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 We studied the possibility of in vivo tracing of multipotent mesenchymal stromal cells la-
beled with a radiophermaceutic preparation based on metastable isotope Technetium-99m and 
injected to rats with modeled traumatic brain injury. Accumulation of labeled cells occurred 
primarily in the liver and lungs. The cells distribution in internal organs greatly varied depend-
ing on the administration route. Cell injection into the carotid artery led to their signifi cant 
accumulation in the damaged brain hemisphere, while intravenous injection was followed by 
diffuse cell distribution in all brain structures. Scintigraphy data were confi rmed by magnetic 
resonance imaging and histological staining of cells. Visualization of stem cells labeled with 
Technetium-99m-based preparation by scintigraphy is an objective and highly informative 
method allowing real-time in vivo cell tracing in the body.
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Active development of cell technologies and regen-
erative medicine requires techniques allong tracing of 
transplanted stem cells in experimental and clinical 
studies. The kinetics of distribution of transplanted 
cells, their delivery to the target organs, and duration 
of their presence in different tissues remain beyond the 
scope of most studies. However, the kinetics of distri-
bution of transplanted cells in the body is an essential 
characteristics for any cell product in both experi-
mental and clinical studies, because it is an important 
criterion in assessing the effi ciency of cell therapy.

In general, the effi ciency of stem and progenitor 
cells in the therapy of various pathologies is beyond 
doubt [13]; however, the mechanisms underlying the 
positive effect of cell therapy are still debated. In this 
context, objective imaging of transplanted cells in vivo 
is essential for understanding of the pathways and 
rates of cell migration under normal and pathological 
conditions.

Until now, none of the proposed methods of de-
tection of donor stem cells in the recipient body was 
accepted as a gold standard, which limits the use of 
cell technologies in clinical practice. The available 
imaging techniques are based on different principles 
of cell labeling and detection in the body and hence, 
these methods have different effi cacy and limitations. 
Many methods proposed for experimental research on 
animals despite their high effi ciency are not suitable 
for clinical trials. Eight parameters of an “ideal” stem 
cell marker for clinical trials were determined [9]: 
it should be biocompatible, safe for the patient, and 
nontoxic for cells; it should not induce genetic modi-
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fi cations in cells; it should allow cell quantitation in 
any anatomic location and detection of small amount 
of cells; it should not be diluted during cell division; 
transfer of this marker from labeled stem cell to tissues 
or body fl uids should be minimum; it should allow 
detection by non-invasive imaging technologies over 
months; and it should not require additional injectable 
contrast agents for imaging. Although some markers 
possess some of these characteristics, none of them 
meets all the criteria.

Scintigraphy is a promising technique for detec-
tion of transplanted stem cells; and among radioactive 
labels used in medicine, metastable isotope techne-
tium-99m (99mTc) seems to be the closest to “ideal 
marker”.

Our aim was to develop a method of in vivo 
detection of multipotent mesenchymal stromal cells 
(MMSC) labeled with a radiopharmaceutical prepara-
tion (RP) based on 99mTc in rats with modeled trau-
matic brain injury and to evaluate the distribution of 
cells administered via different routes.

MATERIALS AND METHODS

Animals. The experiments were performed on ran-
dom-bred rats weighing 300-350 g; the animals were 
kept under standard vivarium conditions with 12-h 
light/dark cycle at constant temperature (22±2oC). The 
experiments were performed with strict adherence to 
EU Directive 2010/63/EEC on Protection of Vertebrate 
Animals Used for Experimental and Other Scientifi c 
Purposes.

Modeling of traumatic brain injury. Before the 
surgery, the rats were anesthetized with chloral hy-
drate (300 mg/kg, intravenously). The brain trauma 
was modeled by the method of graded open brain con-
tusion as described elsewhere [8]. In brief, the animal 
was placed in a stereotaxis, the skin on the head was 
shaved and cut along the median line. A 5-mm hole 
was drilled in the skull above the left sensorimotor 
cortex (2.5 laterally and 1.5 mm caudally from the 
bregma) with a cutter. A cylindrical stricker was placed 
into the drilled hole 3-mm below the dura mater. The 
injury was infl icted by a weight (50 mg) falling from 
a height of 10 cm onto the stricker. During these ma-
nipulations, the body temperature was maintained at 
37±0.5oC with an infrared lamp.

