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Abstract

Sleep is involved in maintaining energy, regulating heat, and recovering tissues. Furthermore, proper cognitive functions need
sufficient sleep. Many studies have revealed the impairment effect of sleep deprivation (SD) on cognitive functions including
learning and memory. Alpha lipoic acid (ALA) is a potent free radical scavenger, biological antioxidant, and neuroprotective
agent. Furthermore, ALA improves learning and memory performance, decreases oxidative stress, and enhances antioxidant
biomarkers. In this study, we aimed to investigate the effect of ALA on social interaction and passive avoidance memories in
sleep-deprived rats. Total sleep deprivation (TSD) apparatus was used to induce SD (for 24 h). Three-chamber paradigm test and
shuttle box apparatus were used to evaluate social interaction and passive avoidance memory, respectively. Rats’ locomotor
apparatus was used to assess locomotion. ALA was administered intraperitoneally at doses of 17 and 35 mg/kg for 3 consecutive
days. The results showed SD impaired both types of memories. ALA at the dose of 35 mg/kg restored social interaction memory
in sleep-deprived rats; while, at the dose of 17 mg/kg attenuated impairment effect of SD. Moreover, ALA at the dose of
35 mg/kg impaired passive avoidance memory in sham-SD rats and at both doses did not rescue passive avoidance memory
in sleep-deprived rats. In conclusion, ALA showed impairment effect on passive avoidance memory, while improved social
interaction memory in sleep-deprived rats.
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Intr ion
Electronic supplementary material The online version of this article troductio

(https://doi.org/10.1007/s00210-020-01916-z) contains supplementary
material, which is available to authorized users. Sleep is a protective circadian biologic rhythm that maintains
homeostasis of autonomic, neuroendocrine, and immune sys-
tems (Tononi and Cirelli, 2006). In addition, sleep is involved
in maintaining energy, regulating heat, and recovering tissues
(Maquet, 2001). Sleep is also critical for proper cognitive
functions (Havekes et al., 2012, Abel et al., 2013). Studies
have shown that sleep deprivation (SD) induces severe path-
ological alterations that affect psychomotor, cognitive, and
behavioral functions (Aldabal and Bahammam, 2011).
Furthermore, SD impairs learning and memory functions in
various cognitive tasks (Abel et al., 2013). A recent study has
reported that SD-exposed rats exhibit cognitive decline in the
Y-maze test, object location test, novel object recognition test,
and the Morris water maze, due to excessiveness of autophagy
in the hippocampus (Yang et al., 2019). SD-exposed rats have
more errors in both short- and long-term memory tests of the
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radial arm water maze, due to attenuating antioxidant effects
in the hippocampus (Alzoubi et al., 2019). It has been revealed

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00210-020-01916-z&domain=pdf
https://doi.org/10.1007/s00210-020-01916-z
mailto:manasiri@mut.ac.ir

2082

Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:2081-2091

that SD disrupts neuronal and memory formation processing
in the hippocampus by attenuating long-term potentiation
(LTP) (Ishikawa et al., 2006), cAMP/PKA signaling
(Vecsey et al., 2009), glutamate receptors’ expression
(Ravassard et al., 2009), and transcription of cAMP response
element binding (CREB) intermediary gene (Alhaider et al.,
2011).

