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In vivo cell tracking by MRI can provide means to observe biological
processes and monitor cell therapy directly. Immune cells, e.g.,
macrophages, play crucial roles in many pathophysiological pro-
cesses, including organ rejection, inflammation, autoimmune dis-
eases, cancer, atherosclerotic plaque formation, numerous neuro-
logical disorders, etc. The current gold standard for diagnosing and
staging rejection after organ transplantation is biopsy, which is not
only invasive, but also prone to sampling errors. Here, we report
a noninvasive approach using MRI to detect graft rejection after
solid organ transplantation. In addition, we present the feasibility
of imaging individual macrophages in vivo by MRI in a rodent
heterotopic working-heart transplantation model using a more
sensitive contrast agent, the micrometer-sized paramagnetic iron
oxide particle, as a methodology to detect acute cardiac rejection.

cardiac rejection � detection of single macrophage � micrometer-sized iron
oxide particle � nanometer-sized iron oxide particle

The ability to noninvasively track cell migration, cell homing,
and cellular fate in vivo is of pivotal importance for under-

standing the complex roles that different cells play in biology and
cellular medicine. Immune cells, such as macrophages, play
crucial roles in many pathophysiological processes, including
organ rejection, inflammation, autoimmune diseases, and de-
velopment of coronary heart diseases, as well as numerous
neurological disorders. MRI allows noninvasive functional as-
sessment and visualization of anatomy in vivo with very high
spatial resolution. MRI also has the advantages over other
imaging modalities of having excellent soft tissue contrast, no
need to administer radioactive isotopes, and good deep tissue
penetration. There is rapid growth in using MRI for cellular and
molecular imaging. Numerous studies have demonstrated wide
applications and great potential impact on biological and med-
ical sciences, including tracking stem cells after transplantation
(1–5); repairing myocardial infarction (6), muscular disorders
(7), and stroke (8, 9); tracking stem cells in neovasculature of
early glioma as a means for cancer detection and gene therapy
(10); monitoring inflammation (11, 12); detecting early graft
rejection (13); and visualizing gene expression (14, 15). For a
recent review, see ref. 16.

Although gadolinium-based contrast agents (17) play an im-
portant role in molecular and cellular imaging, most cellular
MRI studies rely on the superior relaxivity of superparamagnetic
iron oxide (SPIO) or ultra-small superparamagnetic iron oxide
(USPIO) nanoparticles for imaging contrast. Cells containing a
significant number of these agents are observed by a localized
area of hypointensity in T*2-weighted MRI images. These con-
trast agents are composed of an iron oxide core usually with a
dextran coating ranging in size from 20 to 30 nm (USPIO) to a
few hundred nm (SPIO). Single cells labeled with SPIO or
USPIO particles can be visualized with ex vivo MRI (18, 19), but
not in vivo. Recently, it has been reported that, with much larger
micrometer-sized spheres containing iron oxide (20, 21), single
particles can be visualized by MRI. Referred to here as MPIO
(micrometer-sized paramagnetic iron oxide) particles, these

particles are highly effective T*2 contrast agents composed of
polystyrene�divinyl benzene polymer microspheres containing a
magnetite (iron oxide) core.

In this study, we have explored the possibility of using MRI to
noninvasively monitor individual immune cells, primarily mac-
rophages, in vivo, after heart and lung transplantation. The gold
standard for rejection surveillance after organ transplantation is
biopsy, which not only is invasive, but also is prone to sampling
errors (22, 23). Therefore, a noninvasive alternative that can
complement biopsy is highly desirable. This study employs a
rodent heterotopic working-heart and lung transplantation
model for studying acute graft rejection (24).

