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Developing new ways of delivering cells to diseased tissue will be a key factor in translating cell therapeutics
research into clinical use. Magnetically targeting cells enables delivery of significant numbers of cells to
key areas of specific organs. To demonstrate feasibility in neurological tissue, we targeted cells magnetically
to the upper hemisphere of the rodent retina. Rat mesenchymal stem cells (MSCs) were magnetized using
superparamagnetic iron oxide nanoparticles (SPIONs). In vitro studies suggested that magnetization with
fluidMAG-D was well tolerated, that cells remained viable, and they retained their differentiation capabili-
ties. FluidMAG-D-labeled MSCs were injected intravitreally or via the tail vein of the S334ter-4 transgenic
rat model of retinal degeneration with or without placing a gold-plated neodymium disc magnet within the
orbit, but outside the eye. Retinal flatmount and cryosection imaging demonstrated that after intravitreal
injection cells localized to the inner retina in a tightly confined area corresponding to the position of the
orbital magnet. After intravenous injection, similar retinal localization was achieved and remarkably was
associated with a tenfold increase in magnetic MSC delivery to the retina. Cryosections demonstrated that
cells had migrated into both the inner and outer retina. Magnetic MSC treatment with orbital magnet also
resulted in significantly higher retinal concentrations of anti-inflammatory molecules interleukin-10 and
hepatocyte growth factor. This suggested that intravenous MSC therapy also resulted in significant therapeu-
tic benefit in the dystrophic retina. With minimal risk of collateral damage, these results suggest that mag-
netic cell delivery is the best approach for controlled delivery of cells to the outer retina—the focus for
disease in age-related macular degeneration and retinitis pigmentosa.
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INTRODUCTION specific loci within the tissue need to be targeted. This
latter point is particularly important in diseases of the
central nervous system. In the human retina, for exam-Retinal degenerations such as age-related macular

degeneration, diabetic maculopathy, and retinitis pig- ple, regional differences in tissue function can make
therapy targeted randomly at the tissue or with the inten-mentosa account for the commonest causes of blindness

in the developed world (10). Cell-based therapies, with tion to uniformly cover the entire tissue suboptimal. For
example, in age-related macular degeneration, cell ther-their tissue regeneration potential (20,24) and paracrine

effects (either innate or through genetic modification) apy needs to be directed specifically at the macular
region of the retina since cells delivered into the periph-(18,19,23,46), have many advantages over other treat-

ment modalities. As such cell therapies move towards eral retina will have no functional benefit or might even
disrupt normal tissue function. Direct injection of cellsclinical trials, an increasingly important issue is how

best to target cells to diseased tissue. Critical considera- into the macula, while feasible, is associated with signif-
icant risk of complications and makes repeated treat-tions include the potential for collateral damage within

the tissue, systemic side effects, local tissue barriers ments to a large extent impractical (2,39).
Remote cell delivery via the systemic circulation(such as the blood–brain barrier and blood–retina bar-

rier), ease of delivery method, repeatability, and whether would be advantageous; however, this technique has had
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limited success (25,28). In the eye, although intravenous magnet. The viability of unlabeled MSCs and those
incubated with SPIONs was analyzed by 3-[4,5-dimeth-mesenchymal stem cells (MSCs) have been shown to

reach the retina, this has only been in very low numbers ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay (14). Briefly, MSCs in a 96-well plate (10,000and in a random distribution (44). Recently, a number

of studies have looked at magnetic targeting of cells. In cells/well) were incubated in 100 µl growth media for
24 h. Varying concentrations of SPIONs were added tovivo studies have shown that magnetic labeling, particu-

larly with superparamagnetic iron oxide nanoparticles the wells and after 24 h MTT (Sigma) was added for 1
h. The media was removed and cells were incubated for(SPIONs), is relatively easy and safe (22,41,42). How-

ever, limited work has been done on using magnetic 1 h in the presence of dimethyl sulfoxide (DMSO; Sigma).
The absorbance at 560 nm was determined on a U-Quantfields to guide SPION-labeled cells to specific targets

