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Abstract: Intra-arterial (IA) mesenchymal stem cells (MSCs) transplantation providing targeted cell
delivery to brain tissue is a promising approach to the treatment of neurological disorders, includ-
ing stroke. Factors determining cell distribution after IA administration have not been fully eluci-
dated. Their decoding may contribute to the improvement of a transplantation technique and facil-
itate translation of stroke cell therapy into clinical practice. The goal of this work was to quantita-
tively assess the impact of brain tissue perfusion on the distribution of IA transplanted MSCs in rat
brains. We performed a selective MR-perfusion study with bolus IA injection of gadolinium-based
contrast agent and subsequent IA transplantation of MSCs in intact rats and rats with experimental
stroke and evaluated the correlation between different perfusion parameters and cell distribution
estimated by susceptibility weighted imaging (SWI) immediately after cell transplantation. The ob-
tained results revealed a certain correlation between the distribution of IA transplanted MSCs and
brain perfusion in both intact rats and rats with experimental stroke with the coefficient of determi-
nation up to 30%. It can be concluded that the distribution of MSCs after IA injection can be partially
predicted based on cerebral perfusion data, but other factors requiring further investigation also
have a significant impact on the fate of transplanted cells.

Keywords: stroke cell therapy; selective intra-arterial perfusion; transcatheter intra-arterial perfu-
sion; MRI; mesenchymal stem cells; intra-arterial; cell transplantation; MCAO
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1. Introduction

Transplantation of mesenchymal stem cells (MSCs) is a novel approach to the treat-
ment of many severe neurological disorders causing irreversible damage of neural tissue,
including traumatic brain injury, spinal cord injury, multiple sclerosis, neurodegenerative
diseases, and stroke [1-3]. In the case of stroke, different routes of MSCs administration,
including direct intracerebral, intrathecal, intraventricular, intravenous, intra-arterial, in-
tranasal, and others have been tested in animal studies [4,5]. Among them, the intra-arte-
rial (IA) delivery appears one of the most effective, probably because it guarantees tar-
geted cell delivery to the brain vascular system [6-8]. Moreover, rapid development of the
endovascular mechanical thrombectomy technique and its widespread use in acute stroke
treatment made IA transplantation more feasible for routine clinical practice [9,10]. Ac-
cording to the ClinicalTrials.gov site, five-phase I and 1II clinical trials focused on IA ad-
ministration of MSCs or bone marrow mononuclear cells into patients with subacute or
chronic ischemic stroke have been registered throughout the world and some of them
have been already completed (reviewed in [4,11]). The published results of the clinical
trials indicate that IA transplantation of cells is essentially safe in humans and can pro-
mote some neurological improvement after stroke. However, the obtained results on the
efficacy of the treatment were not conclusive [12-17]. One of the most likely reasons for
the uncertainty of the trial results may be the imperfect study design recommending
suboptimal patient recruitment criteria, cell dose, time window, number and frequency of
transplantations, and other parameters [4]. Further investigation and better understand-
ing of the mechanisms of MSCs’ therapeutic effects, as well as the assessment of cell dis-
tribution and homing after transplantation may help to resolve these issues [5].

The factors determining the distribution of transplanted MSCs within the brain after
IA administration have not been fully elucidated. Recently, Walczak et al. [18] demon-
strated that cerebral perfusion may be one of the key factors influencing the intra-brain
distribution of IA administered stem cells in large and small animal models and suggested
its estimation by transcatheter intra-arterial perfusion magnetic resonance imaging (MRI)
to predict cell allocation after IA administration. Quite probably, along with brain tissue
perfusion, some other factors, e.g., varying adhesion of cells to vessel walls determined
by the concentration of certain cell adhesion molecules on the apical surface of endothe-
lium or secretion of chemotactic recruitment factors by injured brain tissue may also affect
distribution of IA transplanted cells [19,20]. In this work, we aimed to quantitatively as-
sess the impact of brain tissue perfusion on the distribution of IA transplanted MSCs in
intact rats and rats with experimental stroke. To do this, we performed selective MR-per-
fusion study with bolus injection of gadolinium-based contrast agent and evaluated the
correlation between different perfusion parameters and the distribution of MSCs in the
brain estimated by susceptibility weighted imaging (SWI) immediately after cell trans-
plantation.

