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This study aimed to assess whether 18F-FDG PET could serially
monitor the beneficial effects of bone marrow stromal cells
(BMSC) on cerebral glucose metabolism when transplanted into
the infarct brain of rats. Methods: The BMSC from green fluo-
rescent protein transgenic rats or vehicle was stereotactically
transplanted into the ipsilateral striatum at 7 d after permanent
middle cerebral artery occlusion of rats. Local glucose metabolism
was semiquantitatively measured at 6 and 35 d after ischemia
using 18F-FDG PET. Motor function was serially evaluated through-
out the experiments. At 35 d after ischemia, immunohistochemistry
was performed to evaluate the phenotype of BMSC and their
effects on the expression of brain-type glucose transporters.
Results: BMSC transplantation not only enhanced functional
recovery but also promoted the recovery of glucose utilization
in the periinfarct area when stereotactically transplanted at 1 wk
after ischemia. The engrafted cells were widely distributed, and
most expressed a neuron-specific protein, NeuN. BMSC trans-
plantation also prevented the pathologic upregulation of glu-
cose transporters in the periinfarct neocortex. Conclusion:
The present findings strongly suggest that the BMSC may en-
hance functional recovery by promoting the recovery of local
glucose metabolism in the periinfarct area when directly trans-
planted into the infarct brain at clinically relevant timing. The
BMSC also inhibit the pathologic upregulation of brain-isoform
glucose transporters type 1 and 3. 18F-FDG PETmay be a valuable
modality to scientifically prove the beneficial effects of BMSC
transplantation on the host brain in clinical situations.
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Recent works have clearly shown that the bone marrow
stromal cells (BMSCs) may promote functional recovery
after various kinds of central nervous system (CNS) disor-
ders, including ischemic stroke. BMSCs may contribute to
functional recovery through multiple mechanisms. They have
the capacity to differentiate into the neural cells (1–4). Al-
ternatively, they support the host neurons and promote axonal
regeneration by releasing neuroprotective or neurotrophic
factors such as brain-derived neurotrophic factor (5–8). The
BMSCs are far more accessible than other stem cells with-
out posing ethical or immunologic difficulties, because they
can be obtained from the patients themselves and they have
no tumorigenesis (9). The results from preclinical testing
are promising. Preliminary clinical trials have already been
conducted.

As was recently pointed out, however, there are several
concerns to be resolved before the clinical application of
BMSCs for CNS disorders. The issues include the devel-
opment of imaging techniques to track the engrafted cells
and to monitor the response of the host CNS (10–13). These
techniques would enable validation of the therapeutic ben-
efits of BMSC transplantation without any bias. Other re-
cent studies have suggested that MRI and optical imaging
might provide useful information on the engraftment of
BMSCs in the host CNS (14–18). However, there are few
studies that indicate the utility of an imaging technique to
monitor the response of the host CNS after cell therapy
(19–21).

On the basis of these considerations, therefore, this study
aimed to assess whether 18F-FDG PET could serially mon-
itor the effects of BMSC transplantation on cerebral glucose
metabolism when BMSCs are stereotactically transplanted
into the infarct brain of rats.

MATERIALS AND METHODS

BMSC Preparation
All animal experiments were approved by the Animal Studies
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Medicine. The BMSCs were isolated under sterile conditions from
male 8-wk-old transgenic rats expressing enhanced green fluores-
cent protein (GFP) (Japan SLC Inc.) and were cultured as previously
reported (14,18,22,23). The cells were passed 3 times for subsequent
experiments.

Permanent Middle Cerebral Artery (MCA)
Occlusion Model

Male 8-wk-old Sprague–Dawley rats were purchased from
CLEA Japan Inc. Permanent MCA occlusion was induced, as de-
scribed previously (14,18,22,23). Briefly, anesthesia was induced
by 4.0% isoflurane in N2O/O2 (70:30) and was maintained with
2.0% isoflurane in N2O/O2 (70:30). Core temperature was main-
tained between 36.5�C and 37.0�C through the procedures. The
bilateral common carotid arteries were exposed through a ventral
midline incision of the neck. Then, a 1.5-cm vertical skin incision
was performed between the right eye and ear. The temporal muscle
was scraped from temporal bone, and a 5 · 5 mm temporal crani-
otomy was performed, using a small dental drill. To prevent cere-
brospinal fluid leakage, the dura mater was carefully kept intact, and
the right MCA was ligated using a 10-0 nylon thread through the
dura mater. Then, the cranial window was closed with the temporal
bone flap. The temporal muscle and skin were sutured with 4-0 ny-
lon threads. Subsequently, the bilateral common carotid arteries
were occluded by surgical microclips for 1 h. Only the animals that
circled toward the paretic side after surgery were included in this
study (24).