(45). Mostly these have concentrated on delivering cells Plate Reader (Bio-Tek Instruments). The adipogenic differ-
entiation ability of unlabeled MSCs and SPION-labeledto the systemic vasculature (7,21,32–34). One study has

shown that SPION-treated MSCs accumulate in the nor- MSCs was assessed using the MesenCult Adipogenic
Stimulatory kit (Stemcell Technologies, Vancouver, Can-mal liver of rats after intravenous injection when an

external magnet is placed over the abdomen (1). Again, ada) following the manufacturer’s instructions. The result-
ing adipogenic cells were visualized using Oil Red Othough, only in low numbers and only to the most super-

ficial liver tissue. One study has shown that magnetized staining (Sigma). Osteogenic differentiation was assessed
using the MesenCult Osteogenic Stimulatory kit (Stem-cells injected into the cerebrospinal fluid (29) can be

moved within the spinal column to advantage. As yet, cell Technologies). Resulting osteoblast cells were visual-
ized using Von Kassa staining (Sigma).however, no study has assessed the ability of magnetized

cells to home into specific CNS targets after injection To evaluate SPION uptake, MSCs were cultured on
3-µm polyester membranes (Corning) and processed forinto the systemic circulation.

Overall, it has yet to be established that magnetic transmission electron microscopy. Briefly, the samples
were infiltrated with Spurr’s low viscosity resin anddelivery of cells via the systemic circulation can deliver

enough cells to target tissues. If this could be achieved, embedded in flat-bottomed Beem capsules. Thin sec-
tions were stained for 12 min with uranyl acetate and 6other potential advantages such as precise localization,

repeatability, and minimal local collateral damage would min with Reynold’s lead citrate before imaging using an
FEI Tecnai G2 20 TWIN. To determine the iron loadmake further clinical studies worthwhile. With focal ret-

inal diseases such as age-related macular degeneration carried by SPION-treated MSCs, 50-ml aliquots contain-
ing 1.0 × 106 treated or untreated MSCs were suspendedin mind, we therefore undertook an in vivo study to

establish whether SPIONs could be used to guide intra- in distilled water and underwent inductively coupled
plasma atomic emission spectroscopy (Exova, Surrey,venously injected MSCs to a specific retinal locus.
Canada). These experiments were done in triplicate.

MATERIALS AND METHODS In preparation for in vivo use, MSC cultures (contain-
Cell Culture, Labeling, and Characterization ing cells at passage 4–9) were incubated for 24 h with

10 µl SPION and 2.5 µl Q-Tracker 655 (Invitrogen), aMSCs were isolated from bone marrow. Briefly, bone
marrow cells from both femurs of a single rat were fluorescent marker for identifying labeled cells in tissue

sections. Cells were then washed eight times with DPBSflushed with 2–5 ml of knockout DMEM, centrifuged
for 5 min at 1,200 × g, resuspended in growth media (Invitrogen) and then detached with 0.05% trypsin

EDTA (Invitrogen). MSCs were stained with trypan(DMEM supplemented with 10% fetal bovine serum, 2
mM L-glutamine, and 100 U penicillin/streptomycin), blue stain 0.4% (Gibco), counted, and then 1.0 × 106

cells were suspended in 1 ml DPBS for injection.and maintained at 37°C in a humidified 5% CO2 incuba-
tor. All reagents were supplied by Invitrogen.

Animal StudiesFluidMAG-nanoparticles (Chemicell, Berlin, Germany)
are ferrofluid, 200-nm-diameter particles composed of a The S334ter-4 heterozygous transgenic rat line

(obtained from Professor Matt LaVail, University ofmagnetite core covered by hydrophilic polymers protect-
ing against aggregation. We studied fluidMAG-DXS California at San Francisco, CA, USA) was used since

it is a well-characterized model of retinal degeneration(coated with dextran sulfate) and fluidMAG-D (coated
with starch) particles. After passaging, cell suspensions (5,8,11,13,40). Animals were maintained on a 12-h

light/dark cycle and research carried out with adherencewere incubated with aqueous suspensions of each parti-
cle for 2 h in a T75 flask. An oblong magnet was then to the Association for Research in Vision and Ophthal-

mology Statement for the Use of Animals in Ophthalmicattached to the underside of the flask. After overnight
incubation cells were stained with crystal violet to deter- and Vision Research and local Institutional Animal Care

