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Bone marrow mesenchymal stem cells improve cognitive impairments
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Introduction

Abstract

Introduction: Chronic exposure to
methamphetamine (Meth) results in | comw
permanent central nervous system | asew
damage and learning and memory | wems
dysfunction. This study aimed at
investigating the therapeutic effects of
bone marrow mesenchymal stem cells
(BMMSCs) on cognitive impairments
in Meth addicted rats and comparing
intravenous  (IV) delivery with
intranasal (IN) delivery of BMMSCs.
Methods: Adult Wistar rats were randomly divided into 6 groups; Control; Meth-addicted; IV-
BMMSC (Meth administered and received IV BMMSCs); IN-BMMSC (Meth administered
and received IN BMMSCs); IV-PBS (Meth administered and received IV Phosphate-buffered
saline (PBS); IN-PBS (Meth administered and received IN PBS). BMMSCs were isolated,
expanded in vitro, immunophenotyped, labeled, and administered to BMMSCs-treated groups
(2 x 10° cells). The therapeutic effect of BMMSCs was measured using Morris water maze and
Shuttle Box. Moreover, relapse-reduction was evaluated by conditioning place preference after 2
weeks following BMMSCs administration. The expression of brain-derived neurotrophic factor
(BDNF) and glial-derived neurotrophic factor (GDNF) in rat hippocampus was assessed using
immunohistochemistry method.

Results: Administration of BMMSCs caused a significant improvement in the learning and memory
functions of Meth-addicted rats and reduced the relapse (P<0.01). In behavioral tests, comparison
of IV and IN BMMSC-treated groups did not show any significant difference. Administration of
BMMSCs improved the protein level of BDNF and GDNF in the hippocampus, as well as causing
behavioral improvement (P<0.001).

Conclusion: BMMSC administration might be a helpful and feasible method to treat Meth-induced
brain injuries in rats and to reduce relapse. BMMSCs were significantly higher in IV-treated group
compared to the IN route. Moreover, the expression of BDNF and GDNF was higher in IN-treated
rats compared with IV treated group.
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abuse is increasing and a growing population of Meth

Based on the United Nations' report in 2017 on drugs and
crime, amphetamine-related disorders have a significant
share in the worldwide diseases attributed to drug abuse,
after the ones due to the misuse of opioids. Evidence
suggests that out of all amphetamines, methamphetamine
(Meth) causes the greatest global health concern. Meth

users wish to be treated.! Neurocognitive disorders such
as learning and memory dysfunctions, low information
processing speed, and frontal lobe malfunction are
associated with Meth use.? Several magnetic resonance
imaging (MRI) studies have shown that amphetamine
has serious and specific neuropathological effects on
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the consumers in comparison with other drugs. No
ventricular and cortical volume loss was observed in
drug addicts’ brain, but psychostimulant specifically had
some effects on the hippocampus, prefrontal, and medial
temporal lobe.**

The most important brain circuits and structures
involved by drugs include the reward circuits (nucleus
accumbens and ventral tegmental area), memory and
learning (hippocampus and amygdala), motivation
(orbitofrontal cortex), and executive functions (prefrontal
cortex).* Meth induces changes in dopaminergic,
serotonergic, and noradrenergic systems via the stimulated
release of monoamines and inhibits reuptake.” Following
the release of dopamine (DA), dopaquinone redox-cycling
is initiated and subsequently oxygen-based radicals such
as superoxide radicals are formed. Glutamate-induced
excitotoxicity and activation of glutamate receptors
are accompanied by Meth neurotoxicity. Glutamate
toxicity is dependent, in part, on the production of nitric
oxide (NO). In addition to their roles in the damage of
monoaminergic terminals, oxygen-based radicals and NO
appear to be involved in Meth-related microglial reactions
and reducing neurotrophic factors.®

Moreover, in adults, drugs via various mechanisms can
regulate the proliferation, differentiation, and survival
of neural stem cells, which significantly affect their
neurogenesis. In this regard, the hippocampus can be
investigated since it plays a pivotal role in different aspects
of addictive processes.” A drug-induced hippocampal
neuroadaptive mechanism with effects similar to those
of opiates and psychostimulants is recently introduced,
which can decrease neurogenesis in the subgranular
zone (SGZ)." Taken altogether, Meth greatly influences
brain structure and function in different manners.
Recently, it has been revealed that over 40% of formerly
Meth-dependent subjects experience neurocognitive
impairments after a long period of quitting the Meth."!
To date, no FDA-approved medications are available for
Meth dependence.'?

Stem cell-based regenerative therapy is a therapeutic
approach for incurable brain diseases. Animal model
studies of Parkinson’s, Huntington, and Alzheimer’s
diseases have indicated that stem cell therapies can
improve behavioral deficits. Several studies have described
the positive outcomes of treatment with bone marrow-
derived mesenchymal stem cells (BMMSCs) in animal
models of neural damages."

