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Abstract 

In this study, we investigated the potential of 2’-[
18

F]fluoro-2’-deoxy-D-glucose ([
18

F]-

FDG), a positron emission tomography (PET) tracer, and technetium-99m 

hexamethylpropylene-amine oxime (
99m

Tc-HMPAO), a single photon emission 

computed tomography (SPECT) tracer, for tracking of C17.2 neural stem cell (NSC) 

trafficking towards an inflammation site. C17.2 NSC labeling efficiency by [
18

F]-FDG 

under optimized conditions was 11,9 ± 0,5 % dose / 10
6
 cells. Leakage of [

18
F]-FDG 

from the cells was observed, which could be blocked in vitro by phloretin. 
99m

Tc-

HMPAO labeling efficiency was 50,4 ± 0,2 % dose / 10
6
 cells, and 

99m
Tc-HMPAO was 

well retained inside the cells. The distribution of labeled cells was investigated in a rat 

tumor inflammation model by means of microPET ([
18

F]-FDG) and planar 

scintigraphic (
99m

Tc-HMPAO) imaging. Following tail vein injection the radioactively 

labeled C17.2 NSCs showed accumulation in the lungs after 1 hour, and redistribution 

to liver and spleen after 4 hours. Although phloretin did not block [
18

F]-FDG leakage 

from the cells in vivo, it was observed that dimethyl sulfoxide, in which phloretin was 

dissolved, can accelerate cell clearance from the lungs. The scintigraphic images 

showed cell retention at the site of inflammation and tumor site for > 19 hours, which 

was supported by the ex vivo biodistribution data. Due to the extensive leakage of 

[
18

F]-FDG from C17.2 cells, we conclude that 
99m

Tc-HMPAO is the preferred 

radiotracer for NSC tracking in the tumor inflammation model. If measuring times over 

24 hours are required, SPECT tracers with longer half lives are necessary.  

 

Key words: stem cell radiolabeling, [
18

F]-FDG, 
99m

Tc-HMPAO, tumor-inflammation 

model, PET, gamma camera. 
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Introduction 

Cellular replacement therapy with (genetically modified) neural stem cells (NSCs) 

provides a promising tool for treating central nervous system disorders as NSCs have 

been shown to migrate to sites of cerebral pathologies, such as lesion sites in multiple 

sclerosis, Parkinson disease, ischemic infarcts, and intracranial gliomas [1-4]. Different 

routes of administration of NSCs, including intrastriatal, intraventricular, and 

intravascular injections, have been examined [5-7]. Burnstein and colleagues showed in 

a rat model of Parkinson disease that expanded human neural progenitor cells after 

transplantation into the substantia nigra show survival up to 12 weeks 

posttransplantation and differentiation of some cells into neurons, yet without 

significant behavioral recovery [1]. However, NSCs engineered to express a  cytosine 

deaminase suicide gene were shown to significantly reduce tumor mass in glioma-

bearing mice following administration of the prodrug 5- fluorocytosine [5], and 

Benedetti and colleagues showed that interleukin-4-producing NSCs promote the 

survival time of glioma-bearing mice and rats, indicating the effectiveness of NSC 

replacement therapy [8].  

Although after intravascular administration, relatively few cells reach the lesion site, 

when compared to intrastriatal and intraventricular administration, this route of 

administration is attractive for the delivery of NSCs to the brain as it obviates the need 

for invasive intracranial surgery. Recently, it was shown that inflammatory signals are 

the major attractants for NSCs. Scatter factor/ hepatocyte growth factor (SF/HGF), 

fibroblast growth factor 2 (FGF-2), transforming growth factor a (TGF-a), and 

pleiotrophin (PTN) were found to be the strongest inducers of NSC migration toward 

gliomas [9], whereas migration of NSCs was mediated by the chemokine CXCL12 in 

an in vivo model of multiple sclerosis [2]. 

Noninvasive and highly sensitive nuclear imaging techniques like Positron Emission 

Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) 

have been applied for monitoring cell migration and localization in vivo [10-13]. 

Moreover, contrary to low tissue penetration of light, as detected in optical imaging, 

positron and single photon emitters as detected with PET and SPECT, respectively, 

have unlimited tissue penetration depth for imaging in small animals. Thus far such an 

approach has not been reported for revealing NSC migration towards inflammatory 

sites in vivo. For nuclear imaging of NSC migration, the cells need to be labeled with a 

suitable tracer compound. As compared to SPECT, PET is characterized by a higher 

sensitivity thereby allowing for a more accurate quantification of cell number. 

However, the relatively short half-life of the most commonly used PET tracers is a 

significant drawback of positron emission tomography (e.g. 11C T1/2 = 20 min and 
18

F 
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T1/2 = 110 min). A complementary strategy is using SPECT with longer-lived 

radionuclides, allowing prolonged measuring times, at the expense of sensitivity. The 

most commonly used radionuclides for SPECT have half-lives ranging from hours to 

days (e.g. 
99m

Tc T1/2 = 6 hours and 
111

In T1/2 = 2.8 days) that makes this approach 

more appropriate for prolonged cell monitoring.   

In this study, we examined the feasibility of PET and SPECT for noninvasive imaging 

of NSC trafficking following intravenous administration of the NSCs. Protocols for the 

labeling of C17.2 neural stem cells with [
18

F]-FDG and 99mTc-HMPAO were 

optimized. Following the intravenous injection of [
18

F]-FDG-labeled and 99mTc-

HMPAO-labeled C17.2 cells, the migratory capacity of the cells towards sites of 

inflammation in a rat tumor inflammation model [14] was investigated by PET imaging 

and whole body planar scintigraphy, respectively.  

 

Material and Methods 

Cell lines 

C17.2 NSCs (generously provided by Evan Y. Snyder, Stem Cell and Regeneration 

Program, Burnham Institute for Medical Research, La Jolla, CA) were grown in high-

glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen, Breada, the 

Netherlands) supplemented with 10% fetal calf serum (FCS; BODINCO B.V., 

Alkmaar, the Netherlands), 5% horse serum (Invitrogen, Breada, the Netherlands), 100 

mg/L ampicillin (Invitrogen, Paisley, UK), and 100 mg/L streptomycin (Invitrogen, 

Paisley, UK) at 37
o
C under a 5% CO2 atmosphere and passaged twice a week (1:10 

dilution).  

C6 glioma cells (ATCC, CCL-107) were grown in DMEM supplemented with 7.5% 

FCS at 37
o
C under a 5% CO2 atmosphere and passaged twice a week (1:10 dilution). 

