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Abstract
GFP-chimeric mice are important tools to study the role of bone marrow-derived cells in eye
physiology. A method is described to generate GFP-chimeric mice using whole-body, sub-lethal
radiation (600 rad) of wild-type C57BL/6 recipients followed by tail vein injection of bone
marrow cells derived from GFP+ (GFP-transgenic C57/BL/6-Tg(UBC-GFP)30 Scha/J) mice. This
method yields stable GFP+ chimeras with greater than 95% chimerism (range 95–99%), achieved
within one month of bone marrow transfer confirmed by microscopy and fluorescence-assisted
cell sorting (FACS) analysis, with lower mortality after irradiation than prior methods. To
demonstrate the efficacy of GFP+ bone marrow chimeric mice, the role of circulating GFP+ bone
marrow–derived cells in myofibroblast generation after irregular photo-therapeutic keratectomy
(PTK) was analyzed. Many SMA+ myofibroblasts that were generated at one month after PTK
were derived from GFP+ bone marrow-derived cells. The GFP+ bone marrow chimeric mouse
provides an excellent model for studying the role of bone marrow-derived cells in corneal wound
healing, glaucoma surgery, optic nerve head pathology and retinal pathophysiology and wound
healing.

1. Introduction
Many processes in the eye involve complex interactions between resident cells, progenitor
and/or stem cells, inflammatory cells, soluble mediators (such as growth factors, cytokines
and matrix metalloproteinases), and extracellular matrix components (Cotsarelis, 2006;
Diegelmann et al., 1999; Kaur et al., 2009a and 2009b; Martins et al., 2012; Opalenik and
Davidson, 2005; Singh et al., 2010 and 2012, Wilson, 2012). Cells that populate the wound
site and participate in the wound healing response and tissue regeneration have traditionally
been viewed as being derived primarily from adjacent uninjured cells in the tissue. However,
numerous reports have provided evidence that cells seen in the peripheral blood (PB), such
as hematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs), circulating
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fibrocytes, BM-derived mesenchymal stem cells (MSCs), and rare tissue-derived
mesenchymal stem cells also contribute to repair and regeneration of injured tissues
(Stadelmann et al., 1998; Wu et al., 2010). For example, studies have shown that circulating
bone marrow (BM)-derived cells plays critical roles in generation of cells involved in
processes such as wound healing, fibrosis and malignancy (Bhawan and Majno, 1989;
Chinnery et al., 2008; Direkze et al., 2003; Wilson et al., 2004; Kaneko et al., 2008;
Santhiago et al., 2011; Sonoda et al., 2005; Barbosa et al., 2010). As an example,
myofibroblasts involved in the healing of some types of corneal injuries are often generated
from bone marrow-derived cells (Barbosa et al., 2010), although they may also be derived
from corneal fibroblasts, and even epithelial cells (Direkze et al., 2003; Fathke et al., 2004;
Kaur et al., 2009b; Novo et al., 2009; Saika et al., 2010; Wilson SE, 2012). The capacity to
unambiguously monitor myofibroblasts derived from bone marrow-derived cells has
contributed to our overall understanding of the corneal wound healing response and has
similarly led to a better understanding of the role of bone marrow-derived cells in processes
in other tissues in the eye.

The green fluorescent protein (GFP) produces the green bioluminescence of the jellyfish
Aequorea Victoria (Shimomura, 2005). The expression of GFP in models such as C.
elegans, Zebra fish, D. melanogaster attracted interest to this novel reporter as a potential in
vivo marker (Cubitt et al., 1995). A modified method for generating greater than 95%
chimerism in mice with GFP+ bone marrow cells was developed (Barbosa et al., 2010) since
earlier methods (Ono et al., 1999; Hayakawa et al, 2003) showed stable chimerisation less
than 80% in our hands and the mortality of mice after irradiation and injection of bone
marrow was greater than 50% in the first few weeks. This model has important applications
for studying the recruitment and function of bone marrow-derived cells in vivo after injury,
surgery or therapy in the eye.

