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Abstract

Introduction: Nowadays a lot of research is being done on neural stem cell (NSCs) transplantation to repair brain damage.
Neural stem cells are found in the nervous system. These cells can differentiate interneurons, astrocytes, and oligodendrocytes.
Noradrenergic cells in the locus coeruleus (LC) play an important role in paradoxical sleep (PS). The purpose of this study was
the assessment of NSCs transplantation on paradoxical sleep in the unilateral lesion of LC.

Methods: Forty adult male Wistar rats (225-250 gr), were categorized into four groups (Control, Lesion, experimental 1
(intravenous transplantation of NSCs), and experimental 2 (intravenous transplantation of NACs). NSCs were obtained from
the subventricular zone (SVZ) of newborn rat brains. NSCs were differentiated into NACs in neurobasal medium, B-27, GDNF
(30 ng/ ml) and BDNF (50 ng/ ml) for 5 days. We used 3,000,000 cells for cell transplantation. The animals received unilateral
lesion of LC by injection of 6_hydroxydopamine. For paradoxical sleep recording, 2EMG and 3 EEG electrodes were placed in
the neck and skull muscles, respectively.

Results: In this study Tyrosine Hydroxylase (TH) was detected in NACs. A significant increase in paradoxical sleep was seen in
the lesion group in comparison with the control group. After NSCs and NACs transplantation, a significant decrease in PS was
seen in experimental groups in comparison with the lesion group.

Conclusion: The results show that NSCs and NACs transplantation improve PS after unilateral lesion of LC.

Keywords: Neural Stem Cell (NSCs); Noradrenergic-Like Cells (NACs); Transplantation; Paradoxical Sleep; Locus Coeruleus
(LC)
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Abbreviation: NSCs: Neural Stem Cell; NACs:
Noradrenergic-Like Cells; LC: Locus Coeruleus; SVZ:
Subventricular Zone; TH: Tyrosine Hydroxylase; NREM: Non-
Rapid Eye Movement; REM: Rapid Eye Movement; SWS: Slow
Wave Sleep; BDNF: Brain-Derived Neurotrophic Factor; NE:
Norepinephrine; LDW: Long Duration Wake; ANOVA: One-
Way Analysis of Variance; PS: Paradoxical Sleep.

Introduction

Nowadays it is known that our brain is very active
during sleep and has a great impact on our mental and
physical health and daily activities. Neurotransmitters
stimulate different groups of nerve cells to induce sleep or
wakefulness. Sleep is a specific behavior of the brain. Sleep
is a reversible disconnection from the environment, without
response and sensitivity to the environment. Sleep consists
of five stages. Stages 1, 2, 3, and 4 are called non-rapid eye
movement (NREM) sleep. Stages 3 and 4 are also called slow
wave sleep (SWS), and stage 5 is called rapid eye movement
(REM) sleep or paradoxical sleep. Typically, about 50% of the
total sleep is stage 2, about 20%, Paradoxical sleep, and the
remaining 30% include other stages of sleep [1].

Neural stem cells (NSCs) are found in the nervous system
of growing mammals And also in the subventricular zone
(SVZ) and the brain hippocampus [2,3]. The SVZ is in the
Sidewalls of the lateral ventricles, which is a neurogenesis
site in the mature brain [4]. Previous studies have shown that
NSCs can be broken down into nerve cells, NACs, and glial
cells [4,5]. GDNF and BDNF are both very important for the
differentiation of NSCs into NACs. The GDNF is not effective
individually, therefore requires a cofactor like brain-derived
neurotrophic factor (BDNF) [6].

The noradrenergic system in LC modulates structures
involved in sleep regulation. In the LC area, neuronal activity
is increased during wakefulness, and completely cessations
during REM sleep [7,8]. Subcortical wake-promoting systems
play an essential role in wakefulness [9]. Many studies
show that serotonin, norepinephrine (NE), hypocretin, and
histamine levels are low during sleep stages and high during
wakefulness [10-12], but dopaminergic and acetylcholine
levels are low during NREM sleep and increase during REM
sleep and wakefulness [13,14]. The studies show a causal
relationship between awakenings and neuromodulatory
activity in noradrenergic neurons in the LC [15,16].