 

Animal model 

The tumor inflammation animal model used in this study was previously described by 

van Waarde and colleagues [14]. In short, male Wistar rats (180–220 g body weight) 

were obtained from Harlan Laboratories (Horst, the Netherlands). The rats were housed 

in Macrolon cages (38 x 26 x 24 cm) on a layer of wood shavings in a room with 

constant temperature (21 ± 2 
o
C) and a fixed 12-hour light-dark regimen (light phase 

from 7:00 to 19:00 hours). Food (standard laboratory chow, RMH-B, Hope Farms, the 

Netherlands) and water were available ad libitum. After 1 week of acclimatization, C6 

glioma cells were subcutaneously injected into the right shoulder (2 x 10
6
 cells in a 1:1 

[v/v] mixture of Matrigel [BD Biosciences, Bedford, MA] and DMEM with 7.5% 
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FCS). After 9 to 10 days, a solid tumor nodule had grown. Turpentine (0.1 mL) was 

injected into the thigh muscle of the left hind leg to induce a local sterile acute 

inflammation. Twenty four hours after turpentine injection, free radiotracer ([
18

F]-FDG 

and 
99m

Tc-HMPAO) or stem cells labeled with radiotracer were injected in the lateral 

tail vein. Cellular imaging and ex-vivo biodistribution were performed as described 

below. All experiments were approved by the Animal Ethics Committee of the 

University of Groningen, the Netherlands. The animal experiments were performed by 

licensed investigators in accordance with the Law on Animal Experiments of the 

Netherlands. 

 

Cellular [
18

F]-FDG uptake 

C17.2 NSCs were seeded at a density of 0.3 x 10
6
 or 0.6 x 10

6
 cells per well in a 12-

well plate. The next day, cells were incubated in 1 mL of complete growth medium 

(see ‘‘Cell Lines,’’ above) with approximately 200 kBq [
18

F]-FDG [15] per well for 30 

to 120 minutes at room temperature to investigate the effect of incubation time on 

labeling efficiency. To study the effect of the medium, 0.3 x 10
6
 cells per well were 

seeded in a 12-well plate and the next day washed once with phosphate-buffered saline 

with calcium and magnesium (PBS
++

: 17.4 mM Na2HPO4, 3.5 mM KH2PO4, 0.9 mM 

CaCl2, 3.5 mM KCl, 0.9 mM MgCl2, 137 mM NaCl, pH 7.4). Either high-glucose 

DMEM (4.5 g/L of glucose), low-glucose DMEM (1 g/L of glucose), or PBS
++

 

(without glucose) was added to the cells. Subsequently, approximately 200 kBq of 

[
18

F]-FDG was added per well and cells were incubated for 60 minutes at 37
o
C. 

Following incubation with the radiotracer, cells were washed two times with 1 mL of 

PBS
++

 and harvested by trypsinization, and cellular radioactivity was determined using 

a Compugamma CS 1282 gamma counter (LKB-Wallac, Turku, Finland). The number 

of viable cells was counted by a trypan blue exclusion assay. The percentage of cellular 

radiotracer uptake was calculated by dividing the radioactive counts in the cell 

suspension by the total activity of radiotracer that was added to the cells. Presented 

values (corrected for decay) are normalized to 1 x 10
6
 cells. All cell experiments were 

done at least twice in triplicate. 

 

Cellular [
18

F]-FDG efflux 

To investigate any spontaneous efflux of the radiotracer from C17.2 cells, cells were 

seeded at a density of 0.3 x 10
6
 cells per well and incubated with [

18
F]-FDG in PBS

++
 

for 60 minutes. Next, cells were washed two times with 1 mL of PBS
++

 and incubated 

in growth medium or growth medium supplemented with 50, 100, or 200 μM phloretin 

(Sigma, St. Louis, MO) or 500 μM or 1 mM chlorogenic acid (Sigma). Either 



Chapter 3 

64 

immediately or 120 minutes after replacement of the medium, the supernatant (efflux) 

was collected and cells (retention) were harvested by trypsinization. Radioactivity of 

the supernatant and the cell suspension were determined using a Compugamma CS 

1282 gamma counter, and the number of viable cells was counted. The percentage of 

[
18

F]-FDG retention by the cells was expressed as activity in the cell suspension 

divided by the sum of the activity in the cell suspension and the supernatant, 

normalized to 1 x 10
6
 cells. 

To study the effect of N-ethylmaleimide on cellular efflux, cells were washed with 

PBS
++

 after 60 minutes [
18

F]-FDG incubation and subsequently incubated with 100 or 

500 μM N-ethylmaleimide in PBS pH 7.2 (Calbiochem-Novabiochem Corporation, La 

Jolla, CA) for 3 minutes. Cells were washed two times with 1 mL of PBS
++

 and 

incubated in growth medium. Immediately or 120 minutes after the addition of growth 

medium, radioactivity was measured in supernatant and cells and efflux was calculated 

as described above. All cell experiments were done at least twice in triplicate. 

 

Thin-layer chromatography 

[
18

F]-FDG and phosphorylated [
18

F]-FDG in C17.2 NSCs and medium were quantified 

by thin-layer chromatography (TLC). Immediately following the efflux, experiment 

cells were thoroughly washed and lysed by 5% Triton X-100 (Sigma). Samples (5 μL) 

of lysate and medium were applied to silica gel–coated aluminum strips (Whatman, 

Dassel, Germany). An authentic sample of [
18

F]-FDG was used as a standard. TLC 

strips were developed with acetonitrile/water (95/5) as the eluent. After its 

development, the strips were air-dried, covered with a multipurpose Cyclone phosphor 

imaging screen (PerkinElmer), and placed in an x-ray film cassette overnight at room 

temperature. The screen was subsequently analyzed using a PerkinElmer Cyclone 

Storage Phosphor System (San Jose, CA). Regions of interest were drawn for [
18

F]-

FDG (Rf value 0.5–0.6) and phosphorylated [
18

F]-FDG (Rf value 0) using OptiQuant 

software (Packard EX Instruments, Meriden, CT), providing the relative amounts of 

these compounds for each sample. 

 

Cellular 
99m

Tc-HMPAO uptake and efflux assay 

0.6 x 10
6 

cells were plated per well in a 12-wells plate (in 1 mL of PBS
++

 or DMEM 

containing 10% FCS) and incubated with ~100 kBq of freshly prepared technetium-

99m hexamethylpropyleneamine oxime (
99m

Tc-HMPAO) in 1 ml of saline for 20-60 

min at room temperature. Alternatively, cells were incubated for 30 min with ~100, 

180, and 250 kBq of 
99m

Tc-HMPAO per well in 1 mL of PBS
++

 at room temperature. 
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Afterwards, cells were washed two times with PBS
++

, collected and counted. Cellular 

radioactivity was measured with a Compugamma CS 1282 gamma counter.  

To determine the extent of efflux of radiotracer from C17.2 cells, cells were seeded at a 

density of 0.6 x 10
6 
cells / well and incubated for 30 min in 1 mL of PBS

++
 with 

99m
Tc-

HMPAO. Next, cells were washed two times with 1 mL of PBS
++

 and incubated in 1 

mL of complete growth medium for 0, 60 and 120 min. At each time point, supernatant 

was collected, and the cells were harvested by trypsinization. Radioactivity was 

determined using a Compugamma CS 1282 gamma counter.  

Alternatively, cells were labeled while being in suspension. 4 x 10
6 

cells were 

centrifuged in 15-ml conic polypropylene tubes (BD Bioscience, the Netherlands) for 

10 min at 400 g, resuspended in 40 MBq 
99m

Tc-HMPAO stock solution (10 MBq per 

million cells), in total volume of 300 μL, and incubated during 15 min while shaking. 