2. Materials, supplies and detailed methods
2.1. Animals

Six to eight week old C57BL/6 (Stock Number: 000664) or C57/BL/6-Tg(UBC-GFP)30
Scha/J (Stock Number: 004353) female mice were obtained from The Jackson Laboratory
(Bar Harbor, ME). All animals were treated in accordance with the tenets of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by
the Institutional animal care and use committee (IACUC) at the Cleveland Clinic.

2.2. Harvest of bone marrow cells from GFP+ mice (C57/BL/6-Tg(UBC-GFP)30 Scha/J)
The C57/BL/6-Tg(UBC-GFP)30 Scha/J transgenic mice express enhanced green fluorescent
protein (GFP) under the transcriptional control of a human ubiqutin C promoter. Mice
homozygous for the transgene are viable and fertile, and do not display any gross
abnormalities other than the expression of the GFP marker in all nucleated cells. All
hematapoetic cell types display distinct expression levels of GFP, thus allowing
identification of different cells types by FACS analysis. GFP+ mice were euthanised, by
CO2 inhalation. Long bones of both legs were removed and maintained in chilled 1X PBS
(10X stock is 1.37M sodium chloride, 27mM potassium chloride, and 119mM phosphate
buffer, endotoxin free) throughout the procedure. Care was taken to include the joints at
both ends of the femur and tibia in each leg. Soft tissues and skin were removed and the
femur and tibia separated at the knee joint by dissecting the adjoining connective tissue.
Both ends of all bones were trimmed to allow insertion of a 26-gauge needle to flush the
bone marrow with DMEM medium. Tissue populated with bone marrow cells and stem cells
is typically found concentrated at the joints. This tissue was harvested by alternately
flushing with medium and scratching the bone marrow cavity with the end of the needle.
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Clumps of bone marrow cells were teased out and gently dissociated using a one ml pipette
to form a single-cell suspension. Single-cell suspensions were gently centrifuged at 1500
rpm for 10 minutes at 4°C to obtain a cell pellet. Red blood cells were lyzed by adding
chilled sterile Milli-Q water followed by dilution with 10X PBS at a ratio of one part PBS to
nine parts cell solution with immediate mixing. Cell suspensions were centrifuged again at
1500 rpm for 10 minutes at 4°C and resuspended in PBS at 4°C. Cell viability was verified
by staining with 0.4% trypan blue and cells were suspended in PBS at 4°C at a final
concentration of 20 ×106 cells/ml. Viability in the range of 90% to 95% should be obtained
in the isolated cells.

2.3 Irradiation of recipient mice
C57BL/6 wild type mice were irradiation two hours before cell injection using a 137Cs Mark
1 irradiator (J.L. Sheperd & Associates, Glendale, CA). All recipient mice received a single
600 rads dose of whole-body irradiation. Irradiated animals were allowed to rest in cages
with unlimited food and water for two hours prior to bone marrow injection.

2.4. GFP+ bone marrow transplantation in recipient mice
Irradiated recipient WT C57BL/6 mice were briefly placed under a UV lamp to allow
dilation of the tail veins. Mice were immobilized using an animal holder and tail veins
located. The tails were sterilized using 70% ethanol pads and 0.5 ml of bone marrow cell
suspension (20 X 106 cells/ml) was injected intravenously per mouse using a 30-gauge
needle. Mice were returned to their cages and monitored following injection. Animal
mortality was observed within one to two weeks if bone marrow cells were not delivered in
adequate numbers and with sufficient viability.