It is almost unknown MSC through which mechanism
affects the nervous system, but there are some areas of
research. The suggested mechanisms of action are as
follows: (A) neuroprotection, (B) neurogenesis, and (C)
synaptogenesis. The MSC via autocrine and paracrine
mechanisms can combat neural tissue damages and
apoptosis; such mechanisms are activated by the release
of neurotrophins, inhibition of neuron apoptosis and
microglial activation, induction of microglia phenotype

switch, and inhibition of the proliferation astrocytes, and
oxidative stress molecules. Some evidence shows that
endogenous neurogenesis is induced by MSC; in addition,
in vitro studies have revealed the differentiation of MSCs
into functional neurons. Synaptic plasticity of neurons,
both existing and newly formed ones, is increased
following the MSC transplantation. To sustain synaptic
plasticity, the production of tissue plasminogen activator
should be stimulated and synaptophysin expression has to
be increased. Other suggested mechanisms for the MSC
effect are synaptic detachment and astroglia decrease, and
brain-derived neurotrophic factor (BDNF) release.'* '*

The delivery routes of stem cells to the brain are different.
The intravenous (IV) route is the most widely applied
method because of its effectiveness, low side effects, and
simple application technique. The new method of delivery
of cells to the brain is the intranasal (IN) route. Direct
transplantation of stem cells to the brain is an invasive
method and may cause serious brain lesions, but IN route
is a non-invasive method.'®"” In this study we attempted
to deliver BMMSC to Meth addicted rats and to evaluate
their therapeutic effects on hippocampus-dependent
learning and memory impairment and relapse. In the next
part, we aimed to compare IN route with IV delivery of
BMMSC to see their effects on brain recovery.

Materials and Methods

Animals

Adult male Wistar rats (mean weight, 200 g) were used
in this study to develop an inhalation self-administration
animal model of addiction (Royan Institute, Tehran,
Iran). The animals were stored under a 12-hour light-dark
cycle and 21 + 3°C temperature with water and diet freely
accessible. This research was conducted according to the
guidelines of the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised 1978).

Drugs and materials

Methamphetamine hydrochloride (Sigma-Aldrich; Merck
Millipore, M8750, USA) solution was provided in distilled
water (DW). BMMSCs isolation, culture, and labeling
were performed using the Dulbeccos modified Eagle
medium (DMEM; Gibco, 31600-083, UK) supplemented
with 10% fetal bovine serum (FBS; Invitrogen),
phosphate-buffered saline (PBS Tablets; Merck, 6500-OP,
Germany), Trypsin-EDTA solution (Merck, 4010-OP,
Germany), and 5 -bromo-2-deoxyuridine (BrdU, B5002,
Sigma-Aldrich). Fluorescent-labeled antibodies targeting
the BMMSCs surface markers were CD73 (BioLegend
Cat. No. 127202, CA, USA), CD90 (BioLegend, Cat. No.
105201, CA, USA), CD44 (BioLegend, Cat. No. 338802,
CA, USA), and CD45 (BioLegend, Cat. No. 103101 CA,
USA). Immunohistochemical staining was carried out
using the anti-BrdU antibody (Alexa Fluor® 488 Goat
anti-mouse IgG, BioLegend, USA), anti-BDNF antibody
(PA1-18371, Thermo Fisher Scientific, USA), anti-GDNF
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(glial-derived neurotrophic factor) (PA1-1837159, 1:200,
Thermo Fisher Scientific, USA), and the secondary
antibody FITC-anti-rabbit IgG (ab97022, 1:200, Abcam,
UK).

Experimental protocol

Thepresent study used a model of Meth self-administration
through inhalation (a device made with Noavaran Sanaye
Amouzeshi, Mashhad, Iran) in rats. First, the animal
should receive training to initiate self-administration; so,
after 24-hour food deprivation, the animals were put in
the apparatus 4 h/day. Using a task in which rats following
a period of exploratory behavior in the cage and pressing
the levers, learned how to get food. This period varied
from 1-5 days among laboratory animals. Pressing the
passive lever had no programmed consequences. Upon
active lever pressing to obtain reward (food), rats received
an illumination of the cue red lamp above; then the rats
conditioned with a few mistakes and some successes,
learned to press the active lever for the reward. Then,
during the drug addiction period by seeking behavior,
this lever was used to receive the needed drug. After the
completion of the rat training for self-administration, the
animal was put in the apparatus only for getting the drug.
In this model, drug addiction first started with low doses
(1 mg/1 cc) of Meth, and the amount of drug used by each
animal during the time it was placed in the apparatus,
showed an increase through self-administration dosage.

After the training period of self-administration, all

animals of addicted groups were placed in the self-
administration device to self-administer Meth through
inhalation (15 min/day). Active lever presses resulted in
an infusion and dropping of Meth at a dose of 0.05 mg/kg
in a volume of 50 uL (0.05 mL) over a period of 2 seconds.
In the second week of addiction, rats self-administered
Meth through inhalation (0.1 mg/kg/50 pL) by each
paddling. The maximum drug usage was set on 1 cc daily.
Therefore, rats self-administered Meth through inhalation
in the first week of addiction at 1mg/cc (5 mg/kg), and
in the second week at 2 mg/cc (10 mg/kg)."® During 2
weeks, the addicted groups were placed, 15 minutes
each day, in a rodents self-administration modeling
apparatus for the voluntary Meth intake. To determine
plasma concentrations of Meth after 2 weeks of addiction,
0.3 cc blood was drained from the tail vein and the gas
chromatography-mass spectrometry (GC-MS) was used
to measure the Meth level. The mean serum concentration
of Meth in rats was 1.92 + 0.3 ng/mL."