Mammalian cells can be labeled with MRI contrast agents
either ex vivo or in vivo (in situ) (13). Specific cell types can be
labeled with the ex vivo method, in which the cells are isolated,
labeled with contrast agent in culture, and then reintroduced
back into the body. There are excellent efforts in increasing the
cellular loading of MRI contrast agents, including employing
transfecting agents (25–28), linking Tat peptide (29, 30), or by
receptor-mediated means (31). Alternatively, cells can be la-
beled in situ, in which the contrast agent is administered
intravenously. Although only effective for cell types that can
readily phagocytose or endocytose the contrast agent, such as
macrophages, this labeling method is convenient and potentially
more easily applied to a clinical setting. In this study, direct i.v.
injection of an MPIO suspension is used for in vivo labeling of
immune cells to noninvasively monitor organ transplant rejec-
tion by using MRI.

Results and Discussion
Immune Cells Can Be Labeled with Iron Oxide Particles in Vivo
Visualized with MRI. Immune cells, especially macrophages, have
been labeled in vivo by direct i.v. administration of USPIO
particles (13, 32–35). Iron oxide particles can be endocytosed by
macrophages in circulation, without needing to isolate cells first,
and the labeled macrophages can migrate to the rejecting graft.
The infiltration of macrophages labeled with MPIOs at the
rejection site can be observed noninvasively with MRI. Discrete,
punctate, negative contrast can be readily seen throughout the
rejecting allograft heart (Fig. 1 A–C) and lung (Fig. 1D) 1 day
after i.v. administration of MPIOs on postoperational day
(POD) 5 (Fig. 1 A) and POD 6 (Fig. 1 B and C). The high-
contrast regions in the allografts seem to be punctate and
circular in shape, like spots. Each spot of high contrast with the
MPIO labeling most likely indicates one or a few iron-laden
macrophages that have infiltrated into the rejection site. The
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area with contrast on POD 5 (Fig. 1 A) is smaller and more
concentrated toward the outer regions of the left-ventricular
(LV) wall than that found on POD 6 (Fig. 1 B and C). The spatial
distribution of MPIO-labeled cells is dependent on the degree of
rejection. On the contrary, without rejection, no detectable
contrast changes are seen in the isograft control (Fig. 1E) on
POD 6 with the same labeling and imaging conditions.

Longitudinal Study of MPIO-Labeled Macrophages at the Rejection
Site in Vivo. To investigate the time course of MPIO-labeled
macrophages in vivo, the same recipient was serially imaged for
3 days after administrating the MPIO on POD 3.5. In a mild
rejection stage on POD 3.5, as early as 2 h after the MPIO
administration, discrete, punctate spots could be seen in parts of
the allograft heart, mainly in the outer regions of the right
ventricle (RV) and the pericardium of the LV wall (Fig. 2A). This
contrast, observed within a few hours after the MPIO admin-
istration, likely results from labeled macrophages that are al-
ready present at the rejection site at the time of the particle
administration. On POD 4.5, with rejection progressing, discrete
spots can be seen in the LV and RV walls and are more
concentrated in the outer walls (Fig. 2B). The areas with
iron-laden cells seem to be larger than those observed on POD
3.5. On POD 5.5 (Fig. 2C), with more advanced graft rejection,
the region of contrast extends throughout the inner part of the
LV and RV walls, even though no additional MPIOs have been
injected.

Injection of MPIOs on POD 3 allows for repetitive imaging to
follow the progression of acute rejection for at least 3 days.
Although we have not specifically studied the blood half-life of
MPIOs, it is not likely to last more than a day, because the blood
half-life of all of the smaller iron oxide-based contrast agents is
in the order of minutes to several hours. Thus, it is not likely to
have MPIOs in circulation after 1 day postinjection. The pro-
gression pattern of the MPIO-labeled immune cells over time
correlates well with the progression of the acute rejection in the

heart allograft. This result indicates that, once ingested by cells,
the MPIOs are stable and can have a lifetime of at least a few
days in our rat model. Therefore, MPIO-particle labeling opens
the door for detection of individual cells over a longer period.
This finding is consistent with that of Shapiro et al. (20) that
MPIOs can remain in labeled cells after multiple cell divisions.