Alpha lipoic acid (ALA), also known as lipoic acid or
thioctic acid, is an organosulfur compound derived from
octanoic acid (Reljanovic et al., 1999, Petersen Shay et al.,
2008). ALA is a potent-free radical scavenger, biological an-
tioxidant, and neuroprotective agent that are involved in mi-
tochondrial production of ATP (Packer et al., 1997, Somani
et al., 2000). ALA is synthesized in mitochondria from
octanoic acid during the process of fatty acid synthesis. An
enzyme called lipoyl (octanoyl) transferase 2 catalyzes the
transfer of the octanoyl moiety from octanoyl-ACP to a con-
served lysine of the H protein of the glycine cleavage system.
The next reaction is the insertion of two sulfur atoms at posi-
tions 6 and 8 of the protein H-bound octanoyl moiety, thereby
producing a dihydrolipoyl moiety. This step is catalyzed by
the lipoic acid synthetase, an enzyme containing iron-sulfur
clusters that act as sulfur donors in the reaction (Mayr et al.,
2014). ALA increases acetylcholine (Ach) production and
glucose uptake, scavenges reactive oxygen species (ROS)
and lipid peroxidation products, and induces syntheses of an-
tioxidant protective enzymes (Holmquist et al., 2007). ALA
has also neuroprotective effects in animal models of seizure,
cerebral ischemia, autoimmune encephalomyelitis, subarach-
noid hemorrhage, and traumatic brain injury (Freitas, 2009,
Ersahin et al., 2010, Chaudhary et al., 2011, Connell et al.,
2011, Rocamonde et al., 2012). In a previous study, ALA
restored spatial memory impairment induced by bilateral com-
mon carotid arteries occlusion (Zhao et al., 2015).
Furthermore, the neuroprotective effect of ALA on memory
deficit in a neuroendocrine model of depression in mice has
been revealed (de Sousa et al., 2018). ALA via modulating
muscarinic receptor activity improves hippocampus- and
amygdala-dependent memory (Mahboob et al., 2016). The
beneficial effects of ALA on spatial learning and memory
and hippocampal neuronal morphology in rats have been also
reported (Dixit et al., 2020). ALA reduces hippocampus-
dependent memory decline without affecting Af3 levels in
the mouse model of Alzheimer’s disease (AD) (Quinn et al.,
2007). In addition, ALA improves cognitive performance via
restoring oxidative stress in another mouse model of AD (Farr
et al., 2012). A recent study has also revealed that treatment
with ALA protects the postoperative cognitive function and
the structure of hippocampal neurons and synapses, and also,
prevents the phosphorylation of tau in the hippocampus of
wild-type mice (Zhang et al., 2019).

According to the mentioned findings, and with respect to
the role of sleep in learning and memory processes, we aimed
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to investigate the effect of ALA on social interaction and
passive avoidance memories in sleep-deprived rats.

Materials and methods
Animals

Ninety-six male Wistar rats (7-8 weeks old, 220-240 g
weight) obtained from Institute for Cognitive Science
Studies (ICSS) were used in this study. Rats were placed
in Plexiglas cages in groups of five, and each group was
consisted of eight rats. The lab’s environment was under
standard temperature (22 + 2 °C) and light/dark cycle (12/
12 h), and free access to food and water was provided for
all rats, except during the experiments. All the tests were
performed only during the light phase. Our experimental
protocol was approved by the Research and Ethics
Committee of the School of Advanced Technologies in
Medicine, Tehran University of Medical Sciences, and
were done in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals (NIH publications No. 80-23).

TSD apparatus

To induce total sleep deprivation (TSD), we used the water
box, an automatic TSD apparatus (BorjSanatAzma Co.
Tehran, Iran) (Norozpour et al., 2016). The water box was
included a water tank made of clear Plexiglas (120 x 30 x
50 cm) with 4 equal-sized boxes (30 x 30 x 50 cm), whereas
its water temperature was nearly 30 °C. In each box, one rat
was placed (4 rats in general) to observe social stability. Two
small platforms with 15 cm diameter and 3 mm deep edge
were located next to each other in the middle of the tank.
Some holes with 2 mm diameter were at the surface of the
platforms to help rats avoid slipping. In fact, these holes facil-
itated water discharge during upward movements. The motion
of platforms was done automatically. At first, the platforms
were soaked by going a little deep into the water. Next, each
platform regularly moved upward and downward (with the
speed of 1 m/s) to force rats move constantly to avoid getting
wet. Completion of each platform rotation required 30 s. The
peak height of each platform was 10 cm, and the platforms
were held at the peak height for 10 s (holding time) to provide
food and water for rats. After holding time, the platforms were
shifted 60 mm down for 2.5 s and were immediately raised for
2.5 s to the first position. All rats were familiarized with the
water box 1 day before the experiments, for 30 min. Our
observations during daily SD have shown that rats were
awake 100% of the time following using this apparatus
(Norozpour et al., 2016). All rats were under TSD condition
for 24 h. The effect of new environment’s stress was evaluated
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by using sham groups in similar situations, when the water
box apparatus was off.