The cells were washed two times with 10 mL of PBS
++

, and the radioactivity of the 

cells was measured using a dose calibrator (Veenstra Instruments, Joure, the 

Netherlands). In order to determine the extent of efflux of 
99m

Tc-HMPAO from the 

cells, labeled cells were incubated in 5 mL of complete growth medium for 120 min. 

Subsequently, cells were centrifuged and the radioactivity of the cell pellet and 

supernatant was determined using a dose calibrator. The percentage of cellular 

radiotracer uptake and retention was calculated as described above. 

Labeling of stem cells with 
111

In-oxine was performed in the same manner as described 

above.  

 

Cell viability assay 

Cell viability was determined by the trypan blue exclusion assay. Following the uptake 

and efflux assays, aliquots of cell suspension were incubated with an equal volume of 

0.4% (v/v) trypan blue (Sigma) for 1 min at room temperature. The percentage of blue 

cells, representing the population of dead cells, was counted using a phase-contrast 

microscope. 

All cell experiments were done at least twice in triplicate. 

 

MicroPET imaging of [
18

F]-FDG-labeled C17.2 cells in rats 

C17.2 cells were seeded at a density of 0.3 x 10
6
 cells/well in a 12-well plate 1 day 

prior to the experiment. One hour before incubation with the radiotracer, the cell 

growth medium was replaced for PBS
++

. Cells were incubated with 50 MBq [
18

F]-

FDG/well for 60 minutes at 37
o
C. Subsequently, cells were collected by trypsinization 

in PBS
++

. Following radiolabeling of the cells, cellular toxicity was assayed by trypan 

blue exclusion. 
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Approximately 8 x 10
6
 radiolabeled cells in 300 mL of PBS

++
 were used for 

intravenous administration in rats. Animals were anesthetized with a 1.5% isofluran-air 

mixture. One hour before the first PET scan, five animals received a bolus injection of 

20 to 30 MBq [
18

F]-FDG and three animals received a similar dose of [
18

F]-FDG-

labeled cells through a tail vein. Because of the leakage of [
18

F]-FDG from the cells 

found in the in vitro study, six animals were intravenously pretreated with phloretin (75 

mg/kg) (Sigma) dissolved in 100 to 150 mL DMSO (Sigma). Another four animals 

were pretreated intravenously with DMSO only (carrier control) 3 to 5 minutes before 

cell injection. The animals were allowed to awaken between tracer injection and 

scanning to stimulate their brain activity. The more active the brain is the higher is its 

capacity to take up any free [
18

F]-FDG that is released from the labeled cells. One-hour 

dynamic whole-body scans with continuous bed motion were performed 1 and 4 hours 

after tracer injection. Ketamine (Parke-Davis, Munic, Germany) and medetomidine 

(Pfizer, New York, NY) anesthesia was maintained throughout the study, and animals 

were kept warm with a heating pad. PET scans were made using a Siemens microPET 

Focus 220 scanner (Siemens Medical Solutions, Knoxville, TN). Imaging data were 

reconstructed using the two-dimensional ordered subset expectation maximization 

(OSEM2D) algorithm with four iterations. As transmission scan for attenuation 

correction by tissue was not feasible owing to continuous bed motion, a function 

Emission Calibration and Segmentation in ASIPro software (Siemens Medical 

Solutions, Hoffman Estates, IL) was used to create an attenuation correction file. 

During the second round of reconstruction, zoom factor 2 was applied. The PET 

acquisition data were corrected for dead time, random coincidences, and attenuation. 

Image analysis was performed using ASIPro microPET data analysis software. For 

visual representation, data were decay corrected, expressed as a percentage of injected 

dose, and presented as coronal view of maximal-intensity projections. 

 

Gamma camera imaging of 
99m

Tc-HMPAO-labeled C17.2 cells in rats 

C17.2 cells were labeled with 
99m

Tc-HMPAO while being in suspension. Cells were 

trypsinized, washed with PBS
++

, and resuspended in 
99m

Tc-HMPAO stock (~10 MBq/1 

x 10
6
 cells). After incubation for 15 min at RT, cells were spun down, washed and 

resuspended in PBS
++

 at a concentration of ~30 MBq in 300 μL. Following 

radiolabeling of the cells, cellular toxicity was assayed by trypan blue exclusion. 

Whole body scans were made using a Siemens Diacam gamma camera with a low 

energy high resolution collimator. One hour and 17-18 hours after injection of 
99m

Tc-

HMPAO (five animals) or 
99m

Tc-HMPAO-labeled cells (six animals) through a tail 

vein (15 - 25 MBq of free tracer, or 10 – 20 MBq labeled cells were injected under 
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1.5% isofluran anesthesia, after which the animals were allowed to wake up), planar 

images were obtained using a 10 minutes acquisition during the first scan and 20 

minutes acquisition during the second scan. During both scans the animals were kept 

under ketamine (Parke-Davis, Munic, Germany) and medetomidine (Pfizer, New York, 

N.Y.) anesthesia.  

 

Biodistribution of free radiotracer and radiolabeled C17.2 cells in rats 

The animals of all the treatment groups, i.e. free [
18

F]-FDG, [
18

F]-FDG-labeled cells, 

[
18

F]-FDG-labeled cells plus phloretin, [
18

F]-FDG-labeled cells plus DMSO, free 
99m

Tc-HMPAO, 
99m

Tc-HMPAO-labeled cells, were sacrificed by extirpation of the 

heart under deep anesthesia after completion of the final scan, i.e. five hours after 

injection of [
18

F]-FDG and [
18

F]-FDG labeled cells and 19 ± 1 h after injection of 
99m

Tc-HMPAO and 
99m

Tc-HMPAO labeled cells.  The wet weight of all collected 

major organs and tissues as well as the tumor, and part of the inflamed muscle was 

measured. Plasma and blood cell fractions were obtained from blood by centrifugation 

(10 min at 1,200 g). The radioactivity of the samples was measured using a 

Compugamma CS 1282 gamma counter (LKB-Wallac) applying a decay correction. 

The results were expressed as standardized uptake values (SUVs) calculated as 

radioactivity per gram of tissue divided by the injected dose per gram of body weight. 

The inflamed to control muscle ratio was also calculated as a measure of cell migration 

toward inflammation. 

 

Statistical Analysis 

The biodistribution data were analyzed using SPSS version 16.0 (SPSS Inc, Chicago, 

IL). Comparison between groups was made using the Student t-test and one-way 

analysis of variance (ANOVA) followed by the Bonferroni post hoc test, and p values , 

0.05 (two-sided) were considered statistically significant. 
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Results 

Labeling of C17.2 NSCs with [
18

F]-FDG 

Several parameters for the labeling of C17.2 NSCs with [
18

F]-FDG were investigated 

to achieve a sufficiently high labeling efficiency for in vivo imaging studies. When 

C17.2 cells were incubated with [
18

F]-FDG in complete (high glucose) growth 

medium, a linear increase in cellular [
18

F]-FDG accumulation over time was observed 

(Figure 1A), indicating that [
18

F]-FDG accumulation was not complete within 2 hours. 

