and are not appropriate indi-
cants of cognition not caused by AD-induced heightened
adverse emotional effects that this treatment might alleviate.
Therefore, it can be expected that the clinical trials have
provided much less evidence of preserved cognition in AD
participants tested in non-threatening contexts. Accordingly,
preclinical trials of Q10 can be conducted only on tests, such
as NOR/NLR in non-threatening settings. As mentioned,
neophobia as a pitfall in the measurement of memory can
be eliminated.

Our study was associated with some limitations. Our used
model is still not representative of the clinical situation of
patients with AD and leads to no direct deductive conclu-
sion. Also, several compounds exhibiting preclinical preven-
tion of AD precursors in the brain of rodents or preventing
cognitive-behavioral deficits could not pass clinical trials.

Conclusion

Supplementation with Q10 significantly improved learn-
ing and memory deficits and synaptic plasticity impair-
ment induced by AP in aged rats. The Q10 concentration is
decreased in the brain of aging animals and administration
of Q10 minimized Ap-induced AD severity. Such protective
effects can be due to the antioxidant, anti-inflammatory, anti-
aging, and antiapoptotic effects of Q10 and also maintenance
of mitochondrial integrity and prevention of membrane dam-
age. Accordingly, Q10 is a possible neuroprotective agent
against age-related neurodegeneration diseases, such as AD.
However, further investigation is necessary to elucidate the
possible neuroprotection mechanisms of Q10 on learning
and memory and also synaptic plasticity in aged subjects.
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