Three-chamber paradigm test (social interaction
memory test)

The three-chamber paradigm test was used to evaluate social
interaction behavior also known as Crawley’s sociability and
preference for social novelty (Kaidanovich-Beilin et al.,
2011). This apparatus was a rectangular three-chamber box,
whereas each chamber was 19 X 45 cm with dividing walls.
Rats were individually placed in this apparatus by two equal,
wire glass-like compartments with removable tops. The com-
partments held the familiar/stranger rats. All parameters were
recorded by a camera, and the time spent in each compartment
was manually determined. The three-chamber paradigm test
had three main phases: habituation phase, social affiliation
and sociability phase, social novelty/preference, and social
memory phase.

Habituation phase

In this phase, the right and left chambers of the rectangular
three-chamber box were isolated. Empty containments were
located in the center of the right and left chambers. Each rat
was individually placed in the center of the middle chamber to
adaptation, with the two doorways closed.

Social affiliation and sociability phase

To evaluate social affiliation in rats, one control rat (stranger
1) was placed inside a wire cup that is positioned in one of the
side spaces. Then, the walls between the chambers were re-
moved and each rat could discover all the three chambers.
Duration of direct interactions between the subject rat and
the stranger 1 was recorded. This phase lasted 10 min.

Social novelty/preference and social memory phase

In this phase, a second control rat (stranger 2) was placed
inside the other wire cup on the opposite side (that had been
empty in previous phase) to distinguish the behavior of the test
rat in the presence of stranger 1 (a familiar) when compared
with stranger 2 (a novel). This phase lasted 10 min. The pro-
cedure used in the three-chamber paradigm test is provided in
Fig. 1.

Shuttle box apparatus (passive avoidance memory
test)

This apparatus consisted of two equal-sized compartments
(25 x 25 x 25 cm), including a light and a dark compartment
with a grid floor and Plexiglas walls that were separated by a

guillotine door. To accustom rats to the apparatus, all rats were
placed into the shuttle box 1 day before training, for 5 min. In
the training session, each rat was individually put into the light
compartment for 60 s. After opening the guillotine door and
entrance of the rat into the dark compartment, the door was
closed and a 0.5 mA with 50 Hz foot electric shock delivered
for 2 s through the grid floor. After 20 s, the rats were trans-
ferred to their cage. Twenty-four hours after training, the test
session was done. In the test session, rats were placed in the
light compartment. The step-through latency to enter the dark
compartment was measured as a positive index of memory
function. Furthermore, the delay in entering the dark compart-
ment was recorded to a maximum of 300 s.

Rats’ locomotor apparatus (locomotor activity test)

Rats’ locomotion apparatus (BorjSanatAzma Co, Tehran,
Iran) consisted of transparent Perspex container (with a height
of 40 x 30 x 30 cm). This apparatus had a gray Perspex panel
(with a thickness of 2.2 x 30 x 30 cm) with 16 photocells that
divided the apparatus into sixteen equal-sized squares.
Locomotor activities were evaluated as the number of move-
ments from one square to another during 5 min (Nasehi et al.,
2015).

Drug

ALA was purchased from Acros Company (Acros organic,
Thermo Fisher Scientific, USA). ALA’s vehicle was 0.1%
NaOH. Furthermore, ALA was administered intraperitoneally
at the doses of 17 and 35 mg/kg (Thirunavukkarasu et al.,
2004, Castro et al., 2014, Andreeva-Gateva et al., 2020).

Experimental groups and procedure

Ninety-six male Wistar rats (8 rats in each group) were used in
this study. Furthermore, this study consisted of 3 main groups,
where each main group consisted of 4 groups (totally 12
groups):

1. Non-SD groups:

e Group 1 (Control)—The rats of this group had no
intervention

*  Group 2 (Vehicle)—The rats of this group received intra-
peritoneal injection of NaOH (0.1 ul/g) for 3 days

*  Group 3 (ALA 17 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
17 mg/kg for 3 days

*  Group 4 (ALA 35 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
35 mg/kg for 3 days
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Three-chamber paradigm test (Social interaction memory test)

Habituation phase

Social affiliation and sociability phase

Social novelty/preference and social memory phase

Fig. 1 The procedure used in the three-chamber paradigm test. In the
habituation phase, the rat was individually placed in the center of the
middle chamber for 5 min, to adaptation. The walls between the chambers
were closed. In the social affiliation and sociability phase, one rat (strang-
er 1) was placed inside a wire cup that is positioned in one of the side
spaces. Then, the walls between the chambers were removed and each rat