As the rejection progresses, it seems to be that more MPIO-
labeled macrophages are recruited to the rejection sites. The
areas of the myocardium with MPIO-labeled macrophage infil-
tration are 7.9%, 13.2%, and 36.9% on POD 3.5, 4.5, and 5.5,
respectively. It is not clear, however, whether the seemingly
increased number of labeled macrophages in the graft is due to
migration from circulation, other lymph organs, or due to local
proliferation. It is known that local proliferation of macrophages
plays an important role during rejection. However, in our case,
there is no significant decrease in the contrast-to-noise ratios for
the infiltrated areas; i.e., contrast-to-noise ratios are found to be
1.34 � 0.16, 1.06 � 0.25, and 1.43 � 0.23 for POD 3.5, 4.5, and
5.5, respectively. If local proliferation does occur in the rejecting
graft, the dilution of the contrast agent does not seem to cause
a significant loss in the contrast over the time frame of our
measurements. This observation again demonstrates the advan-
tage of the enhanced detectability of MPIO over smaller iron
oxide contrast agents.

Although highly punctate, the high-contrast regions seen in
Fig. 2C (POD 5.5) are not as spot-like and circular in shape as
that in Fig. 1 A–D (POD 5 and 6). When the concentration of
labeled cells is sparse, individual cells are more likely to be
resolved. When the concentration of labeled cells increases, the
boundaries of cellular contrast radii of background gradient start
to overlap, resulting in more patchy contrast pattern.

Our data reveal a pericardium-to-endocardium progression
pattern of macrophage infiltration in LV as the rejection
progresses. This temporal distribution of the immune-cell infil-
tration has not been previously demonstrated because biopsy is
generally limited to a small inter-cardiac sampling area. Direct
imaging of macrophage infiltration with MRI not only is non-
invasive, but also provides a whole-heart visualization of cellular
infiltration, both in LV and RV. The pericardium-to-
endocardium temporal progression pattern of the macrophage
infiltration is likely to be a result of rejection rather than other
causes, e.g., surgical ischemic insults or inflammation, because
no detectable macrophage infiltration is seen in isografts that
underwent identical experimental procedures.

Comparable, Yet Distinct, Contrast Pattern by in Vivo Labeling of MPIO
and USPIO. Previously, we have demonstrated in a nonworking
heart and lung model that MRI signal attenuation with USPIO
labeling correlates with rejection (33, 34). In our current work-
ing-heart model with higher MRI resolution, the distinctive
contrast pattern of punctate dots caused by in vivo MPIO
labeling in the rejecting heart and lung is comparable, yet very
different from the contrast pattern observed by using USPIO
particles. After in vivo labeling with USPIO, infiltration of the

Fig. 1. In vivo MRI of allograft hearts and lungs, 1 day after i.v. injection of MPIO particles. (A) Allograft heart on POD 5. (B and C) Allograft heart on POD 6.
(D) Allograft lung on POD 6. (E) Isograft heart on POD 6. Shown with 156-�m in-plane resolution at 4.7 Tesla by using a Bruker Biospec AVANCE-DBX MRI
instrument.

Fig. 2. In vivo MRI of a rat allograft heart over time. MPIO particles are
administered once on POD 3.5, and the same animal is imaged on POD 3.5 (A),
4.5 (B), and 5.5 (C), with 156-�m in-plane resolution at 4.7 Tesla by using a
Bruker Biospec AVANCE-DBX MRI instrument.
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iron-laden macrophages can also be seen with in vivo MRI (Fig.
3C). On POD 6, the spatial distribution of iron-laden macro-
phages at the rejecting allograft hearts is comparable with both
MPIO (Fig. 3A) and USPIO (Fig. 3C) labeling, i.e., both more
concentrated at the inner regions of the LV wall. However, the
contrast pattern after in vivo USPIO labeling (Fig. 3C) manifests
itself over a large continuous area of contrast and not the
punctate pattern as seen with MPIO labeling (Fig. 3A). The
isograft control (Fig. 3B) does not show any detectable contrast
after either MPIO or USPIO labeling.

