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Abstract: Systemic transplantation of mesenchymal stem cells (MSCs) is a promising approach for the
treatment of ischemia-associated disorders, including stroke. However, exact mechanisms underlying
its beneficial effects are still debated. In this respect, studies of the transplanted cells distribution and
homing are indispensable. We proposed an MRI protocol which allowed us to estimate the dynamic
distribution of single superparamagnetic iron oxide labeled MSCs in live ischemic rat brain during
intravenous transplantation after the transient middle cerebral artery occlusion. Additionally, we
evaluated therapeutic efficacy of cell therapy in this rat stroke model. According to the dynamic
MRI data, limited numbers of MSCs accumulated diffusely in the brain vessels starting at the 7th
minute from the onset of infusion, reached its maximum by 29 min, and gradually eliminated from
cerebral circulation during 24 h. Despite low numbers of cells entering brain blood flow and their
short-term engraftment, MSCs transplantation induced long lasting improvement of the neurological
deficit, but without acceleration of the stroke volume reduction compared to the control animals
during 14 post-transplantation days. Taken together, these findings indicate that MSCs convey their
positive action by triggering certain paracrine mechanisms or cell–cell interactions or invoking direct
long-lasting effects on brain vessels.

Keywords: stroke cell therapy; intravenous transplantation; MRI; mesenchymal stem cells; MCAO

1. Introduction

Stem cell-based therapy is the promising strategy for the treatment of many neuro-
logical disorders, including ischemic stroke [1–3]. With regard to safety and bioethical
issues, mesenchymal stem cells (MSCs) are among the most relevant candidates for trans-
lational research and implementation into clinical practice [4]. Transplantation of MSCs
relieved neurological impairment in experimental animal models of cerebral ischemia [5–9].
Transplantation into humans in clinical trials proved to be safe and feasible and showed
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promising results [10–12]. Taken together, the already conducted studies have shown that
MSCs have a unique set of properties, including low immunogenicity, anti-inflammatory,
immunomodulatory, and neuroprotective activity, the ability to stimulate angio- and neuro-
genesis, to transfer functional mitochondria to the damaged cells, and to promote repair
of the blood brain barrier [6,10,13–17]. However, despite rigorous studies, the precise
mechanisms of MSCs’ action are not fully understood.

Positive therapeutic effects were demonstrated after various ways of cell transplanta-
tion (intra-arterial, intravenous, intracerebral, and others), but the optimal one has not been
established yet [6,18,19]. Each delivery route has its advantages, constraints, and suits cer-
tain needs [20]. In case of MSCs transplantation in the acute stroke, systemic (intra-arterial
and intravenous) administration seems to be the most appropriate. The intra-arterial way
of stem cell transplantation has shown efficacy and provides the delivery of a large number
of cells directly into the brain vessels, bypassing filtering organs [21,22]. This route of
administration has become even more relevant due to the widespread use of endovascular
treatment methods in acute stroke patients [23], despite this procedure requiring technical
precision due to the risk of cerebral embolism [24]. Intravenous administration (IV) has
also shown therapeutic efficacy and is the most commonly used, because it is less invasive,
has minimal risk of adverse events, can be easily applied multiple times, and is suitable
even for patients in critical clinical conditions [20,25–27]. Finding the optimal route of
transplantation, as well as timing and the dosage of cells, is a challenging task due to the
poor understanding of the exact mechanisms of MSCs’ action. Further investigations are
needed in order to accelerate the translation of this approach to clinical practice. In this
way, the studying of cell distribution, homing, and fate after transplantation seems to be
one of the most important tasks [28].

Among methods of the in vivo cell tracking, magnetic resonance imaging (MRI) is one
of the most widely used in experimental studies and clinical trials, since it is convenient,
non-invasive, and provides high spatial resolution of brain tissues [29–31]. In order to
visualize transplanted stem cells, different T1 or T2 contrast agents were developed [32].
T1 contrast agents are mainly based on gadolinium (Gd)-containing compounds and are
widely utilized in clinical practice due to high biocompatibility. However, Gd-based
contrast agents are relatively rarely employed for stem cell labeling because of their limited
ability to accumulate within the cells and the lack of knowledge about their effects on
cellular functions [33–36]. T2 contrast agents are based on the paramagnetic nanoparticles
(size from tens of nm to 1 µm) [34]. Among them, superparamagnetic iron oxide (SPIO)
particles have been successfully employed for stem cells in vivo tracking for more than two
decades, and during this time, various types of SPIOs were invented and their properties
were thoroughly investigated [29,37–40]. SPIOs are considered to be good contrast agents
in MRI due to their high loading capacity in stem cells and the ability to short T2 and
T2* relaxation time [35,41,42]. For the best visualization of SPIO labeled stem cells, T2*
weighted images (T2* WI) and relatively new more sensitive susceptibility weighted images
(SWI) are ordinarily used [43,44]. SPIO-labeled cells are detected as hypointense spots on
the MR images because SPIO particles create a local inhomogeneity of the magnetic field
and decrease T2* relaxation time in the surrounding regions (well reviewed by [34]). It has
been demonstrated that SPIO-labeled stem cells can be detected at a single-cell level due to
the development of advanced MRI protocols [44–48].

For a long time, the MR tracking of SPIO-labeled stem cells has been carried out after
the completion of cell injection [35]. However, the tracing of transplanted cells right at
the moment of infusion is also important. The monitoring of cell homing in real-time
may help to better understand the mechanisms of cells’ action depending on the route
of administration. Moreover, it provides an opportunity for the immediate detection of
insufficient or incorrect biodistribution related to the imperfect injection of stem cells, thus
improving the overall therapy efficiency. Due to the development of fast MRI protocols,
dynamic tracking of stem cells right at the moment of transplantation has become possible
using dynamic (also called real-time or time-lapse) MRI [24,49–51].
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According to the available data, real-time tracing of MSCs in the brain was described
only for the intra-arterial (IA) delivery [24,50,51], but there are no reports about cells’
distribution in the brain during intravenous injection. At the same time, the overall biodis-
tribution in the whole body of the intravenously injected MSCs has been well described
and it was shown that transplanted cells reach the brain in just tiny numbers [6,19,52,53].
In some in vivo studies, MSCs were even not detected in the brain after IV transplanta-
tion, probably due to the low cell dosage or/and wrong cell visualization method [19,54].
The existing MR protocols used for tracing cells after the intra-arterial cell delivery may
be not sensitive enough to detect the small numbers of cells reaching the brain after the
intravenous injection.

The main goal of this article was to study the dynamic distribution of MSCs in the
ischemic brain during and after IV transplantation. To perform this, 2 × 106 of the SPIO-
labeled MSCs were intravenously injected into rats directly inside the MR scanner 24 h
after the transient middle cerebral occlusion. Transplanted cells were traced for one hour
from the beginning of cell infusion and 24 h later. To enable precise detection of single
transplanted MSCs in the rat brain, we changed the MR protocol previously used by us
for dynamic cell detection after intra-arterial transplantation [51]. The obtained results
demonstrated the possibility of dynamic stem cell tracking by MRI during intravenous
MSCs administration and provided the pattern of distribution and homing of transplanted
cells in the ischemic rat brain. Additionally, we aimed to evaluate the therapeutic efficacy
of MSCs after their IV administration in the chosen dosage in the experimental ischemic
stroke model.

2. Materials and Methods
2.1. Animals

All procedures with laboratory animals were performed in accordance with the guide-
lines of the Declaration of Helsinki and directive 2010/63/EU on the protection of animals
used for scientific purposes of the European Parliament and the Council of European Union
dated 22 September 2010 and were approved by the Pirogov Russian National Research
Medical University Animal Care and Use Commission (protocol code No 24/2021 from
10 December 2021). In vivo studies are reported according to the ARRIVE guidelines. Male
Wistar rats (weighing 250–300 g, purchased from “SMK STESAR”, Vladimir, Russia, LLC)
were used for the experiment. Males were chosen to avoid the potential neuroprotective
effects of estrogens [55]. The animals were housed in groups of four to five animals per
cage before surgery. They were kept under 12-h/12-h light/dark cycle, room temperature
22 ± 2 ◦C, humidity 45–65%, and free access to standard rodent chow and water.