In fact, cellular [
18

F]-FDG uptake was less than 1% of the applied dose after 2 hours of 

incubation. When C17.2 cells were seeded at half the density, an approximately 25% 

increase in [
18

F]-FDG uptake was observed at each time point, but labeling efficiency 

was still low. As [
18

F]-FDG is a glucose-analogue and C17.2 cells were incubated with 

this analogue in a high-glucose medium, competition between [
18

F]-FDG and glucose 

could be responsible for this low tracer uptake. Therefore, we investigated whether a 

reduction in glucose content of the medium would result in an increase in labeling 

efficiency. Indeed, the cellular uptake of [
18

F]-FDG was dramatically enhanced when 

cells were kept in a low-glucose medium during the labeling procedure (Figure 1B). 

Thus, in low-glucose medium, the labeling efficiency was enhanced threefold 

compared to the labeling efficiency in high-glucose medium, that is, 4.1 ± 0.4 and 1.4 ± 

0.4% dose/10
6
 cells, respectively. In the absence of glucose (PBS

++
 as medium), the 

labeling efficiency was almost an order of magnitude higher (11.9 ± 0.5% dose/ 10
6
 

cells) than the labeling efficiency in high-glucose medium. 

With the trypan blue exclusion assay, no effect of the [
18

F]-FDG labeling procedure on 

cell viability was noticed immediately following labeling.  
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Figure 1. Cellular uptake of [18F]-FDG in 

C17.2 neural stem cells. (A) The effect of 

the seeding density of cells and the total 

incubation time with the radiotracer on the 

cellular radioactivity in C17.2 cells. Cells 

were seeded in complete growth medium 

with 4.5 g/L of glucose. (B) The effect of 

glucose in the medium on labeling 

efficiency. Cells were seeded at 0.3 x 106 

cells per well. Cells were incubated with 

[18F]-FDG for 1 hour. High-glucose 

DMEM contains 4.5 g/L glucose, Low-

glucose DMEM contains 1 g/L glucose, 

and PBS++ has no glucose. Data are 

presented as mean ± standard deviation. 

Owing to the size, in some cases, standard 

deviations are not visible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inhibition of [
18

F]-FDG efflux from C17.2 NSCs in vitro by phloretin 

For in vivo cell tracking, it is important that the radioactive label does not substantially 

dissociate from the cells. Unfortunately, approximately 40% of radioactivity was 

released from the [
18

F]-FDG-labeled C17.2 cells within 2 hours after labeling (Figure 

2). TLC of the cell lysates at different time points after labeling (Figure 3) revealed a 

decrease in the cellular amount of phosphorylated [
18

F]-FDG of ≈20% after 1 hour of 

efflux, which is in agreement with the speed of efflux of cell-bound radioactivity.  

In an attempt to block the release of [
18

F]-FDG from C17.2 cells, the effect of the 

glucose-6-phosphatase inhibitor chlorogenic acid on cellular efflux of radioactivity was 

investigated. Interestingly, inhibition of glucose-6-phosphatase activity by chlorogenic 

acid did not prevent the release of radioactivity from [
18

F]-FDG labeled C17.2 cells 

(see Figure 2). Chlorogenic acid did not show any toxicity in the trypan blue exclusion 

assay. As chlorogenic acid was shown to inhibit glucose-6-phosphatase in liver 

microsomes [16], we assessed its effectiveness in intact liver (HepG2) cells. Similar to 

C17.2 NSCs, [
18

F]-FDG efflux could not be blocked by chlorogenic acid in intact 

HepG2 cells. Next, the effect of the glucose transport inhibitors phloretin and N-

ethylmaleimide was tested. N-ethylmaleimide showed toxicity to C17.2 cells and did 

not result in improvement in [
18

F]-FDG retention. Phloretin, on the other hand, was 

able to improve retention of the radioactivity in the cells in vitro. Incubation of [
18

F]-

FDG-labeled C17.2 cells in the presence of phloretin, an inhibitor of facilitative 
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Figure 2. Cellular retention of [18F]-FDG at 120 min after labeling. Cells were seeded at 0.3 

x 106 cells per well. After incubation with [18F]-FDG, cells were washed for 3 min with N-

ethylmaleimide followed by incubation in complete feeding medium (NEM), or incubated 

in complete feeding medium with different concentrations of chlorogenic acid (CHA), and 

phloretin. Results are normalized to cell retention immediately after cell labeling. 

glucose transport, resulted in a concentration-dependent increase in [
18

F]-FDG 

retention (see Figure 2). Phloretin did not affect cell viability, as determined by the 

trypan blue exclusion assay. At a phloretin concentration of 50 μM, [
18

F]-FDG 

retention was 70% compared to ≈60% in its absence. At 100 μM phloretin, retention 

increased further to 80%, and at 200 μM phloretin, the retention was nearly 90%. 

When cells were not in the continuous presence of phloretin after [
18

F]-FDG labeling, 

but phloretin was washed away after 1 hour of incubation, radio-TLC showed ≈20% 

loss of phosphorylated [
18

F]-FDG in the cell lysate in the subsequent hour (see Figure 

3), indicating that glucose transport inhibition by phloretin is transient and reversible.  
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Figure 3. Thin-layer chromatogram (TLC) of 

lysates from [18F]-FDG-loaded C17.2 neural stem 

cells. On [18F]-FDG uptake, the cells were washed 

and incubated for 1 hour in medium (M) or 200 

μM phloretin (P). Next, they were washed again 

and lysed (samples M1 and P1, respectively) or 

incubated in medium for 1 more hour, washed, and 

lysed (samples M2 and P2, respectively). The right 

lane shows an authentic sample of [18F]-FDG. TLC 

was performed on silica gel–coated aluminum 

strips with acetonitrile/water (95/5) as the eluent. 

 

 

 

 

 

 

 

 

 

MicroPET imaging of [
18

F]-FDG-labeled C17.2 cells in a tumor 

inflammation model 

The procedures and protocols for tumor growth and inflammation induction were 

carried out as previously described [14]. Similarly, as reported in those studies, tumor 

growth after inoculation of C6 glioma cells varied between animals. The tumor mass at 

the time when animals were sacrificed was 1.727 ± 1,238 g (mean ± SD). Turpentine 

caused palpable swelling of the thigh 24 hours after injection. Muscle dissection 

revealed the presence of abscess, a sign of acute inflammation, which was 

accompanied by massive infiltration of neutrophils[14,17] .  