The different contrast patterns can be better depicted with
high-resolution magnetic resonance microscopy (MRM) at 11.7
Tesla (Fig. 3 D–F). With a 40-�m isotropic resolution, discrete
black dots can be seen throughout the excised allograft heart
(Fig. 3D) after in vivo MPIO labeling, and the diameter of the
black spots range from 50 to 150 �m. Each spot of hypointensity
seems to be discrete and circular, likely resulting from a single
macrophage. There appear to be many more spots in D than in
A. The heart in D was not the same one used in A, and the slice
selection for these two cases was not the same. The greater
number of spots in D could be due to a larger magnetic
susceptibility generated at 11.7 Tesla than at 4.7 Tesla. Also, the
in vitro measurement (D) of a fixed heart with higher resolution
and no motion is likely to resolve individual MPIO particles
inside a macrophage than the in vivo experiment (A). See Fig. 4C
for a comparison with gel phantoms containing macrophages
labeled with MPIO particles. On the other hand, even with such
high resolution, the allografts labeled with USPIO (Fig. 3F) still
show a continuous contrast pattern, but not the punctate pattern.
The isograft control (Fig. 3E) does not show contrast patterns
that resemble either MPIO or USPIO contrast patterns. Some
dark areas seen in the isograft control are the result of blood
vessels.

Although MPIO and USPIO cause comparable distribution of
labeled cells, the observed contrast patterns are quite different.
One possibility is due to a difference in the labeling efficiency as
well as the effective concentration of these two particles. In the
present study, the MPIO and USPIO doses were chosen such
that the same total amount of iron was injected into the animals.
Because each MPIO particle contains more iron than that of a
USPIO particle, the actual numbers of USPIO particles injected
are up to 2 orders of magnitude more than the equivalent of

MPIO dose. Therefore, a greater number of macrophages should
be labeled with USPIO than with MPIO, and, with USPIO
labeling, the cellular boundaries are less likely to be resolved. A
similar contrast pattern is also observed when a higher dose of
MPIO is given (Fig. 2C); i.e., the individual contrast boundaries
are not well defined.

Ex Vivo-Labeled Isolated Macrophages. Macrophages were isolated
from spleenocytes and labeled ex vivo with MPIO to compare the
MRI contrast pattern in phantoms with that found for the in vivo
labeling. With simple incubation in culture, a significant amount
of iron uptake can be observed under light microscopy (Fig. 4A,
right cell). These iron-laden macrophages exhibit bright green
fluorescence (Fig. 4B, right cell), which indicates up-take of the
MPIO particles containing the Dragon Green probe. Most but
not all cells are labeled. Cells void of fluorescence (Fig. 4B, left
cell) are also lacking intercellular iron (Fig. 4A, left cell). MRM
of gelatin phantoms (Fig. 4C) containing isolated MPIO-labeled
macrophages shows similar discrete, punctate, high-contrast
regions that resemble the contrast pattern of allograft hearts
after in vivo MPIO labeling (see Fig. 3D). At lower cell concen-
trations (0.05 � 106 cells per ml and 0.1 � 106 cells per ml),
individual dark spots can be clearly resolved, the shape of the
spots seem to be circular, and the sizes of the dark spots observed
in the phantom are similar to the size observed by labeling with
MPIO in our rat allograft heart�lung model. This is additional
evidence that the discrete, punctate, high-contrast areas seen
after in vivo MPIO labeling in the allografts are likely to be
individual cells. At higher concentrations (0.5 � 106 cells per ml
and 1 � 106 cells per ml), although still being discrete and
punctate, it becomes harder to resolve contrast boundaries from
individual labeled cells. Administration of the ex vivo-labeled
macrophages led to the contrast patterns similar to those ob-
served with our in vivo labeling (results not shown).