Committee Regulations.mine which cells had preferentially localized over the
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Animals underwent general anesthesia using 2–3% ELISA. ELISA kits for glial-derived neurotrophic factor
(GDNF; Emax ImmunoAssay System, Promega,isoflurane. A 3-mm diameter × 1.5-mm-thick gold-

plated neodymium iron boron (NdFeB) disc magnet with Madison, WI), ciliary neurotrophic factor (CNTF;
RayBiotech, Norcross, GA), interleukin-10 (IL-10;a maximum energy product of 43.2 MGOe (D0301G,

Gaussboys Super Magnets, Portland, OR, USA) was Abnova, Taipei City, Taiwan), and hepatocyte growth
factor (HGF; B Bridge, Cupertino, CA) were each usedplaced within the orbit, but outside the eye, in selected

animals. A 2-mm limbal incision was made in the supe- according to the manufacturer’s instructions. Visualiza-
tion of the chromogenic substrates was measured atrior fornix and the magnet was pushed back into the

orbital apex with a nonmagnetic blunt probe. Using a 450–490 nm using a U-Quant Plate Reader (Bio-Tek
Instruments). All samples were analyzed in duplicateHamilton syringe, 4 µl of the SPION-treated MSC sus-

pension (2 × 105 cells) was injected into the vitreous and results were calculated as pg/ml.
cavity of one eye, through an entry site 1–2 mm behind

Image and Statistical Analysisthe limbus of the eye (6). Other animals underwent intra-
We elected to determine whether magnetic MSCsvenous tail vein injection of 1 ml DPBS vehicle alone or

could be selectively delivered to the upper hemispherecontaining approximately 1.0 × 106 SPION-treated MSCs.
of the retina (corresponding to the positioning of the

Histology orbital magnet). Flatmount retinal images were used to
study magnetic MSC retinal coverage. To standardizeRat eyes were enucleated, anterior segments were
the retinal area assessed, flatmount images were editedremoved, and posterior eyecups fixed in 4% paraformal-
in Photoshop (Adobe) to include only the upper hemi-dehyde for 1 h at 4°C. Neurosensory retina flatmounts
sphere of the central 7-mm diameter of retinal tissue,were obtained by blunt dissection of retina from these
centered on the optic nerve head. To isolate Q-Trackereyecups, flattening the tissue onto Superfrost Plus
655 signal (derived from magnetic MSCs), the red chan-microscope slides (Fisher), and mounting under a cover-
nel of each image was isolated. Percentage of retinalslip with Fluoromount-G (Southern Biotech). Cryosec-
area covered by Q-Tracker 655 signal was then calcu-tions of tissue were obtained either by reprocessing
lated using ImageJ software. Data were collated as theflatmounts or, when studying the outer retina, by pro-
median value with upper and lower quartiles. Thesecessing fresh eye cup tissue. Briefly, posterior eyecups
quartiles were calculated by using the median value towere fixed with 50% Karnovsky’s fixative (2.5% glutar-
divide the ordered data set into two halves. The medianaldehyde, 2% paraformaldehyde, 0.03 M sodium caco-
value was then included in both halves. The lower quart-dylate, pH 7.4) for 1 h and then transferred to PBS
ile (LQ) was calculated as the mean of the lower half ofcontaining 25% sucrose and incubated for �8 h. Flat-
the data and the upper quartile (UQ) as the mean of themount tissue or eyecups were embedded in O.C.T
upper half of the data. A Mann-Whitney U-test was usedmedium (Tissue-Tek; Torrance, CA) and 14–16-µm sec-
to determine statistical significance. Total MSC countstions were obtained using a cryostat (Microm HM 525;
in the retina were calculated by dividing these calcula-Waldorf, Germany). Before imaging, O.C.T was
tions of surface area of Q-Tracker signal in flatmountsremoved by washing with PBS for 10–15 min and
by the average surface area of Q-Tracker signal fromnuclei were labeled with Hoechst (Sigma; 10 µg/ml in
single MSCs in retinal sections.0.1% Triton X-100/PBS) for 5 min, followed by three