Prior to infusing labeled C17.2 cells and examining their tissue distribution, we first 

analyzed the distribution of free [
18

F]-FDG after intravenous administration. A typical 

distribution pattern of [
18

F]-FDG was observed 1 and 4 hours after tracer injection 

(Figure 4). A high amount of activity was visible in the bladder because of [
18

F]-FDG 

excretion via the kidneys [18]. Ex vivo biodistribution at 5 hours postinjection (Table 

1) showed high accumulation of [
18

F]-FDG in tissues with a high-glucose metabolism, 

such as heart, tumor, and brain (SUV 8.1, 4.3, and 1.3, respectively). Administration of 

[
18

F]-FDG labeled C17.2 NSCs resulted in significantly higher accumulation of 

radioactivity in liver, lungs, and spleen (see Table 1) compared to administration of the 

free tracer (5.7-fold, 5.4-fold, and 2.4-fold increase, respectively; p<0.01). In fact, PET 

images showed that most of the C17.2 cells were present in the lungs after 1 hour (see 

Figure 4), whereas redistribution from the lungs to the liver and spleen was observed 4 

hours after cell administration. These results imply that the increased tracer uptake in 

liver, lung, and spleen is due to trapping of the NSCs in these tissues. However, equally 

high accumulation of radioactivity in tumor and heart was observed after injection of 

either free [
18

F]-FDG or [
18

F]-FDG-labeled C17.2 cells. Administration of radiolabeled 
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cells resulted in only 22% lower (p= 0.012) accumulation of radioactivity in the brain 

than injection of free [
18

F]-FDG, whereas uptake in tumor and heart was comparable 

for both groups. These results suggest that [
18

F]-FDG presumably is partly released 

from the cells as cells are not expected to migrate to the brain or accumulate in the 

heart without any inflammatory targeting signals. As [
18

F]-FDG is excreted via the 

kidneys, the high radioactivity in kidneys and bladder shown in the PET images of 

animals infused with [
18

F]-FDG-labeled cells is also in accordance with leakage of the 

radiotracer from cells.  

 

Effect of phloretin on [
18

F]-FDG efflux in vivo 

To prevent the leakage of [
18

F]-FDG from the C17.2 cells, animals were treated with 

75 mg/kg phloretin in DMSO prior to injection of labeled NSCs. PET (see Figure 4) 

and ex vivo biodistribution data (Table 2) showed that accumulation of radioactivity in 

glucose-consuming tissues such as heart, brain, and tumor was not significantly 

decreased after administration of phloretin. However, the uptake ratio between 

inflamed muscle and control muscle was significantly increased in the phloretin-treated 

animals (ratio 5.0 ± 0.9) compared to animals injected with [
18

F]-FDG-labeled cells 

(ratio 2.7 ± 0.9; p = 0.042) or [
18

F]-FDG only (ratio 2.3 ± 0.6; p = 0.004) (Table 3). For 

comparison, injection of DMSO before [
18

F]-FDG-labeled cells resulted in an inflamed 

to control muscle ratio of 3.0 ± 1.7. Taken together, these results suggest that labeled 

NSCs migrate toward the inflammatory site but that phloretin could only partly prevent 

release of [
18

F]-FDG from labeled NSCs in vivo. 
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Figure 4. Coronal view of maximal intensity projections obtained 60-120 min and 240-

300 min after injection of free [18F]-FDG, [18F]-FDG labeled stem cells and [18F]-FDG 

labeled stem cells after pretreatment with phloretin and DMSO. The upper part of the 

images shows the anterior part of the animals. Hot spots in the head are Harderian 

glands. The corresponding lower parts of each frame show coronal slices of the hind legs 

revealing inflamed muscle tissue in the left leg versus control muscle tissue in the right 

leg. Animals received a bolus injection of 20-30 MBq [18F]-FDG or a similar dose of 

[18F]-FDG- labeled cells through a tail vein. Dotted regions of interest indicate the 

position of the tumors, as well as the inflammation and some organs. 
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Tissue Free 18F-FDG 
18F-FDG labeled 

cells 
Student t-

test 

Bone 0.425 + 0.149 0.350 + 0.058 NS 

Cerebellum 0.773 + 0.069 0.626 + 0.072 NS 

Colon 1.953 + 0.418 1.445 + 0.296 NS 

Cortex 1.658 + 0.172 1.336 + 0.195 NS 

Duodenum 1.429 + 0.184 1.246 + 0.203 NS 

Fat 0.227 + 0.158 0.284 + 0.050 NS 

Heart 8.107 + 2.194 7.371 + 1.087 NS 

Ileum 1.488 + 0.383 1.274 + 0.247 NS 

Kidney 0.873 + 0.265 0.831 + 0.180 NS 

Liver 0.421 + 0.102 2.410 + 0.770 0.001 

Lung 1.087 + 0.152 5.911 + 0.227 0.000 

Muscle, control 0.348 + 0.134 0.225 + 0.035 NS 

Muscle, inflamed 0.757 + 0.199 0.601 + 0.150 NS 

Spleen 2.135 + 0.705 5.209 + 1.690 0.007 

Plasma 0.164 + 0.067 0.093 + 0.019 NS 

RBC 0.151 + 0.043 0.093 + 0.020 NS 

Pancreas 0.400 + 0.096 0.440 + 0.116 NS 

Tumor 4.345 + 0.517 4.065 + 0.403 NS 

Trachea 0.986 + 0.293 0.789 + 0.111 NS 

Total brain 1.298 + 0.108 1.015 + 0.094 0.012 

 

Effect of DMSO on the distribution of labeled stem cells 

Compared to images of animals administered with labeled cells only, PET images of 

animals treated with 75 mg/kg phloretin in DMSO before administration of labeled 

stem cells showed a redistribution of the radioactivity from the lungs to the liver and 

spleen 1 hour after administration of the labeled cells (see Figure 4). PET scans 

obtained 4 hours after administration showed further clearance of the radiolabel from 

the lungs. Ex vivo biodistribution a 5 hours postinjection (see Table 2) confirmed that 

phloretin administration prior to injection of the radiolabeled stem cells significantly 

reduced the accumulation of radioactivity in lung (-74%) and spleen (-63%). Tracer 

uptake in liver was also strongly reduced (-54%), but this reduction did not reach 

statistical significance. The major reduction in tracer uptake in these organs, however, 

Table 1. Biodistribution of free [18F]-FDG and neural stem cells labeled with [18F]-FDG in 

a rat tumor - inflammation model at 5 hours after injection. Results are represented as 

standardized uptake value ± standard deviation. [18F]-FDG = 2’-[18F]fluoro-2’-deoxy-D-

glucose; NS = not statistically significant; RBC = red blood cell. 
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cannot be attributed to phloretin because ex vivo biodistribution of animals pretreated 

with only DMSO (vehicle control) prior to injection of labeled stem cells showed a 

similar significant reduction in tracer uptake in lung, spleen, and liver compared to 

animals injected with [
18

F]-FDG-labeled cells only. Pretreatment with DMSO only also 

caused significant reductions in tracer accumulation in heart (-37%) and tumor (-38%), 

which were not observed in animals pretreated with a phloretin solution in DMSO. The 

reason for this discrepancy remains to be elucidated. 