Histology of Allograft Hearts After MPIO Labeling. The punctate,
contrast pattern caused by MPIO labeling does not appear due
to random interstitial deposition of iron oxide particles, but
rather to intracellular uptake particles, mainly found in macro-
phages, not myocytes. Fig. 5 shows histological evaluation of
allograft hearts (POD 6) after in vivo MPIO labeling. In an area
near the pericardium, the iron-containing cells revealed by
Prussian blue staining (Fig. 5A, blue) correlate with ED1�

macrophages (Fig. 5B, brown) in the areas with more aggressive
immune cell infiltration and disrupted myocardial integrity as
revealed by hematoxylin�eosin (H&E) staining (Fig. 5C). Iron
appears largely inside ED1� macrophages, not in myocytes or in
random interstitial space. The same phenomenon can be seen in

Fig. 3. Contrast patterns labeled with two different contrast agents. (A–C)
In vivo MRI of macrophage accumulation on POD 6 of an allograft heart
with MPIO-particle labeling (A), an isograft heart with MPIO-particle la-
beling (B), and an allograft heart with USPIO labeling (C), with 156-�m
in-plane resolution at 4.7 Tesla. (D–F) MRM at 11.7 Tesla using a Bruker
AVANCE-DBX MRI instrument with in-plane resolution of 40 �m of an
allograft heart with MPIO-particle labeling (D), an isograft heart (E), and an
allograft heart with USPIO labeling (F). All hearts used in the in vivo and ex
vivo measurements were the same ones except those used in A and D.

Fig. 4. Ex-vivo labeled macrophages. Light microscopy (A) and fluorescent
microscopy (B) of ex vivo MPIO-labeled macrophages. (Scale bars: 50 �m.) (C)
MRM at 11.7-Tesla using a Bruker AVANCE-DBX MRI instrument with in-plane
resolution of 40 �m of gelatin phantoms containing isolated macrophages
labeled with MPIO particles with different cell concentration.
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the endocardial region of a different allograft heart, where
iron-containing cells (Fig. 5D, blue) are all included in ED1�

macrophages (Fig. 5E, brown). With higher magnification, sev-
eral iron-dense pockets can be seen in a single iron-containing
cell (Fig. 5F), and this cell is an ED1� macrophage (Fig. 5G).
Thus, histological examination indicates that iron is contained in
intact cells, not in the random interstitial space, and the iron-
containing cells largely correlate with ED1� macrophages.

Multiple iron-dense particles are observed within one cell
(Fig. 5F), most likely in the cytoplasm. This finding is consistent
with electron micrograph (EM) evaluation of an allograft heart
(POD 6) after in vivo MPIO-particle labeling, which shows that
the iron is within the membrane-bound vesicles and multiple
MPIO-particle-containing vesicles can often be found in one cell
(Fig. 5H). Evidently, the number of superparamagnetic particles
ingested by a single cell is sufficient to cause detectable water
proton signal attenuation in one voxel, so that single cells
containing MPIO particles can be detected by MRI in vivo.

To confirm that the cells ingesting the MPIO particles are
indeed macrophages, anti-ED1 immunofluorescent staining was
performed. Fluorescent images were taken on the same sample
under the same field of view with a green fluorescence channel
for MPIO (Fig. 6A) and a red fluorescent channel for ED1 (Fig.
6B). The majority of cells that are positive with Dragon Green
fluorescence also show red fluorescence. For a direct compar-
ison, three regions are selected with white boxes, and the overlay
double fluorescence images are shown on the (Fig. 6, Right). The

cells positive for both green and red fluorescence exhibit yellow
color.

Temporal Progression of ED1� Macrophage Infiltration. Our in vivo
MRI results show a pericardium-to-endocardium progression
pattern of MPIO-labeled macrophages as rejection progresses,
which has not been previously observed because biopsy samples
are very limited in location and size. Fig. 7 shows anti-rat ED1
staining of allograft hearts on POD 3, 4, 5, and 6. ED1� cells are
stained brown on the blue counterstaining background. On POD
3 (Fig. 7A) with only very mild rejection, ED1� cell infiltration
is limited to the very narrow regions near epicardium. The
majority of the myocardium is intact. On POD 4 (Fig. 7B), ED1�

cell infiltration is still more concentrated around the pericardium
regions, but the area with ED1� cells is larger, with a larger
distance to the edge compared with that on POD 3. The area
with ED1� cells also shows less myocardium integrity. On POD
5 (Fig. 7C), more ED1� cells can be found well inside the
myocardium further away from the edge of the heart. On POD
6 (Fig. 7D) when the moderate to severe rejection is occurring,
ED1� cells show aggressive infiltration throughout the inner
regions of the heart with more deterioration of myocardium
integrity. This temporal and spatial distributions of ED1� cells