BMSC Transplantation
The GFP-expressing BMSC or vehicle was stereotactically

transplanted into the ipsilateral striatum at 7 d after ischemia (n 5
9 in each group), as reported previously (14,18,20,22,23,25).
Briefly, a burr hole was made 3 mm to the right of the bregma.
A Hamilton syringe was inserted 5 mm into the brain parenchyma
from the surface of the dura mater. The BMSCs were suspended
in phosphate-buffered solution, and 10 mL of cell suspension (1 ·
106 cells) were introduced into the striatum. In the vehicle group,
10 mL of only the phosphate-buffered solution were introduced, in
the same fashion as in the BMSC group.

Behavioral Test
The motor function of the animals was assessed before and at 7,

14, 21, 28, and 35 d after the onset of ischemia, using a rotarod
treadmill (model MK-630; Muromachi Kikai Co.). The test has
been proven to have high interrater and interlaboratory reliability
(26). The rotarod was set to the acceleration mode of 4–40 rpm for
5 min. All animals were trained for 3 d before the study. The
maximum time that the animal stayed on the rotarod was recorded
for each performance, as described previously (22,23).

18F-FDG PET
Cerebral glucose metabolism was semiquantitatively measured,

using a high-resolution small-animal imaging system (Inveon PET/CT;
Siemens Medical Solutions). The PET component consists of
1.5 · 1.5 · 10 mm lutetium oxyorthosilicate crystal elements with
a ring diameter of 16.1 cm, providing a 10-cm transaxial and a
12.7-cm axial field of view (27–29).

PET measurements were repeated in each animal at 6 and 35
d after the onset of permanent MCA occlusion—that is, 1 d before
and 28 d after stereotactic BMSC transplantation. The animals were
kept fasting for 12 h before PET. They were held still without an-
esthesia, and approximately 37 MBq of 18F-FDG were injected via
the tail vein. They were returned to their cage and were allowed to

move freely for 60 min. Subsequently, they were anesthetized with
2.0% isoflurane in air and were scanned by PET for 30 min. The
acquired data were assumed to represent glucose utilization in the
brain tissue, because 45 min would be enough to wash out the non-
metabolized 18F-FDG from the brain tissue and to reduce the radio-
activity of 18F-FDG in the circulating blood. A CT scan was also
obtained for attenuation correction. The core temperature of the ani-
mals was maintained as a constant between 37.5�C and 38.5�C
throughout the examination, using a heating pad.

The acquired data were reconstructed, using filtered back-
projection and a maximum a posteriori algorithm, as reported
previously (28,30,31). Attenuation and scatter corrections were
performed, using a CT-based method. The spatial resolution was
1.63 mm in full width at half maximum for the filtered backpro-
jection method and 1.05 mm in full width at half maximum for the
maximum a posteriori method. The former was used to quantify
the radioactivity, and the latter was used for visual observations.
Regions of the interest (ROIs) were symmetrically placed in the
dorsal neocortex and striatum, and the ratio of ipsilateral to con-
tralateral radioactivity was calculated, using IDL (Research Sys-
tems) and ASIPro (Concorde Microsystems).

Histologic Analysis
At 4 wk after transplantation, the animals were deeply

anesthetized with 4.0% isoflurane in N2O/O2 (70:30) and trans-
cardially perfused. The brain was removed, and 4-mm-thick cor-
onal sections were prepared for subsequent analysis. Double
fluorescence immunohistochemistry was performed, as reported
previously (14,18,22,23). Briefly, each section was treated with
primary antibody against glial fibrillary acidic protein (GFAP)
(mouse monoclonal, 1:500 dilution; BD Pharmingen) or NeuN
(mouse monoclonal, 1:100 dilution; Millipore) and labeled with
Alexa Fluor 594 (Molecular Probes Inc.). Subsequently, the sec-
tions were incubated with primary antibody against GFP (mouse
monoclonal, 1:100 dilution; Santa Cruz) tagged with Zenon
Alexa Fluor 488 (Molecular Probes Inc.). Three ROIs (450 ·
550 mm) were symmetrically placed in the dorsal neocortex
adjacent to the cerebral infarct. The percentages of the cells that
were doubly positive for GFP and NeuN to the GFP-positive
cells were calculated.