 
 

 

 

 

 

 

Tissue 

 

18F-FDG 
labeled cells (1) 

 

 
Phloretin + 18F-

FDG labeled 
cells (2) 

 
DMSO + 18F-
FDG labeled 

cells (3) 

One-way ANOVA 

1 versus 
2 

1 versus 
3 

2 versus 
3 

Bone 0.350 + 0.058 0.283 + 0.065 0.395 + 0.042 NS NS NS 

Cerebellum 0.626 + 0.072 0.653 + 0.125 0.629 + 0.141 NS NS NS 

Colon 1.445 + 0.296 1.331 + 0.264 1.547 + 0.474 NS NS NS 

Cortex 1.336 + 0.195 1.474 + 0.309 1.188 + 0.208 NS NS NS 

Duodenum 1.246 + 0.203 1.291 + 0.392 1.326 + 0.218 NS NS NS 

Fat 0.284 + 0.050 0.252 + 0.047 0.276 + 0.092 NS NS NS 

Heart 7.371 + 1.087 6.485 + 1.073 4.760 + 0.969 NS 0.01 0.021 

Ileum 1.274 + 0.247 1.245 + 0.256 1.449 + 0.193 NS NS NS 

Kidney 0.831 + 0.180 0.970 + 0.276 0.713 + 0.120 NS NS NS 

Liver 2.410 + 0.770 1.099 + 0.930 0.698 + 0.259 NS 0.039 NS 

Lung 5.911 + 0.227 1.564 + 0.605 1.456 + 0.789 0.000 0.000 NS 

Muscle, control 0.225 + 0.035 0.186 + 0.051 0.340 + 0.248 NS NS NS 

Muscle, inflamed 0.601 + 0.150 0.956 + 0.364 0.877 + 0.207 NS NS NS 

Spleen 5.209 + 1.690 1.918 + 1.351 2.363 + 0.724 0.016 0.04 NS 

Plasma 0.093 + 0.019 0.168 + 0.066 0.091 + 0.023 NS NS 0.044 

RBC 0.093 + 0.020 0.116 + 0.024 0.100 + 0.010 NS NS NS 

Pancreas 0.440 + 0.116 0.338 + 0.088 0.382 + 0.046 NS NS NS 

Tumor 4.065 + 0.403 3.322 + 0.902 2.539 + 0.402 NS 0.019 NS 

Trachea 0.789 + 0.111 0.755 + 0.079 0.890 + 0.286 NS NS NS 

Total brain 1.015 + 0.094 1.052 + 0.190 0.939 + 0.146 NS NS NS 

 

 

Table 2. Biodistribution of neural stem cells labeled with [18F]-FDG in a rat tumor - 

inflammation model at 5 hours after injection. Pretreatment was as follows: no pretreatment 

([18F]-FDG labeled cells), phloretin pretreatment (phloretin + [18F]-FDG labeled cells) and 

DMSO pretreatment (DMSO + [18F]-FDG labeled cells). Results are represented as standardized 

uptake value ± standard deviation. 
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Labeling of C17.2 neural stem cells with 
99m

Tc-HMPAO 

Similar to labeling with [
18

F]-FDG, several labeling conditions for labeling of C17.2 

NSCs with 
99m

Tc-HMPAO were investigated in order to improve labeling efficiency. 

Firstly, C17.2 cells grown in monolayers were incubated with 
99m

Tc-HMPAO in 

complete growth medium. Cells treated in this way showed a linear accumulation of 
99m

Tc-HMPAO over time (Fig 5a). The total cellular 
99m

Tc-HMPAO uptake was 10 % 

of the applied dose after 1 hour of incubation. It is known that serum components such 

as albumin may compete with cells for lipophilic substances such as 
99m

Tc-HMPAO 

[19]. Therefore, we tested the labeling efficiency of C17.2 cells with 
99m

Tc-HMPAO in 

the presence and absence of serum, and confirmed that the labeling efficiency in the 

absence of serum is much higher, i.e. 3-fold, reaching ~30% of the applied dose after 1 

hour of incubation (Fig. 5a). Further, the labeling efficiency of C17.2 cells with 
99m

Tc-

HMPAO showed a linear correlation with 
99m

Tc-HMPAO concentration. (Fig. 5b). 

Importantly, the 
99m

Tc-HMPAO radiolabel was very well retained by the C17.2 cells. 

Two hours after completion of cell labeling, 84.6 % of radioactivity was still associated 

with the cells (Fig. 5c). Since 
99m

Tc-HMPAO is a lipophilic compound that can cross 

the plasma membrane in passive fashion, its uptake should be greatly dependant on 

surface of exposed membrane. Therefore we investigated radiolabeling of the cells in 

suspension (instead of monolayers of cells) as well. Radiolabeling in suspension 

resulted in an uptake of 50 % of the applied dose after only 15 minutes of incubation, 

i.e. 5 MBq /10
6
 cells, and retention proved to be similar to the retention of 

99m
Tc-

HMPAO in adherent cells, i.e. 80 % at two hours after labeling (Fig. 5d). Cell viability 

immediately upon 
99m

Tc-HMPAO labeling was 100% as showed by Trypan blue assay. 

 
 

tumor 
inflamed 
muscle 

Free 18F-FDG 14.13 + 6.16 2.29 + 0.55 
18F-FDG labeled cells 18.50 + 4.47 2.74 + 0.91 

Phloretin + 18F-FDG labeled cells 18.90 + 6.66 5.08 + 0.92 

DMSO + 18F-FDG labeled cells 10.26 + 5.22 3.30 + 1.65 

Free 99mTc-HMPAO 2.66 + 0.96 3.58 + 1.12 
99mTc-HMPAO labeled cells 5.34 + 2.70 6.18 + 4.86 

TABLE 3. Tumor-to-muscle and inflammation-to-muscle ratios as determined by ex vivo 

biodistribution (t = 5 h for [18F]-FDG; t = 19 for 99mTc-HMPAO). 
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C17.2 neural stem cell labeling with 
111

In-oxine 

For the purpose of prolonged cell tracking (>24 h), the possibility of using 
111

In-oxine 

(T½ = 2.8 days) for cell labeling was investigated. Similar to labeling with 
99m

Tc-

HMPAO, cells were incubated with 
111

In-oxine while being attached (i.e. grown in 

tissue culture dishes) or in suspension. However, in contrast to labeling with
99m

Tc-

HMPAO, labeling of the cells with 
111

In-oxine caused a toxic response after 

incorporation of more than 50 kBq / 10
6
 cells. One hour after labeling of the C17.2 

cells, the efflux reached ~30% and remained at that level over the next hour. As the 

level of incorporation of this radioactive label that could be achieved without signs of 

cellular toxicity was too low for successful SPECT imaging, the use of 
111

In-oxine for 

Figure 5. Cellular radioactivity following incubation with 99mTc-HMPAO. A. Cellular 

uptake assay in presence and absence of serum. B. Cellular uptake assay applying different 

concentrations of 99mTc-HMPAO. C. Cellular efflux assay of 99mTc-HMPAO. Under A, B 

and C cells were seeded at 0.3 x 106 cells per well. D. Cell labeling in suspension with 5 

MBq / 106 cells. Under B, C and D no serum was used during labeling procedure. Data are 

presented as mean ± SD. Due to the size, in some cases, standard deviations are not visible. 
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cell labeling was not further investigated. Instead, we subsequently focused our efforts 

to monitor C17.2 cells by using
 99m

Tc-HMPAO-labeled cells.  