MMSC culturing. Bone marrow MSC were iso-
lated and characterized at V. I. Kulakov Research Cen-
ter of Obstetrics, Gynecology, and Perinatology. The 
cells were washed out from the bone with DMEM 
containing 2 mm EDTA (anticoagulant) through a sy-
ringe and then centrifuged in Ficoll-urografi n density 
gradient (ρ=1.077 g/ml) for 30 min at 200g. The frac-
tion containing mononuclear cells (interphase ring) 

was collected, resuspended in the medium, and re-
centrifuged at 150g for 5 min. The pellet was resus-
pended in complete nutrient medium DMEM/F-12 
(1:1) supplemented with 10% fetal calf serum and 
0.02% gentamicin and transferred to 25-cm2 fl asks 
(Corning). After MMSC adhesion to plastic, nonadhe-
rent cells were removed and the adherent culture was 
grown until confl uence. The number of viable cells 
was counted by staining with trypan blue and prop-
idium iodide; suspensions with cell viability >90% 
were used for culturing.

99mТс labeling of MMSC. RF was prepared im-
mediately before cell labeling by adding 5 ml 99mTc-
sodium pertechnetate to a vial with hexamethyl pro-
pyleneamine oxime (HMPAO ) lyophilisate (Taksim; 
Diamed) under aseptic conditions. This results in the 
formation of a 99mTc-HMPAO complex. The 99mTc-
pertechnetate solution was prepared not later than 
24 h after previous elution of 99mTc generator and 
20 min before preparing RF in accordance with the 
instructions of HMPAO manufacturer and existing rec-
ommendations [15,16]. Freshly prepared RP was used 
for cell labeling within 15 min.

RP quality was controlled by ascending thin lay-
er chromatography in 99.5% ethyl acetate for 7 min 
[16] with modifi cations proposed by quality control 
kit manufacturer (Biodex LLC). The chromatogram 
was analyzed using a system for detection and analy-
sis of radioactive compounds (Bioscan MS-2000F) 
and a NZ-138/A well counter (Gamma). The ratio of 
peak areas corresponding to lipophilic complex 99mTc-
HMPAO at the chromatogram front and water-soluble 
impurities was calculated.

In each experiment, 5×106 MMSC were incubated 
with 99mTc-HMPAO (350±50 MBq) for 20 min. The cell 
suspension was centrifuged for 5 min at 150g, twice 
washed in saline, and resuspended in 1 ml saline before 
intravenous or intraarterial injection. Total activity of 
labeled cells before administration was 53±23 MBq. 
These conditions were chosen in preliminary in vitro 
experiments based on previously published data [1].

MMSC labeled with 99mTc-HMPAO (1.5×106 
cells) were injected into the left jugular vein or in-
ternal carotid artery in 24 h after trauma as described 
previously [4].

Cell labeling with iron oxide microparticles 
IOMP. For labeling with IOMP, the cells were grown 
in fl asks (105/ml) in DMEM and commercial IOMP 
preparation (SiMAG, 0.75 μ; Chemicell) was added in 
a concentration of 1 μl/ml. The cells were incubated 
with SiMAG for 24 h at 37oC and 5% CO2. After incu-
bation, the cells were washed with 3 portions of 0.9% 
NaCl (PanEco), dissociated with 0.25% trypsin-EDTA, 
centrifuged at 150g, adjusted to a required concentra-
tion, and used for injection to animals.
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MMSC detection by in vivo scintigraphy. Im-
mediately after MMSC injection, the animals were 
fi xed to a plastic plate. The plate was positioned hor-
izontally in the detector of an SPECT/CT imaging 
system (Infi nia 4, Hawkeye General Electric). Two 
detectors were positioned in such a way that the whole 
animal body was covered. The images were acquired 
simultaneously in the direct anterior and direct pos-
terior projections in a static mode, energy window of 
135-145 keV, in 512×512-pixel matrix up to 500,000 
pulses. The images were processed using Xeleris 2.1, 
GE software.