Furthermore, the sections were treated with primary antibody
against glucose transporter 1 (GLUT1; mouse monoclonal, 1:200
dilution; Abcam) or glucose transporter 3 (GLUT3; mouse mono-
clonal, 1:100 dilution; Santa Cruz) at room temperature for 1 h
and then labeled with Alexa Fluor 594 at room temperature for 1 h.
Subsequently, the sections were incubated with primary antibody
against NeuN tagged with Zenon Alexa Fluor 488 at room
temperature for 1 h. To analyze the density of the GLUT1-positive
microvasculature, the ROIs (900 · 1,100 mm) were symmetrically
placed in the dorsal neocortex. Then, the area of GLUT1-positive
blood vessels in each ROI was quantified, using the image ana-
lyzing system (Image J) (32). Briefly, the red fluorescence signal
emitted from microvasculature stained with anti-GLUT1 antibody
was binarized (as black signal on white background) and quanti-
fied as the GLUT1-positive vascular fraction, and then the area of
the GLUT1-positive blood vessels in each ROI was presented as
the percentage of GLUT1-positive area to the whole area of ROI.
Finally, to assess the effect of BMSC transplantation on GLUT3
expression, the ROIs (450 · 550 mm) were symmetrically placed
in the dorsal neocortex. The number of cells positive for GLUT3
was counted in each ROI.
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Statistical Analysis
All data were expressed as mean 6 SD. Continuous data were

compared by Student t test. P values of less than 0.05 were con-
sidered statistically significant.

RESULTS

Effects of BMSC Transplantation on
Functional Recovery

All animals exhibited a severe neurologic deficit at 6 d
after ischemia. There was no significant difference in motor
function between the vehicle- and BMSC-transplanted ani-
mals. Subsequently, the vehicle-transplanted animals did not
show any significant improvement of motor function. In
contrast, motor function in the BMSC-transplanted animals
significantly recovered at 4 wk after BMSC transplantation
(P 5 0.038, Fig. 1).

Effects of BMSC Transplantation on
Glucose Metabolism

Using 18F-FDG PET, we semiquantitatively evaluated
glucose metabolism at 6 and 35 d after ischemia. As shown
in Figure 2, glucose utilization was markedly decreased in
the ipsilateral neocortex at 6 d after ischemia. In the vehi-
cle-transplanted animals, glucose utilization improved to
some extent in the periinfarct neocortex at 35 d after ische-
mia (Figs. 2A and 2B). However, BMSC transplantation
significantly accelerated the recovery in the periinfarct neo-
cortex at the same time point (Figs. 2C and 2D).
The ipsilateral-to-contralateral ratio of local glucose uti-

lization in the dorsal neocortex significantly increased from
72.5%6 4.2% to 78.7%6 4.0% in the vehicle-treated group
(P5 0.0046, Fig. 3). However, the value more pronouncedly
increased from 72.7% 6 4.4% to 87.7% 6 5.3% in the
BMSC-treated group (P, 0.001). The ratio was significantly
higher in the BMSC-treated group than in the vehicle-treated

group at 35 d after ischemia (P, 0.001). These findings were
not observed in the striatum.

Histologic Analysis

Representative results of fluorescence immunohisto-
chemistry in the BMSC-transplanted animals are shown
in Figure 4. Many of the GFP-expressing cells were exten-
sively distributed in the dorsal neocortex adjacent to the
cerebral infarct at 4 wk after transplantation (14.2 6 7.6
cells/mm2). Most of the cells (86.0% 6 26.1%) were also
positive for NeuN. The GFP-expressing cells in the ipsilat-
eral hippocampus were also positive for NeuN. Some GFP-
positive cells also expressed GFAP in the periinfarct areas.