 

Gamma camera imaging of 
99m

Tc-HMPAO-labeled C17.2 cells 

Firstly, we examined distribution of free 
99m

Tc-HMPAO. 1 hour after 
99m

Tc-HMPAO 

administration radioactivity was visible in the brain, heart, and kidneys (Fig. 6). 17 

hours after administration radioactivity was visible in liver and spleen as well. High 

amount of radioactivity was bound to red blood cells (SUV was 3.7) as showed by ex 

vivo biodistribution data 19 hours postinjection (Table 4). SUV were high for brain, 

heart, liver, lungs and spleen as well (Table 4). Rats treated with 
99m

Tc-HMAPO-

labeled stem cells showed an absence of radioactivity in the brain both at 1 and 17h 

following injection (Fig. 6), which indicates that there is no significant leakage of 
99m

Tc-HMPAO in a form that can be transferred to other cells/tissues. Moreover, the 

absence of radioactivity in the brain suggests that C17.2 cell do not spontaneously 

migrate to the healthy brain, as anticipated. Accumulation of radioactivity is visible in 

lungs, liver, spleen and kidneys at 1 hour following injection of labeled cells. The 

whole body scans at 17h show less accumulation of radioactivity in the lungs compared 

to the scans at 1 hour. The biodistribution data (t = 19±1h) show that 
99m

Tc-HMPAO-

labeled cells accumulated in liver, spleen and lungs (Table 4).  Some cells migrate to 

the site of inflammation and tumor site immediately after administration. The tumor-to-

muscle ratio and inflammation-to-muscle ratio for 
99m

Tc-HMPAO-labeled cells are 

similar (Table 3), and higher than the ratios found in free 
99m

Tc-HMPAO-treated rats, 

indicating the accumulation of C17.2 cells at the tumor site and the inflamed muscle. It 

should be noted that the activity in kidneys is likely not due to an accumulation of 

cells, but presumably to the elimination of free 
99m

Tc-pertechnetate via the renal system 

[20].  
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Figure 6. Gamma camera images obtained at 1 hour and 17 hours after 

administration of free 99mTc-HMPAO (15 - 25 MBq per animal) and 99mTc-

HMPAO labeled stem cells (10 – 20 MBq labeled cells per animal) through a tail 

vein. Planar images were obtained using a 10 min acquisition time frame during 

the first scan and one of 20 min during the second scan. Dotted regions of interest 

indicate the position of the tumors, as well as the inflammation and some organs. 
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Tissue 
Free 99mTc-
HMPAO 

99mTc-HMPAO 
labeled cells 

Student t-
test 

Bone 0.137 + 0.073 0.275 + 0.259 NS 

Brain rest 2.024 + 1.257 0.037 + 0.012 0.002 

Cerebellum 1.300 + 0.784 0.042 + 0.089 0.002 

Colon 0.881 + 0.151 0.243 + 0.129 0.000 

Cortex 2.375 + 0.928 0.069 + 0.092 0.000 

Duodenum 0.802 + 0.334 0.167 + 0.060 0.001 

Fat 0.117 + 0.066 0.072 + 0.058 NS 

Heart 1.319 + 0.578 0.125 + 0.031 0.001 

Ileum 0.823 + 0.353 0.277 + 0.058 0.006 

Kidney 8.628 + 2.956 11.664 + 1.691 NS 

Liver 1.069 + 0.198 5.589 + 1.621 0.000 

Lung 2.758 + 1.565 3.204 + 1.491 NS 

Muscle, control 0.148 + 0.074 0.044 + 0.019 0.011 

Muscle, inflamed 0.495 + 0.171 0.224 + 0.126 0.007 

Spleen 1.919 + 1.010 8.600 + 2.108 0.000 

Plasma 0.193 + 0.032 0.136 + 0.042 0.037 

RBC 3.767 + 1.737 0.132 + 0.047 0.001 

Pancreas 0.572 + 0.230 0.108 + 0.032 0.001 

Tumor 0.338 + 0.077 0.197 + 0.040 0.003 

Trachea 1.242 + 0.529 0.260 + 0.211 0.002 

Total brain 1.890 + 1.107 0.024 + 0.021 0.001 

 

Discussion 

In this study, we investigated the possibility of labeling C17.2 NSCs with [
18

F]-FDG 

and 
99m

Tc-HMPAO the subsequent application of this approaches to examine the in 

vivo distribution of the radiolabeled C17.2 cells by microPET and gamma camera 

imaging in a tumor inflammation model after intravascular administration.  

The PET tracer [
18

F]-FDG is a glucose analogue that is actively transported into cells 

by glucose transporters, where it is phosphorylated by hexokinase. The phosphorylated 

form, 2-[
18

F] fluoro-2-deoxy-D-glucose-6-phosphate ([
18

F]-FDG-6P), is a poor 

substrate for glucose-6-phosphate dehydrogenase, an enzyme in the pentose phosphate 

pathway, and therefore causes its entrapment within the cells [21]. 

C17.2 NSCs at high, that is, ≈90%, confluency showed a lower uptake of [
18

F]-FDG 

than C17.2 cells at median, that is, ≈50%, confluency (see Figure 1A). This distinction 

Table 4.  Biodistribution of free 99mTc-HMPAO and neural stem cells labeled with 
99mTc-HMPAO in rat tumor inflammation model at 19±1 hours after administration. 

Results are represented as SUV. 
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can be explained by the fact that C17.2 NSCs display contact inhibition on reaching 

total confluency, resulting in a lower metabolic activity. Moreover, incubation of cells 

with [
18

F]-FDG in the absence of glucose (PBS
++

) resulted in a significantly higher 

labeling efficiency than incubation in the presence of glucose (see Figure 1). These 

data thus reveal that [
18

F]-FDG, as a glucose analogue, most likely competes with 

glucose in the medium for the same cellular transporters and hexokinase to be 

internalized and phosphorylated by the cells. 

TLC revealed the presence of both [
18

F]-FDG and phosphorylated [
18

F]-FDG in cell 

lysates, whereas in the medium, only free [
18

F]-FDG was detectable. A decrease in the 

amount of phosphorylated [
18

F]-FDG in cell lysates occurred over time. Although 

glucose-6-phosphatase, an enzyme that dephosphorylates glucose 6-phosphate, is 

abundantly expressed in liver and kidney cells, its expression has been demonstrated in 

other cell types as well [22-25]. Since we observed a decrease in the amount of 

phosphorylated [
18

F]-FDG in the cell lysate over time, as revealed by TLC, 

dephosphorylation of [
18

F]-FDG-6-P apparently also occurs in C17.2 cells. To inhibit 

the dephosphorylation of [
18

F]-FDG-6-P, cells were incubated with chlorogenic acid. 

Chlorogenic acid inhibits hepatic glucose-6-phosphatase by blocking transport of 

glucose 6-phosphate to the endoplasmic reticulum, where dephosphorylation occurs 

[16]. Unfortunately, it did not show inhibitory effect on [
18

F]-FDG-6-P 

dephosphorylation in our hands in both C17.2 NSCs and HepG2 cells. One reason for 

that could be that chlorogenic acid does not affect intact cells as its effect was shown 

only on microsomes. On the other hand, Leuzzi and colleagues showed that glucose-6-

phosphate transport in fibroblast- and HeLa cell–derived microsomes is not influenced 

by chlorogenic acid either [26]. As glucose 6-phosphate accumulates in the 

endoplasmic reticulum of the latter cell types, the authors suggested the existence of a 

second endoplasmic reticulum glucose-6-phosphate transport system. Although we did 

not investigate this further, owing to high [
18

F]-FDG efflux and the inability of 

chlorogenic acid to block the efflux, we cannot exclude the existence of such glucose-

6-phosphate transport system in C17.2 NSCs. 