2. Sham-SD groups:

*  Group 5 (Control)—The rats of this group were placed in
the TSD apparatus (when the apparatus was off) without
any injection

*  Group 6 (Vehicle)—The rats of this group received intra-
peritoneal injection of NaOH (0.1 ul/g) for 3 days, and
then, they were placed in the TSD apparatus (when the
apparatus was off)

e  Group 7 (ALA 17 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
17 mg/kg for 3 days, and then, they were placed in the
TSD apparatus (when the apparatus was off)

*  Group 8 (ALA 35 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
35 mg/kg for 3 days, and then, they were placed in the
TSD apparatus (when the apparatus was off).

3. SD groups:

*  Group 9 (Control)—The rats of this group were placed in
the TSD apparatus (under SD condition) without any
injection

* Group 10 (Vehicle)—The rats of this group received in-
traperitoneal injection of NaOH (0.1 pl/g) for 3 days, and
then, they were placed in the TSD apparatus (under SD
condition)
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Rat 5 min

Rat Stranger 1 | 10 min
| |
| |
Stranger 2 | Rat | Stranger 1 10 min

could discover all the three chambers. Duration of direct interactions
between the subject rat and the stranger 1 was recorded. In the social
novelty/preference and social memory phase, a second rat (stranger 2)
was placed inside the other wire cup on the opposite side to distinguish
the behavior of the first rat in the presence of stranger 1 (a familiar) when
compared with stranger 2 (a novel). (Underline = newly added)

* Group 11 (ALA 17 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
17 mg/kg for 3 days, and then, they were placed in the
TSD apparatus (under SD condition)

*  Group 12 (ALA 35 mg/kg)—The rats of this group re-
ceived intraperitoneal injection of ALA at the dose of
35 mg/kg for 3 days, and then, they were placed in the
TSD apparatus (under SD condition)

At first, all rats except rats of the control groups (groups 1,
5, and 9) received intraperitoneal injection of NaOH or one of
the doses of ALA for 3 consecutive days. At the day 4, all rats
were trained in the shuttle box apparatus. Then, all rats except
rats of the non-SD groups (groups 1, 2, 3, and 4) were placed
in the TSD apparatus for 24 h. At day 5, memory performance
and locomotor activity of all rats were assessed (for rats of the
non-SD groups, memory performance, and locomotor activity
were assessed at the day 4). The order of the cognitive tests
was as follows: passive avoidance memory test—Ilocomotor
activity test—social interaction memory test. Additionally, a
graphical scheme showing the order of performed tests and
procedures is provided in Fig. 2.

Statistical analysis

Statistical analyses were done using SPSS software (V. 22.0).
Two-way ANOVA, one-way ANOVA, and independent 7 test
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Intraperitoneal injection of
NaOH or Day 1,2,3
ALA (17 or 35 mg/kg)

24h

Training in the shuttle box} Day 4

Immediately

Placed in TSD apparatus
for 24h Day 4

24h

Passive avoidance memory
Locomotm activity,
Day 5
social memory evaluation,
respectively

Fig. 2 The graphical scheme showing the order of performed tests and
procedures

analyses were used to assess the significant difference be-
tween groups. P<0.05 was considered as statistically
significant.

Results

The effect of ALA on social affiliation and social
memory in sleep-deprived rats

Two-way ANOVA analysis for evaluating social affiliation and
sociability The results of two-way ANOVA analysis for non-

SD groups showed that the effect of stranger 1 (F; 56 =12.77,
P<0.001), ALA dose (F556=9.20, P<0.001), and the inter-
action effect (F556=8.51, P<0.001) were significant. The
results of two-way ANOVA analysis for sham-SD groups
showed that the effect of stranger 1 (F; s¢=74.50,
P<0.001), ALA dose (F556=5.65, P<0.01), and the inter-
action effect (F3 56=6.96, P<0.001) were significant.
Furthermore, the results of two-way ANOVA analysis for
SD groups showed that the effect of stranger 1 (F; s5¢=
44.20, P<0.001), ALA dose (F355=4.31, P<0.01), and the
interaction effect (F5 54 =27.73, P <0.001) were significant.