Rats were randomly divided into 6 groups as follows:

1. Addicted group; The animals in this group (n = 7)
received 14 days of inhaled Meth followed by 14
days of drug abstinence.

2. 'Treatment group 1 (IV-BMMSC); The animals in
this group (n = 8) received 14 days of inhaled Meth
and IV administration of BMMSCs.

3. Treatment group 2 (IN-BMMSC); The animals in

this group (n = 6) received 14 days of inhaled Meth
and IN administration of BMMSCs.

4. Vehicle group 1 (IV-PBS); The animals in this group
(n = 4) received 14 days of inhaled Meth and IV
administration of PBS.

5. Vehicle group 2 (IN-PBS); The animals in this group
(n = 4) received 14 days of inhaled Meth and IN
administration of PBS.

6. Control group of untreated intact animals (n=8).

BMMSCs-treated rats received an equal dose of stem
cells and PBS- treated rats received the same volume of
PBS, 3 days after ending of addiction period. Moreover, the
learning and memory functions of rats were tested in the
Morris water maze, and shuttle box and relapse reduction
was evaluated by conditioning place preference (CPP)
after 2 weeks following the BMMSCs administration.

Behavioral tests

Morris water maze test

This test was conducted following the self-administration
of Meth and 14 days after BMMSCs administration in a
round pool (diameter, 150 cm; height, 50 cm) with four
equal quadrants. By adding warm water to the pool, its
temperature was kept at 25+0.5°C. The task involved
finding an invisible platform 2 cm below the water (height,
35 cm; diameter, 10 cm) at the center of zone I. Each day,
four trials were repeated in different quadrants for four
consecutive days; the platform position was not changed
on the training and test days.

The animals were randomly placed at the starting point
of the pool in each trial, with their heads facing the wall
based on the software selection. The animals continued
swimming until climbing the platform; the maximum
duration of the trial was one minute. In case of failure
to find the platform in this time frame, it was guided
towards the platform and remained there for 10 seconds.
An overhead video camera was used to determine the
required time for reaching the hidden platform (escape
latency); the data were analyzed with a video tracking
program. The average escape latency for four trials was
measured as the final result for statistical analysis. To
perform the probe test, 24 hours after the final training
session, the platform was removed from the pool, and the
rat was given 60 seconds to swim freely; the spent time
and distance moved in each zone were measured and
analyzed statistically.

Shuttle box test

The passive avoidance learning and memory test was
performed after Meth self-administration through
inhalation and 14 days after BMMSCs administration,
using an apparatus known as a shuttle box. It consists
of a box divided into two similar compartments (20
x 30 x 20 cm); a guillotine door between them (7 x 6
cm) could be lifted manually. The two compartments
consisted of transparent and dark walls, respectively. The
dark compartment floor was made of stainless steel bars
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(diameter, 2 mm). An isolated stimulator was used to
deliver 50 Hz electric shocks (3 s, 1.5 mA) to the grid floor
of the dark compartment.

Prior to the experiment, the animal was placed in the
apparatus for at least 60 minutes. After the animal stayed in
the transparent compartment for 10 seconds, the guillotine
door was opened to facilitate its entrance to the dark
compartment. The latency to enter this compartment was
recorded, and animals with a latency time > 300 seconds
were eliminated. The door was closed when the animal
entered the next chamber with all four limbs, followed by
immediate shocks to the grid floor. The animal was then
removed from the apparatus within 20 seconds and placed
in its cage temporarily. The animal was placed in the light
compartment one day after training, and the door was
opened after 10 seconds. In the absence of electric shocks,
step-through latency (STL) was calculated to represent
passive avoidance memory.”!

Conditioned place preference (CPP)

A three-chamber apparatus was used for conditioning.
The walls of the middle compartment (neutral; 15 x 30 x
40 cm) were white; also, two doors led to two conditioning
compartments (30 x 30 x 40 cm). The walls of the left
compartment had vertical black-and-white stripes, and
the right compartment had black walls. The spent time
in every compartment was monitored with a sensor in
the floors of the chambers, recorded, and showed in the
control panel. A 70% camphorated ethanol solution was
used to clean the apparatus after each trial.

The procedure for place conditioning consisted of three
phases (habituation, induction, and test). First, the rats
were familiarized with the apparatus for 15 minutes on
day one. Then, by lifting the removable wall, the animal
was allowed to move between the compartments. The
induction phase consisted of six 45-minute sessions,
which were held twice a day (days 2-4) within a six-hour
interval. The removable wall, which was placed along the
seam, separated the two compartments, and the groups
were limited to one compartment.