2.2. Cell Culture

Human mesenchymal stem cells were isolated from the donor’s placenta collected
after normal delivery at 38–40 weeks of gestation. The biological material was obtained
from the Perinatal Center of Kama Children’s Medical Center of Naberezhnye Chelny
after getting informed consent from mothers using a conventional procedure described
previously [56]. The human placenta tissue samples were grinded by blade, extensively
washed with Dulbecco’s phosphate-buffered saline (DPBS) and then incubated for 2 h at
37 ◦C in DPBS containing 1 mg/mL of collagenase I type (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). After incubation, the collagenase was inactivated by 10% fetal bovine
serum (FBS) in DPBS. For the cell sedimentation, the tissue suspension was centrifuged at
400× g for 4 min at 25 ◦C. The supernatant was discarded and tissue pieces resuspended
in the complete culture medium comprising DMEM-F12, 2 mM L-glutamine, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, and 10% FBS (all reagents from Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). The resuspended tissue pieces were placed in T 75 culture
flasks and maintained in a humidified atmosphere under standard conditions (37 ◦C, 5%
CO2). Cells were allowed to adhere for 3 days and non-adherent cells were removed
by replacing the medium. Upon reaching 80% confluence, adherent pMSCs were har-
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vested by trypsinization and subcultured at 1:3 ratio in T 75 flasks. Cells were cultured
until they reached 80% confluence in each passage and collected for transplantation after
3–5 passages. The quality of the obtained cells was confirmed by flow cytometry of major
MSC’s markers as CD34−, CD45−, HLA−DR−, CD105+, CD29+, CD73+, CD90+. The
absence of mycoplasma contamination was confirmed by PCR. One day before injection,
the pMSC were labeled with superparamagnetic iron oxide (SPIO) microparticles (MC03F
Bangs Laboratories, USA, mean diameter 0.50 ± 0.99 µm) carrying the Dragon Green
fluorescent dye (λex = 480 nm, λem = 520 nm) according to the manufacturing protocol as
previously described [44]. On the next day before, transplantation cells were dissociated
using accutase (StemCells Technology, Vancouver, BC, Canada). After dissociation, accutase
was inactivated with full media, contained 10% FBS, and the cell suspension centrifuged
at 400× g for 4 min. After that, the cells were also labeled with lipophilic membrane red
fluorescent dye PKH26 (Sigma-Aldrich, Burlington, MA, USA) as previously described [44].
Prior to transplantation, cells were washed twice with DPBS and counted. A dose of
2 × 106 cells in 1 mL of saline was prepared for each intravenous transplantation.

2.3. Study Design

All rats (n = 50) were subjected to the transient 90 min middle cerebral artery occlusion.
Then, 24 hours after the operation, MRI (T2 WI, Diffusion Weighted Imaging—DWI) was
performed for the confirmation of ischemic zone formation (8 rats were excluded from
the experiment due to unsuccessful stroke modeling). Some of the rats (n = 12) were
included into the study of cell distribution and received IV infusion of the SPIO labeled
MSCs directly inside the MR scanner (n = 12). In order to evaluate the dynamic distribution
of transplanted cells, the high resolution SWI were performed every 7 min 15 s within
58 min. After the end of the MR examination, the histological study was performed. A
schematic image of the study design is presented in Figure 1.
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The leftover animals (n = 30) were included in the study to evaluate the therapeutic
effects of cell transplantation. After ischemic stroke, modeling rats were randomly divided
into two groups: (group 1) animals with IV transplantation of 2 × 106 MSCs (n = 15);
(group 2) rats with IV transplantation of 1 ml of saline (n = 15). The dynamics of the
reduction of neurological deficit and of stroke volume were evaluated right before the IV
administration and on the 7th and 14th day after the infusion of MSCs (or saline in the
control group).

2.4. Transient Middle Cerebral Artery Occlusion

The surgery was performed under the isoflurane inhalation anesthesia (Aerrane, Baxter
HealthCare Corporation, Deerfield, IL, USA) using an animal anesthesia system (E-Z-7000
Classic System, E-Z-Anesthesia® Systems, Palmer, PA, USA). Additionally, a subcutaneous
injection of 0.1–0.2 mL 0.5% bupivacaine into the surgery field and an intraperitoneal
premedication with atropine sulfate 0.05 mg/kg in 1 mL 0.9% NaCl were performed. For
the induction of anesthesia, 3.5–4% isoflurane mix with atmospheric air was used and for
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the maintenance of anesthesia the percentage of isoflurane was reduced to 2–2.5%. Transient
90 minutes middle cerebral artery occlusion (tMCAO) with MRI guiding was performed as
described previously [57]. In brief, the bifurcation of the right common carotid artery was
exposed. The monofilament with a rubber-coated tip (Doccol Corporation, Sharon, MA,
USA, diameter 0.19 mm, length 30 mm; diameter with coating 0.37 ± 0.02 mm; coating
length 3–4 mm) was inserted through the external carotid artery into the lumen of the
internal carotid artery till the origin of the middle cerebral artery. The occlusion period
lasted for 90 min, after which the monofilament was removed and the surgical wound was
sutured, 3 mL of sterile saline was injected intraperitoneally and 30 mg/kg gentamicin
sulfate was given intramuscularly. During recovery from anesthesia, the operated rats were
placed in preheated cages. Rats with unsuccessful stroke modeling were excluded from the
study after the MRI was performed 24 hours after operation (n = 8).

2.5. Intravenous Transplantation

Intravenous administration of MSCs was performed via the right femoral vein 24 h
after experimental stroke modeling. The procedure was carried out under inhalation
anesthesia, as described above, despite that for intravenous transplantation, the isoflurane
was mixed with pure oxygen in order to increase the concentration of oxyhemoglobin
in the venous blood and attenuate the visibility of cerebral veins to improve the MR
detection of SPIO labeled cells on the SWI. After subcutaneous injection of 0.1–0.2 mL
0.5% bupivacaine into the surgery field of lower limb and intraperitoneal premedication
with atropine sulfate 0.05 mg/kg in 1 mL 0.9% NaCl, the femoral vein was isolated and
catheterized with a microcatheter (Doccol Corporation, Sharon, MA, USA, rodent tail
vein catheter with diameter 1F, 120 cm) filled with saline and connected to the syringe
filled with 2 × 106 cells in 1 mL of saline. Then, the animal was carefully transported
to the MR scanner. MSCs transplantation was performed using the nanoinjector (Leica
Microsystems GmbH, Wetzlar, Germany) at a rate of 250 µL/min for 4 min. At the end
of the infusion and MR examination, the rat was transferred back to the operation room,
where the microcatheter was removed, the surgical wound was closed with sutures and
30 mg/kg gentamicin sulfate was given intramuscularly.

2.6. Estimation of Neurological Deficit

For estimation of the neurological deficit of experimental rats the modified neurologi-
cal severity scale (mNSS) was used [58]. The mNSS was designed for rodents and allows to
perform the complete assessment of neurological status: motor and sensory impairment,
as well as balance and reflex disorders. The evaluation was carried out right before the IV
administration and on the 7th and 14th day after the infusion. All tests were conducted by
the observers blinded with regard to the treatment groups.

2.7. Magnetic Resonance Imaging

All MR examinations were carried out using a 7T ClinScan system for small animals
(Bruker BioSpin, Billerica, MA, USA). During the procedure, rats were maintained un-
der inhalation anesthesia with 3.5–4% isoflurane mixed with atmospheric air for MRI
guided MCAO surgery (previously described in [57]) and mixed with pure oxygen for
other procedures. Diffusion-weighted imaging (DWI) with mapping of the apparent
diffusion coefficient (ADC) (Echo-planar pulse sequence; TR/TE = 5000/22 ms; 14 b-
factors from 0 to 2000 s/mm2; diffusion directions = 6; averages = 1; spectral fat sat-
uration; FOV = 32 mm × 20 mm; slice thickness = 1.0 mm; matrix size = 80 × 52) and
T2-weighted imaging (T2 WI, Turbo Spin Echo pulse sequence with restore magnetiza-
tion pulse; turbo factor = 9; TR/TE = 6000/46 ms; averages = 1; spectral fat saturation;
FOV = 30 × 21 mm; slice thickness = 0.7 mm; matrix size = 256 × 162; respiratory gated)
were obtained for evaluation of the infarct area before MSCs injection. For the visualization
of the SPIO-labeled MSCs in the rat brain, repeated high resolution susceptibility weighted
imaging (SWI) was obtained with the following parameters: 3D Gradient Echo with RF
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spoiling and flow compensation; TR/TE = 50/19.1 ms; flip angle = 15; averages = 1; spectral
fat saturation; FOV = 19 mm × 19 mm; slice thickness = 0.5 mm; matrix size = 192 × 192)
with temporal resolution 7 min 15 s and 8 repeats within 58 min (approximately 1 h) af-
ter the start of IV injection. Additionally, the same high resolution SWI was performed
24 h after the IV transplantation of MSCs. High resolution SWI has spatial resolution of
0.1 mm × 0.1 mm × 0.5 mm. The distribution of the SPIO-labeled cells was evaluated man-
ually by analyzing dynamic high resolution SWI. Labeled cells were defined as hypointense
spots appearing on the images after IV injection in four areas: infarct core, peripheral to
infarct core zone, contralateral hemisphere, and brainstem.