Fig. 5. Histological examination of allograft hearts on POD 6 after in vivo
MPIO-particle labeling. (A–C) Optical micrograph (�200 magnification) of
three neighboring 5-�m tissue sections of a POD 6 allograft heart stained with
Perl’s Prussian blue for iron (A, blue; with pink background counterstaining),
anti-rat ED1 for macrophage (B, brown; with blue background counterstain-
ing), and hematoxylin�eosin staining (C) for tissue integrity. (D and E) Optical
micrograph (�400 magnification) of two neighboring 5-�m tissue sections of
another POD 6 allograft heart stained with Perl’s Prussian blue for iron (D,
blue; with pink background counterstaining), and anti-rat ED1 for macro-
phage (E, brown; with blue background counterstaining). (F and G) Partial
view of optical micrograph (�400 magnification) of two neighboring 5-�m
tissue sections of a POD 6 allograft heart stained with Perl’s Prussian blue for
iron (F, blue; with pink background counterstaining) and anti-rat ED1 for
macrophage (G, brown; with blue background counterstaining). (Scale bars:
75 �m.) (H) Electron micrograph of an allograft heart harvested on POD 6 after
in vivo MPIO-particle labeling. (Inset) Enlarged area. (Scale bar: 100 nm.)

Fig. 6. Double fluorescence for MPIO particles and ED1. Shown are fluores-
cence microscopy of Dragon green for MPIOs (A) and anti-ED1 (red) immu-
nofluorescence microscopy for microphages of the same field of view (B). The
boxes select three regions for overlaying double fluorescence. The overlay
images are enlarged on the Right.

Fig. 7. Temporal progression of ED1� cell infiltration. Optical micrograph
(�400 magnification) of anti-rat ED1� immunohistochemical staining sections
of allograft hearts obtained on POD 3 (A), POD 4 (B), POD 5 (C), and POD 6 (D).
The ED1� cells appear brown and the background is counterstained blue.
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are the same regardless of iron oxide particle injection and
correlate well with the MPIO-labeled cells imaged by in vivo
MRI. This observation substantiates the conclusion that the
pericardium-to-endocardium progression of MPIO-labeled mac-
rophages observed during the rejection process is indeed show-
ing the actual rejection phenomenon, rather than due to non-
specific artifacts. In addition, this pericardium-to-endocardium
progression pattern can be used for a correct staging of acute
myocardial rejection with in vivo MRI without needle biopsy,
and thus can be potentially very useful for clinical applications.

Feasibility of Cellular Imaging of Single Cells in Vivo. We believe that
the discrete and punctate contrast pattern observed after in vivo
MPIO labeling could be caused by individual macrophages,
despite a spatial resolution larger than that of a single cell. The
local magnetic-field gradient generated by a superparamagnetic
iron center can propagate as large as 50 times its radius (36). Our
data (Fig. 5 F and H) indicate that there are probably several
MPIO particles incorporated into each macrophage, most likely
in the cytoplasm. Thus, instead of each MPIO particle, each
iron-laden cell becomes a basic unit of the contrast agents. The
dimension of a basic contrast-agent unit then becomes the size
of a macrophage, ranging from 20 to 40 �m in diameter. In turn,
the MRI-detectable effective radius of an iron-laden macro-
phage could approach up to 1,000–2,000 �m in diameter, well
within the resolution range of in vivo MRI. The in vivo images
presented here have an in-plane resolution of 156 �m. Thus,
theoretically one MPIO-labeled macrophage can potentially
cause signal attenuation in a volume of globe up to 6–12 pixels
in diameter, even though the actual size of a labeled cell is much
smaller compared with the size of an imaging voxel. Very
recently, Shapiro et al. (37) reported that ex vivo-labeled primary
mouse hepatocytes could migrate from spleen to liver in a mouse
and be detected as single cells in vivo with MRI. This finding is
consistent with our observation that it is possible to image single
cells in vivo with MRI with a more sensitive contrast agent, such
as MPIO.

