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Abstract
Purpose  Bone marrow aspirate has been successfully used alongside a variety of grafting materials to clinically augment 
spinal fusion. However, little is known about the fate of these transplanted cells. Herein, we develop a novel murine model 
for the in vivo monitoring of implanted bone marrow cells (BMCs) following spinal fusion.
Methods  A clinical-grade scaffold was implanted into immune-intact mice undergoing spinal fusion with or without freshly 
isolated BMCs from either transgenic mice which constitutively express the firefly luciferase gene or syngeneic controls. 
The in vivo survival, distribution and proliferation of these luciferase-expressing cells was monitored via bioluminescence 
imaging over a period of 8 weeks and confirmed via immunohistochemistry. MicroCT imaging was performed 8 weeks to 
assess fusion.
Results  Bioluminescence imaging indicated transplanted cell survival and proliferation over the first 2 weeks, followed 
by a decrease in cell numbers, with transplanted cell survival still evident at the end of the study. New bone formation and 
increased fusion mass volume were observed in mice implanted with cell-seeded scaffolds.
Conclusions  By enabling the tracking of transplanted bone marrow-derived cells during spinal fusion in vivo, this mouse 
model will be integral to developing a deeper understanding of the biological processes underlying spinal fusion in future 
studies.

Graphical abstract  These slides can be retrieved under Electronic Supplementary Material.
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Introduction

Spinal fusion surgery is an increasingly common procedure 
used in the treatment of spinal pathology. Clinically, autol-
ogous bone marrow aspirate containing a heterogeneous 
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population of cells, including mesenchymal stem cells 
(MSCs), has been successfully used with a variety of graft-
ing materials to augment spinal fusion procedures [1, 2]. 
Indeed, recent studies have demonstrated that both concen-
trated and unconcentrated bone marrow aspirate in com-
bination with clinical bone grafting materials can enhance 
interbody and posterolateral fusion outcomes, in some cases 
achieving rates similar to autograft bone [3]. Furthermore, 
many pre-clinical and clinical fusion studies have expanded 
to explore the use of allogenic and/or in  vitro culture-
expanded bone marrow MSCs, including several phase II/
III clinical trials examining the use of allogeneic marrow-
derived MSCs [3, 4]. Although these cell-based therapies 
have generally proved successful in promoting fusion, much 
remains to be learned about the fate of transplanted cells and 
their interactions with host cells.

While bone marrow and MSC transplantation studies in 
pre-clinical bone regeneration models have generally yielded 
enhanced bone formation [5–7], results have varied depend-
ing upon the transplantation site, delivery method, and/or 
experimental model under investigation. Most research 
tracking the survival of transplanted bone marrow-derived 
cells has employed xenotransplantation, immune-compro-
mised host animals and/or ex vivo culture-expanded cells, 
thus presenting several key limitations. In the case of spi-
nal fusion studies, the survival and fate of donor cells have 
largely gone unanalyzed. There is thus a crucial need for 
more clinically relevant models to enable detailed research 
into the survival and fate of transplanted donor cells in bone 
regeneration, particularly in the context of spinal fusion.

The mouse lumbar fusion model provides a wide range 
of analytical research tools, including numerous transgenic 
strains [8–10]. Utilizing donor cells from transgenic mice 
that constitutively express a marker gene enables non-inva-
sive cell tracking, thus circumventing many of the disad-
vantages of exogenous labeling methods, while also allow-
ing for the use of immune-intact hosts. Developed by Cao 
et al., the transgenic mouse line FVB-Tg(CAG-luc,-GFP)
L2G85Chco/J expresses luciferase throughout most tissues 
under the ubiquitous CAG promoter [11], and has been used 
in a number of transplantation studies to trace various cell 
and tissue types [12]. Bone marrow-derived cells from FVB-
Tg(CAG-luc,-GFP)L2G85Chco/J mice have exhibited strong 
luciferase expression and have been used in transplantation 
studies to trace hematopoietic reconstitution as well as MSC 
engraftment in the myocardium [13].