Materials and Methods
Animals

Forty adult male Wistar rats (225-250 gr), were
categorized into four groups (Control, Lesion, experimental
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1 and, experimental 2). In experimental 1, and 2 groups,
intravenous transplantation of NSCs and NACs was done,
respectively. NSCs were obtained from the SVZ of newborn
rat brains and kept each animal individually in a cage at 22 -
25 ° C with a 12-hour cycle: 12 hours and has free access to
water and food [17]. This study has been conducted in the
match with the ethical guidelines of the Ethics Commission
of Iran University of Medical Sciences.

Culture and Differentiation of NSCs

Sub-ventricular areas were taken from the brains of the
newborn rats. The SVZs was digested for 5 min at 37 °C in
0.002% deoxyribonuclease I (Sigma) plus 0.02% trypsin
(Invitrogen), then were isolated into individual cells with
a Pasteur pipette, It was then cultured in DMEM / F12
(Dulbecco’s Modified Eagle Medium F12) (Gibco) with 2%
B-27 serum-free supplement (Gibco), 1% streptomycin
(Invitrogen), 1% penicillin (Invitrogen) and 2 mML-
glutamine (Gibco) for 24 h. the cells were grown for 2 weeks
in 20 ng/ml hEGF (Calbiochem) and 20 ng/ml hFGF (Pasteur
Institute). During culture, cells grew as spherical structures
(neurospheres). The cells were passaged for 14 days [4].
For differentiation NSCs into Noradrenergic-like cells, NSCs
were cultured in Neurobasal Culture medium (Gibco) with
B-27serum-free supplement (Gibco) and 0.5 mM L-glutamine
(Gibco). Trophic factors GDNF (30 ng/ml, Sigma) and BDNF
(50 ng/ml; Sigma) Added for 5 days [6,18].

Identification of NSCs & NACs

For identification NSCs and NACs, the cells were fixed
with 4% paraformaldehyde (Sigma) for 20 minutes and
washed in PBS (three times). After incubation with Hcl and
washing with buffer borate, we used blocking solution (10%
goat serum (Invitrogen) and 0.3% Triton X-100 (Sigma) in
PBS for 30 min. Then primary antibodies were used overnight
at 4°C and polyclonal antibody anti-goat rabbit Conjugated
with FITC was used as a secondary antibody. The antibodies
were polyclonal anti-Sox2 antibody(anti-Sox2) (Abcam)
and polyclonal anti-Nestin antibody (Abcam) [5]. The
differentiated cells were incubated overnight at 4 ° C with a
primary anti-TH polyclonal antibody (Tyrosine hydroxylase)
(Abcam) [6,18,19]. Finally, the samples were washed with
PBS and examined under a fluorescent microscope.

Surgery

On the first day of study, the animals were anesthetized
with 10% ketamine (100 mg/kg) and 2% xylazine (10 mg/
kg), and all were placed in a stereotaxic apparatus. In lesion
and experimental groups, stainless steel guide cannula (23 G)
was implanted unilaterally 1 mm above the injection site in
LC (Figure 1A). The LC region was+ 1.3mm from the median
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suture,—9.8mm caudal to bregma and-7.2mm under the skull
(Figure 1B) [20]. Two EMG electrodes were implanted in the
dorsal neck muscle and 3 EEG electrodes were implanted
on the skull (from bregma), one in the left occipital cortex
(-11 and 4 mm L), one over the right parietal (-5 mm A
and 6 mm L), and an electrode over the left frontal (5 mm
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A and 2 mm L) [8]. 7 days after electrode implantation the
animals in the lesion and experimental groups received intra
locus coeruleus (LC) injection of 2pg/0.5ul 6-OHDA in 0.1%
ascorbic acid slowly at 5 min [7,8]. For cell transplantation,
14days after electrode implantation we injected 3,000,000
cells through the tail vein.