The groups inhaled Meth and were restricted to only
one compartment for 45 minutes. Similarly, they were
confined to the other compartment for 45 minutes after
DW administration. The order of drug administration and
treatment compartment were counterbalanced for either
group. One day after the final session of conditioning,
the test session was held on day five; every animal was
only examined once. The wall was lifted so that the
animals could enter the compartments on the 15-minute
extinction test; the spent time in the Meth- and DW-
paired compartments was documented. To measure the
conditioning scores (mean + SEM), the spent time in the
Meth-paired compartment was subtracted from the spent
time in the DW-paired compartment.” Fourteen days
after BMMSCs administration, the CPP test was repeated
to evaluate the relapse.

Bone marrow mesenchymal stem cells (BMMSCs)
Isolation, culture, and identification of BMMSCs

To harvest BMMSCs, male Wistar rats, weighing 70-80 g
(2-3 weeks old; Royan Laboratory), were used. In short,
the femoral and tibial bones were used for extracting
BMMSCs. After suspending the cells in DMEM medium
containing 10% FBS, they were incubated at 37°C in 5%
CO,; every three days, the medium was changed. As soon as
the cells reached 80-90% confluence, the primary cultures
were passaged at a ratio of 1:2. For cell characterization,
BMMSCs were harvested after three passages and exposed
to flowcytometric assessment for mesenchymal markers,
CD73+, CD90+, CD44+, and CD45". During 30 minutes,
fluorescent antibodies were used to incubate 1x10° cells
at 37°C, which were then rinsed with PBS in triplicate.
Afterward, a flowcytometer (Becton Dickinson, NJ, USA)
was used to examine the cells.***

BMMSCs labeling and administration

After three passages, BMMSCs were harvested and
prelabeled with 3 pg/mL of BrdU in 5% CO, for 72
hours at 37°C before injection. Afterward, the cells were
digested using 0.25% trypsin for five minutes to prepare
single cell suspension; they were then rinsed with 0.1
M PBS. After removing 30 uL of the cell sample, it was
mixed with 0.4% trypan blue stain (30 pL). The cells were
tallied by a hemacytometer and a counter using a phase-
contrast microscope. In the IV-BMMSC group, a BMMSC
suspension (2x10°/mL), which was dissolved in 0.5 mL
of PBS, was slowly injected within one minute to the tail
vein. The IV-PBS group received 0.5 mL of PBS via the
tail vein.

The animals of the IN-BMMSC group remained
anesthetized throughout the IN cell administration,
typically 1 hour from the onset of anesthesia. The rats
received intraperitoneal (IP) ketamine and xylazine (100
and 10 mg/kg, respectively). In the supine position, the
head angle was fixed at 70° or 90° to the stereotaxic device.
BMMSCs (2x10°mL) were suspended in 24 pL of total
fluid volume PBS and were dropped into both nostrils and
allowed to snort. The drop volume was 6 pL. The IN-PBS
group received the same volume of PBS intranasally.®

A thermostatically controlled warm pad beneath the
body was used to maintain the body temperature at 36-
37°C. Following BMMSCs administration, the animals
were placed in their individual cages. Immunosuppressants
were used for no animals. The animals received IV and
IN BMMSC:s (or PBS) in two days and allowed 14 days
after cell administration”’; the behavioral tests were then
carried out as earlier described.

Tissue preparation and BrdU immunohistochemistry

After the behavioral tests, 1 mL/kg of 10% chloral hydrate
was used to anesthetize the rats. Perfusion was done
through the left cardiac ventricle using almost 200-250 mL
of 4% paraformaldehyde in 0.1-PBS (after perfusion using
100-150 mL of 0.9% saline). The animals’ brains were
tixed in 4% paraformaldehyde and paraffin-embedded for
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immunohistochemistry. Coronal sections (thickness, 5
um) were cut from every block (including hippocampus)
by a sliding microtome.

To determine MSC-derived cells, immunohistochemical
staining was carried out. Briefly, a standard paraffin
block of the brain was used. After cutting the sections
(100-pm interval; thickness, 5 um), they were examined
by light and fluorescent microscopes. The number of
BrdU-reactive cells was measured for detecting the
transplanted MSCs distribution. The sections were added
to citrate buffer in an oven for 2 hours at 65°C following
deparaffinization. After washing the sections with PBS
twice, incubation was performed at 37°C in 2 mol/L HCI
for half an hour. Using 0.5 % Triton X-100, the sections
were rinsed again for 20 minutes and treated overnight
using an anti-BrdU antibody at 4°C. The sections were
washed in PBS, followed by incubation in FITC conjugated
antibody.?® The mounted slides were observed with an
immunofluorescence microscope (Olympus Corporation,
Japan).

Cell counting

A blinded observer examined high-power images for each
animal. It was counting the stained cells, considering 10
sections per animal (five rats per group). Images were
analyzed using the automatic cell counting method with
Image] software.

BDNF and GDNF immunohistochemistry
The BDNF expression was examined in the hippocampus
via immunohistochemistry. The brain sections were
microwaved for 15 minutes in 0.01-M citrate buffer to
identify the expression of immune-like BDNF proteins.
They were then incubated at 37°C for 45 minutes in a
blocking solution (10% normal goat serum and 3% Triton
X-100 in PBS), followed by overnight incubation in a
polyclonal anti-BDNF antibody in PBS. After washing
the sections in PBS (3x5 minutes), they were incubated
in FITC anti-rabbit IgG in PBS at room temperature for
2 hours.