In this study, we developed a clinically oriented mouse 
model of lumbar fusion to study the fate of transplanted 
bone marrow cells (BMCs) during spinal fusion. Our model 
employs the transplantation of freshly isolated BMCs from 
FVB-Tg(CAG-luc-GFP)L2G85Chco/J donor mice alongside 
a clinical-grade bone graft substitute into syngeneic FVB/NJ 
host mice, thus enabling the non-invasive in vivo tracking 

of transplanted BMC survival, distribution and prolifera-
tion over time within the fusion space via bioluminescence 
imaging (BLI).

Materials and methods

Animals and reagents

This study was approved by the Animal Care and Use Com-
mittee at the Johns Hopkins University School of Medi-
cine. Donor FVB-Tg(CAG-luc,-GFP) L2G85Chco/J mice 
were obtained from the Jackson Laboratory (Bar Harbor, 
Maine, USA) and bred in house. Host FVB/NJ mice were 
also obtained from the Jackson Laboratory. Vitoss® bone 
graft substitute was purchased from Stryker (Kalamazoo, 
MI, USA). D-luciferin was purchased from Gold Biotechnol-
ogy (St. Louis, MO, USA). Vectastain Elite ABC Kit (Goat 
IgG), Avidin/Biotin Blocking Kit, and Vectastain DAB Kit 
were purchased from Vector Laboratories (Burlingame, CA, 
USA). Anti-luciferase antibody (no. 200-103-150S) was pur-
chased from Rockland Immunochemical (Gilbertsville, PA, 
USA).

Surgical technique

Six-to-eight-week-old female FVB/NJ mice underwent pos-
terolateral lumbar spinal fusion surgery and were divided 
into three experimental groups: (1) Vitoss® bone graft sub-
stitute scaffold alone (n = 10); (2) Vitoss® seeded with con-
trol FVB/NJ bone marrow cells (BMCs) (n = 15); or, (3) 
Vitoss® seeded with syngeneic BMCs isolated from FVB-
Tg(CAG-luc,-GFP)L2G85Chco/J mice (n = 15). Recipient 
mice were anesthetized via intraperitoneal (IP) injection of 
ketamine (90 mg/kg) and xylazine (10 mg/kg). The surgical 
site was shaved and prepped with 70% ethanol and betadine. 
A 15-mm dorsal midline incision from the L1 vertebrae to 
the posterior superior iliac spine was made. After placing 
a retractor, a second incision was made through the dor-
solumbar fascia to expose the paravertebral muscles. Par-
aspinous muscles were dissected away from midline with a 
size 15 scalpel blade. Both the inferior and superior articular 
processes of the L5–L6 facet joints were then decorticated 
using a pneumatic 0.7-mm burr. Approximately 2.5 mm3 of 
Vitoss® grafting material, with or without seeded BMCs, 
was placed at the L5–6 junction and the retractor was 
removed. Fascia and skin were closed in layers with 5-0 
absorbable sutures (Polysorb, Medtronic, Minneapolis, MN, 
USA). In addition to the main experimental groups listed 
above, supplementary groups of mice were implanted with 
either luciferase-expressing BMCs (n = 12) or control BMCs 
(n = 12), solely to obtain three samples at each time point for 
immunohistochemical analysis.
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Bone marrow cell extraction

6- to 8-Week-old female FVB/NJ or FVB-Tg(CAG-luc-GFP)
L2G85Chco/J donor mice were euthanized and bilateral 
femurs and tibias were isolated, dissected and cleaned in a 
sterile biological safety cabinet. Bone marrow was flushed 
using a syringe with a 25-gauge needle and sterile phos-
phate buffered saline (PBS). The resulting bone marrow 
suspension was passed through a 100-μm nylon mesh filter 
and subsequently underwent hemolysis and centrifugation. 
Recovered nucleated cells were enumerated, re-suspended 
and seeded onto Vitoss® scaffolds (2.5 million cells per scaf-
fold per side) prior to implantation. Cellular isolation was 
performed concurrently with surgical exposure to ensure that 
isolated cells were implanted 20–30 min following seeding 
to maintain cellular viability.