2.5 Fluorescence-activated cell sorting (FACS)
Twenty microliters of blood were collected directly from the tail vein using heparin-coated
capillary tubes. Blood collected in capillary tubes was further diluted into one ml of PBS in
FACS tubes and maintained at 4°C. Each sample was centrifuge for 10 min at 1500 rpm at
4°C and supernatant discarded. Red blood cells were lysed using water at 4°C and brought
to 1X PBS by adding 10X PBS followed by centrifugation at 4°C for 10 min at 1500 rpm.
The white blood cell pellet was washed once in staining buffer (filtered PBS with 1% BSA
and 0.1% sodium azide) and resuspended in 200 μl of staining buffer. The samples were
analyzed with a Becton–Dickinson FACS instrument (Franklin Lakes, New Jersey).
Lymphocytes were gated on forward-scatter (FSC) and side-scatter (SSC) plots. All
peripheral blood lymphocyte preparations were stained with 0.5 mg/ml propidium iodide for
detection of procedure-induced cell death. Dead cells were gated on SSC vs FL2 dot-plots
and excluded from further analysis. SSC vs. FL1 plots were analyzed to assess the
percentage of GFP-positive cells in the peripheral blood lymphocytes of each chimeric
mouse. Data shown is representative of 51 chimeric mice. FACS analysis of each chimeric
mouse blood sample was performed to evaluate the efficiency of GFP chimerism. Twelve to
fifteen chimeric mice were used for FACS analysis at each time point. These results show
that more than 95% chimerism was obtained using the procedure described above (n = 51;
Range 95 - 99%; Average 97.5%). Figure 1 represents the number of GFP-positive cells in
chimeric mice one month after BM cell transfer via tail vein injections. It is recommended
that animals that show less than 90% GFP chimerism after one month not be used in
subsequent experiments. GFP chimerism was found to be already greater than 80% (average
84%) at 15 days after bone marrow transfer. In addition, GFP chimeras were found (Fig. 1)
to be stable at two months after tail vein injections (average 96.5%). We found no increase
in chimerism at time points three and six months after bone marrow transfer (data not
shown).
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2.6 Immunohistochemistry
Immunohistochemical staining was performed on experimental and control tissue sections,
as previously described (Barbosa et al., 2010; Singh et al., 2011). Although GFP+ cells can
be detected directly with a fluorescent microscope, the intensity of the signal is markedly
enhanced by immunohistochemical staining for the GFP. The sections were viewed and
photographed with a Leica DM5000 microscope equipped with Q-Imaging Retiga 4000RV
camera (Surrey, BC, Canada) and ImagePro software (Leica). All immunohistochemistry
was performed at least three times to insure the results were consistent. For demonstration of
bone marrow-derived cells contributing to corneal wound healing at one month after
irregular PTK, the central corneal stoma was analyzed for alpha smooth muscle actin (SMA,
a marker for myofibroblasts)+ and GFP+ cells. Many SMA+GFP+ and SMA+GFP− cells, as
well as SMAGFP+ cells, were observed in the stroma, confirming the migration of donor
GFP-positive bone marrow cells into the cornea and the differentiation of some of these
cells into myofibroblasts after the corneal injury induced by irregular PTK (Fig. 2).

3.0 Potential Pitfalls and Trouble Shooting
3.1 GFP Bone marrow harvesting

It is critical to include the joints at both ends of the femur and tibia in each leg since many
bone marrow-derived cells and stem cells have been found to be present in these joints. To
increase the purity of the bone marrow tissue, soft tissues and skin should be removed from
the femur and tibia separated at the knee joint and this is facilitated by freezing the adjoining
connective tissue and dissecting away contaminating tissues. The harvested bone marrow
cells can be filtered with a 40-micron cell strainer (BD Falcon, NC, USA) before red blood
cell lysis and cell counting to eliminate any soft tissue or other debris from the final GFP
bone marrow preparation. All steps need to be performed at 4°C after harvesting the bone
marrow until the tail injection is performed to maintain cell viability.

3.2. Transfer into recipient irradiated mice
Experience in developing and using the current methods has shown that the time from
harvesting to transfer of GFP bone marrow cell into the irradiated mice is critical. Tail vein
injection of the harvested GFP+ bone marrow cells should be completed within two to three
hours after the recipient mouse irradiation step. One should insure that precise volume and
number of bone marrow cells (0.5 ml at 20 X 106 cells/ml) is injected into the tail vein of the
recipient mice so that optimal chimerism is achieved. Injection of lower cell numbers
typically results in a lower percentage of chimerism and/or animal death. Bone marrow
injections in higher PBS volumes increase difficulty of the procedure as well as potential of
mortality while making no additional impact on increasing the efficiency of bone marrow
engraftment.