Two-way ANOVA analysis for evaluating social memory and
novelty The results of two-way ANOVA analysis for non-SD
groups showed that the effect of stranger 2 (F; s¢=168.94,
P<0.001), ALA dose (F55=21.04, P<0.001), and the in-
teraction effect (F3 56=239.38, P<0.001) were significant.
The results of two-way ANOVA analysis for sham-SD groups
showed that the effect of stranger 2 (F; 54=67.97, P<0.001),
ALA dose (F556=4.08, P<0.05), and the interaction effect
(F356=10.01, P<0.001) were significant. Furthermore, the
results of two-way ANOVA analysis for SD groups showed
that the effect of stranger 2 (F| 56 =4.52, P <0.05), ALA dose
(F356=4.26, P<0.01), and the interaction effect (F5 s4=
35.69, P <0.001) were significant.

Independent t test analysis Independent ¢ test analysis also
showed that SD impaired social affiliation and sociability
(Fig. 3a) and social memory and novelty (Fig. 3b), because
sleep-deprived rats did not spend more seconds with stranger
1 in comparison with empty or with stranger 2 in comparison
with stranger 1, respectively; while, the rats of the control
group spent more times with stranger 1 (in social affiliation)
or stranger 2 (in social memory). Furthermore, ALA at both
doses improved social affiliation and sociability in sleep-
deprived rats (Fig. 3a), and at the dose of 35 mg/kg reversed
social memory impairment induced by SD (Fig. 3b), because
sleep-deprived rats in these groups spent more seconds with
stranger 1 or stranger 2, respectively. It should be noted that
ALA at the dose of 17 mg/kg attenuated the impairment effect
of SD on social memory, although it was not statistically sig-
nificant (Fig. 3b).

The effect of ALA on passive avoidance memory and
locomotor activity

Passive avoidance memory The results of one-way ANOVA
analysis showed that there were no significant differences be-
tween non-SD groups in passive avoidance memory perfor-
mance (F331=0.92, P>0.05). The results of two-way
ANOVA analysis for sham-SD groups showed that the effect
of sleep (F;s6=3.84, P>0.05) and the interaction effect
(F5.56=0.81, P>0.05) were not significant, while the effect
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Social affiliation and sociability

Jeep Deprivai ham-Sleep Deprivati Sleep Deprivation

- Suanger |
J Empty

140 4
a

Duration (s)

Control ~ Vehicle 17 35

Control  Vehicle 17 35

Alpha-Lipoic Acid (Mg/Kg)

Social memory and novelty

Non-Sleep Deprivation Sham-Sleep Deprivation Sleep Deprivation

160 b =

. Stanger 2
3 Stranger |

Duration (s)

Control  Vehicle 17 35 Control ~ Vehicle 17

Alpha-Lipoic Acid (Mg/Kg)

Fig. 3 Social affiliation and sociability (a), and social memory and novelty (b) in non-SD, sham-SD, and SD groups. [***P <0.001, **P <0.01 and

*P < 0.05 compared with empty in a and with stranger 1 in b]

of ALA dose (F3.56=2.92, P<0.05) was significant.
Furthermore, the results of two-way ANOVA analysis for
SD groups showed that the effect of ALA dose (F5 56 =2.58,
P>0.05) and the interaction effect (F3 5¢=2.45, P>0.05)
were not significant, while the effect of sleep (F; s¢=
149.55, P<0.001) was significant. Note that, to analyze the
results of SD groups, we compared these groups with sham-
SD groups, but not with non-SD groups. Sham-SD groups are
the most relevant control groups for comparisons, because
these groups went through everything the experimental
groups experienced, except that the apparatus was not turned
on. Independent ¢ test analysis also showed that ALA at the
dose of 35 mg/kg impaired passive avoidance memory in
sham-SD rats, because rats this group showed a lower latency
to enter the dark compartment (Fig. 4). Furthermore, ALA at
both doses decreased passive avoidance memory in non-SD
rats (although this effect was not significant) (Fig. 4).
Moreover, SD impaired passive avoidance memory, and
ALA did not restore the impairment effect of SD on passive
avoidance memory, because there was no difference between
groups in latency to enter the dark compartment (Fig. 4).