In vivo MMSC detection by scintigraphy. Mag-
netic resonance imaging (MRI) was carried out on a 
7 T BioSpec 70/30 tomograph at the Laboratory of 
Magnetic Tomography and Spectroscopy, Faculty of 
Fundamental Medicine, M. V. Lomonosov Moscow 
State University. This tomograph belongs to Biospec-
trotomography Center of Shared Use of Scientific 
Equipment and is a unique scientifi c instrument. The 
study was performed under general anesthesia (300 
mg/kg chloral hydrate, intraperitoneally) in 3 days 
after intraarterial injection of IOMP as described pre-
viously [12].

Histological analysis of the brain. For neuro-
histological studies, the experimental animals were 
anesthetized with chloral hydrate and perfused trans-
cardially with 200 ml cold saline and then with 100 ml 
4% formaldehyde in 0.1 M phosphate buffer. Paraffi n 
sections were processed routinely and stained by the 
Perls method.

The data were processed statistically using Statis-
tica 6.0 software (StatSoft). The signifi cance of differ-
ences in radioactive tracer content in the brain hemi-
spheres within the same time interval was assessed 
using Mann—Whitney U test and between time points 

1 and 16 h using paired Wilcoxon’s test (W). The data 
were presented as the mean±error of the mean.

RESULTS

Control of tracer quality. The effi ciency of 99mTc-
HMPAO complex formation was assessed by ascend-
ing thin layer chromatography (Fig. 1, a). The mean 
RP labeling effi ciency was 30% (27-33%). Measure-
ment of water- and lipid-soluble fractions in a well 
counter showed similar results: the effi ciency of 99mTc-
HMPAO complex formation was 30.5% (29-33%) in 
this case. After administration of RP to rats, the 99mTc-
HMPAO complex accumulated primarily in the liver, 
urinary bladder, and intestine (Fig. 1, b).

MMSC distribution in rat body. MMSC dis-
tribution on scintigrams was assessed visually and 
by semiquantitative methods by analyzing the areas 
corresponding to brain hemispheres, liver, lungs, and 
bladder.

During the fi rst hour after intravenous MMSC 
transplantation, visual analysis showed accumulation 
of the radioactive label in the lung, kidney, and par-
tially in the liver and bladder (Figs. 2, 3). At later 
terms (16 h), redistribution of the label was observed 
on scintigrams: a decrease in label content in the lungs 
with its simultaneous enhanced accumulation in the 
liver and intestine. In the brain, no signifi cant differ-
ences in MMSC accumulation (signal intensity) were 
revealed between the damaged and intact hemisphere 
in 1 and 16 h after transplantation (pU=0.17). In 16 h 
after transplantation, the total label content in the brain 
also did not change signifi cantly (рW=0.11). A differ-
ent pattern of label distribution in the brain was ob-
served after intraarterial injection of MMSC (Fig. 2). 
In 1 h after transplantation, signifi cant accumulation 

Fig. 1. Formation of 9mTc-HMPAO complex and its distribution in the body. a) Representative chromatogram of the radioactivity distribution. 

Yellow peak corresponds to 99mTc-HMPAO complex. Peak area reflects the effectiveness of complex formation. The content of water-soluble 

impurities is evaluated by the area of the pink peak. b) Planar scintigram in direct posterior projection 60 min after intravenous injection 

of 99mTc-HMPAO complex.
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of the label (19.6% of all injected label) was detected 
in the injured hemisphere on the side of injection, 
while label distribution in other organs was similar to 
that after intravenous administration. At later terms, 
redistribution of label towards the liver and kidneys 
was observed and by 16 h, the signal intensity in the 
injured hemisphere decreased to 10.5% of whole body 
activity (Fig. 3).