2.8. Estimation of Stroke Volume

MRI data analysis was performed as described previously [59] using ImageJ software
(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA, 1997–2015).
The volume of the infarct area on T2 WI was measured manually by the same person
(radiologist) and calculated according to the formula: V = (S1 + . . . + Sn) × (h + d), where
S1, . . . , Sn is the infarct zone measured on slice n, where h is the thickness of the slice and
d is the interval between the slices.

2.9. Histology

For histochemical studies, animals were sacrificed at 1 h (n = 9) and 24 h (n = 3) after
IV transplantation of MSCs. The rats were euthanized by inhalation anesthesia with a lethal
dose of isoflurane and additional injection of a lethal dose of Zoletil. Then, transcardial
perfusion was performed using 4% paraformaldehyde (PFA) in 0.1M PBS. The brains and
additionally lungs, liver, and kidneys were harvested and postfixed at 4 ◦C overnight in
the PFA, washed three times with PBS, and cryoprotected in 30% sucrose solution. Then,
40 um coronal sections were cut using a cryostat (Leica CM1900, Nussloch, Germany). The
sections with the Dragon green and/or PKH 26 fluorescence were collected and stained
with DAPI solution (2 µg/mL, Sigma-Aldrich, Burlington, MA, USA). Then, sections
were mounted in 80% glycerol. Fluorescence images were captured with the Nikon A1R
MP + laser scanning confocal microscope (Nikon Instruments Inc., Melville, NY, USA).

2.10. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 23 (IBM Corp., Armonk,
NY, USA). The evaluation of the dynamics of changes of mNSS and stroke volume was
performed by the comparisons between therapeutic and control groups using the General
Linear Model with repeated measurements (values obtained on day 7 and 14 were nor-
malized based on data captured on day 1). Additionally, for evaluation of the differences
in mNSS score between groups on days 7 and 14, Mann–Whitney U test with Bonferroni
correction was performed. p-value < 0.05 indicated differences with statistical signifi-
cance. Descriptive statistics were used for estimation of SPIO-labeled MSCs distribution
in the brain during their intravenous transplantation. After visual assessment of the high
resolution SWI, the diagrams were generated.

3. Results
3.1. Dynamic MRI Distribution of MSCs in Ischemic Rat Brain after Intravenous Transplantation

Dynamic MR visualization of SPIO-labeled MSCs in the rat brain was started at the
beginning of intravenous infusion and dynamic visualization was continued for 1 h. To
do this, cell transplantation was carried out inside the MR scanner and high resolution
SWI was performed approximately every 7 min. The example of the obtained images is
shown in Figure 2. SPIO-labeled MSCs were visualized as distinct single hypointense spots
on SWI due to creation of the disturbance of the local magnetic field and the reduction
of T2* relaxation time by the SPIO label [44] (marked with red arrows on Figure 2). It is
important to note that accumulation of SPIO labels within the cells create disturbance of the
local magnetic field of the surrounding tissue within a volume that exceed the real volume
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occupied by the injected MSCs (average MSCs diameter 24–25 µm). This feature is known
as the “blooming effect”, characterized by nonlinear increase of the hypointense area with
increasing of iron content [44]. In order to assess areas of labeled cells accumulation and to
distinguish them from the other causes of signal loss on SWI (cerebral veins, microbleeds,
and others [60]), the series of adjacent MR-slices were analyzed in dynamics. SPIO-labeled
cells were distinguished from the other hypointense spots on SWI by analyzing their shape
and time of appearance.
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Figure 2. Dynamic MRI of rat brain with experimental stroke before and during 1 h after intravenous
SPIO-labeled MSC transplantation. SWI of three adjacent coronal brain slices (A–C) of the same
rat are presented (slicing levels marked with the yellow lines on the left column). White arrows
indicate inserts with high magnification. Hypointense (dark on SWI) spots correspond to areas of
SPIO labeled MSCs accumulation are marked with red arrow heads. Single cells were visualized
in the infarct zone, contralateral hemisphere and brainstem starting from the 7th minute after the
beginning of cell infusion. The other causes of signal loss on SWI (cerebral blood vessels) are marked
with blue arrow heads. SPIO-labeled cells were distinguished from the others hypointense spots on
SWI by analyzing their shape and time of appearance.

To improve the quality of cells’ visualization and for better distinction between the
images of cells and cerebral vessels, the mixture of isoflurane and oxygen instead of
isoflurane and air was used for inhalation anesthesia. This approach provides an increase
of oxyhemoglobin and decrease of deoxyhemoglobin concentration in the venous blood.
Since oxyhemoglobin is a diamagnetic and deoxyhemoglobin a paramagnetic [61], the
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accumulation of oxyhemoglobin in the blood reduces the visibility of cerebral veins, as
shown in Figure 3.
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Figure 3. MRI of rat brain after stroke modeling under isoflurane inhalation anesthesia using atmo-
spheric air or oxygen as the carrier gas. (A,B)—SWI of two coronal brain slices of a rat anesthetized
with the mixture of isoflurane and atmospheric air. Hypointense zones and lines correspond to
cerebral veins. (C,D)—SWI of two coronal brain slices of a rat anesthetized with the mixture of
isoflurane and pure oxygen. Clearly, the increase of the oxyhemoglobin concentration in the venous
blood attenuates the visibility of veins on MR images.

The dynamic distribution of labeled MSCs during their intravenous transplantation
and its changes within 1 h were analyzed on the basis of MRI data and are shown in
Figure 4. Only single or small groups of transplanted cells were detected in the infarct and
peripheral zone, contralateral hemisphere, and brainstem starting from the 7th min after
the start of infusion. The number of the hypointense spots on SWI reached its maximum
by 29 min in all described brain regions except the peri-infarct zone, where the maximum
number of labeled cells was detected 1 h after cell administration. After 1 h, the number of
cells in the contralateral hemisphere and brainstem decreased, though in the infarct and
peri-infarct zones it remained stable. The obtained results demonstrate that intravenously
transplanted MSCs started to enter brain vessels relatively early after entering the systemic
circulation. Transplanted cells continued to accumulate in cerebral vessels within an hour
and were later eliminated from cerebral circulation by 1 day.

MRI data were verified by histological examination. Prior to the transplantation, MSCs
were double labeled with SPIO particles carrying the green, fluorescent dye Dragon green
and with the lipophilic membrane red fluorescent dye PKH26. In full agreement with the
MRI results, the histological examination detected single transplanted cells in the brain
vessels of some rats immediately after the end of the dynamic MR study (Figure 5A–C).
Though MRI revealed single labeled cells In all experimental animals, in the histological
study, transplanted cells were found only in 3 animals from the whole experimental group.
Probably, this phenomenon can be explained by partial or sometimes total removal of the
transplanted cells from the cerebral vessels during transcardial perfusion necessary for the
brain tissue fixation. However, many double labeled cells were visualized in the lungs (see
Figure 5D), and the Dragon green label was found in the liver (Figure 5E) and kidneys
(Figure 5F).
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Figure 4. Diagrams of dynamical distribution of MSCs in the rat brain with experimental stroke
within 1 h after intravenous transplantation. (A) The four rat brain regions where the distribution of
MSCs was evaluated are marked on a T2 WI: 1—infarct core; 2—peri-infarct zone; 3—contralateral
hemisphere; 4—brainstem. (B) The diagrams represent the percentage of animals in which single
hypointense spots were visualized by SWI in different zones of the brain at the following time points:
7, 14, 29, 58 min. The colors on the diagram correspond to the colors of the borders of the four marked
brain regions: infarct core, peri-infarct zone, contralateral hemisphere, and brainstem.
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Figure 5. MRI and histological images of the rat brain with experimental ischemic stroke 1 h after
intravenous transplantation of MSCs. (A) T2 WI: the hyperintense area corresponds to the ischemic
lesion. (B) SWI: the SPIO-labeled MSCs are detected as single hypointense spots. (C–F) Confocal
fluorescence images. SPIO/Dragon green labels are marked with white arrows. (C) Enlarged image
of the area delineated as a rectangle on (B). A MSC double labeled with the membrane lipophilic
dye PKH26 (orange) and the SPIO/Dragon green microparticles distributed in the cytoplasm (green)
is clearly visualized. The nuclei were stained with DAPI (blue). Scale bar: 10 µm. (D) A group of
double labeled MSCs detected in the lung tissue. Scale bar: 50 µm. (E) SPIO/Dragon green labels are
detected in the liver. Scale bar: 100 µm. (F) SPIO/Dragon green labels visualized in the kidney. Scale
bar: 50 µm.
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In our study, MSCs remained in the brain vessels not more than 24 h after intravenous
transplantation. At 24 h, labeled cells were no longer detected in the brain, according to the
results of both MR and histological examination. Data shown in Figure 6.
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Figure 6. MR images of the rat brain before, 1 and 24 h after cell transplantation. On the SWI
pictures of the brain taken at the same level, SPIO-labeled MSCs are clearly seen at 1 h after cell
administration (area marked with solid red arrow) and no longer detected at 24 h (area marked with
empty red arrow).