Data from ELISA experiments was also collected andwashes in PBS and mounting in Fluoromount-G. To
compared as median with LQ and UQ and a Mann-assess whether labeled MSCs also appeared in other
Whitney U-test was used to determine statistical signifi-organs, cryosections were obtained from tissue samples
cance (set as p ≤ 0.05).from bone marrow, lung, liver, and spleen. Confocal

images of flatmounts and cryosections were acquired
RESULTS

using a Zeiss LSM 510 META confocal laser scanning
Magnetizing MSCs and Effects on Cell Viabilitysystem attached to a Zeiss Axiovert 200M inverted

microscope. Multiple images from individual tissue MSCs in cell suspension avidly internalized SPIONS
as demonstrated by cells moving towards a magneticsamples were combined to form image montages.
source, within 12 h of treatment. To determine which

Enzyme-Linked Immunosorbent Assay (ELISA) SPION was most efficacious in magnetizing MSCs, a
magnet was placed under culture flasks, before treatedIsolated neurosensory retinas from rat eyes were

homogenized with a 25-gauge needle using 200 µl cold cells had become adherent, to semiquantitatively assess
the numbers of cells that preferentially localized near toPBS. Homogenates were then centrifuged for 10 min at

13,000 × g and growth factor concentration was deter- the underlying magnet. After 18 h, these treated MSC
cultures were stained with crystal violet (Fig. 1). Themined in the cleared supernatant using a sandwich
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Figure 1. Mesenchymal stem cell (MSC) culture with superparamagnetic iron oxide nanoparticles (SPIONS). (A) MSC culture, no
magnet. (B) MSC containing fluidMAG-D (coated with starch) SPIONS plus magnet. (C) MSC containing fluidMAG-DXS (coated
with dextran-sulfate) SPIONS plus magnet. (D) Transmission electron micrograph showing fluidMAG-D particles accumulation
within aggregates in MSCs. (E) FluidMAG-D-treated MSCs differentiated into adipocytes (Oil Red O staining). (F) FluidMAG-D-
treated MSCs differentiated into chondrocytes (brown deposits).

most intense staining was seen in flasks treated with flu-
idMAG-D (Fig. 1B), suggesting that these treated cells
were the most responsive to magnetic attraction. Emis-
sion spectroscopy suggested that on average, each fluid-
MAG-D-treated MSC contained approximately 7 pg of
iron oxide, whereas MSCs incubated with fluidMAG-
DXS resulted in an iron oxide content of 10 pg/cell (data
not shown). FluidMAG-D nanoparticle uptake by rat
MSCs was visualized by transmission electron micros-
copy, which showed particles localizing within aggre-
gates throughout the cytoplasm (Fig. 1D).

MTT assays were undertaken to assess MSC viability
after SPION treatment (Fig. 2). This suggested that flu-
idMAG-D treatment was best tolerated by cells. After
24 h, over 95% of MSCs were still viable when using
fluidMAG-D at concentrations of 0.05, 0.25, or 0.5 mg/
ml in culture media. When fluildMAG-DXS particles
were used, significantly poorer cell survival was docu-

Figure 2. MTT assay. Mesenchymal stem cell viability 24 h
mented at 24 h (e.g., at a concentration of 0.05 mg/ml, after addition of fluidMAG-D to tissue culture supernatant.
only 68% cell survival was seen in comparison with Each data point represents mean survival in eight separate

measurements. Error bars correspond to SEM.100% survival seen with fluidMAG-D) (Fig. 2). We
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therefore elected to use fluidMAG-D in further experi- MSCs into their tail vein. Retinal flatmount images
again identified magnetic MSCs preferentially distrib-ments and at a concentration of 0.05 mg/ml fluidMAG-

D to minimize carryover of unincorporated SPIONS in uted in the upper retinal hemisphere, around an area cor-
responding to the orbitally placed magnet, but with lesscell culture suspensions. Additionally, we undertook

experiments to examine whether SPION treatment inter- intensity than seen with the intravitreal injection (com-
pare Fig. 3D and B, respectively). Similarly at 1 monthfered with MSCs normal differentiation capacity. Fluid-