2. Materials and Methods
2.1. Cell Culture

MSCs were isolated from human placenta as described previously [21]. Cells were
placed in culture flasks with the complete culture medium DMEM-F12 supplemented
with 2 mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 10% fetal bo-
vine serum (all reagents from Gibco) and maintained in a humidified atmosphere under
standard conditions (37 °C, 5% CO2). Cells were passaged at 80% confluence and collected
for transplantation after 3-5 passages. The phenotype of cultured cells checked by flow
cytometry was CD34-, CD45-, HLA-DR~-, CD105+, CD29+, CD73+, CD90+, which is typi-
cal for MSCs. Prior to transplantation cells were labeled with superparamagnetic iron ox-
ide (SPIO) microparticles (MCO3F Bangs Laboratories, mean diameter 0.50 + 0.99 um) car-
rying the Dragon Green fluorescent dye (Aex = 480 nm, Aem = 520 nm) and with the red
lipophilic membrane fluorescent dye PKH26 (Sigma-Aldrich, Burlington, MA, USA) as
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described previously [22]. Double cell labeling had no influence on cell viability and pro-
liferation [7,22]. Before transplantation, cell viability was checked by the trypan blue test
using an automated cell counter (Invitrogen) and was more than 90%. A dose of 5 x 10°
cells in 2 mL of saline was prepared for each IA transplantation.

2.2. Animals

Male Wistar rats weighing 250-300 g (n = 10) were purchased from AlCondi, Ltd.,
Moscow, Russia. The animals were housed in groups of four to five animals per cage be-
fore surgery and individually after the transient middle cerebral occlusion (tMCAO) op-
eration. They were kept under standard conditions-12-h/12-h light/dark cycle, room tem-
perature 22 + 2 °C, humidity 45-65%, and free access to standard rodent chow and water.
Experiments were carried out in accordance with the guidelines of the Declaration of Hel-
sinki 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 approved by the Pirogov Russian National Research Medical University Animal Care
and Use Commission (protocol code No 13/2020 from 8 October 2020). All surgical proce-
dures (stroke modeling and IA transplantation of MSCs) and MRI studies were conducted
under inhalation anesthesia (Aerrane, Baxter HealthCare Corporation, Deerfield, IL, USA)
supplied by the animal anesthesia system (E-Z-7000 Classic System, E-Z-Anesthesia®®
Systems, Palmer, PA, USA): 3.5-4% isoflurane mix with atmospheric air for stroke mod-
eling or with pure oxygen for MRI for the induction of anesthesia and 2-2.5% isoflu-
rane/air or oxygen mix for its maintenance. Body temperature was maintained around 37
°C with a heating pad to prevent hypothermia during surgery and MRI. The animal pro-
cedures were of medium severity, caused short-term medium-level pain or stress, and all
efforts were made to minimize the number of animals in the experiment and exclude pain-
ful manipulations and other unpleasant effects. The researchers provided close control
over the condition of animals, and, in case signs of pain or distress were detected, an an-
algesic (meloxicam) was administered to relieve them. At the end of the experiment, rats
were euthanized using an induction chamber (E-Z-7000 Classic System, E-Z-Anesthesia®®
Systems, Palmer, PA, USA) and inhalation anesthesia with a lethal dose of isoflurane. Af-
terwards, just before the transcardial perfusion animals were additionally injected with
the lethal dose of Zoletil. All work involving animals was reported according to the AR-
RIVE guidelines.