3.2. Evaluation of the Therapeutic Effects of MSCs after Intravenous Transplantation in
Experimental Ischemic Stroke

The assessment of neurological deficits of rats with stroke modeling was performed
using mNSS right before IV injection of cells or saline (in control group) and on the 7th
and 14th day post-administration. The dynamics of changes of the neurological status
within 14 days in rats from MSCs group differed significantly from that of the control group.
In the cell therapy group, the mNSS score was significantly lower already 7 days after
transplantation. Moreover, the pairwise comparisons between group at day 7 and 14 have
also shown that mNSS score was significantly lower in the group with cell therapy. The
results are shown in Figure 7.
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Figure 7. The dynamics of changes of the neurological deficit in experimental groups. Neurological
deficit was assessed using the mNSS before and on the 7th and 14th day after the IV injection of
MSCs (solid line) and saline (dotted line). The dynamics of changes of the normalized mNSS in the
cell therapy group differ significantly from that of the control group.
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The stroke volume was measured based on the MRI data (hyperintense zones on
T2 WI) at days 1, 7, and 14 of the observation period. No significant differences in the
dynamics of stroke volume reduction between the MSCs group and the control group were
revealed. Results are shown in Figure 8.
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Figure 8. The dynamics of changes of stroke volume in experimental groups. The volume of the
infarct zone was estimated using MRI performed before and on the 7th and 14th days after IV injection
of MSCs or saline. No significant differences in the dynamics of stroke volume changes between the
two groups were observed.

4. Discussion

The present study was dedicated mainly to the dynamic MR visualization of the
intravenously transplanted SPIO labeled MSCs in the ischemic rat brain. We aimed to
estimate cell distribution both during the infusion time and the subsequent passage through
the systemic and pulmonary circulation within an hour. The achievement of this goal has
become possible due to the recent development of dynamical MRI for stem cell tracing.
The first attempts to visualize the distribution of stem cells in dynamics at early time points
after transplantation were made in 2012 [49]. The authors infused glial precursor cells intra-
arterially in rats with modeled global brain inflammation and subsequently performed T2*
WI 1, 10, 20, and 30 min after cell injection. The application of this technology allowed the
researchers to monitor glial precursor cells at the described time intervals and to obtain quite
new data about their homing to inflamed endothelium. The next step towards more precise
stem cell imaging in dynamic right at the moment of cell infusion was made by Walczak
et al. [24,50], who proposed cell transplantation directly inside the MR scanner and to obtain
high speed T2* WI with 2 s temporal resolution simultaneously with cell administration.
It has been shown that such parameters (fast MRI protocols) enabled visualization of
cell homing in dynamic and confirmed the possibility of immediate intervention in the
case of undesired cell distribution. Recently, we also reported the dynamic MRI of the
intra-arterially transplanted neural precursor and mesenchymal stem cells using the T2*
gradient echo pulse sequence with time resolution of 60 s in order to achieve better image
quality of the cells necessary for the accurate cell tracking [51]. This approach allowed
us to demonstrate the pattern of dynamical distribution and subsequent homing of intra-
arterially transplanted stem/progenitor cells in the rat brain after experimental stroke
modeling. The use of the described MR protocol with high temporal resolution and
relatively low spatial resolution was optimal for the dynamical detection of the SPIO-
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labeled cells after IA transplantation, since in this case, high numbers of stem cells were
delivered directly to the brain arteries.

The detection of MSCs after IV injection requires more sensitive protocols due to the
much lower inflow of transplanted cells in the brain in comparison with IA cell administra-
tion [19]. For this reason, in the current study, we performed high resolution SWI with an
increase of time scanning up to 7 min instead of fast T2* WI. It is important to note that
for inhalation, anesthesia isoflurane was mixed with pure oxygen. This technical feature
improved the visualization of SPIO-labeled cells due to the reduction of the MR signal from
the cerebral veins. This protocol enabled us to perform accurate detection of small groups
of cells and even single cells passing through the brain vessels. According to the available
literature, the dynamic MRI distribution of intravenously transplanted stem cells has not
been described previously, however a similar approach was successfully performed for trac-
ing of immune cells during IV administration. Masthoff et al. [62] showed that application
of dynamical (also called time-lapse) MRI with high resolution T2* WI and prolonged scan
time up to 8 min allowed to observe dynamical distribution of SPIO labeled monocytes at a
single-cell level. Moreover, the same research group showed that the use of dynamical MRI
provided not only single cell detection, but also the monitoring of their circulation in the
brain after IV injection [63]. In the present study, the use of the high-resolution dynamic
MRI also allowed us to detect single MSCs in the brain and to reveal the pattern of cells’
distribution after intravenous transplantation.

The obtained results have shown the time-dependent accumulation of the intra-
venously injected SPIO-labeled MSCs. The maximum accumulation of cells was observed
29 min after the injection. According to the MRI and histological data, MSCs were detected
in small numbers, but in all brain regions. After 1 h, the number of cells started to decrease
in the contralateral (to the ischemic lesion) hemisphere and in the brainstem, but not in
the infarct core and the peri-infarct zone. These findings are in line with the well known
data about the ability of MSCs to amass and home to the injured areas [6,64,65]. Despite
the extensive investigations of the MSCs’ mechanisms of homing and migration in vitro
(reviewed by [5,10]), these processes in vivo are not fully understood yet. The previous
studies also demonstrated that after the completed IV transplantation, cells were visualized
in the brain in very small numbers or were not detected at all [19,53]. It is believed to be
partly due to the initial trapping of transplanted cells in the lungs [66].

In the current study, we relied on the dynamical MRI and focused on the evaluation of
the pattern of MSCs’ distribution in the brain only. For the investigation of the biodistribu-
tion of stem cells in the whole body, other methods of the in vivo cell detection, such as
bioluminescence, radionuclide techniques, or PCR with the following histological confirma-
tion, are more accurate and preferable. Many studies using these methods and devoted to
this issue have been performed (extensively reviewed in [19,53,67]). All conducted studies
have demonstrated that after IV transplantation, the vast majority of MSCs were retained
in the lungs and could be detected in limited numbers in liver, spleen, kidney, and other
organs [68–70]. Some authors supposed that the differences between the diameters of
MSCs and lung capillaries, and the adhesion abilities of MSCs are the most likely reasons
of the pulmonary cell trapping [71]. In the current work, we additionally performed the
histological examination of lungs and other parenchymal organs 1 h after cell infusion. We
found a great number of double labeled MSCs in the lungs, which is in full accordance
with the previous studies [66,68–70,72]. However, in other organs only SPIO/Dragon green
microparticles were visualized. This phenomenon requires further investigation. At the
moment, we hypothesize that MSCs may be destroyed and/or phagocytized by other cells.
Interestingly, recent findings indicate that positive therapeutic effects of MSCs may be
mediated by phagocyting of transplanted cells by monocytes in the lungs and following
redistribution of these monocytes with changed immunophenotype to other organs [73].

In our study, we did not observe long-term engraftment of human MSCs in the rat
brain. After 24 h, no transplanted cells were detected in the cerebral vessels. Despite the
short-term engraftment, we showed the prolonged improvement of neurological deficit
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of experimental animals during the observation period (14 days). Obtained results are
in full accordance with the extensive literature data, which also demonstrated significant
improvement of neurological impairment after IV MSCs administration in case of experi-
mental stroke [6,26,74,75]. In the present study, we qualitatively assessed the presence or
absence of the transplanted MSCs in the different brain regions in dynamics. However, the
quantitative assessment of the exact number of transplanted cells and its correlation with
neuro-logical deficit could be the promising direction for future research. For this purpose,
the use of bioluminescence or radionuclide techniques seems to be more preferable and
may provide new data about MSCs’ mechanisms of action.

In the current study, we did not see any impact of the IV MSC administration on
the rate of the reduction of stroke volume. The literature data about the effects of MSCs
transplantation on the infarct volume vary greatly. Some researchers reported prominent
reduction of the ischemic lesion volume after MSCs transplantation [76–79]. At the same
time, in many studies, the authors did not observe the significant decrease of ischemic zone
size in animals with MSCs therapy comparing to the control group [51,80,81]. Interestingly,
Zhang et al. have demonstrated that MSCs had no impact of stroke volume changes
regardless of the route of administration [82]. The reasons for such controversial data are
not clear, however it is obvious that post-stroke recovery involves not only the reduction of
infarct volume.

Taken together, the revealed short-term engraftment of MSCs in the brain together
with their prolonged therapeutic efficacy may indicate that transplanted cells mediate their
positive action by paracrine mechanisms, as well as possibly through cell–cell interactions
and trigger mechanisms exerted in the brain vessels. However, the exact mechanism
requires further investigations.