With the smaller USPIO particles, a cell must ingest millions
of particles to cause enough local field distortion to be detectable
by MRI (20). This condition can be achieved with ex vivo
labeling, but it is very challenging with in vivo labeling. The
micrometer-sized MPIO particle is �35 times larger in diameter,
and �42,875 times larger in volume, compared with that of the
USPIO particle. Potentially, each MPIO particle can produce up
to 40,000 times larger background attenuation. Thus, the loading
of only a few MPIO particles per cell is sufficient to produce
detectable signal attenuation within one imaging voxel.

Physiochemical Consideration for in Vivo Labeling. This report de-
tails MRI detection of single immune cells after in vivo labeling
by direct i.v. injection of MPIOs. This method is potentially more
easily applied to a clinical setting than ex vivo labeling of immune
cells. The metabolic pathways and pathological consequences for
in vivo MPIO-particle administration need to be further inves-
tigated. From our preliminary observation, all animals that have
been injected with MPIOs seem to be healthy with no detectable
behavioral or physiological alterations. Animals with isograft
transplantation can live for at least 2 months after MPIO-particle
administration with no obvious physiological changes. The
physiochemical pathways, pharmacokinetics, and toxicity of
USPIO and SPIO are well understood (25–28, 38). After USPIO
or SPIO administration, iron can be found to accumulate in
endosomes of Kupffer cells, the specialized macrophages in the
liver, and other reticuloendothelial cells. There was transient
increase in serum ferritin levels, and the administered iron
eventually enters the normal iron pool of the body. It is
conceivable that the iron in the MPIOs might follow the similar

metabolic pathways as USPIO or SPIO particles, although the
effect of the polymer coating needs further investigation.

Concluding Remarks. After the convenient in vivo labeling proce-
dure, MPIO-labeled macrophages give rise to distinct punctate,
MRI-detectable hypointensity, which allows noninvasive detec-
tion of myocardial rejection. The large MPIO particles result in
significant MRI contrast, making in vivo cellular imaging of
single cells possible. Once incorporated into cells, the label is
very stable and allows repetitive imaging over a long period,
which will be very useful for tracking cellular and developmental
processes as well as for monitoring cellular therapy.

Materials and Methods
Animal Model. Inbred male Dark-Agouti (DA; RT1avl) and Brown
Norway (BN; RT1n) rats chosen for this study were obtained
from Harlan Labs (Indianapolis). At the time of surgery, they
were 2–3 months of age, weighing 230 � 20 g. All animals
received humane care in compliance with the Guide for the Care
and Use of Laboratory Animals, published by the National
Institutes of Health, and the animal protocol was approved by
the Carnegie Mellon University Institutional Animal Care and
Use Committee.

Transplantation Model. The operative procedure for our hetero-
topic working-heart model has been described elsewhere (24).
Allogeneic transplantation between different strains of rats
(DA3BN) results in rejection, whereas syngeneic transplanta-
tion between the same strains of rats (DA3DA or BN3BN)
causes no rejection. The rejection grade of the heart and lung
grafts was determined histopathologically according to Interna-
tional Society for Heart and Lung Transplantation (22, 39) and
Lung Rejection Study Group (40, 41) criteria, respectively. For
the allogeneic heart grafts, mild (grade 1A or B) rejection
develops by POD 3 � 1 in our rat model, grade 2 rejection
develops on POD 5 � 1, whereas the moderate to the severe
(grade 3A) rejection develops after POD 6 � 1. All lung grafts
develop severe grade 4 rejection on POD 5, whereas the severe
grade 4 rejection of the transplanted heart is not manifested until
after POD 7.