For staining the nucleus, the tissue was incubated

with propidium iodide (1 mg/ML) for 15 minutes. The
BDNF protein expression was analyzed by fluorescence
microscopy (Olympus Corporation, Japan). A blinded
investigator measured the positive cell count on five
random fields using the automatic cell counting method
with Image ] software. The same method was used to
evaluate GDNE. The primary antibody was a polyclonal
anti-GDNE, and the secondary antibody was FITC-anti-
rabbit IgG.*

Statistical analysis

All data were plotted and analyzed using GraphPad Prism
7 software (Prism for Windows, version 5.0, GraphPad
Software Inc., San Diego, CA, USA) and expressed as mean
+ SEM. For data analysis, paired or unpaired ¢ test, one-way
ANOVA, and Wilcoxon test were applied as appropriate. P
value below 0.05 was regarded as statistically significant.

Results

Isolation and characterization of BMMSCs

The BMMSCs were collected from the rats and isolated
using conventional procedures. The isolated BMMSCs
were either spindle or triangular. The distribution of
cells (mostly spindle) was uniform after culture for three
passages, covering the bottom every three to four days
(Fig. 1A). The flowcytometric analysis was performed to
identify the surface markers; the high expression of CD90
(99.9%), CD44 (99.9%), and CD73 (99.8%) was reported,
while CD45 showed almost no expression (1.25%) (Fig.
1B). These findings are consistent with the characteristics
of BMMSC surface markers, suggesting the depletion of
hematopoietic stem cells during subcultivation. Therefore,
the used cells in our study were considered to be BMMSC:s.

Tracking of BMMSC:s after transplantation

After prelabeling BMMSCs with BrdU, 2x10° cells were
injected intravenously or intranasally to the treatment
groups. Fluorescent microscopy was used to observe the
cells in the hippocampus. Based on microscopic images,
a clear nuclear and faint cytoplasmic green fluorescence

CD44 CD73

W

Fig. 1. BMMSC Isolation and Identification. (A), BMMSCs (passage 3) were formed as densely packed spindle-shaped cells. The cells were isolated from two-
to three-week-old rats (70-80 g). (B) Flowcytometric analysis was used to determine the cell surface markers of BMMSCs (passage3); high CD90 (99.9%),
CD44 (99.9%), and CD73 (99.8%) expression was observed, whereas almost no CD45 expression was detected (1.25%).
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was observed in the BrdU-labeled BMMSCs. A large
number of scattered BrdU-positive cells was detected in
the BMMSC-transplanted group 14 days post-injection
(Fig. 2). In the I'V-treated group, the number of BMMSCs
was significantly higher than the IN group (P<0.001).

Effects of BMMSCs on learning and memory of Meth-
addicted rats
Inrodents, Meth self-administration resultsinlearningand
memory disorders due to the hippocampus vulnerability
to Meth-induced neurotoxicity. In the present study,
Wistar rats (n=29) received Meth self-administration via
vapor inhalation (first week 1 mg/cc and second week 2
mg/cc). Treatment group 1 (IV-BMMSC) received IV
BMMSCs after Meth self-administration. Treatment
group 2 (IN-BMMSC), after Meth self-administration
through inhalation received IN BMMSCs. Two PBS-
treated groups received IV and IN PBS after Meth self-
administration through inhalation. The Meth-addicted
group remained in abstinence for 2 weeks. Two weeks
after the BMMSCs administration, learning and memory
recovery were assessed by Morris water maze. Learning
is assessed through four consecutive training days and
memory is tested by the spent time in the previous zone
of a hidden platform when the platform is removed in the
probe trial.*

In the Morris water maze, escape latency significantly

Coronal section
A A7
Olfactory Bulb__—~
/

Cerebellum
s

increased after 14 days of Meth self-administration
(16.2 + 2.13, n=7, P<0.01) indicating reduced learning
performance in comparison with the control group (11.63
+2.03, n=8) on training days. The distance moved to reach
the hidden platform decreased in the BMMSC-treated
groups (IV-BMMSC: 11.50+2.19, n=7; IN-BMMSC:
11.83 + 1.3, n=6), decreased in comparison with PBS-
treated groups (IV-PBS: 15.65 + 2.49, n=4; IN-PBS: 16.3
+ 2.56, n=4, P<0.01) (Fig. 3). According to the results
of one-way ANOVA, the escape latency was significantly
different between the groups (FS) 5= 23.38, P<0.001).

It was observed that the spent time in zone I (previous
location of the hidden platform) of Morris water maze
performance was different between the addicted, PBS, and
other groups (Control, IV-BMMSC, and IN-BMMSC)
(P<0.05). The results of ANOVA indicated a significant
difference in the escape latency (FS, s = 0.01359, P<0.05)
between the groups. Therefore, administration of
BMMSCs may improve Meth-induced learning and
memory disorders. Comparison of IV and IN BMMSC-
treated groups did not show any significant difference
between them.

Effects of BMMSCs on the passive avoidance memory of
meth-addicted rats

The shuttle box test was performed to measure passive
avoidance memory and compare it between the groups.