MMSC distribution in the brain. To check the 
correlation between label content in the brain and the 
presence of transplanted cells, we used an alternative 
method of MMSC visualization. The cells were la-
beled with IOMP, injected into the carotid artery, and 
then visualized by MRI in T2*-weighed mode. Hy-
pointensive (dark) signal in cells was detected within 
the hemisphere on the side of transplantation (Fig. 4). 
Labeled cells were diffusely distributed in all brain 
structures, including cortical and subcortical structures 

(Fig. 4, a, b). For more precise location of MMSC in 
the brain tissue, histological examination was per-
formed using special Perls staining for detection of 
iron particles. Analysis of histological preparations 
also confi rmed the presence of MMSC in different 
parts of the brain; the cells demonstrating positive 
Perls staining were primarily detected in blood vessels 
or in the perivascular space (Fig. 4, c, d).

High therapeutic potential of stem cells is beyond 
doubt and their effectiveness and safety were con-
fi rmed in experimental studies on modeled pathologies 
and in clinical trials [13]. However, the mechanisms 
of the therapeutic effects of these cells remain an open 
question that cannot be answered without understand-
ing of the kinetics of stem cell distribution in organs. 
Moreover, these studies should be carried out in hu-
mans, because animal experiments are insuffi ciently 
conclusive due to physiological and anatomical differ-

Fig. 2. MMSC distribution in rat body after intravenous and intraarterial injection. Planar scintigrams in direct posterior projection. All images 

are standardized by maximum accumulation.
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Fig. 3. Radioactivity distribution on rat organs relative to whole body radioactivity at different terms after injection and different administra-

tion routes.

ences. Various technologies were proposed for track-
ing stem cells in human tissues, including MRI and 
scintigraphy. However, MRI has serious limitations 
primarily because of long duration of whole body 
scanning protocols, and this method is useful only for 
imaging of the target organ. Scintigraphy seems to 
be more appropriate for evaluation of the distribution 
of transplanted stem cells labeled with a radioactive 
isotope in the body. Radioactive isotope 99mTc is an 
available and most widely used in clinical practice. 
Its decay yields γ-radiation that possesses enough en-
ergy to pass all tissues and be recorded by a detec-
tor. 99mTc-based preparations are long used in clinical 
practice for the diagnosis of distant metastases in the 
bone tissue, scintigraphy of the kidneys, thyroid gland, 
and other organs. The optimal time of visualization 
of RP distribution is determined by the radionuclide 
half-life. The half-life of 99mTc is 6 h, which allows 
visualization 99mTc-RP distribution within 24-30 h after 
injection. The time of visualization of RFP distribution 
also depends on the injected dose of radioactivity. We 
used clinical γ-chamber and traced the distribution of 
radiolabeled cells administered in a dose >50-70 MBq 
in 16 h after transplantation, though it proportionally 
increased the exposure for obtaining a single image.

99mTc-HMPAO should be prepared with strict 
observation of certain rules. Only fresh eluate from 
continuously used generator should be used. The use 
of stabilizers, such as methylene blue, to prolong the 
life of RP is unacceptable when working with living 
cells, since these additives may reduce cell viability or 
affect their functional characteristics [5]. This as well 
as instability of the preparation dictate the need in RP 
quality control prior to use. The main radiochemical 
impurity of RFP is hydrophilic HMPAO complex that 
does not cross the cell membrane. The hydrophilic 

and lipophilic components are separated by ascending 
thin-layer chromatography used by us.

When refi ning the procedure of preparing radio-
isotope label, we noted low labeling efficiency of 
the used RP, which can be due to variability of the 
chemical composition of either lyophilized HMPAO 
or eluate from the generator. Nevertheless, as second-
ary complexes do not cross cell membranes [11], they 
can be effectively removed by washing with saline or 
phosphate buffer, which ultimately allows attaining 
high effi ciency of cell labeling.