5. Conclusions

Visualization of the intravenously transplanted MSCs in the rat brain requires high
sensitivity of the detection method due to the low numbers of cells reaching the brain
vessels. The SWI-based MRI protocol in combination with isoflurane/oxygen anesthesia
allows the visualization of MSCs labeled with the iron oxide nanoparticles in the rat brain
with the 7 min 15 s temporal resolution. The increasing accumulation of stem cells was
observed during the first 28 min in the infarct and the peri-infarct zones, contralateral
hemisphere, and brainstem and was followed by the decrease of their numbers at 1 h post
injection and later. Transplanted cells were transiently homed in the brain vessel up to
1 day. This study shows that the SWI-based MRI protocol can be a powerful tool in the
evaluation of stem cell distribution and homing after intravenous administration and can
be successfully applied in the personalized cell therapy translational studies.

Author Contributions: Conceptualization, E.A.C., D.D.N. and I.L.G.; methodology, E.A.C., D.D.N.
and I.L.G.; software, I.L.G.; validation, E.A.C., I.L.G. and D.D.N.; formal analysis, E.A.C., D.D.N. and
I.L.G.; investigation, E.A.C., D.D.N., I.L.G., V.A.R., K.K.S., P.A.M. and G.D.S.; resources, V.P.C. and
K.N.Y.; data curation, E.A.C., D.D.N. and I.L.G.; writing—original draft preparation E.A.C., D.D.N.,
I.L.G., V.A.R. and K.K.S.; writing—review and editing, E.A.C., D.D.N., I.L.G., M.A.A. and K.N.Y.;
visualization, I.L.G., K.K.S., P.A.M. and L.V.G.; supervision, M.A.A., V.P.C., L.V.G. and K.N.Y.; project
administration, D.D.N., M.A.A. and K.N.Y.; funding acquisition, V.P.C. and K.N.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the grant of the Ministry of Science and Higher
Education of the Russian Federation No 075-15-2020-792 (Unique identifier RF–190220X0031).

Institutional Review Board Statement: The human biological material (placenta after normal deliv-
ery at 40 weeks of gestation) was obtained from the Perinatal Center of Kama Children’s Medical
Center (KCMC) of Naberezhnye Chelny after getting informed consent from a donor. The ani-
mal studies were conducted according to the guidelines of the Declaration of Helsinki, directive
2010/63/EU on the protection of animals used for scientific purposes of the European Parliament
and the Council of European Union dated 22 September 2010 and approved by the Pirogov Russian
National Research Medical University Animal Care and Use Commission (protocol code No 24/2021



Life 2023, 13, 288 14 of 17

from 10 December 2021). All work involving animals was carried out and reported according to
ARRIVE guidelines.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented and analyzed in this study can be available from
the corresponding author upon reasonable request.

Acknowledgments: The research was performed using equipment at the “Biomedical Nanobiotech-
nologies” core facility of the Pirogov Russian National Research Medical University of the Ministry
of Healthcare of Russian Federation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nguyen, H.; Zarriello, S.; Coats, A.; Nelson, C.; Kingsbury, C.; Gorsky, A.; Rajani, M.; Neal, E.G.; Borlongan, C.V. Stem cell

therapy for neurological disorders: A focus on aging. Neurobiol. Dis. 2019, 126, 85–104. [CrossRef] [PubMed]
2. Rahman, M.M.; Islam, M.R.; Islam, M.T.; Harun-Or-rashid, M.; Islam, M.; Abdullah, S.; Uddin, M.B.; Das, S.; Rahaman, M.S.;

Ahmed, M.; et al. Stem Cell Transplantation Therapy and Neurological Disorders: Current Status and Future Perspectives. Biology
2022, 11, 147. [CrossRef] [PubMed]

3. Liu, D.; Bobrovskaya, L.; Zhou, X.F. Cell therapy for neurological disorders: The perspective of promising cells. Biology 2021,
10, 1142. [CrossRef] [PubMed]

4. Rodríguez-Fuentes, D.E.; Fernández-Garza, L.E.; Samia-Meza, J.A.; Barrera-Barrera, S.A.; Caplan, A.I.; Barrera-Saldaña, H.A.
Mesenchymal Stem Cells Current Clinical Applications: A Systematic Review. Arch. Med. Res. 2021, 52, 93–101. [CrossRef]
[PubMed]

5. Andrzejewska, A.; Dabrowska, S.; Lukomska, B.; Janowski, M. Mesenchymal Stem Cells for Neurological Disorders. Adv. Sci.
2021, 8, 2002944. [CrossRef]

6. Li, W.; Shi, L.; Hu, B.; Hong, Y.; Zhang, H.; Li, X.; Zhang, Y. Mesenchymal Stem Cell-Based Therapy for Stroke: Current
Understanding and Challenges. Front. Cell. Neurosci. 2021, 15, 1–12. [CrossRef]

7. Berlet, R.; Anthony, S.; Brooks, B.; Wang, Z.J.; Sadanandan, N.; Shear, A.; Cozene, B.; Gonzales-Portillo, B.; Parsons, B.; Salazar,
F.E.; et al. Combination of stem cells and rehabilitation therapies for ischemic stroke. Biomolecules 2021, 11, 1316. [CrossRef]

8. Lee, S.; Kim, O.J.; Lee, K.O.; Jung, H.; Oh, S.H.; Kim, N.K. Enhancing the therapeutic potential of ccl2- overexpressing mesenchy-
mal stem cells in acute stroke. Int. J. Mol. Sci. 2020, 21, 7795. [CrossRef]

9. Shahror, R.A.; Wu, C.C.; Chiang, Y.H.; Chen, K.Y. Genetically modified mesenchymal stem cells: The next generation of stem
cell-based therapy for TBI. Int. J. Mol. Sci. 2020, 21, 4051. [CrossRef]

10. Yarygin, K.N.; Namestnikova, D.D.; Sukhinich, K.K.; Gubskiy, I.L.; Majouga, A.G.; Kholodenko, I. V Cell therapy of stroke: Do
the intra-arterially transplanted mesenchymal stem cells cross the blood–brain barrier? Cells 2021, 10, 2997. [CrossRef]

11. Borlongan, C.V. Concise Review: Stem Cell Therapy for Stroke Patients: Are We There Yet? Stem Cells Transl. Med. 2019, 8,
983–988. [CrossRef]

12. Lalu, M.M.; Montroy, J.; Dowlatshahi, D.; Hutton, B.; Juneau, P.; Wesch, N.; Zhang, S.Y.; McGinn, R.; Corbett, D.; Stewart, D.J.;
et al. From the Lab to Patients: A Systematic Review and Meta-Analysis of Mesenchymal Stem Cell Therapy for Stroke. Transl.
Stroke Res. 2020, 11, 345–364. [CrossRef]

13. Andrzejewska, A.; Lukomska, B.; Janowski, M. Concise Review: Mesenchymal Stem Cells: From Roots to Boost. Stem Cells 2019,
37, 855–864. [CrossRef]

14. Babenko, V.A.; Silachev, D.N.; Popkov, V.A.; Zorova, L.D.; Pevzner, I.B.; Plotnikov, E.Y.; Sukhikh, G.T.; Zorov, D.B. Miro1 enhances
mitochondria transfer from multipotent mesenchymal stem cells (MMSC) to neural cells and improves the efficacy of cell recovery.
Molecules 2018, 23, 687. [CrossRef]

15. Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs): Mechanisms of action of living, apoptotic,
and dead MSCs. Front. Immunol. 2019, 10, 1191. [CrossRef]

16. Song, N.; Scholtemeijer, M.; Shah, K. Mesenchymal Stem Cell Immunomodulation: Mechanisms and Therapeutic Potential. Trends
Pharmacol. Sci. 2020, 41, 653–664. [CrossRef]

17. Fan, X.-L.L.; Zhang, Y.; Li, X.; Fu, Q.-L.L. Mechanisms underlying the protective effects of mesenchymal stem cell-based therapy.
Cell. Mol. Life Sci. 2020, 77, 2771–2794. [CrossRef]

18. Mousaei Ghasroldasht, M.; Seok, J.; Park, H.S.; Liakath Ali, F.B.; Al-Hendy, A. Stem Cell Therapy: From Idea to Clinical Practice.
Int. J. Mol. Sci. 2022, 23, 2850. [CrossRef]

19. Sanchez-Diaz, M.; Quiñones-Vico, M.I.; de la Torre, R.S.; Montero-Vílchez, T.; Sierra-Sánchez, A.; Molina-Leyva, A.; Arias-
Santiago, S. Biodistribution of mesenchymal stromal cells after administration in animal models and humans: A systematic
review. J. Clin. Med. 2021, 10, 2925. [CrossRef]