Hippocampus

Ly 7

100 Um

<

Positive Reaction(%)
>

o
h

IV-BMMSC IN-BMMSC

Fig. 2. The location of BMMSCs after transplantation. (A), Schematic diagrams showing the rat brain regions examined (Retrieved from https://app.biorender.
com/biorender-templates) ;(B), The BrdU-labeled BMMSCs exhibited clear nuclear and faint cytoplasmic green fluorescence. In comparison with the IV
BMMSCs group, many BrdU-labeled cells were detected in the hippocampus of the BMMSC-treated group 14 days post-transplantation. (C), IV BMMSCs
group; (D), IN BMMSCs group; (E), BMMSCs were significantly higher in IV-BMMSC group than in the IN-BMMSC (*** P <0.001).
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Fig. 3. Effect of BMMSCs on memory and learning impairment of rats induced by Meth. (A), Morris water maze in training days showing the time latency of rats
was significantly prolonged after self-administration of Meth. Mean + SEM, **P < 0.01 versus Meth-addicted group. ## P < 0.01 versus PBS-treated groups.
(B), Morris water maze probe test indicating a longer spent time in zone | (previous location of hidden platform) among BMMSC-treated rats, compared to
PBS-treated rats. Mean + SEM. *P < 0.05 versus Meth-addicted group. # P < 0.05 versus PBS-treated groups. (C), Typical trajectories in the Morris water
maze probe test. Previous location of hidden platform was zone I. (Control (n=8); IV-PBS (n=4); IN-PBS (n=4); Addicted (n=7); IV-BMMSC (n=8); IN-BMMSC

(n=6).

According to the shuttle box test protocol, on the first
day of habituation, training phase, and the second day,
the test was performed. The time spent entering the dark
chamber was reported as STL. The results showed that
passive avoidance memory in the BMMSCs-administered
groups (IV-BMMSC and IN-BMMSC) on the day of
the test was significantly better than that on the day of
training. A significant difference was found in STL on
the days of training and testing between the IV-BMMSC
and IN-BMMSC groups and the control group with the
Meth-addicted group (P <0.001); no significant difference
was found between the IV and IN treatment groups. In
addition, the Meth-addicted and PBS-treated groups were

60—

* %

Step Through Latency(s)

not significantly different (Fig. 4).

Effects of BMMSCs on the relapse of Meth-addicted rats
The aversive or rewarding effects of drugs are assessed
via CPP. The longer time spent in the drug-paired context
shows that the context has incentive value, suggestive
of the drug’s rewarding features. After conditioning in
rodents, CPP remains robust for weeks and shows high
resistance to extinction.”

The animals in all groups received Meth inhalation
or DW over three days of conditioning as described
earlier. Fig. 5 presents Meth self-administration for
place conditioning in rats (P<0.001). Animals receiving

1 Test day
W Training day

%k *3k

—

Control Addicted

40 R L
0- ﬁﬁﬁjﬁ

IV-PBS

IN-PBS IV-BMMSC IN-BMMSC

Fig. 4. Effect of BMMSCs on passive avoidance memory impairment of Meth in rats. The latency was the time to cross from the brightly compartment (shock-
free zone) to the darkened compartment (shock zone). Twenty-four hours following electric foot- shock delivery in the darkened compartment (training), rats
were tested. The average latency increased significantly in the BMMSCs-administered groups. There was a significant improvement in passive avoidance
memory performance in the BMMSCs-treated groups. Data shown are Means + SEM, **P<0.01 vs Training day. (Control (n=8); IV-PBS (n=4); IN-PBS (n=4);
Addicted (n=7); IV-BMMSC (n=8); IN-BMMSC (n=6).
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Fig. 5. Conditioned place preference induced by inhalation of Meth in rats and reduced relapse after BMMSCs administration. Difference in time spent in the
drug-paired chamber between CPP1 and CPP2 tests revealed a significant effect of BMMSCs administration. Data represent group mean + SEM. ** P<0.01,
*** P<0.001. (Control (n=8); IV-PBS (n=4); IN-PBS (n=4); Addicted (n=7); IV-BMMSC (n=8); IN-BMMSC (n=6).

DW twice a day (six sessions) showed no preference.
Differences in the time spent in the drug-paired chamber
were significant after BMMSCs administration between
CPP 1 and CPP 2 (P<0.01). Whilst, the Meth-addicted
and PBS-treated groups were not significantly different.

Effects of BMMSCs on BDNF expression in the
hippocampus of Rats

BDNE, which is distributed in the hippocampus,
contributes to neuron survival and neuronal functions,
including learning and memory. The effect of BMMSC
administration on the hippocampal BDNF expression was
examined in this study. After BMMSC administration,
BDNF immunoreactivity increased in the neurons of
the hippocampus. Based on the one-way ANOVA, the
groups were significantly different regarding BDNF of
the hippocampus (F, , = 253.5, P<0.001). According
to the quantitative analysis, the BDNF-positive reaction
was higher in the hippocampus of BMMSC-treated rats,
compared to the PBS-treated groups (P<0.001) (Fig.
6). Therefore, BMMSCs transplantation may improve
BDNF expression in the hippocampus. Moreover, the
expression of BDNF was higher in the IN-BMMSC group
in comparison with the IV-BMMMSC group; however,
the difference was not significant (Fig. 6). Moreover,
the Meth-addicted and PBS-treated groups were not
significantly different.