2.3. Study Design

Rats (n = 10) were randomly divided into two experimental groups: (1) intact rats (n
=3) and (2) rats with experimental stroke modeling using transient 90 min tMCAO (n=7,
1 of which was excluded from the experiment due to formation of a subarachnoid hemor-
rhage after surgery). IA transplantation of MSCs into rats with experimental stroke was
performed 24 h after stroke modeling. The time window for transplantation, as well as
cell dose of 5 x 10° in 2 mL of saline for all rats were chosen according to the results of our
previous studies [7,23]. After insertion of the IA catheter into the external carotid artery,
anaesthetized and ready for IA infusion rats were placed into the MRI scanner. The initial
part of MR-examination included acquisition of the following MR sequences: isotropic T2-
weighted images (T2wi) for estimation of brain anatomy and confirmation of lesion for-
mation in case of stroke modeling, diffusion-weighted images (DWI), and susceptibility
weighted images (SWI) for visualizing the original state of the brain before the injection
of cells, and, finally, the selective intra-arterial perfusion study with bolus contrast injec-
tion. After the bolus contrast injection, 1 mL of saline was slowly manually injected to
remove residual contrast from the catheter and 5 min pause was made to let the remnants
of the contrast wash out from the brain. IA transplantation of MSCs suspension in 2 mL
of saline was performed also inside the MRI scanner over a 20 min time period using the
nanoinjector. The infusion parameters were selected based on our previous experiments
[7,23] and literature data [6]. After the end of cell injection, the second part of the MRI was
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performed and the following MR sequences were obtained and compared with the results
from the first part: SWI for visualization of the final distribution of SPIO-labeled MSCs,
and DWI to exclude the possible embolic events. At the end of the second part of the MR-
examination the rats were transferred back to the operating room and after removing the
catheter and closing of the operating wound were euthanized as described above without
regaining consciousness (approximately 1 h after the start of the IA transplantation). The
transcardial perfusion was performed and the brains were removed from the skull to per-
form histological examination. The study design is schematically presented in Figure 1.

IA injection of

coTToTTTTTTTT R labeled MSCs
For rats with stroke

—

MRI-guided ; RN NS

MCAO Reperfusion ! (\% Q$ $ QS $ Q§ Histology
| ] Ly L1 1 1 ]
| ! — T ™ ] >

. H 60 min after
0 90 min ; Day 1 T T injection
i Start of injection End of injection
SEEREEREEE s RCEERERR R RN ’ L 0 min 20 min
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Inside MRI system

Figure 1. Study design. The steps of the study are schematically presented in a timeline.

2.4. Transient Middle Cerebral Artery Occlusion Model

The 90 min tMCAO modeling was performed as previously described [24]. Briefly,
under inhalation anesthesia with isoflurane and mixture of atmospheric air (as described
above) in combination with subcutaneous injection of 0.1 mL of 0.5% bupivacaine into the
surgery field and intraperitoneal premedication with atropine sulfate 0.05 mg/kg in 1 mL
0.9% NaCl, the bifurcation of the right common carotid artery (CCA) was exposed without
affecting the vagus nerve. Following the tMCAO surgical protocol, silicon coated 4-0 mon-
ofilament (diameter 0.19 mm, length 30 mm; diameter with coating 0.37 + 0.02 mm; coating
length 3-4 mm, Doccol Corporation, Sharon, MA, USA) was advanced from the right ex-
ternal carotid artery (ECA) to the right internal carotid artery (ICA) until reaching the
origin of the middle cerebral artery (MCA) where the slight resistance was felt. For the
time of MCA occlusion, the surgical wound was sutured, and the animal was awakened
from anesthesia. Ten minutes before the end of the 90 min occlusion period rats were re-
anaesthetized, the incision reopened, and the filament was slowly withdrawn providing
reperfusion. The operating wound was closed, 3 mL of sterile saline was injected intra-
peritoneally, and 30 mg/kg gentamicin sulfate was given intramuscularly. The operated
rat was placed in a preheated cage for recovery from anesthesia. Rats with hemorrhagic
complications were excluded from the experiment (1 =1).

2.5. Cell Transplantation

Intra-arterial transplantation of MSCs was performed as described previously [7].
Briefly, under inhalation anesthesia with isoflurane/oxygen mix (as described above) the
bifurcation of the right CCA was exposed. The pterygopalatine artery was ligated by a 5
#+ 0 silk suture, microsurgical clips were placed on the CCA and the ICA, and silk sutures
were placed on the ECA. For cell administration microcatheter (MRI applicable rodent tail
vein catheter with 1F diameter and 90 cm length, Braintree Scientific, Inc., Braintree, MA,
USA) filled with saline was placed into the ECA or the stump of the ECA in case of rats
after MCAO, and advanced into the CCA for 5-6 mm in the direction opposite to the blood
flow. Our preliminary experiments demonstrated that the reduction of cells’ viability after
passing through the catheter was insignificant and that the catheter external diameter is
small enough to allow blood flow around it during transplantation [7]. Microsurgical clips
were removed to provide maintenance of the blood flow during transplantation, and the
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rats were put into the MRI scanner located in an adjacent room. After the initial MR ex-
amination (see above) and subsequent saline infusion, the catheter was connected to a
syringe filled with MSCs suspension and placed in the nanoinjector (Leica Microsystems).
IA cell transplantation was performed over a 20 min period. After infusion and the second
part of the MR examination, the rats were returned to the operating room, the catheter
removed, the ECA stump coagulated and ligated, and the surgical wound was closed.