Figure 1: Surgical steps for sleep-wake cycle recording. A: location of Locus Coeruleus(LC), B: implantation of EEG and EMG
electrodes and guide cannula (23 G, 1 mm above the LC). C & D: sleep-wake cycle recoding.

Sleep Recordings

All records were made inside the faraday cage (Figures
1C&1D). The signals were reinforced by a polygraph booster
(SienceBeam, Tehran, Iran) and it is filtered at low speed at
100 Hz for EEG and 1 kHz for EMG recording. EEG / EMG
recordings were analyzed at 30-second intervals. If the wake-
up episode is less than 300 seconds, the wake-up episode
is assigned to the brief wake-up (BW), but if the episode is
longer than 300 seconds, it is assigned to the Long Duration
Wake (LDW). Then we used the LDW parts to separate one
sleeping part from the other conscious cycling [21,22].

For Paradoxical sleep recordings, 6-hour polygraph
recordings (EMG, EEG) were performed from 9.00 am to 3.00
pm. Before each recording, compatibility with the recorded
cage was performed for at least 24 hours. Recordings were
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made before the lesion (7™ day) and cell transplantation
(14" day), then 28, 49 days after the electrode implantation.

Sleep Analysis

Paradoxical sleep was defined by low amplitude, high-
frequency activity in EEG, just similar to wake waves and
inactivity of EMG [23,24]. All visual scores were inspected
to ensure correct alertness and eliminate any periods with
artificial noise.

Statistical Analysis

Data analysis was carried out using SPSS 24. One-way
analysis of variance (ANOVA) was used to analyze group
differences in the data. Immunocytochemistry data are
presented with at least three independent repeats. (P<0.05).
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Results
Characterization of NSCs and NACs

In all cultures, cells multiply in clusters or neurospheres
(Figure 2A). The result shows that the proliferation of NSCs
increase by hEGF and hFGF and the elimination of these
factors cause of NSCs differentiation into neurons (Figures
2B&(). We did immunocytochemistry with anti-Sox-2 and
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Nestin antibodies as specific markers for NSCs. As shown
in Fig. 3neurospheres were Nestin and Sox-Z positive
(Figures 2D&E). Like other studies, this study shows that the
combination of GDNF and BDNF is effective in increasing the
differentiation of NSCs into NACs (Figures 2F&G) [6]. The
results of immunocytochemistry after 5 days culture indicate
that NSCs are differentiated into the TH positive cells (NACs)
(Figure 2H).

cells with antibodies against TH (H).

Figure 2: Isolation and culture of Neural Stem Cells. Phase-contrast images of neurospheres (A) and neurons after cell
differentiation(B,C). Immunocytochemical analysis of neurosphere with the antibodies against Nestin (D) and Sox- 2(E)
markers for neural stem cells. Phase-contrast images of noradrenergic- like cells (F, G) and Tyrosine hydroxylase (TH) positive

The LC after NSCs &NACs Transplantation

For estimation of the extent of damage in the LC area, the
brains were cut 7um thickness. Then we selected 15 sections
of the LC area. After staining with cresyl violet, stereological
studies were done. Finally, we estimated cavity volumes
by the Cavalieri method (Figure 3). Cavity size caused by

Mahabadi VP, et al. Effect of Neural Stem Cells Transplantation on the Paradoxical Sleep in

the Rat. Ann Immunol Immunother 2021, 3(2): 000157.

6-OHDA in the lesion group was significantly less than the LC
volume in the control group. The result shows that the Cavity
volume in experimental groups is less than of LC and damage
volume in control and lesion groups, respectively; that is
due to the migration of transplanted cells to the damaged
area. So, we can tell, cell transplantation decreases damage
volume and repairs LC tissue (Figure 4).
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Figure 3: Coronal sections of the brain stem in control, lesion, and experimental groups to estimate of damage cavity. The
Cavity volume in experimental groups is less than of damage volume in the lesion group.