Unfortunately, [
18

F]-FDG leakage from the cells was evident both in vitro and in vivo. 

Whereas in vitro [
18

F]-FDG leakage from the cells could be prevented by the use of 

phloretin (see Figure 2), phloretin could not prevent the loss of cellular radioactivity in 

vivo (see Table 2). High levels of radioactivity in plasma and metabolically active 

organs such as the brain and heart in animals pretreated with phloretin indicated that 

phloretin (at 75 mg/kg) is not effective in the prevention of [
18

F]-FDG leakage from 

C17.2 cells following tail vein injection. As the brain and heart are organs with high 

metabolic activity but exhibit no inflammatory signals, the radioactivity in the brain 

and heart does not reflect accumulation of labeled cells but should be ascribed to 
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leakage of [
18

F]-FDG from the cells. Leakage of [
18

F]-FDG from labeled cells is not 

uncommon, and efflux from other cell types has been reported as well [27-29]. The 

inability of phloretin to inhibit [
18

F]-FDG efflux in vivo might be due to the dosage of 

phloretin administered in this study, which may be insufficient for completely blocking 

all glucose transporters. Phloretin is only very slightly soluble in water or ethanol. The 

inhibitor can be dissolved in DMSO, but to keep the injection volume of this organic 

solvent small within reasonable limits, we had to limit the dosage of the inhibitor to 75 

mg/kg. 

The majority of [
18

F]-FDG-labeled C17.2 cells were trapped in the capillary network of 

lungs, liver, and spleen (see Figure 4). Interestingly, PET images from animals treated 

with phloretin showed faster clearance of stem cells from the lungs compared to the 

group of animals that had not been treated with phloretin (see Figure 4). In accordance, 

the biodistribution data showed that the activity in lungs, liver, and spleen was 

significantly lower in animals pretreated with phloretin compared to the activity in 

animals that received no pretreatment (see Table 2). The measured activities in these 

organs in the phloretin-treated animals resembled the values of animals injected with 

free [
18

F]-FDG, suggesting avoidance of cell retention in the capillary beds of these 

organs in the presence of phloretin. However, this decrease in cell retention cannot be 

explained by an effect of phloretin per se, as the same decrease of radioactivity in 

lungs, spleen, and liver was attained when the animals had been pretreated with 

DMSO, that is, the solvent for phloretin (see Table 2). Interestingly, it has been shown 

that administration of sodium nitroprusside, a strong vasodilator, reduces mesenchymal 

stem cell trapping in lungs after intravenous injection [30]. Given that DMSO-induced 

relaxation in porcine pulmonary and coronary arteries has been described [31], it 

appears plausible that a vasodilatation effect of DMSO could have alleviated cell 

retention in lung, liver, and spleen in our study. 

In future work, it will therefore be of interest to further investigate the effect of more 

vasodilation compounds on the distribution of intravenously injected stem cells as they 

could markedly improve the migration of stem cells to the target site [32]. 

Unlike [
18

F]-FDG that is internalized by cells via a transporter-mediated route, 
99m

Tc-

HMPAO is a lipophilic radiotracer, primarily intercalating in cellular membranes or 

when acquiring cytosolic access, being retained within the cell after glutathione 

conversion to a hydrophilic form [33]. The labeling efficiency of C17.2 cells with 
99m

Tc-HMPAO showed a linear correlation with 
99m

Tc-HMPAO concentration 

confirming its cellular association being accomplished via a passive non-

receptor/transporter-mediated mechanism (Fig 4b). As predicted based on the literature 

[19], 
99m

Tc-HMPAO stem cells labeling efficiency has greatly improved in the absence 

of serum. Furthermore, labeling of cells in suspension led to desirable combination of 
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speed and efficiency without signs of radiotoxicity. Due to showed retention of 

radiolabel within the cell 
99m

Tc-HMPAO labeling is preferred over [
18

F]-FDG.   

Intravenous administration of free 
99m

Tc-HMPAO led to extensive labeling of blood 

cells (Table 4) and typical biodistribution with highest values that resemble extent of 

organ perfusion [20]. Since 
99m

Tc-HMPAO is very well retained by the cells, the body 

distribution of 
99m

Tc-HMPAO-labeled cells reflects the genuine location of the C17.2 

cells. Kidney SUV levels equally high for both 
99m

Tc-HMPAO and cell administered 

animals confirm these organs as route of elimination of radioactive metabolites.  

Labeling of C17.2 NSCs with 
111

In-oxine for long term in vivo imaging was showed 

not to be feasible. Similar to 
99m

Tc-HMPAO, 
111

In-oxine is a lipid soluble complex. 

The mechanism of labeling is not clear, but most likely indium attaches to components 

of the cytoplasm while oxine is released by the cell.  Labeling of the cells with 
111

In-

oxine caused a toxic response after incorporation of 100 times less radioactivity 

compared to 
99m

TcHMPAO. Indeed, similar toxic effects upon labeling of human 

lymphocytes have also been reported [34]. The reason of this high toxicity was not 

further investigated, however, some causes could be metal poisoning or low 

radiosensitivity of the cell line [35,36].  

 

Conclusions 

We have shown that labeling of C17.2 NSCs with [
18

F]-FDG is feasible, but labeling 

efficiency remains relatively low, despite optimization of the procedure. Still, sufficient 

quantities of labeled cells for in vivo cell tracking can be produced. However, the 

major drawback of [
18

F]-FDG-labeled NSCs was the substantial loss of radioactivity 

observed both in vitro and in vivo, which is presumably due to the glucose-6-

phosphatase activity of the stem cells. In vitro, release of radioactivity from the labeled 

stem cells could be inhibited with the glucose transport inhibitor phloretin, but only 

partial reduction of efflux of radioactivity was observed in vivo. As a consequence, 

[
18

F]- FDG-labeled NSCs are not suitable for tracking of cell migration, not even after 

administration of phloretin. An incidental but interesting finding in this study was that 

DMSO, the matrix in which phloretin was administered, strongly reduced the 

entrapment of labeled cells in the microvasculature of lung, spleen, and liver, which 

might be due to the vasodilatation activity of DMSO. This could be an important 

finding for new strategies on improving cell replacement therapy protocols with 

intravenously administered stem cells. In contrast, 
99m

Tc-HMPAO appears to be a 

better label for tracking of C17.2 stem cell migration in rats for ~ 24 hours. 
99m

Tc-

HMPAO labeling revealed that C17.2 NSCs are equally attracted to tumor and 

inflammation site. For long-term (days) studies appropriate radiotracers with a longer 
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half-life, should be selected. In this context 
111

In-oxine is not suitable, as it shows 

extensive cellular toxicity. 
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