2.6. MRI

All MR-examinations were performed using the 7T ClinScan system for small ani-
mals (Bruker BioSpin, Billerica, MA, USA) under inhalation anesthesia with isoflurane as
described above. During cell transplantation, isoflurane was mixed with pure oxygen to
decrease the concentration of deoxyhemoglobin in the blood and thus reduce the signal
from the veins on SWI and improve the visualization of SPIO-labeled MSCs.

After IA catheter insertion, but before the start of IA injection the following sequences
were obtained: isotropic T2-weighted images (SPACE, TR\TE = 4000\251 ms, voxel size
0.2 x 0.2 x 0.2 mm, with respiratory trigger), isotropic SWI (susceptibility weighted im-
ages, TR\TE = 40\20 ms, voxel size 0.15 x 0.13 x 0.14 mm) with raw data reconstruction
(magnitude and phase images), DWI (diffusion-weighted image with calculation of ap-
parent diffusion coefficient maps—ADC, TR/TE = 15,000/30 ms, b factors = 0 and 1000
s/mm?, voxel size 0.52 x 0.33 x 0.5 mm). Selective PWI was performed (EPI, TR\TE =
1500\ 15 ms, voxel size 0.3 x 0.3 x 1 mm, 220 dynamic series with a 1.5-s duration each
one) with intra-arterial Gadolinium contrast injection (Gadobutrol 1 mmol/mL, 0.1
mL/kg). After the end of MSCs transplantation, the same as above isotropic SWI and DWI
were obtained.

2.7. Data Analysis

The pipeline of data analysis is demonstrated in Figure 2. The script for the main
analysis was written using Python 3.8 [25] in Jupyter Notebook [26]; the source code can
be found at GitHub (https://github.com/Gubskiy-Ilya/iaPWI_cells access date 20 Novem-
ber 2021).

For the computation of the distribution of transplanted cells in various brain regions,
the magnitude images from SWI pulse sequence ensuring better semi-automatic segmen-
tation and visualization in all projections were used.

Processing of the MR data was carried out in 14 steps presented below.

1. All data were sorted and PWI maps were obtained using perfusion mismatch ana-
lyzer (PMA version 5.0.5358.55864, http://asist.umin.jp/ access date 20 November
2021) software (copyright owner: Kohsuke Kudo) provided by ASIST-JAPAN. Maps
presenting the following basic parameters were calculated before deconvolution
(Figure 3):

a. Time to peak (TTP)-is the time to reach a peak of contrast bolus;

b. Normalized signal drop (AS/S or dSoverS)-the relative difference between pre-
contrast signal intensity and the lowest signal intensity during the passage of
contrast bolus;

c¢.  Maximum slope (MS)-the maximum ratio of signal intensity changes to time;

d. Cerebral blood volume (CBV-AUC)-area under the curve;

a. Additional maps presenting the following basic parameters were calculated af-
ter deconvolution analysis based on standard singular value decomposition
(sSVD):

e. Cerebral blood flow (CBF-sSVD)-the volume of blood passing through unit vol-
ume of brain tissue in one minute;

f.  Cerebral blood volume (CBV-sSVD)-the volume of blood in brain tissue;

g. Mean transit time (MTT-sSVD)-length of time during which a certain volume of
blood is spent in the cerebral capillary circulation;
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h. TTP of residue function (Tmax-sSVD)-the time to a maximum of the residue
function obtained by deconvolution.

PWI

)

T2wi SWI_before

v

Calculation of PWI maps
with PMA

\ 4

Coregistration of all data to SWI_before

v v v

Creation of brain mask with Creation of labeled cells mask Application of median filter
U-Net and 3D Slicer from T2wi from SWI_after minus to PWI maps
SWI_before and ITKsnap

?

b

v v

Brain mask Cell density map Perfusion maps
(convolution of cell mask)
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>
v v

Statistical analysis

\ J

Figure 2. The summary of the pipeline of data analysis: schematic representation of the steps of
analysis are schematically presented.
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Figure 3. The example of dynamic T2*-weighted images of the perfusion study during selective intra-arterial contrast
injection (A) and resulting perfusion curve with different quantitative parameters (B).
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2. All data were converted to NIfTI file format.