Effects of BMMSCs on the expression of GDNF in the
hippocampus of rats

Following injury, the survival of dopaminergic neurons is
promoted by the GDNF in the adult brain, which is involved
in motor neuron development and survival, hippocampal
synaptogenesis, and the development of sympathetic and
sensory neurons.”> Strong evidence suggests GDNF
as a negative regulator of some drug seeking behaviors,
behavioral and biochemical adaptations, and relapse to
psychostimulants. The effect of BMMSC administration
on GDNF expression was examined in the hippocampus.

Following BMMSC administration, the immunoreactivity
of GDNF increased in hippocampal neurons. One-way
ANOVA showed a significant difference in GDNF of the
hippocampus between the groups (F, = 67.57, P<0.001).
According to the quantitative analysis, the GDNE-
positive reaction was much higher in the hippocampus
of BMMSC-treated rats, compared to the PBS-treated
groups (P<0.001) (Fig. 7). Therefore, GDNF expression
may increase in the hippocampus as a result of BMMSCs
transplantation. Comparisons between the BMMSCs-
treated groups showed that hippocampal GDNF in IN-
treated rats was significantly higher than that of the IV-
treated group (P<0.001); the Meth-addicted and PBS-
treated groups were not significantly different.

Discussion

This study aimed to determine the effects of BMMSCs
administration on learning and memory impairment due
to Meth consumption and to compare IV and IN routes
of administration. The major findings obtained from the
present research are as follows: (1) Meth induced learning
and memory impairment; (2) BMMSCs administration
to the rats improved Meth-induced learning and
memory impairment; (3) BMMSCs administration to
the Meth addicted rats decreased relapse; (4) BMMSCs
administration improved the protein level of BDNF
and GDNF in the hippocampus. (5) BMMSCs in the
hippocampus were higher in the IV-treated group
compared to the IN route. (6) The expressions of BDNF
and GDNF were higher in IN-treated rats compared with
IV-treated group.

In this study, Morris water maze was used to assess
spatial navigation learning and memory, which is
hippocampus-dependent learning and one of the major
regulators of hippocampal neurogenesis.** In our study,
learning and memory deficits significantly improved via
BMMSCs administration in animals exposed to inhaled
Meth, preventing Meth-induced hippocampal damage.
The observed improvement is consistent with previous
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Fig. 6. Distribution of immunoreaction products of BDNF in the hippocampus. BDNF protein was detected by Immunoflurecent staining in the hippocampus
2 weeks after the BMMSCs administration. (A) Nuclei staining by DAPI and primary antibody to BDNF and merge of them from each group (magnification,
x400). (B), The percentage of positive reaction in each group. BMMSCs-administered rats and control groups compared with the Meth-addicted group. ***P <
0.001 versus Meth-addicted group. ### P < 0.001 versus PBS-treated groups. Data are presented as the Mean + SEM; Scale bar: 20um; BDNF: brain-derived
neurotrophic factor; (Control (n=8); IV-PBS (n=4); IN-PBS (n=4); Addicted (n=7); IV-BMMSC (n=8); IN-BMMSC (n=6).
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Fig. 7. Distribution of immunoreaction products of GDNF in the hippocampus. GDNF protein was detected by Immunofluorescent in the hippocampus 2 weeks
after the BMMSCs administration. (A) Nuclei staining by DAPI and primary antibody to GDNF and merge of them from each group (magnification, x400). (B),
The percentage of positive reaction in each group. ***P < 0.001 versus Meth-addicted group. ## P < 0.001 versus PBS-treated groups. Data are presented
as the Mean + SEM; Scale bar: 20 um; GDNF, glia cell line derived neurotrophic factor. (C; Control group (n=8); PBS1, IV-PBS administration group (n=4);
PBS2, IV-PBS administration group (n=4); A, Addicted group (n=7); T1, IV-BMMSCs administration group (n=8); T2, IN-BMMSC administration group (n=6).

studies using stem cells in other memory disorders due In stem cell transplantation, the route of cellular delivery

to Alzheimer's disease or alcohol abuse and its related
complications. In a study by Yang et al, reduction of
oxidative damage and trophic factor production by
transplanted BMMSCs were suggested as the cause of
functional benefit reported in BMMSC-grafted alcohol-
associated dementia rats.”® Moreover, Shirasaka et al
reported an increase in the GABAergic interneuron
count and synaptic protein density in the hippocampus,
anterior cingulate cortex, and amygdala, followed by the
reversal of memory impairment due to the intravenous
administration of neural stem cells in a fetal alcohol
spectrum disorder model.*