4 Y

*: Significant differences with lesion group (P<0.05).
Figure 4: The mean volumes of the LC and damage areas in the study groups.
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Effects of Unilateral Lesion of LC& Cells
Transplantation on the Number of PS Episodes

Fragmentation of the sleep-wake cycle has been observed
after LC lesions. The result indicates a unilateral lesion of LC
enhances Paradoxical sleep, EEG activity consisted of high
frequency and low voltage waves in Paradoxical sleep. The
numberof PSepisodesincreasedafterlesioningand decreased
after cell transplantation. The number of PS episodes in the
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lesion group significantly increased 49 days after electrode
implantation in comparison with the control group and also
the amount of PS in experimental groups in comparison with
the lesion group was significantly decreased. There were no
significant differences in PS between experimental groups
(Figures 5A-5D). The results of our study show that NSCs
and NACs transplantation improve Paradoxical sleep after
unilateral lesion of LC.

Figure 5: Hypnograms from four representatives sleep recording. Control (A), lesion (B), Experimental 1 (C) and Experimental
2 (D). The number of PS episodes increased after injury and decreased after cell transplantation. Paradoxical sleep (PS), non-
rapid eye movement (NREM), VC: Vigilance Cycle, LDW: Long Duration Wake.

Evaluation of PS Percentage in the Study Groups

The results show that the percentage of PS after unilateral
lesion of LC increased compared to the control group and
this number decreased after cell transplantation compared
to the lesion group. There was no significant difference in PS
percentage between the groups on day 7. This difference on
day 14 showed a significant difference between the control
and other groups. After cell transplantation, the percentage
of PS on day 28 in transplant groups showed a significant
decrease compared to the lesion group. It shows that the
percentage of PS improved after cell transplantation. On day
49 compared to day 28, the percentage of PS in transplanted
groups showed a more significant difference than the lesion
group. But still, the transplanted groups show a significant
difference compared to the control group. There were no
significant differences in the percentage of PS between
experimental groups (Figure 6).
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*: Significant differences with other groups (P<0.05).
Figure 6: Percentages of paradoxical sleep (PS)
were obtained in the records of all rats. 1st day:
Electrode implantation; 7th day: Lesion; 14th day: cells
transplantation.
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Discussion

There is a complex relationship between brain injury
and sleep disorder. After brain injuries, in addition to related
sensory and motor disorders, sleep-related problems
occur for people [25]. Today, sleep disorders are treated
with common methods such as medication, phototherapy,
surgery, and etc. In this regard, the use of cell transplantation
is anew method in the treatment of sleep disorders, which in
addition to repairing damaged tissue, can also improve sleep
disorders.

The NSCs obtained from the subventricular zone and
cultured according to the method described in this study.
Our study identifies NSCs from SVZs can be propagated as
neurospheres in serum-free suspension cultures along with
growth factors hEGF and hFGF. Neurospheres were positive
for Sox-2 and Nestin markers. Our study shows that the
percentage of TH-positive cells after 5 days of culture was
significantly increased compared to the control group. It has
been observed that GDNF has similar effects in distinction
from mesencephalon dopamine neurons [26]. GDNF and
BDNF are required for the production of dopaminergic
primary sensory neurons in vivo [27].

There are several studies on LC lesion by electrolyte
radio frequency [28], chemical, and 6-OHDA [2,20,29]. But
none of these studies have been used as a model for studying
Paradoxical sleep. According to a previous study, our study
shows that unilateral LC lesion changes the amount of
Paradoxical sleep. The mean percentage of PS in the lesion
group increased significantly compared to the control group.
In agreement with previous data [30], our results showed
that an increase of PS is observed after unilateral lesion LC.

On the other hand, after cell transplantation mean
percentages of PS were significantly decreased in comparison
to the lesion group. Previous studies of unilateral LC lesions
in the cat have confirmed that inactivation of the LC tail
increases PS production [31]. In these studies, the results
show the inhibitory role of the LC tail for PS appearance [32].

Conclusion

Collectively, our study shows that the size of LC lesions
was decreased after cell transplantation. And also, we
showed that in experimental groups amount of Paradoxical
sleep was significantly reduced in comparison with lesion
groups. These findings could be useful for research into
neurological diseases due to damage to other areas of the
brain that contain noradrenergic cells.
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