3. The PWIraw data were registered to the first SWI (acquired before the cells” injection)
and the transformation matrix was saved.

4. All PWI maps were registered to the first SWI using calculated transformation ma-
trix.

5. The second SWI acquired after cells’ injection was registered to the first SWI.
The cell distribution mask was calculated by finding differences between the first and
second SWIL

7. Whole brain segmentation was performed using the U-Net skull stripping tool [27].

8. Obtained brain mask was resampled to the first SWI.

9. The brain mask was cleaned with 3D Slicer (https://www.slicer.org/ access date 20
November 2021 [28]).

10. The cell distribution mask was cropped by the brain mask.

11. The cell distribution mask was finally cleaned with ITK-SNAP
(http://www itksnap.org/ access date 20 November 2021 [29]).

12. Filtered PWI maps were corrupted by the brain mask.

13.  The cell distribution density map, was calculated with convolution and application
of a median filter to PWI maps was performed.

14. The brain mask, cell distribution density map and filtered PWI maps were used for
statistical analysis.

2.8. Statistical Analysis

Statistical analysis was performed using Python 3.8 [25] in Jupyter Notebook [26],
Spearman correlation implementation from SciPy (https://scipy.org/ access date 20 No-
vember 2021). The ordinary least squares linear regression (OLS) implementation from
statsmodels (https://www.statsmodels.org/ access date 20 November 2021) was used.
GraphPad Prism (https://www.graphpad.com/ access date 20 November 2021) was used
to calculate Mann-Whitney U test with FDR correction and for graphical visualization of
the final results. Graphs present mean values with standard deviations. The significance
level was set at 0.05 and only significant parameters of Spearman correlation and OLS
were included in the analysis.

2.9. Immunocytochemistry and Microscopy

Animals were sacrificed 1 h after IA transplantation of MSCs by inhalation anesthesia
with a lethal dose of isoflurane and additional injection of a lethal dose of Zoletil. Trans-
cardial perfusion was carried out using phosphate-buffered saline (PBS, 0.1 M, pH 7.4),
followed by icecold 4% paraformaldehyde in 0.1 M PBS. After decapitation, the brains
were removed from the skull, held at 4 °C overnight in the same fixative, washed three
times with PBS, and immersed in 30% sucrose solution. Coronal sections 40 um thick were
obtained using a cryostat microtome (Leica CM1900). Sections containing transplanted
cells were selected by the fluorescence of Dragon green SPIO and PKH26 markers. Then
sections were mounted on slides and processed for immunohistochemistry. For nonspe-
cific binding blocking, sections were incubated in a blocking solution consisting of PBS
containing 5% normal goat serum and 0.1% Triton-X 100 for 30 min at room temperature.
The specimens were then incubated at 4 °C overnight with primary anti-Mitochondria
antibody (1:100, Abcam, Cambridge, UK) diluted in blocking solution. Then sections were
rinsed 3 times for 10 min with PBS. Then specimens were incubated with the secondary
antibodies anti-mouse IgG Alexa fluor 647 (1:500, Abcam, Cambridge, UK) for 2 h at room
temperature (21-24 °C). For the nuclei counterstaining DAPI solution (2 pg/mL, Sigma-
Aldrich , Burlington, MA, USA) was used. Sections were coverslipped with 80% glycerol.
Laser scanning confocal microscope Nikon A1R MP + was used for image acquisition.

3. Results
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3.1. Visualization of MSCs Distribution in Rat Brain and Perfusion Maps