Fig. 4 Passive avoidance
memory in non-SD, sham-SD,

Non-Sleep Deprivation

Locomotor activity The results of one-way ANOVA anal-
ysis showed that there were no significant differences
between non-SD groups in locomotor activity (F33;=
0.14, P>0.05). The results of two-way ANOVA analysis
for sham-SD groups showed that the effect of sleep
(F156=0.34, P>0.05), ALA dose (F;56=0.30,
P >0.05), and the interaction effect (F355=0.14,
P>0.05) were not significant. Furthermore, the results
of two-way ANOVA analysis for SD groups showed that
the effect of sleep (F;s56=0.001, P>0.05), ALA dose
(F5.5=0.59, P>0.05), and the interaction effect
(F3.56=0.04, P>0.05) were not significant. Note that,
to analyze the results of SD groups, we compared these
groups with sham-SD groups, but not with non-SD
groups. Sham-SD groups are the most relevant control
groups for comparisons, because these groups went
through everything the experimental groups experienced,
except that the apparatus was not turned on. Independent
¢t test analysis did not show any significant differences
between groups in locomotor activity (Fig. 5). Thus, lo-
comotor activity did not change in all groups.

Passive avoidance memory

Sham-Sleep Deprivation Sleep Deprivation

and SD groups. [***P <0.001
and *P < 0.05 compared with the
control of sham-SD group]

300 -

250 A

200 A

150 4

Duration (s)
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Fig.5 Locomotor activity in non-
SD, sham-SD and SD groups

Non-Sleep Deprivation

Locomotor activity

Sham-Sleep Deprivation Sleep Deprivation

60 -
8
: "1
: 1
Z 40
=
S
g 30
L
=}
g
20
Z
10 +
0

Control  Vehicle 17

Discussion

Impairment effect of SD on social interaction memory
and passive avoidance memory

As the results showed, SD impaired social interaction memory
and passive avoidance memory in rats. One of the important
elements involved in general health and proper cognitive func-
tions is enough and comfortable sleep (Alzoubi et al., 2019).
Sleep maintains homeostasis of autonomic, neuroendocrine,
and immune systems (Abel et al., 2013). One of the critical
roles of sleep is to set newly acquired memory for long-term
durations (Wagner and Born, 2008). Also, sleep plays a crit-
ical role in promoting neurogenesis (Sompol et al., 2011). On
the other hand, SD induces a deleterious effect on proliferation
of newly born neuronal cells in the hippocampus (Meerlo
et al., 2009). SD impairs learning and memory functions in
various cognitive tasks (Abel etal., 2013, Ahmad et al., 2019).
Furthermore, SD impairs memory performance in multiple
trial inhibitory avoidance and contextual fear conditioning
tasks in male Wistar rats (Oliveira et al., 2019). SD also im-
pairs memory formation in inhibitory passive avoidance ap-
paratus (Javad-Moosavi et al., 2017). There are a lot of hy-
potheses about the role of SD in memory loss. It has been
suggested that SD impairs memory performance by excessive-
ness of autophagy in the hippocampus (Yang et al., 2019).
Furthermore, SD induces cognitive decline in memory tasks
via attenuating antioxidant effects in the hippocampus
(Alzoubi et al., 2019). It has been also suggested that SD by
increasing oxidative stress in the brain, especially in the hip-
pocampus, induces memory decline (Noguti et al., 2013,
Alzoubi et al., 2018). SD decreases glutathione levels as an
antioxidant marker in the brain (D'Almeida et al., 2000). Some

1 T

L T

35 Control  Vehicle 17 35 Control  Vehicle 17 35

Alpha-Lipoic Acid (Mg/Kg)