The area of GLUT1-positive vascular fraction was
significantly higher in the ipsilateral neocortex than in the
contralateral neocortex of the vehicle-transplanted animals
(2.62% 6 0.43% and 2.21% 6 0.67%, respectively) (P 5
0.023). On the other hand, there was no significant differ-
ence between the ipsi- and contralateral neocortex in the

FIGURE 1. Rotarod treadmill performance. Line shows temporal

profile of functional recovery in vehicle- and BMSC-transplanted

rats subjected to permanent MCA occlusion (MCAO). *P , 0.05.

FIGURE 2. Representative findings of 18F-FDG PET at 6 and 35 d

after ischemia. Color (A) and black-and-white (C) images of vehicle-

transplanted animals. Color (B) and black-and-white (D) images of
BMSC-transplanted rats. There was significant increase in local

glucose metabolism in periinfarct neocortex (arrows).

FIGURE 3. Bar graphs show ipsilateral-to-contralateral ratio of

cerebral glucose utilization in dorsal neocortex adjacent to cerebral

infarct (A) and striatum (B). **P, 0.01 (day 6 vs. day 35). ¶¶P, 0.01
(vehicle vs. BMSC).
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BMSC-transplanted animals (2.05%6 0.34% and 2.32%6
0.44%, respectively) (Fig. 5).
A certain subgroup of neurons was positive for GLUT3

in the normal neocortex (Fig. 6A). The GLUT3-positive
cells significantly increased in the ipsilateral dorsal neocor-
tex of the vehicle-transplanted animals (Figs. 6B and 6C).
The number of GLUT3-positive cells was significantly higher
in the ipsilateral neocortex than in the contralateral neo-
cortex of the vehicle-transplanted animals (67.2 6 19.2
and 56.8 6 20.3, respectively) (P 5 0.034). On the other
hand, there was no significant difference between the ipsi-
and contralateral neocortex in the BMSC-transplanted ani-
mals (48.9 6 19.3 and 55.6 6 16.1, respectively).

DISCUSSION

Using a PET/CT apparatus designed for small animals,
this study clearly demonstrates that the BMSCs not only
enhance functional recovery but also promote the recovery
of glucose utilization in the periinfarct area after ischemic
stroke, when stereotactically transplanted at 1 wk after ische-

mia. The cells are widely engrafted, and most express NeuN,
suggesting that they contribute to metabolic and functional
recovery, at least in part, by replacing the damaged neural cells
around cerebral infarct.

Previously, the application of 18F-FDG PET has been
limited to large laboratory animals such as nonhuman pri-
mates to monitor cerebral glucose utilization, because of
the limited resolution of the PET scanner. However, the re-
cent improvement in scanner technology has made it possi-
ble to measure cerebral glucose utilization in rodent brains.
Moore et al. reported that 18F-FDG PET of rats is quantita-
tive, reproducible, and sensitive to metabolic changes (33).
Shimoji et al. reached similar conclusions (34). However, the
quantification of cerebral glucose utilization in small animals
may have some problems. For example, abundant blood
sampling may affect their physiologic conditions, and their
small brains may cause partial-volume effects (33,34). In this
study, therefore, we evaluated cerebral glucose utilization by
calculating the ipsilateral-to-contralateral ratio in each ROI.
Furthermore, data sampling was performed under anesthesia
with isoflurane in this study. However, the animals re-
ceived the 18F-FDG injection without anesthesia and were
allowed to move freely in their cage for 60 min after in-
jection, suggesting that 18F-FDG uptake was essentially
complete (35).

BMSCs promote functional recovery through multiple
mechanisms, including their neural differentiation and re-
lease of neuroprotective or neurotrophic factors. The facts
may explain why therapeutic effects are observed at 4 wk
after BMSC transplantation (Fig. 1). However, current
knowledge about cell therapy for ischemic stroke is based
principally on histologic findings, and it is still unclear how

FIGURE 4. Photomicrographs of double immunohistochemistry in
periinfarct neocortex (A and C) and ipsilateral hippocampus (B).

Most GFP-positive cells (green) were also positive for NeuN (red;

arrows in A and B) and GFAP (red; arrow in C). Scale bars5 100 mm

(A) and 50 mm (B and C).