In the rat brain, SPIO-labeled MSCs after transplantation can be visualized as hy-
pointense spots on SWI, since the SPIO label reduces T2* relaxation time. This pulse se-
quence has proven to be the most sensitive for in vivo detection of small groups or merely
single SPIO-labeled cells after systemic administration [22]. Transplanted cells were dis-
tinguished from cerebral blood vessels by their shape on the series of adjacent slices.
Moreover, for improving MSCs’ visualization the mixture of isoflurane with pure oxygen
was used for inhalation anesthesia, which allowed to reduce the signal from the veins on
SWI due to reduction of deoxyhemoglobin concentration in the blood. Additionally, MRI
data of cells distribution were verified by histological examination: double cell labeling
(SPIO-dragon green and PKH26) combined with immunohistochemical staining with an-
tibodies against human mitochondria allowed detection of human MSCs in the rat brain
sections and its subsequent comparison with MR-images. In both intact rats and animals
with experimental stroke, MSCs after IA injection into the right ICA were distributed pre-
dominantly in the right brain hemisphere and only a few of them entered the contralateral
(left) hemisphere. In this study, in accordance with our previous results [7], the majority
of labeled MSCs were found inside cerebral blood vessels of the cerebral cortex and sub-
cortical regions (thalamus, striatum, hypothalamus, and hippocampus), corpus callosum,
and the brain stem. Examples of obtained MR and histological images are presented in
Figure 4. It is important to note that in all rats included in the study no thromboembolic
complications were detected after IA MSCs transplantation confirming the safety of our
cell infusion parameters. The infusion parameters used in this study were selected with
regard to literature data [6] and on the basis of our previous works [7,23]. In the current
study, we also controlled the safety of transplantation for each rat by performing DWI
with apparent diffusion coefficient maps (ADC) calculation before and after IA admin-
istration of MSCs. This pulse sequence allows for visualization of the zones of cytotoxic
edema (regions with restricted diffusion of free water molecules) and is widely used for
early diagnostics of cerebral ischemia in clinical practice and basic research [30-32]. Ad-
ditional histological evaluation of brain sections after IA injection of MSCs for evaluation
of the possibility of neuronal death in the zones of cells” accumulation can be found in the
Supplementary Materials.

For all rats included in the experiment, a selective IA MR-perfusion study was per-
formed just before IA administration of MSCs, and different PWI maps were obtained.
During visual assessment and comparison of the perfusion maps and SWI, we observed
a mild degree of overlap between the location of the areas with high levels of cerebral
perfusion and areas of SPIO-labeled cells accumulation for both intact rats and rats with
tMCAO. An example of similarity of cerebral blood volume map (CBV-AUC) and hy-
pointense spots on SWI is demonstrated in Figure 5. Similar data were obtained for other
parametric maps (TTP, dSoverS, MS, CBF-sSVD, CBV-sS5VD, MTT-sSVD, Tmax-sSVD)
and then the quantitative analysis of correlations between different perfusion parameters
and the distribution of MSCs was performed (see the next section).
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50 pm

Merge 3D

Figure 4. The comparison of MRI and histological images of the rat brain after IA administration of MSCs. The example
illustrated the distribution of MSCs in the right hemisphere of the ischemic rat brain during the first hour after trans-
plantation. (A) Panoramic confocal fluorescence image of the coronal sections of rat brain 1 h after MSCs’ transplanta-
tion. White rectangle and arrows indicate zones of labeled cell location. Before transplantation human MSCs were
double-labeled with membrane lipophilic dye PKH26 (orange) and SPIO microparticles conjugated with fluorescent
marker Dragon Green with cytoplasmic accumulation (green). Additionally, transplanted cells were stained using an-
tibodies against human mitochondria (red). The nuclei were stained with DAPI (blue). Scale bar: 1000 um. (B) SWI of
the same rat brain 30 min after IA injection, white arrows indicated hypointense spots of SPIO-labeled cells accumula-
tion. MRI data on cell distribution coincide with the histological study. (C) High-magnification confocal fluorescent
images of the rat brain from the zone marked by the rectangle in A. Transplanted double-labeled MSCs were located
inside cerebral blood vessels 1 h after IA transplantation (PKH26—orange, SPIO microparticles with fluorescent marker
Dragon Green—green, MSCs stained using antibodies against human mitochondria-red, nuclei stained with DAPI-
blue). Scale bars: 50 um. Bottom right: 3D-reconstruction of z-stacks.
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Intact brain Ischemic brain

SWI

Figure 5. MRI data of rat brain of intact animal (left column) and rat with experimental stroke (right column). In the
columns five sequential coronal brain sections visualized using different pulse sequences are presented: T2 weighted
images before MSCs transplantation for visualization of brain anatomy and ischemic lesion (the hyperintense zones
marked with red circle); perfusion map (CBV-AUC) obtained after injection of gadolinium-based contrast agent
through the right ICA before cell administration; SWI 20 min after the start of IA transplantation of labeled MSCs
through the right ICA for visualization of transplanted cells distribution. SPIO labeled cells are hypointense (dark)
spots on SWI. In both intact and ischemic rat brains mild similarity between the location of the areas with high levels
of cerebral perfusion and areas of SPIO-labeled cells accumulation is observed.