Contrast Agents. The MPIO particles are 0.9-�m superparamag-
netic styrene-divinyl benzene inert polymer microspheres that
contain a magnetite core and a fluorescein-5-isothiocyanate dye
(Dragon Green) encapsulated within the cross-linked polymer
sphere (Bangs Laboratories, Fishers, IN). The particles were
prepared for infusion�cell labeling by washing with PBS followed
by resuspension in PBS at 1.5 mg Fe�ml. Dextran-coated USPIO
particles were synthesized according to the procedure described
earlier (18), and the particles are �27 nm in size.

In Vivo Labeling. MPIO or USPIO particles were administered by
direct intravenous injection through a femoral venous catheter.
The amount of iron injected was the same for either particle, 4.5
mg Fe�kg body weight. MPIOs are highly magnetic and sediment
easily; therefore, vigorous vortexing immediately before injec-
tion and injection outside the magnetic fringe field are necessary
for positive outcomes.

Ex Vivo Labeling. Macrophages were isolated and purified from
spleens of BN rats, then maintained in culture. The MPIOs were
prepared for cell labeling by washing and resuspension in PBS
with a concentration of 4 mg Fe�ml. Macrophages were labeled
with MPIOs by adding 20 �l of the MPIO-PBS suspension into
10 ml of culture (1 � 107 cells per ml) before overnight
incubation. After proper washing, the labeled macrophages were
resuspended to desirable cell densities (1 � 106, 0.5 � 106, 0.1 �
106, 0.05 � 106 cells per ml) and embedded in 2% agarose gel.

1856 � www.pnas.org�cgi�doi�10.1073�pnas.0507198103 Wu et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 



www.manaraa.com

In Vivo MRI. Anesthesia was induced with isofluorane, and rats
were then intubated and ventilated at a 60 strokes-per-minute
rate with a 70% O2 and 30% N2O gas mixture and 2–2.5%
isofluorane for the duration of the MRI procedure. Electrocar-
diogram (ECG) leads were placed on the both hind limbs of the
transplanted rats to detect the heartbeat of the transplanted
heart at the inguinal region. The rat core body temperature was
maintained at 36.5°C � 1°C.

MRI scans were performed with a Bruker (Billerica, MA)
AVANCE DRX 4.7-T�40-cm system equipped with a 12-cm,
40-G�cm shielded gradient set. A 5.5-cm home-built surface coil
was used for excitation and detection. Multislice ECG- and
respiratory-gated T2

*-weighted gradient-echo images were ac-
quired with the following parameters: repetition time (TR) �
one respiration cycle (�1 s); echo time (TE) � 8 ms; field of view
(FOV) � 3–4 cm; slice thickness � 1 or 1.5 mm; in-plane
resolution � 156 �m.

MRM. After MRI evaluation, grafts were harvested and fixed in
4% paraformaldehye�1% glutaldehyde solution overnight, then
stored in PBS. For MRM studies, the fixed hearts were imaged
by using a Bruker AVANCE 11.7-T�89-mm system with a
Micro2.5 gradient insert. High-resolution 3D images were ac-
quired with the following parameters: TR � 500 ms; TE � 8 ms;
isotropic resolution � 40 �m.

Pathological and Immunohistochemical Analysis. After MRI, the
heart grafts were infused with 4% paraformaldehyde, harvested,

and submitted to the Transplantation Pathology Laboratory of
the University of Pittsburgh School of Medicine (Pittsburgh,
PA). Paraffin-embedded 5-�m sections were subjected to he-
matoxylin�eosin staining for rejection grading, Perl’s Prussian
blue staining for the presence of iron, and immunohistochemical
staining with monoclonal anti-rat ED1 antibody for staining
macrophages. In addition, immunofluorescent staining was per-
formed to further confirm the MRI results. Seven-micrometer
sections of snap-frozen graft tissue were incubated with mouse
monoclonal anti-rat ED1 antibody (Serotec) followed by incu-
bation with biotinylated anti-mouse antibody and Avidin D
Texas red (Vector Laboratories). Then the slices were subjected
to dual-channel f luorescence microscopic examination, i.e., in
green (Dragon Green) for MPIO detection and red (Texas red
color) for ED1� cell detection.
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