20. Boltze, J.; Arnold, A.; Walczak, P.; Jolkkonen, J.; Cui, L.; Wagner, D.-C. The dark side of the force—Constraints and complications
of cell therapies for stroke. Front. Neurol. 2015, 6, 155. [CrossRef]

http://doi.org/10.1016/j.nbd.2018.09.011
http://www.ncbi.nlm.nih.gov/pubmed/30219376
http://doi.org/10.3390/biology11010147
http://www.ncbi.nlm.nih.gov/pubmed/35053145
http://doi.org/10.3390/biology10111142
http://www.ncbi.nlm.nih.gov/pubmed/34827135
http://doi.org/10.1016/j.arcmed.2020.08.006
http://www.ncbi.nlm.nih.gov/pubmed/32977984
http://doi.org/10.1002/advs.202002944
http://doi.org/10.3389/fncel.2021.628940
http://doi.org/10.3390/biom11091316
http://doi.org/10.3390/ijms21207795
http://doi.org/10.3390/ijms21114051
http://doi.org/10.3390/cells10112997
http://doi.org/10.1002/sctm.19-0076
http://doi.org/10.1007/s12975-019-00736-5
http://doi.org/10.1002/stem.3016
http://doi.org/10.3390/molecules23030687
http://doi.org/10.3389/fimmu.2019.01191
http://doi.org/10.1016/j.tips.2020.06.009
http://doi.org/10.1007/s00018-020-03454-6
http://doi.org/10.3390/ijms23052850
http://doi.org/10.3390/jcm10132925
http://doi.org/10.3389/fneur.2015.00155


Life 2023, 13, 288 15 of 17

21. Gubskiy, I.L.; Namestnikova, D.D.; Revkova, V.A.; Cherkashova, E.A.; Sukhinich, K.K.; Beregov, M.M.; Melnikov, P.A.; Abakumov,
M.A.; Chekhonin, V.P.; Gubsky, L.V.; et al. The Impact of Cerebral Perfusion on Mesenchymal Stem Cells Distribution after
Intra-Arterial Transplantation: A Quantitative MR Study. Biomedicines 2022, 10, 353. [CrossRef] [PubMed]

22. Vasconcelos-dos-Santos, A.; Rosado-de-Castro, P.H.; Lopes de Souza, S.A.; Da Costa Silva, J.; Ramos, A.B.; Rodriguez de Freitas,
G.; Barbosa da Fonseca, L.M.; Gutfilen, B.; Mendez-Otero, R. Intravenous and intra-arterial administration of bone marrow
mononuclear cells after focal cerebral ischemia: Is there a difference in biodistribution and efficacy? Stem Cell Res. 2012, 9, 1–8.
[CrossRef]

23. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.; Demaerschalk,
B.M.; Hoh, B.; et al. Guidelines for the early management of patients with acute ischemic stroke: 2019 update to the 2018
guidelines for the early management of acute ischemic stroke a guideline for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 2019, 50, E344–E418. [PubMed]

24. Guzman, R.; Janowski, M.; Walczak, P. Intra-arterial delivery of cell therapies for stroke. Stroke 2018, 49, 1075–1082. [CrossRef]
[PubMed]

25. Rascón-Ramírez, F.J.; Esteban-García, N.; Barcia, J.A.; Trondin, A.; Nombela, C.; Sánchez-Sánchez-Rojas, L. Are We Ready for Cell
Therapy to Treat Stroke? Front. Cell Dev. Biol. 2021, 9, 621645. [CrossRef]

26. Chung, J.W.; Chang, W.H.; Bang, O.Y.; Moon, G.J.; Kim, S.J.; Kim, S.K.; Lee, J.S.; Sohn, S.I.; Kim, Y.H. Efficacy and Safety of
Intravenous Mesenchymal Stem Cells for Ischemic Stroke. Neurology 2021, 96, e1012–e1023. [CrossRef]

27. Gautam, J.; Alaref, A.; Hassan, A.; Sharma Kandel, R.; Mishra, R.; Jahan, N. Safety and Efficacy of Stem Cell Therapy in Patients
With Ischemic Stroke. Cureus 2020, 12, e9917. [CrossRef]

28. Li, J.; Zhang, Q.; Wang, W.; Lin, F.; Wang, S.; Zhao, J. Mesenchymal stem cell therapy for ischemic stroke: A look into treatment
mechanism and therapeutic potential. J. Neurol. 2021, 268, 4095–4107. [CrossRef]

29. Von der Haar, K.; Lavrentieva, A.; Stahl, F.; Scheper, T.; Blume, C. Lost signature: Progress and failures in in vivo tracking of
implanted stem cells. Appl. Microbiol. Biotechnol. 2015, 99, 9907–9922. [CrossRef]

30. Yang, X.; Tian, D.C.; He, W.; Lv, W.; Fan, J.; Li, H.; Jin, W.N.; Meng, X. Cellular and molecular imaging for stem cell tracking in
neurological diseases. Stroke Vasc. Neurol. 2021, 6, 121–127. [CrossRef]

31. Bulte, J.W.M.; Daldrup-Link, H.E. Clinical tracking of cell transfer and cell transplantation: Tu. Radiology 2018, 289, 604–615.
[CrossRef]

32. Yahyapour, R.; Farhood, B.; Graily, G.; Rezaeyan, A.; Rezapoor, S.; Abdollahi, H.; Cheki, M.; Amini, P.; Fallah, H.; Najafi, M.; et al.
Stem Cell Tracing Through MR Molecular Imaging. Tissue Eng. Regen. Med. 2018, 15, 249–261. [CrossRef]

33. Geng, K.; Yang, Z.X.; Huang, D.; Yi, M.; Jia, Y.; Yan, G.; Cheng, X.; Wu, R. Tracking of mesenchymal stem cells labeled with
gadolinium diethylenetriamine pentaacetic acid by 7T magnetic resonance imaging in a model of cerebral ischemia. Mol. Med.
Rep. 2015, 11, 954–960. [CrossRef]

34. Xu, C.; Mu, L.; Roes, I.; Miranda-Nieves, D.; Nahrendorf, M.; Ankrum, J.A.; Zhao, W.; Karp, J.M. Nanoparticle-based monitoring
of cell therapy. Nanotechnology 2011, 22, 494001. [CrossRef]

35. Accomasso, L.; Gallina, C.; Turinetto, V.; Giachino, C. Stem cell tracking with nanoparticles for regenerative medicine purposes:
An overview. Stem Cells Int. 2016, 2016, 7920358. [CrossRef]

36. Ishibashi, H.; Hirao, K.; Yamaguchi, J.; Nabekura, J. Inhibition of chloride outward transport by gadolinium in cultured rat spinal
cord neurons. Neurotoxicology 2009, 30, 155–159. [CrossRef]

37. Ngen, E.J.; Wang, L.; Kato, Y.; Krishnamachary, B.; Zhu, W.; Gandhi, N.; Smith, B.; Armour, M.; Wong, J.; Gabrielson, K.; et al.
Imaging transplanted stem cells in real time using an MRI dual-contrast method. Sci. Rep. 2015, 5, 13628. [CrossRef]

38. Bull, E.; Madani, S.Y.; Sheth, R.; Seifalian, A.; Green, M.; Seifalian, A.M. Stem cell tracking using iron oxide nanoparticles. Int. J.
Nanomed. 2014, 9, 1641–1653. [CrossRef]

39. Song, B.W. In Vivo Assessment of Stem Cells for Treating Neurodegenerative Disease: Current Approaches and Future Prospects.
Stem Cells Int. 2017, 2017, 9751583. [CrossRef]

40. Wei, H.; Hu, Y.; Wang, J.; Gao, X.; Qian, X.; Tang, M. Superparamagnetic iron oxide nanoparticles: Cytotoxicity, metabolism, and
cellular behavior in biomedicine applications. Int. J. Nanomed. 2021, 16, 6097–6113. [CrossRef]

41. Wang, Y.-X.J.; Xuan, S.; Port, M.; Idee, J.-M. Recent advances in superparamagnetic iron oxide nanoparticles for cellular imaging
and targeted therapy research. Curr. Pharm. Des. 2013, 19, 6575–6593. [CrossRef] [PubMed]

42. Andrzejewska, A.; Jablonska, A.; Seta, M.; Dabrowska, S.; Walczak, P.; Janowski, M.; Lukomska, B. Labeling of human
mesenchymal stem cells with different classes of vital stains: Robustness and toxicity. Stem Cell Res. Ther. 2019, 10, 187. [CrossRef]
[PubMed]

43. Haacke, E.M.; Xu, Y.; Cheng, Y.-C.N.; Reichenbach, J.R. Susceptibility weighted imaging (SWI). Magn. Reson. Med. 2004, 52,
612–618. [CrossRef] [PubMed]

44. Namestnikova, D.; Gubskiy, I.; Kholodenko, I.; Melnikov, P.; Sukhinich, K.; Gabashvili, A.; Vishnevskiy, D.; Soloveva, A.;
Abakumov, M.; Vakhrushev, I.; et al. Methodological aspects of MRI of transplanted superparamagnetic iron oxide-labeled
mesenchymal stem cells in live rat brain. PLoS ONE 2017, 12, e0186717. [CrossRef] [PubMed]