MAG-D-treated MSCs were seen to retain their ability after injection, cells were also present in the upper reti-
nal hemisphere (Fig. 3F). Image processing of upperto differentiate into adipocytes (Fig. 1E) and osteocytes

(Fig. 1F), suggesting that cells retained the characteris- hemisphere retinal images of five eyes treated with mag-
netic MSCs and an orbital magnet suggested 2.48% cov-tics of MSCs even after 4 weeks incubation with fluid-

MAG-D particles. erage at 1 week (LQ 1.75, UQ 2.8) and 0.61% at 1
month (LQ 0.05, UQ 1.0). This was significantly more

Intravitreal MSC Delivery than seen in eyes treated with magnetic MSCs only at
both 1 week (0.25%, LQ 0.11, UQ 0.28; p < 0.05) andTo investigate the distribution of fluidMAG-D (mag-

netized) MSCs labeled with Q-Tracker 655 in vivo, the 1 month (0.07%, LQ 0.01, UQ 0.8; p < 0.05). This cor-
responded to an increase in MSC targeting to the upperretinal surface was examined by flatmount imaging 1

week after intravitreal injection into rat eyes. Intravitreal retina from 4,000 cells to 42,000 cells if a magnet was
positioned in the upper orbit, a 10-fold increase in cellinjection led to a random distribution of fluidMAG-D

MSCs over the retinal surface (Fig. 3), with most cells delivery at 1 week.
Retinal cryosections identified numerous Q-Tracker-preferentially adhering to the posterior lens surface (data

not shown). In comparison, when an orbital magnet had labeled cells distributed within the retina. Of note, after
1 week, magnetic MSCs could be detected only in thebeen placed into the eye prior to intravitreal injection, a

highly concentrated accumulation of cells in the upper inner retina if no magnet had been placed in the orbit
(Fig. 4B–E). In comparison, magnetic MSCs could beretinal hemisphere was seen (Fig. 3B). In these eyes the

cells appeared to aggregate in a circle corresponding to identified in both the outer (Fig. 4F–H) as well as the
inner retina if a magnet had been placed in the orbit.the perimeter of the orbitally placed magnet. This

reflected the maximum gradient in magnetic field (the Similar findings were obtained in retinal tissue exam-
ined 1 month after treatment. It was also noted that mag-largest magnetostatic forces experienced by magnetic

particles) found at the edges of a magnet, when it has netic MSCs appeared in vitreous strands (condensations
of membranes normally seen within the semigelatinousbeen uniformly magnetized along its axis (17). Image

processing and quantification in three eyes containing vitreous humor that fills the cavity of the eyeball
between the retina and lens). This was regardless ofan orbital magnet confirmed that eyes treated with mag-

netized MSCs demonstrated a statistically significant whether or not a magnet had been placed in the orbit
(Fig. 5). MSCs also appeared to distribute around theaccumulation of cells in the upper hemisphere of the

retina with a median 20.0% coverage (LQ 19.5, UQ body. After intravenous injection, magnetic MSCs could
be identified in cryosections obtained from the liver,20.45) compared with lower hemisphere retina median

coverage 0.25% (LQ 0.05, UQ 1.5; p < 0.05). Signifi- spleen, and bone marrow. Magnetic MSCs could also be
detected in cryosections from lung tissue if no magnetcant accumulation of cells was also demonstrated when

comparing upper hemisphere images in eyes with a had been placed in the orbit (data not shown).
These positive results with intravenous injection ofmagnet (data above) and without an orbital magnet

being present (0.6% coverage, LQ 0.25, UQ 0.55; p < magnetic MSCs led us to determine whether systemic
treatment resulted in a biochemical effect in dystrophic0.05, n = 3). This corresponded to an increase in MSC

targeting to the upper retina from 9,600 to 355,500 cells retina. ELISA results suggested that, when compared to
untreated retina, magnetic MSC treatment was associ-if a magnet was positioned in the upper orbit. Retinal

cryosections demonstrated that magnetic MSCs aggre- ated with significantly increased retinal concentrations
of IL-10, HGF, and CNTF at 1 week and 1 month (p <gated in clumps on the inner retinal surface (Fig. 4),

with a few cells present in ganglion cell layer (arrows). 0.05, n = 3) (Fig. 6. For neuroprotectant molecule
GDNF, a statistically significant increase was seen at 1No magnetic MSCs were however identified in deeper

retinal layers. month only compared to untreated retina (p < 0.05, n =
3). However, upon comparing eyes treated with mag-