3.2. Evaluation of the Difference between the Two Experimental Groups

At first, we separately measured and then compared different quantitative perfusion
parameters (TTP, MS, dSoverS, Tmax-sSVD, MTT-sSVD, CBV-AUC CBV-sSVD, CBF-
sSVD) with final cell density measured immediately after the end of cell transplantation
in the whole brain for rats after tMCAO and for intact animals. For estimation of correla-
tion, we used the Spearman correlation coefficient. The adjusted R-Squared coefficient of
determination from ordinary least squares linear regression was used to estimate the var-
iability of cell density that can be predicted from perfusion maps. After comparison of
these parameters for both experimental groups no statistically significant differences were
found (data are given in Figure 6). Based on the obtained data, we pooled both groups for
further analysis.
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Figure 6. Correlation between different brain perfusion parameters and cell density in a whole brain for rats with stroke and intact
animals. (A) graphs of Spearman correlation coefficients between perfusion maps and cell density; (B) graphs of coefficient of deter-
mination show the variability of the cell density that can be predicted from the perfusion maps. Graphs present mean values with
standard deviations.

3.3. Correlation between Brain Perfusion Parameters and Cell Density in the Whole Brain

At the second stage, we compared different quantitative perfusion parameters with
final cell density in the whole brain for all experimental animals. We cropped the perfu-
sion maps using a full brain mask to exclude the extracranial structures from the analysis.
We used the Spearman correlation coefficient for estimation of the correlation and coeffi-
cient of determination to estimate the variability of cell density that can be predicted from
perfusion maps. We obtained moderate (0.53-0.55) Spearman correlation between final
cell density and dSoverS, CBV-AUC, CBV-sSVD, CBF-sSVD parametric maps (data pre-
sented in Figure 7A). The maximum coefficients of determination (23-25%) were calcu-
lated for CBF-sSVD, CBV-sSVD, CBV-AUC, and dSoverS perfusion parameters (data
shown in Figure 7B). For timing parameters, TTP and MTT-sSVD, the correlation was very
weak. For Tmax-sSVD parameter the correlation was a moderate negative, but with the
coefficient of determination around zero.
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Figure 7. Correlation between different brain perfusion parameters and cell density in the whole brain (A,B) and in the places of
their accumulation (C,D). A,C—graphs of the Spearman correlation coefficient between perfusion maps and cell density; B,D—
graphs of the coefficient of determination show the proportion of the cell density that can be predicted from the perfusion maps.
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3.4. Correlation between Brain Perfusion Parameters and Cell Density in the Areas of Their
Accumulation

The estimate of the Spearman correlation coefficient between perfusion parameters
and cell density in the whole brain could be altered since the contrast agent and the cells
were injected unilaterally via the right ICA. Consequently, they were distributed predom-
inantly within the right hemisphere, while the brain mask included zones outside the area
of blood supply territory of the right ICA. Thereby, we cropped all perfusion maps by
removing regions without transplanted cells and repeated the analysis to compare quan-
titative perfusion parameters with final cell density in the place of their accumulation for
all experimental animals. For all timing parameters such as TTP, Tmax-sSVD, and MTT-
sSVD the correlation was very weak. We obtained weak correlation (0.31-0.33) for CBF-
sSVD, CBV-sSVD, CBV-AUC, and dSoverS perfusion parameters (data presented in Fig-
ure 7C). The maximum coefficients of determination (28-30%) were calculated for CBF-
sSVD, CBV-sSVD, CBV-AUC, and dSoverS perfusion parameters (data shown in Figure
7D).

4. Discussion

In this study, we saw the momentary arrangement of transplanted MSCs in the rat
brain, registered by SWI immediately after 20 min long infusion of cell suspension
through the ICA, and reflecting the net result of the entrapment of cells in cerebral vessels
and their return to circulation. Histological images (Figure 5) clearly show that during the
time of infusion embracing many passages of blood, MSCs remained within the vessels
and did not transmigrate into the brain parenchyma. Cells were really trapped within the
vessels, since otherwise they would probably be washed out during the procedure of
transcardial perfusion employed in the histological study, and since the DWI check per-
formed immediately after SWI excluded the thrombosis of the capillaries with cell aggre-
gates. The further fate of the entrapped cells can be different, including temporary entrap-
ment, return to circulation, and crossing the blood-brain barrier followed by invasion into
the brain parenchyma (reviewed in [11]). However, in any case, the initial distribution of
transplanted cells is important.