Conclusion and Clinical applications
Using these methods, chimeric mice with greater than 95% (range 95–99%) chimerism with
GFP+ bone marrow cells were generated. In our experience with earlier models reported by
Ono et al (1999) and Hayakawa et al (2003), chimerism greater than 95% was infrequently
achieved, and often levels of 70% to 80% were obtained. In addition, the use of lower doses
of radiation in the current method resulted in a significant reduction in animal mortality
during the early post-transfer period, without diminishing the level of chimerization.
However, the results in generation of GFP+ chimeric mice often vary between different
strains of mice (Carstea et al., 2009; Keskintepe et al., 2007).
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The GFP+ bone marrow chimeric mice model provides a powerful model to explore the
roles of bone marrow-derived cells in the cornea, retina, and optic nerve head, and would
likely be an interesting avenue to investigate other ocular injuries such as those cause by
infection by herpes simplex virus and other pathogens, as well as the response to surgeries
such as glaucoma filtration surgeries complicated by fibrosis, corneal transplantation with
penetrating keratoplasty and lamellar endothelial transplantation methods where
complications such as opacity or rejection are noted, or scarring and repair in the retina
associated with macular degeneration or disorders such as proliferative diabetic retinopathy.
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Highlights

• Method to generate GFP+ bone marrow chimeras at greater than 95%
chimerization in mice

• Optimal model to study the role of bone marrow-derived cells in corneal, retinal
and glaucoma surgery wound healing and disease

• Example of application to corneal myofibroblast generation from bone marrow-
derived precursors
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Fig. 1. Flow cytometry analysis of stability and percentage of chimerization achieved by bone
marrow transfer
Peripheral blood preparations from WT (negative control), GFP+ transgenic (positive
control) and chimeric mice were stained with propidium iodide and gated on live cell
populations. Live cells were further analyzed on an SSC vs. FL1 (GFP+) plot. The upper
panel shows the absence of GFP+ staining in peripheral blood from WT mice (left upper
panel) and > 99% GFP+ staining in peripheral blood from GFP+ transgenics (GFP-
transgenic C57/BL/6-Tg(UBC-GFP)30 Scha/J). The lower panel shows percentage of
chimerization achieved in WT mice at 15 days after tail vein injection (left lower panel), at
one month after tail vein injection (center lower panel) and 2 months after tail vein injection
(right lower panel) of GFP+ bone marrow. Data shown is representative of 51 chimeras.
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Fig. 2.
GFP+SMA+ immunohistochemistry images of corneal sections from GFP+ chimeric mice at
one month after irregular PTK. In each row, the left lane shows GFP stained green; the
middle lane shows SMA+ cells stained red; and the right lane is an overlay of DAPI, GFP
and SMA staining. A: is immunohistochemistry in the cornea of a chimeric mouse at one
month after irregular PTK where the primary antibodies were omitted (controls). B is
immunohistochemistry for SMA and GFP proteins in the cornea of a chimeric mouse at one
month after irregular PTK. The arrows indicate representative SMA+GFP+ positive cells
that are myofibroblasts that differentiated in the cornea from bone marrow-derived cells.
The arrowheads are SMA+ myofibroblasts that are GFP-, indicating they likely
differentiated from cells derived from keratocytes in the cornea, although it cannot be
excluded that one or both of these cells also differentiated from bone marrow-derived cells
since it is not possible to achieve 100% chimerism. This section was selected to show SMA
+ cells that are both GFP- and GFP+. When counts were performed in many fields on many
sections in several corneas at one month after irregular PTK in chimeric mice, more than
90% of SMA+ cells were GFP+ (Barbosa, et al., 2010).
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