Intravenous MSC Delivery netic MSCs either with or without an orbitally placed
magnet, statistical significance was only achieved whenTo determine whether systemic delivery of MSCs

could also be targeted to the retina, rats were injected measuring IL-10 and HGF concentrations (p < 0.05).
This suggested that MSC therapy resulted in enhancedwith a suspension of magnetized, Q-Tracker-labeled
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Figure 3. Flatmount images of S334ter-4 rat retina injected with magnetic MSCs. (A, C, E) No
magnet. (B, D, F) With magnet. (A, B) One week after intravitreal injection. (C, D) One week
after intravenous injection. (E, F) One month after intravenous injection. Arrows indicate small
areas of magnetic MSCs in retina without a magnet. Dashed white circle shows the position of
the magnet.

retinal concentrations of all four molecules, but dystrophic retina without the need for invasive intraocu-
lar surgery. Specifically, we have seen that magnetizedmagnetic targeting improved upon this only for IL-10

and HGF. cells will preferentially accumulate within the upper
hemisphere of the retina, demonstrating that an exter-

DISCUSSION nally placed magnet can be used to direct MSCs tangen-
We have shown for the first time that large numbers tially, over the retinal surface. Importantly, it was also

of MSCs can be targeted to a preselected area of the found that this technique can also control where cells
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Figure 4. Retinal cryosections. (A) After intravitreal injection, MSCs accumulate (white arrows) on retinal surface (Q-Tracker
labeled red). (B–E) MSCs in the inner retina 1 week after therapy, no magnet. (F–H) MSCs in the outer retina with magnet. (I)
Control, intravenous vehicle only. RPE, red autofluorescence in the retinal pigment epithelium and Bruch’s membrane.
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Figure 5. Flatmount retinal image showing Q-Tracker-labeled cells (red) adherent to vitreous strands (arrows). Inset: vitreous
sample showing Q-Tracker signal suggesting magnetic cells accumulate in the vitreous as well as the retina with or without placing
a magnet in the orbit.

were delivered cross-sectionally, within the retinal lay- fibroblast growth factor (bFGF)] in treated retina. It was
noted, however, that cells distributed randomly to theers. This latter advantage is particularly advantageous

since common retinal diseases (such as age-related mac- peripheral rather than central retina; no quantitative
assessment of MSC delivery to the retina was made; andular degeneration and retinitis pigmentosa) particularly

affect the outer retina. No other cell delivery method immunohistochemistry showed that MSCs could only be
detected in the inner retina (44).apart from subretinal injection, with its attendant risks

and limited repeatability (39), has been shown to be able One concern with our conclusions based on labeling
cells with Q-Tracker 655 is that this cell marker mayto efficiently target the outer retina (23) without the need

to chemically disrupt tissue boundaries (31). Magnetic escape from labeled MSCs into surrounding cells. Previ-
ous studies using bone marrow MSCs in the eye, how-targeting of MSCs is also a significant improvement on

previous studies using intravenously injected, unlabeled ever, suggest that this is unlikely (6) and if present
would result in only very low concentrations of Q-MSCs into the dystrophic retina (44). In that study, it

was found by semiquantitative RT-PCR that there were Tracker 655 in surrounding cells. Such minimal tissue
staining would likely be below the detection ability ofincreased levels of CNTF and BDNF [but not basic
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our imaging equipment. Another concern is that labeled proposed (18). Systemically delivered MSCs therefore
have significant potential for delivering neuroprotectiveMSCs, localized within the retina, may undergo division

and so affect cell counts. MSCs do proliferate after in and anti-inflammatory molecules to the diseased retina,
although our study may suggest that magnetic MSCsvivo injection (27) and more specifically in the eye;

there is evidence to suggest that lineage-negative bone show most potential in enhancing anti-inflammatory
effects in the retina (i.e., through increased retinal con-marrow cells (which would include MSCs) injected into

the vitreous cavity do undergo some division (43). This centrations of IL-10 and HGF). It has been suggested
that with MSC therapy, elevated concentrations of neu-effect is likely to be small, however, since over time