One more limitation of using 99mTc-HMPAO is 
instability of cell labeling. In particular, cell culture 
experiments showed that the rate of 99mTc-HMPAO 
elimination from cells is ~7% per hour [10], which can 
affect its distribution in the body and therefore lead 
to misinterpretation of the location of 99mTc-HMPAO-
labeled stem cells. In our study, these limitations did 
not signifi cantly affect the accuracy of MMSC tracing 
at least within the observation time.

RP distribution in the body observed in our study 
generally agrees with previously described distribution 
in animals [2,6] and humans [1]. In most studies, the 
greater part of transplanted cells during the fi rst hours 
is detected in the lungs. We also observed predominant 
accumulation of 99mTc-HMPAO-labeled MMSC in the 
lungs. At the same time, the distribution was not static 
and changed considerably with time. The decrease of 
radioisotope signal in the lungs and its increase in the 
liver and kidneys with time are of particular impor-
tance. These fi ndings indicate the need for thorough 
and suffi ciently long tracing of transplanted cells for 
their detection in the target niches.

Comparison of RP distribution with circulation 
of free label seems to be also important. According 
a previous report [11], ~5% label (99mTc-HMPAO) 
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is accumulated in the brain, while the greater part is 
distributed in the liver, kidneys, and bladder. In the 
course of biochemical transformations, the complex 
is gradually released from the brain and excreted by 
the liver and intestine. This distribution signifi cantly 
differs from the distribution of 99mTc-HMPAO-labeled 
cells.

On the model of brain injury, we have demonstrat-
ed more pronounced therapeutic effect of intraarterial 
transplantation of cells in comparison with their intra-
venous injection [14]. In this work, we have confi rmed 
that intraarterial injection provides direct delivery of 
cells to the brain bypassing fi ltering organs, the lungs 
and the liver. Indeed, the number detected label in the 
liver and lungs was signifi cantly lower after intraarte-
rial injection of cells. These two facts suggest that the 
effectiveness of therapy depends on the number of 
cells in the focus of injury where the cells can secrete 
trophic and anti-infl ammatory factors [7]. Possible 
blockage of small vessels with transplanted cells can 
also affect the distribution of cells in the body. The 

Fig. 4. Distribution of IOMP-labeled MMSC in the brain in 3 h after transplantation. Representative T2*-weighed MRI sections of the brain 

in axial (a) and coronary (b) projections. Identification of IOMP-labeled MMSC on histological sections of the brain using Perl’s staining. 

IOMP-labeled MMSC are shown by arrows.

role of the fi rst capillary fi lter after intravenous in-
jection is played by the lungs, and after intraarterial 
injection by brain vessels.

It should be noted that despite some studies of 
MMSC localization in various brain pathologies, our 
work is largely a pioneer study. Most studies on the 
cell therapy of brain pathologies are focused on the 
distribution of transplanted cells in the target organ, 
while non-target organs receive little attention, prob-
ably because of complexity of the majority of the used 
technologies (immunohistochemistry, histology, and 
fl uorescent labeling), which makes diffi cult thorough 
examination of many organs, not to mention that most 
of these studies are possible only postmortem. It is 
well-known that reciprocal relationships between the 
organs can signifi cantly modulate the course of the 
disease. Hence, the presence of transplanted stem cells 
in some other organs, in addition to the brain, theo-
retically can affect the course of neurological disease. 
Thus, some neuroprotective effects of transplanted 
stem cells in the therapy of cerebral ischemia can be 
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associated with their interaction with extracranial or-
gans [3]. In this context, the dynamics of transplanted 
cells in vital organs should be carefully analyzed and 
the use of radioisotope labeling for cell identifi cation 
opens new possibilities in this fi eld.

Our study showed that visualization of 99mTc-HM-
PAO-labeled stem cells by radionuclide scintigraphy is 
an objective and highly informative method allowing 
real-time in vivo tracing of cell distribution in the body.

The study was supported by the Russian Science 
Foundation (grant No. 14-15-00107).
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