FIGURE 5. Photomicrographs of fluorescence immunohistochem-
istry against GLUT1 in periinfarct neocortex of vehicle- (A) and

BMSC-transplanted animals (B). Scale bars 5 200 mm.

FIGURE 6. (A) Photomicrographs of double immunohistochemistry

against GLUT3 (red) and NeuN (green) in contralateral neocortex of
vehicle-transplanted animals. Subgroup of NeuN-positive cells was

also positive for GLUT3. Scale bars5 100 mm. (B and C) Photomicro-

graphs of fluorescence immunohistochemistry against GLUT3 in ip-

silateral neocortex of vehicle- (A) and BMSC-transplanted animals (B).
Scale bars 5 200 mm. Ipsilat 5 ipsilateral neocortex.
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the engrafted BMSCs restore the lost neural function. Thus,
a considerable gap exists between histologic findings and the
understanding of functional recovery. Only a few studies
have been run to elucidate the effect of BMSC transplanta-
tion on brain function. Using an autoradiography technique,
Mori et al. found that BMSC transplantation significantly
improved glucose metabolism in the thalamus and barrel
cortex in response to whisker stimulation after neocortical
freezing injury (19). We also showed that BMSC transplan-
tation significantly improved the binding potential of 125I-
iomazenil, a radioactive ligand selective for the central type
of benzodiazepine receptor, in the periinfarct area. Simulta-
neously, the engrafted BMSCs expressed the marker protein
specific for g-aminobutyric acid receptor in the periinfarct
area (20). Similar results were obtained in the rodent model
of spinal cord injury (21). These results strongly indicate the
utility of nuclear imaging to evaluate the beneficial effects
of cell therapy. However, autoradiography allows observa-
tion at only 1 time point using postmortem study and cannot
evaluate serial changes of brain function in living animals.
Therefore, we have used a PET/CT apparatus to longitudi-
nally and noninvasively monitor the changes in brain metab-
olism in each animal in this study.
Another impact of this study is the fact that BMSC

transplantation significantly prevents the pathologic upre-
gulation of glucose transporter in the periinfarct neocortex.
Glucose transporters are the facilitative Na1-independent
sugar transporters and have 13 isoforms (36). Brain tissue
mainly has GLUT1 and GLUT3, which are localized in the
endothelial cells and neurons, respectively (37,38). Previ-
ous studies have shown that these glucose transporters are
upregulated under conditions of cerebral ischemia (39). Indeed,
the density of both GLUT1 and GLUT3 is significantly in-
creased in the periinfarct neocortex of the vehicle-transplanted
animals, suggesting the self-adaptation to protect the brain
by ensuring the glucose delivery to the tissue. However, the
BMSCs significantly suppress their upregulation by improv-
ing glucose utilization in the periinfarct neocortex. The un-
derlying mechanisms through which the BMSCs suppress the
upregulation of GLUT1 and GLUT3 is unclear, but it is most
likely that the engrafted cells may play a key role in main-
taining glucose transporter function by replacing the neural
cells or releasing neuroprotective factors. However, further
studies are necessary to elucidate this issue.
Furthermore, this study strongly suggests that 18F-FDG

PET may be a promising modality to assess the therapeutic
benefits of cell therapy for ischemic stroke without bias. As
mentioned, most previous clinical trials of cell therapy for
CNS disorders have evaluated therapeutic efficacy by assess-
ing functional outcome. On the basis of historical consider-
ations of the development of neuroprotective drugs, however,
it would be essential to establish another surrogate biomarker
to bridge the still-existing gap between preclinical studies
and clinical testing (12). From this viewpoint, 18F-FDG
PET may be useful to visualize the therapeutic efficacy of
cell therapy and functional outcome. In this study, the effect

of BMSC transplantation on infarct core tissue is unknown,
because the tissue markedly shrinks at 5 wk after ischemia.

CONCLUSION

The present findings strongly suggest that the BMSCs
may enhance functional recovery by promoting the restora-
tion of local glucose metabolism in the periinfarct area when
directly transplanted into the infarcted brain with clinically
relevant timing. The BMSCs also inhibit pathologic upre-
gulation of brain-isoform glucose transporters GLUT1 and
GLUT3. 18F-FDG PET is the candidate of choice for valu-
able modalities to scientifically prove the beneficial effects of
BMSC transplantation on the host brain in clinical situations.
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