is of great significance.”” In many studies, BMMSCs have
been directly injected in a lesion of tissues via an invasive
route, such as intracerebroventricular or intracerebral
parenchyma. This route of cell administration is invasive
and requires special equipment and surgery. IV injection
of stem cells is the most commonly used method. Now the
researchers prefer to choose IN BMMSCs administration
as an alternative non-invasive model of cell delivery.*®
* The administered stem cells were observed in the
subarachnoid space, olfactory bulb, thalamus, cerebral
cortex, hippocampus, subventricular zone, and damaged
brain area post IN route.*’ Stem cells have been detected in
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thebrainone-hourafter celladministration viathe INroute.
This fast delivery of stem cells recommended the potential
route from the nose to the brain that can circumvent the
blood-brain barrier and give access to CNS.*' Stem cell
delivery into the CNS with IV administration, a fraction
of injected stem cells may be trapped in other organs than
the CNS. Secondary malignancies can develop because
of the systemic injection of stem cells.*>** Meth-induced
pathophysiological changes and neuroinflammation
due to neurodegenerative disorders (multiple sclerosis,
Alzheimer’s disease, etc) disrupt BBB function by
induction of oxidative stress in brain endothelial cells.****
This is a probable reason for higher detected stem cells
in IV administration. Therefore, a concern was raised
about stem cell tumorigenicity in the IV route. Donega et
al showed that IN administration of MSC was safe and did
not induce any lesions in the brain or any peripheral organ
in the long term.*

The probable routes of stem cell migration from the nose
to the brain tissue are cervical lymph nodes, trigeminal
nerve, olfactory bulb, and vascular pathway through IN
cell administration.'¢

Based on the results, transplanted stem cells might
differentiate into neurons in the hippocampus. The
hippocampal region seems to play a major role in
encoding and retrieving learning and memory. Although
we did not aim to examine the mechanisms of memory
improvement, we can suggest several mechanisms which
may be involved.”” One mechanism is the capacity of
these cells to add to the pool of functioning neurons
and integrate with the neighboring cells. Administered
mesenchymal stem cells detected in the hippocampal
circuitry and cognitive recovery of animals in behavioral
tests may be a reflection of the integration of new neurons
into the existing circuitry.*® One possible explanation for
the reduced relapse is that administered stem cells, which
produce new neurons in hippocampal networks, are likely
to be selected for encoding new memories. On the other
hand, the new neurons create new memories that are
still not recorded addiction in it.* The present findings
showed that Meth induced significant CPP in an unbiased
setup, which is in agreement with previous research.”

Moreover, due to the increased survival and activity of
the existing neurons, these stem cells may have therapeutic
applications. BMMSCs secrete different trophic factors,
which might be important for tissue regeneration. The
neurotrophic factors, BDNF, and GDNE, are considered
essential for neuron growth, survival, and differentiation.
These factors are also involved in learning and memory,
synaptic plasticity, and the function and survival of
adult neurons.”® In our experiment, BDNF and GDNE,
as critical neurotrophic factors in BMMSCs which play
important protective roles in the brain, were evaluated
via both IV and IN routes. Our findings showed that
GDNF significantly increased following IN BMMSCs
administration. Gliogenesis is more common in the adult

Research Highlights

What is the current knowledge?
\ To date, no FDA-approved medications are available for
Meth dependence and relapse.

What is new here?

v BMMSCs administration improved cognitive function of
Meth-addicted rats.

v BMMSCs administration reduced relapse in Meth-addicted
rats.

v BMMSCs in brain were significantly higher in IV BMMSCs-
treatedrats.

v Expression levels of BDNF and GDNF were higher in
intranasal BMMSCs-treated rats.

mammalian brain than neurogenesis.*

BDNF may have neuroprotective functions against drug
neurotoxicity.”>* CPP is described as a contextual learning
task, and hippocampal BDNF is known to be involved
in contextual. BDNF may also contribute to addiction-
related neuroplasticity, and increased brain BDNF may be
associated with addiction.”® Based on several studies, the
plasma levels of BDNF increase in addicts; also, the results
showed that the serum levels declined with withdrawal.
However, in other studies, the serum BDNF level during
withdrawal was lower in Meth addicts, compared to the
controls. The drug type, the route of consumption, the
gender, or even the developmental period and time are
contributing factors in these conflicting conclusions.*
Both GDNF and BDNF contribute to synaptic and
structural plasticity, as well as changes in drug-induced
synaptic plasticity, which may result in drug-taking
behaviors. Koskela et al in their review concluded that
the role of BDNF or GDNF in drug-seeking behaviors
is related to the type of drug, addiction phase, and the
timing of GDNF/BDNF treatment in relation to drug
administration.” Moreover, elevated plasma levels of
BDNF in Meth users may prevent neural damage™
and cognitive impairments,” and GDNF may have
neuroprotective effects against toxicity induced by drug
abuse.®*!

Conclusion

We showed that IV- and IN-administration of BMMSCs
may recover learning and memory impairment induced
in self-administered Meth-addicted rats and reduced
relapse. This new therapeutic approach has the potential
to revolutionize the treatment of the addiction in the
new century. BMMSCs were significantly higher in the
IV-treated group than in the IN route. Moreover, the
expression levels of BDNF and GDNF were higher in
IN-treated rats compared with the IV-treated group.
The results of this study showed that BMMSCs, when
administered intranasally, are effectively absorbed from
the nasal mucosa, so that this route may be attractive,
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avoiding the discomfort of an intravenous or any other
invasive injection. Future studies are recommended
assessing the quality of MSCs through long-term memory
performance and cell survival.
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