45. De Schellenberger, A.A.; Kratz, H.; Farr, T.D.; Löwa, N.; Hauptmann, R.; Wagner, S.; Taupitz, M.; Schnorr, J.; Schellenberger, E.A.
Labeling of mesenchymal stem cells for MRI with single-cell sensitivity. Int. J. Nanomed. 2016, 11, 1517–1535. [CrossRef]

http://doi.org/10.3390/biomedicines10020353
http://www.ncbi.nlm.nih.gov/pubmed/35203560
http://doi.org/10.1016/j.scr.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31662037
http://doi.org/10.1161/STROKEAHA.117.018288
http://www.ncbi.nlm.nih.gov/pubmed/29669876
http://doi.org/10.3389/fcell.2021.621645
http://doi.org/10.1212/WNL.0000000000011440
http://doi.org/10.7759/cureus.9917
http://doi.org/10.1007/s00415-020-10138-5
http://doi.org/10.1007/s00253-015-6965-7
http://doi.org/10.1136/svn-2020-000408
http://doi.org/10.1148/radiol.2018180449
http://doi.org/10.1007/s13770-017-0112-8
http://doi.org/10.3892/mmr.2014.2805
http://doi.org/10.1088/0957-4484/22/49/494001
http://doi.org/10.1155/2016/7920358
http://doi.org/10.1016/j.neuro.2008.10.003
http://doi.org/10.1038/srep13628
http://doi.org/10.2147/IJN.S48979
http://doi.org/10.1155/2017/9751583
http://doi.org/10.2147/IJN.S321984
http://doi.org/10.2174/1381612811319370003
http://www.ncbi.nlm.nih.gov/pubmed/23621536
http://doi.org/10.1186/s13287-019-1296-8
http://www.ncbi.nlm.nih.gov/pubmed/31238982
http://doi.org/10.1002/mrm.20198
http://www.ncbi.nlm.nih.gov/pubmed/15334582
http://doi.org/10.1371/journal.pone.0186717
http://www.ncbi.nlm.nih.gov/pubmed/29049361
http://doi.org/10.2147/IJN.S101141


Life 2023, 13, 288 16 of 17

46. Dodd, S.J.; Williams, M.; Suhan, J.P.; Williams, D.S.; Koretsky, A.P.; Ho, C. Detection of single mammalian cells by high-resolution
magnetic resonance imaging. Biophys. J. 1999, 76, 103–109. [CrossRef]

47. Shapiro, E.M.; Sharer, K.; Skrtic, S.; Koretsky, A.P. In vivo detection of single cells by MRI. Magn. Reson. Med. 2006, 55, 242–249.
[CrossRef]

48. Heyn, C.; Ronald, J.A.; Mackenzie, L.T.; MacDonald, I.C.; Chambers, A.F.; Rutt, B.K.; Foster, P.J. In vivo magnetic resonance
imaging of single cells in mouse brain with optical validation. Magn. Reson. Med. 2006, 55, 23–29. [CrossRef]

49. Gorelik, M.; Orukari, I.; Wang, J.; Galpoththawela, S.; Kim, H.; Levy, M.; Gilad, A.A.; Bar-Shir, A.; Kerr, D.A.; Levchenko, A.; et al.
Use of MR cell tracking to evaluate targeting of glial precursor cells to inflammatory tissue by exploiting the very late antigen-4
docking receptor. Radiology 2012, 265, 175–185. [CrossRef]

50. Walczak, P.; Wojtkiewicz, J.; Nowakowski, A.; Habich, A.; Holak, P.; Xu, J.; Adamiak, Z.; Chehade, M.; Pearl, M.S.; Gailloud, P.;
et al. Real-time MRI for precise and predictable intra-arterial stem cell delivery to the central nervous system. J. Cereb. Blood Flow
Metab. 2017, 37, 2346–2358. [CrossRef]

51. Namestnikova, D.D.; Gubskiy, I.L.; Revkova, V.A.; Sukhinich, K.K.; Melnikov, P.A.; Gabashvili, A.N.; Cherkashova, E.A.;
Vishnevskiy, D.A.; Kurilo, V.V.; Burunova, V.V.; et al. Intra-Arterial Stem Cell Transplantation in Experimental Stroke in Rats:
Real-Time MR Visualization of Transplanted Cells Starting With Their First Pass Through the Brain With Regard to the Therapeutic
Action. Front. Neurosci. 2021, 15, 179. [CrossRef]

52. Jolkkonen, J.; Walczak, P. Cell-Based Therapies in Stroke; Springer: Wien, Austria, 2013; ISBN 9783709111758.
53. Kurtz, A. Mesenchymal stem cell delivery routes and fate. Int. J. Stem Cells 2008, 1, 1–7. [CrossRef]
54. Scarfe, L.; Taylor, A.; Sharkey, J.; Harwood, R.; Barrow, M.; Comenge, J.; Beeken, L.; Astley, C.; Santeramo, I.; Hutchinson, C.; et al.

Non-invasive imaging reveals conditions that impact distribution and persistence of cells after in vivo administration. Stem Cell
Res. Ther. 2018, 9, 332. [CrossRef]

55. Raghava, N.; Das, B.C.; Ray, S.K. Neuroprotective effects of estrogen in CNS injuries: Insights from animal models. Neurosci.
Neuroeconomics 2017, 6, 15–29. [CrossRef]

56. Burunova, V.V.; Gisina, A.M.; Kholodenko, I.V.; Lupatov, A.Y.; Shragina, O.A.; Yarygin, K.N. Standardization of biochemical
profile of mesenchymal cell materials by probing the level of dehydrogenase activity. Bull. Exp. Biol. Med. 2010, 149, 497–501.
[CrossRef]

57. Gubskiy, I.L.; Namestnikova, D.D.; Cherkashova, E.A.; Chekhonin, V.P.; Baklaushev, V.P.; Gubsky, L.V.; Yarygin, K.N. MRI
Guiding of the Middle Cerebral Artery Occlusion in Rats Aimed to Improve Stroke Modeling. Transl. Stroke Res. 2018, 9, 417–425.
[CrossRef]

58. Schaar, K.L.; Brenneman, M.M.; Savitz, S.I. Functional assessments in the rodent stroke model. Exp. Transl. Stroke Med. 2010, 2, 13.
[CrossRef]

59. Salikhova, D.; Bukharova, T.; Cherkashova, E.; Namestnikova, D.; Leonov, G.; Nikitina, M.; Gubskiy, I.; Akopyan, G.; Elchaninov,
A.; Midiber, K.; et al. Therapeutic effects of hipsc-derived glial and neuronal progenitor cells-conditioned medium in experimental
ischemic stroke in rats. Int. J. Mol. Sci. 2021, 22, 4694. [CrossRef]

60. Skalski, K.A.; Kessler, A.T.; Bhatt, A.A. Hemorrhagic and non-hemorrhagic causes of signal loss on susceptibility-weighted
imaging. Emerg. Radiol. 2018, 25, 691–701. [CrossRef]

61. Bren, K.L.; Eisenberg, R.; Gray, H.B. Discovery of the magnetic behavior of hemoglobin: A beginning of bioinorganic chemistry.
Proc. Natl. Acad. Sci. USA 2015, 112, 13123–13127. [CrossRef]

62. Masthoff, M.; Gran, S.; Zhang, X.; Wachsmuth, L.; Bietenbeck, M.; Helfen, A.; Heindel, W.; Sorokin, L.; Roth, J.; Eisenblätter, M.;
et al. Temporal window for detection of inflammatory disease using dynamic cell tracking with time-lapse MRI. Sci. Rep. 2018,
8, 9563. [CrossRef] [PubMed]

63. Masthoff, M.; Freppon, F.N.; Zondler, L.; Wilken, E.; Wachsmuth, L.; Niemann, S.; Schwarz, C.; Fredrich, I.; Havlas, A.; Block, H.;
et al. Resolving immune cells with patrolling behaviour by magnetic resonance time-lapse single cell tracking. eBioMedicine 2021,
73, 103670. [CrossRef]

64. Wang, Z.; Wang, Y.; Wang, Z.; Gutkind, J.S.; Wang, Z.; Wang, F.; Lu, J.; Niu, G.; Teng, G.; Chen, X. Engineered mesenchymal stem
cells with enhanced tropism and paracrine secretion of cytokines and growth factors to treat traumatic brain injury. Stem Cells
2015, 33, 456–467. [CrossRef] [PubMed]

65. Satake, K.; Lou, J.; Lenke, L.G. Migration of mesenchymal stem cells through cerebrospinal fluid into injured spinal cord tissue.
Spine 2004, 29, 1971–1979. [CrossRef] [PubMed]

66. Fischer, U.M.; Harting, M.T.; Jimenez, F.; Monzon-Posadas, W.O.; Xue, H.; Savitz, S.I.; Laine, G.A.; Cox, C.S. Pulmonary passage is
a major obstacle for intravenous stem cell delivery: The pulmonary first-pass effect. Stem Cells Dev. 2009, 18, 683–691. [CrossRef]
[PubMed]

67. Chan, A.M.L.; Sampasivam, Y.; Lokanathan, Y. Biodistribution of mesenchymal stem cells (MSCs) in animal models and implied
role of exosomes following systemic delivery of MSCs: A systematic review. Am. J. Transl. Res. 2022, 14, 2147.