Before cell administration, we used selective MR-perfusion with IA injection of gad-
olinium-based contrast agent via the ICA as a tool to evaluate the cerebral perfusion im-
pact on the distribution of MSCs after IA transplantation in rat brain of intact animals and
after experimental stroke modeling. The transcatheter intra-arterial perfusion, also desig-
nated as selective perfusion study with bolus contrast agent injection allows estimation of
the perfusion of a chosen vessel and its blood supply territory with arterial blood [33-35].
This technique has been used for a long time in clinical oncology to predict the distribution
of chemoembolic materials during trans-arterial chemoembolization [34,35], and can be
adjusted to cell therapy applications in clinical setup. One of the limitations of gadolinium
for cerebral perfusion evaluation is the effect of contrast leakage during the first pass un-
der different pathologic conditions characterized by the disruption of the blood brain bar-
rier (BBB) [36]. T2*-contrast agents, including SPIO particles used by Walczak et al. [18],
can also be used for MR-perfusion study. The advantage of SPIO particles is their larger
size preventing them from passing through the blood brain barrier. On the other hand,
gadolinium-based contrast agents are commonly utilized in clinical practice and in some
countries are the only ones allowed for clinical applications [37].

In our experiments, in accordance with data reported by Walczak et al. [18], visually
there was a certain degree of overlap between areas with high cerebral perfusion and
MSCs accumulation assessed by SWI. We used two approaches to data analysis: the first
employs whole brain masks, and the second-cell distribution masks. In our opinion, a
more accurate estimate of the impact of cerebral perfusion was provided by the second
method, since it did not include zones outside the area of blood supply territory of the
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right ICA. The results obtained by this method show that the distribution of IA trans-
planted MSCs does correlate with brain perfusion in both intact rats and rats with exper-
imental stroke. However, in our hands, the coefficient of determination did not exceed
30%. This means that based on the perfusion data, the density of cell distribution in the
brain after IA transplantation is determined by the perfusion for no more than 30%. The
method using the whole brain masks has slightly lower reliability (23-25%), but, on the
other hand, it allows to roughly predict the post-injection stem cell distribution. Poten-
tially, this may help in clinical decision-making when choosing the IA positioning of the
catheter and correcting the transplantation parameters (cell dose, infusion volume, veloc-
ity and etc.) based on individual perfusion characteristics of the patients.

Our results have demonstrated that it is not necessary to use complex methods of
perfusion data processing for prediction of cell distribution, such as deconvolution. It is
enough to evaluate the dynamics of signal changes during the passage of contrast agent
and calculate quantitative basemaps, such as dSoverS and CBV-AUC. The CBF-sSVD and
CBV-sSVD obtained after deconvolution had similar or slightly lower correlation values
with the final distribution of cells. Time maps TTP, MTT-sSVD, and Tmax-sSVD did not
show any significant prognostic value. Interestingly, while comparing different quantita-
tive perfusion parameters with final cell density we found no significant differences be-
tween rats after tMCAO and intact animals. The number of animals in the intact group
was smaller than in tMCAO group, which we would mention as a limitation of this study.
However, others have also demonstrated similar distribution of MSCs after intra-arterial
administration in both healthy animals and animals with modeled brain infarction [38,39].
The reasons for this similarity are currently unknown and require detailed studies with
consideration of various factors.

The results of this study demonstrate that mesenchymal stem distribution after intra-
arterial transplantation cannot be explained exclusively by the perfusion data. Other fac-
tors, such as adhesion properties of MSCs [40] and of the vascular wall determined by the
availability and affinity of cell adhesion molecules expressed by endothelium and trans-
planted cells, the BBB integrity, local chemokine concentrations, etc., may also affect cell
distribution [8,41,42]. We also cannot rule out the possibility of transplanted cells entrap-
ment inside small vessels located at the border of the blood supply territories of brain
arteries (watershed zones) [43,44]. Further research is needed to fully characterize the fac-
tors contributing to IA transplanted MSCs distribution.

In addition, the proposed method of quantitative assessment of the impact of cerebral
perfusion on mesenchymal stem cells distribution after intra-arterial transplantation can
be also used for other cell types in future studies.
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