MSCs differentiate and lose their proliferative capac- roprotective molecules such as CNTF derive from sec-
ondary Müller cell secretion rather than from MSCs perity (27,30).

MSCs are remarkable in stem cell biology. With sig- se (44). Despite enhanced MSC delivery as a result of
magnetic targeting, that GDNF and CNTF concentra-nificant retinal regeneration potential (3), more recently

their paracrine effects on the retina have become tions were not elevated further may suggest a plateau
response, with CNTF release determined by fixed tissueincreasingly recognized as useful therapeutic approaches

(47). In particular, clinical roles for MSC therapy in reti- factors (e.g., number of Müller cells) rather than MSC
concentration. Such a phenomenon might be relevant tonal neuroprotection and immune suppression have been

Figure 6. ELISA results from retinal tissue. Measurements taken at the P90 time point after either
1 week or 1 month of treatment to determine tissue concentrations of anti-inflammatory [interleu-
kin-10 (IL-10), hepatocyte growth factor (HGF)] and neuroprotectant molecules [ciliary neuro-
trophic factor (CNTF), glial derived neurotrophic factor (GDNF)]. Black bar: untreated; white bar:
animals treated with vehicle only; cross-hatched bar: treated with magnetic MSCs, no magnet
placed in orbit; horizontal shading: treated with magnetic MSCs, plus magnet placed in orbit. Error
bars represent upper quartile value. For each data point n = 3.
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MSC therapy in other organs and may explain poorer treatments with less risk to the retina than that associated
with injection of cells directly into the eye. Areas ofneuroprotective effects in clinical studies than predicted

from in vitro and preclinical work (30). tissue suboptimally treated could be targeted at subse-
quent visits simply by moving the underlying magnet.The relevance of MSC detection in other organs as

well as the eye is of uncertain significance. Only random Genetic modification of MSCs would also allow for
cells to deliver other therapeutic molecules to the dis-samples of extraocular tissues were selected for cryosec-

tion analysis so a quantitative assessment was not possi- eased tissue (27).
In conclusion, our results show that large numbers ofble. That no magnetic MSCs were detected in lung

tissue after placing an orbital magnet may therefore rep- blood-borne magnetic MSCs can be targeted to specific
retinal loci and produce therapeutically useful biochemi-resent a sampling error. No study has yet reported sig-

nificant adverse effects with systemic delivery of MSCs. cal changes in the target tissue. Such an approach would
therefore be optimal in focal tissue diseases of the outerIn addition, since MSCs are differentiated cell lines,

risks of neoplasia would seem minimal. Further studies, retina such as age-related macular degeneration, where
only a limited area of tissue is affected and direct injec-for example using radiolabeled magnetic MSCs, would

more efficiently assess the systemic distribution of intra- tion of cells could lead to adverse collateral damage. With
the range of therapeutic possibilities achievable withvenously injected magnetic MSCs. Furthermore, the

appearance of magnetized MSCs in the vitreous after MSCs, their magnetic targeting potentially combines ther-
apeutic versatility with the focused targeting needed tosystemic administration has not previously been

reported. The consequences of this are also unknown, solve many of the cell delivery problems of future transla-
tional studies in diseased neurological tissues.although cellular infiltrate into the vitreous could stimu-

late fibrosis and retinal traction (12). Further studies
ACKNOWLEDGMENTS: This work was supported by grantsneed to be undertaken to explore these phenomena.
from the Canadian Institutes of Health Research. The authors

Some evidence has suggested that SPION treatment declare no conflicts of interest.
and subsequent exposure to magnetic fields alters cell
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