68. Yang, L.; Qian, J.; Yang, B.; He, Q.; Wang, J.; Weng, Q. Challenges and Improvements of Novel Therapies for Ischemic Stroke.
Front. Pharmacol. 2021, 12, 1–14. [CrossRef]

69. Brooks, B.; Ebedes, D.; Usmani, A.; Gonzales-Portillo, J.V.; Gonzales-Portillo, D.; Borlongan, C.V. Mesenchymal Stromal Cells in
Ischemic Brain Injury. Cells 2022, 11, 1013. [CrossRef]

http://doi.org/10.1016/S0006-3495(99)77182-1
http://doi.org/10.1002/mrm.20718
http://doi.org/10.1002/mrm.20747
http://doi.org/10.1148/radiol.12112212
http://doi.org/10.1177/0271678X16665853
http://doi.org/10.3389/fnins.2021.641970
http://doi.org/10.15283/ijsc.2008.1.1.1
http://doi.org/10.1186/s13287-018-1076-x
http://doi.org/10.2147/NAN.S105134
http://doi.org/10.1007/s10517-010-0978-0
http://doi.org/10.1007/s12975-017-0590-y
http://doi.org/10.1186/2040-7378-2-13
http://doi.org/10.3390/ijms22094694
http://doi.org/10.1007/s10140-018-1634-7
http://doi.org/10.1073/pnas.1515704112
http://doi.org/10.1038/s41598-018-27879-z
http://www.ncbi.nlm.nih.gov/pubmed/29934611
http://doi.org/10.1016/j.ebiom.2021.103670
http://doi.org/10.1002/stem.1878
http://www.ncbi.nlm.nih.gov/pubmed/25346537
http://doi.org/10.1097/01.brs.0000138273.02820.0a
http://www.ncbi.nlm.nih.gov/pubmed/15371697
http://doi.org/10.1089/scd.2008.0253
http://www.ncbi.nlm.nih.gov/pubmed/19099374
http://doi.org/10.3389/fphar.2021.721156
http://doi.org/10.3390/cells11061013


Life 2023, 13, 288 17 of 17

70. Schrepfer, S.; Deuse, T.; Reichenspurner, H.; Fischbein, M.P.; Robbins, R.C.; Pelletier, M.P. Stem Cell Transplantation: The Lung
Barrier. Transplant. Proc. 2007, 39, 573–576. [CrossRef]

71. Nose, N.; Nogami, S.; Koshino, K.; Chen, X.; Werner, R.A.; Kashima, S.; Rowe, S.P.; Lapa, C.; Fukuchi, K.; Higuchi, T. [18F]FDG-
labelled stem cell PET imaging in different route of administrations and multiple animal species. Sci. Rep. 2021, 11, 10896.
[CrossRef]

72. Eggenhofer, E.; Benseler, V.; Kroemer, A.; Popp, F.C.; Geissler, E.K.; Schlitt, H.J.; Baan, C.C.; Dahlke, M.H.; Hoogduijn, M.J.
Mesenchymal stem cells are short-lived and do not migrate beyond the lungs after intravenous infusion. Front. Immunol. 2012,
3, 297. [CrossRef]

73. De Witte, S.F.H.; Luk, F.; Sierra Parraga, J.M.; Gargesha, M.; Merino, A.; Korevaar, S.S.; Shankar, A.S.; O’Flynn, L.; Elliman, S.J.;
Roy, D.; et al. Immunomodulation By Therapeutic Mesenchymal Stromal Cells (MSC) Is Triggered Through Phagocytosis of MSC
By Monocytic Cells. Stem Cells 2018, 36, 602–615. [CrossRef]

74. Zhang, Y.; Dong, N.; Hong, H.; Qi, J.; Zhang, S.; Wang, J. Mesenchymal Stem Cells: Therapeutic Mechanisms for Stroke. Int. J.
Mol. Sci. 2022, 23, 2550. [CrossRef]

75. Cherkashova, E.A.; Namestnikova, D.D.; Gubskiy, I.L.; Revkova, V.A.; Sukhinich, K.K.; Mel’nikov, P.A.; Chekhonin, V.P.; Gubsky,
L.V.; Yarygin, K.N. Dose-Dependent Effects of Intravenous Mesenchymal Stem Cell Transplantation in Rats with Acute Focal
Cerebral Ischemia. Bull. Exp. Biol. Med. 2022, 173, 514–518. [CrossRef]

76. Komatsu, K.; Honmou, O.; Suzuki, J.; Houkin, K.; Hamada, H.; Kocsis, J.D. Therapeutic time window of mesenchymal stem cells
derived from bone marrow after cerebral ischemia. Brain Res. 2010, 1334, 84–92. [CrossRef]

77. Ma, S.; Zhong, D.; Chen, H.; Zheng, Y.; Sun, Y.; Luo, J.; Li, H.; Li, G.; Yin, Y. The immunomodulatory effect of bone marrow stromal
cells (BMSCs) on interleukin (IL)-23/IL-17-mediated ischemic stroke in mice. J. Neuroimmunol. 2013, 257, 28–35. [CrossRef]

78. Yavagal, D.R.; Lin, B.; Raval, A.P.; Garza, P.S.; Dong, C.; Zhao, W.; Rangel, E.B.; McNiece, I.; Rundek, T.; Sacco, R.L.; et al.
Efficacy and dose-dependent safety of intra-arterial delivery of mesenchymal stem cells in a rodent stroke model. PLoS ONE 2014,
9, e93735. [CrossRef]

79. Toyama, K.; Honmou, O.; Harada, K.; Suzuki, J.; Houkin, K.; Hamada, H.; Kocsis, J.D. Therapeutic benefits of angiogenetic
gene-modified human mesenchymal stem cells after cerebral ischemia. Exp. Neurol. 2009, 216, 47–55. [CrossRef]

80. Watanabe, M.; Yavagal, D. Intra-arterial delivery of mesenchymal stem cells. Brain Circ. 2016, 2, 114. [CrossRef]
81. Gutiérrez-Fernández, M.; Rodríguez-Frutos, B.; Alvarez-Grech, J.; Vallejo-Cremades, M.T.; Expósito-Alcaide, M.; Merino, J.; Roda,

J.M.; Díez-Tejedor, E. Functional recovery after hematic administration of allogenic mesenchymal stem cells in acute ischemic
stroke in rats. Neuroscience 2011, 175, 394–405. [CrossRef]

82. Zhang, H.L.; Xie, X.F.; Xiong, Y.Q.; Liu, S.M.; Hu, G.Z.; Cao, W.F.; Wu, X.M. Comparisons of the therapeutic effects of three
different routes of bone marrow mesenchymal stem cell transplantation in cerebral ischemic rats. Brain Res. 2018, 1680, 143–154.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.transproceed.2006.12.019
http://doi.org/10.1038/s41598-021-90383-4
http://doi.org/10.3389/fimmu.2012.00297
http://doi.org/10.1002/stem.2779
http://doi.org/10.3390/ijms23052550
http://doi.org/10.1007/s10517-022-05573-5
http://doi.org/10.1016/j.brainres.2010.04.006
http://doi.org/10.1016/j.jneuroim.2013.01.007
http://doi.org/10.1371/journal.pone.0093735
http://doi.org/10.1016/j.expneurol.2008.11.010
http://doi.org/10.4103/2394-8108.192522
http://doi.org/10.1016/j.neuroscience.2010.11.054
http://doi.org/10.1016/j.brainres.2017.12.017
http://www.ncbi.nlm.nih.gov/pubmed/29274877

	Introduction 
	Materials and Methods 
	Animals 
	Cell Culture 
	Study Design 
	Transient Middle Cerebral Artery Occlusion 
	Intravenous Transplantation 
	Estimation of Neurological Deficit 
	Magnetic Resonance Imaging 
	Estimation of Stroke Volume 
	Histology 
	Statistical Analysis 

	Results 
	Dynamic MRI Distribution of MSCs in Ischemic Rat Brain after Intravenous Transplantation 
	Evaluation of the Therapeutic Effects of MSCs after Intravenous Transplantation in Experimental Ischemic Stroke 

	Discussion 
	Conclusions 
	References