researchers believe that SD-induced memory impairment is
related to a stop in memory processing (Jiang et al., 2009,
Alhaider et al., 2010). As mentioned, SD disrupts memory
formation processing in the hippocampus via attenuating
LTP (Ishikawa et al., 2006), cAMP/PKA signaling (Vecsey
etal., 2009), glutamate receptors’ expression (Ravassard et al.,
2009), and transcription of CREB intermediary gene
(Alhaider et al., 2011). Additionally, the negative effect of
SD on homeostasis can be an underlying cause of cognitive
decline (Goel et al., 2009). Evidence shows that sleep en-
hances neurogenesis (Sompol et al., 2011), while SD induces
a deleterious effect on proliferation and survival of newly born
neuronal cells in the hippocampus and leads to memory deficit
(Tosini et al., 2012). Furthermore, synaptic homeostasis rep-
resents a fundamental mechanism in learning and memory
processing (Magistretti, 2011), while SD via increasing oxi-
dative stress and attenuating immune system activity can dis-
rupt synaptic homeostasis, decrease neurogenesis, and induce
memory decline (Meerlo et al., 2009, Gibson et al., 2010).
Previous reports have also shown SD impairs learning and
memory via attenuating hippocampal neurogenesis
(Guzman-Marin et al., 2005, Lopez-Virgen et al., 2015). SD
also induces body weight loss, probably via complement ac-
tivation. Complement activation also induces memory impair-
ment, in addition to weight loss (Wadhwa et al., 2019). It has
been reported that complement antagonism improves SD-
induced body weight loss and memory decline in rats
(Wadhwa et al., 2019). Furthermore, activating complement
system following SD significantly decreases neurogenesis in
the brain (Wadhwa et al., 2019). Increase in the expression of
synaptic proteins in the hippocampus following reversing SD-
induced complement system activation via complement an-
tagonism has been also reported (Wadhwa et al., 2019).
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Thus, we suggest that SD impaired memory performance in
the present study probably via increasing oxidative stress, at-
tenuating LTP, attenuating antioxidant activity, decreasing
neurogenesis, altering synaptic homeostasis, and activating
complement system. It should be noted that this study has a
limitation. The body weight of the rats was not measured in
the present study, and also, we did not assess probable effects
of SD on the brain homeostasis or morphology.

Protective role of ALA in social interaction memory of
sleep-deprived rats

As the results showed, ALA at the dose of 17 mg/kg slightly
attenuated the impairment effect of SD on social memory and
novelty; while, at the dose of 35 mg/kg significantly reversed
the impairment effect of SD on social memory and novelty.
ALA is potently involved in combating free radicals and pro-
moting the reduction of lipid peroxidation (Chng et al., 2009).
ALA has been also identified as an ideal neuroprotective an-
tioxidant based on its ability to cross the blood-brain barrier
and its uniform uptake by different parts of the nervous system
(Packer et al., 1995). Many studies have reported the protec-
tive effects of ALA against neurodegeneration in models of
AD, Parkinson’s disease, diabetes, seizure, cerebral ischemia,
autoimmune encephalomyelitis, subarachnoid hemorrhage,
and traumatic brain injury (Freitas, 2009, Siedlak et al.,
2009, Ersahin et al., 2010, Connell et al., 2011, Rocamonde
et al., 2012, Zaitone et al., 2012, Nebbioso et al., 2013).
Furthermore, the protective effect of ALA on memory perfor-
mance has been reported. For example, ALA improves spatial
learning and memory after bilateral common carotid arteries
occlusion (BCCAO) surgery in rats (Zhao et al., 2015). ALA
restores the attenuating effect of BCCAO on Ach and choline
acetyltransferase levels, and also, the stimulating effect of
BCCAO on acetycholinesterase (AchE) level in the hippo-
campus of rats (Zhao et al., 2015). Furthermore, ALA restores
social interaction memory impairment induced by early post-
natal administration of thimerosal in male rats (Namvarpour
et al., 2018). It seems that the potent modulatory role of ALA
in mitochondrial dehydrogenase reactions plays a critical role
for its pro-cognitive and antioxidant properties (Packer et al.,
1995). Additionally, ALA via increasing the expression of
muscarinic receptors in both the hippocampus and the amyg-
dala improves memory performance (Soares et al., 2006).
Note that, the amygdala plays a crucial role in mediating emo-
tional behavior in social novelty preference (Daenen et al.,
2002, Antunes and Biala, 2012). Therefore, ALA-induced
higher expression of muscarinic receptors in both the hippo-
campus and the amygdala has been suggested as an underly-
ing cause of improving social behavior (Mahboob et al.,
2016). On the other hand, SD attenuates antioxidant activity
in the hippocampus (Alzoubi et al., 2019), increases oxidative
stress in the hippocampus (Noguti et al., 2013, Alzoubi et al.,

@ Springer

2018), and decreases glutathione levels as an antioxidant
marker in the brain (D'Almeida et al., 2000). Also, the atten-
uating effect of ALA on oxidative stress and ROS accumula-
tion and its stimulating effect on the induction of antioxidant
enzymes synthesis may decrease the impairment effect of SD
on memory processing (Holmquist et al., 2007). In addition,
ALA improves the structure of hippocampal neurons and syn-
apses, spine density, and the number of intersections both in
pyramidal and granule cells of the hippocampus (Dixit et al.,
2020). Interestingly, the crucial role of the hippocampus in
mediating social memory and social behavior has been also
reported (Montagrin et al., 2018). Furthermore, previous stud-
ies have reported the impairment effect of SD on hippocampal
structure and neurons. For example, it has been shown that SD
attenuates hippocampal cell proliferation and neurogenesis in
both the dorsal and ventral dentate gyrus (Murata et al., 2018).
Even a brief period of SD impacts a wealth of signaling events
in the hippocampus including transcriptional and translational
processes and synaptic structure (Havekes et al., 2016, Tudor
et al., 2016). The results of the present study also showed that
ALA restored SD-induced impaired social memory and nov-
elty. Thus, we suggest that ALA via increasing muscarinic
transmission in both the amygdala and the hippocampus in-
crease in anti-oxidative stress system activity, increase in free
radicals’ clearance, and improve the function and the structure
of the hippocampus, improved social memor, and novelty.

ALA impaired passive avoidance memory and did not
restore the impairment effect of SD on passive
avoidance memory

As the results showed, ALA at the dose of 35 mg/kg impaired
passive avoidance memory and at both doses did not improve
passive avoidance memory in sleep-deprived rats. We did not
find any published paper about the effect of ALA on passive
avoidance memory; however, based on the findings which
show that the stimulation or inhibition of the basolateral
amygdala improve or impair passive avoidance memory, re-
spectively, it seems that amygdala has a key role in passive
avoidance memory formation (Parent et al., 1992, McGaugh
et al., 1996). Furthermore, there is evidence that emotionally
arousing experiences activate the amygdala. In the basolateral
amygdala, this activation leads to the modulation of memory-
related processes in other brain regions (McIntyre et al.,
2003). Drugs which affect neuromodulatory systems within
the basolateral amygdala can modulate the memory of many
emotionally arousing training tasks, including the inhibitory
avoidance (Roozendaal et al., 2008). Previous research has
shown that lesion of the basolateral amygdala impairs passive
avoidance memory consolidation or retrieval in rats (Tomaz
et al., 1992). It is important to note that blockade of the N-
methyl-D-aspartate (NMDA) subtype of glutamate receptors
in the basolateral amygdala inhibits passive avoidance
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memory formation. These receptors play a critical role in the
acquisition and storage of fear-motivated learning in rats
(LaLumiere et al., 2004, Delaney et al., 2013). It seems that
activation of the basolateral amygdala possibly through the
NMDA receptors modulates hippocampal LTP (Li and
Richter-Levin, 2013). Interestingly, previous study has report-
ed that ALA oxidizes NMDA receptors’ redox site and in-
hibits NMDA-induced responses (Tang and Aizenman,
1993). Any modification of this site affects other NMDA-
mediated phenomena, including LTP and neurotransmitter re-
leasing that are involved in learning and memory (Tauck and
Ashbeck, 1990, Woodward and Blair, 1991). Therefore, we
suggest that for the effect of ALA on NMDA receptors’ func-
tion in the amygdala, we did not observe any protective effect
of ALA on impaired passive avoidance memory in sleep-
deprived rats. On the other hand, we observed the impairment
effect of ALA at its high dose on passive avoidance memory.
It should be noted that there is no published data about the
effect of ALA on passive avoidance memory. Therefore, to
better understand the effect of ALA on passive avoidance
memory and NMDA function in the amygdala, more detailed
molecular and behavioral researches are needed. We hope that
the results of this study will help researchers in future studies.

Conclusion

The results of this study showed that 24-h SD impaired social
affiliation and memory and passive avoidance memory.
Furthermore, ALA at the dose of 35 mg/kg reversed the im-
pairment effect of SD on social interaction memory, while at
the dose of 17 mg/kg attenuated this effect. ALA at the dose of
35 mg/kg impaired passive avoidance memory and at both
doses did not rescue passive avoidance memory in sleep-
deprived rats.
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