Bioluminescence imaging

Mice implanted with either luciferase-expressing BMCs or 
control BMCs were imaged at 24 h and at 1-, 2-, 4-, 6- and 
8-week postoperatively via the IVIS® Spectrum pre-clinical 
imaging system (PerkinElmer, Waltham, MA, USA). Imag-
ing was performed 10 min after IP injection of 10 µL/g of 
D-luciferin (15 mg/ml in saline) with an exposure time of 
5 min. Mice were anesthetized via inhalation of an isoflu-
rane–O2 gas mixture. The total bioluminescence radiance/
flux (photons/s), area (cm2), and average bioluminescence 
signal (photons/s/cm2) were measured for each mouse at 
each time point using Living Image Software (Caliper LifeS-
ciences, PerkinElmer). The data were then averaged for each 
group. The difference in bioluminescent flux signal (p/s) and 
average bioluminescence (p/s/cm2) at 24-h post-transplan-
tation between cell implantation groups was analyzed using 
a standard T test.

MicroCT imaging

Mice were imaged at a resolution of 100 µm at 8-week post-
operatively tilizing a NanoSPECT/CT (Bioscan). Mice were 
anesthetized via inhalation of an isoflurane–O2 gas mixture. 
Axial cross-sections were generated to quantitatively calcu-
late fusion mass volume via ImageJ software (US National 
Institutes of Health, Bethesda, MD) as previously described 
[14].

Histology and immunohistochemistry

At 1-, 2-, 4- and 8-week postoperatively, lumbar spines were 
harvested, fixed overnight in 4% paraformaldehyde, decal-
cified in 14% ethylenediaminetetraacetic acid for 4 weeks, 
dehydrated by ethanol series, and embedded in paraffin. 
Serial sections (10 µm thick) were cut, deparaffinized in 

xylene, and subsequently rehydrated. Adjacent sections of 
each fusion mass were assessed via immunohistochemical 
staining for luciferase expression and via hematoxylin and 
eosin (H&E) staining, alcian blue staining, and Masson’s tri-
chrome staining for formation of bone, cartilage, osteoid and 
blood vessels. Immunohistochemical staining was performed 
using the Vectastain Elite ABC Kit. Sections were treated 
with 0.05% w/v citraconic anhydride in PBS for 30 min at 
95 °C for antigen retrieval, and with 1% w/v H2O2 in DPBS 
for 20 min to inhibit endogenous peroxidase activity. Slides 
were subsequently incubated overnight at 4 °C in blocking 
solution (normal rabbit serum, 5% w/v bovine serum albu-
min, and 0.2% w/v sodium azide (Sigma)), followed by avi-
din/biotin blocking (via a Vector Laboratories kit). Sections 
were incubated overnight at 4 °C with the primary luciferase 
antibody (diluted 1:1000 in PBS with normal rabbit serum, 
5% w/v bovine serum albumin, 0.2% w/v sodium azide, and 
0.1% Tween 20), followed by incubation with the second-
ary biotinylated rabbit anti-goat IgG antibody for 60 min at 
room temperature, and incubation with the peroxidase-con-
jugated biotin–avidin complex for 30 min at room tempera-
ture. Finally, staining with a 3,30-diaminobenzidine (DAB) 
kit was performed according to manufacturer’s instructions.

Statistical methods

Comparison of bioluminescence flux signals (photons/s) at 
24-h post-implantation between luciferase-expressing and 
control BMCs was performed via the Mann–Whitney test, 
as not all flux data groups passed the Shapiro–Wilk nor-
mality test. Average fusion mass volumes were compared 
via the Kruskal–Wallis test and group comparisons were 
made via Dunn’s multiple comparisons test, as not all data 
groups passed the Shapiro–Wilk normality test. All statisti-
cal analysis was performed using GraphPad Prism software 
(GraphPad Software Inc, CA).

Results

In vivo monitoring and ex vivo detection 
of transplanted luciferase‑expressing cells

Mice recovered well from surgery and did not exhibit any 
significant complications. However, 3 of the 15 mice trans-
planted with luciferase-expressing cells died from anesthesia 
overdose during repeated imaging and were thus excluded 
from analyses. Imaging of mice transplanted with luciferase-
expressing BMCs revealed a significant increase in biolumi-
nescence flux signal (photons/s) and average biolumines-
cence signal (photons/s/cm2) over the initial 2-week period 
following surgery, suggesting cellular proliferation, fol-
lowed by a decrease in signal from 4 through 8 weeks, likely 
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representing transplanted cell death (Fig. 1). The greatest 
increase in signal (> 500%) was observed between 24-h and 
1-week postoperatively. Looking at BLI signal over time 
for each mouse (Fig. 2), the peak flux signal was reached 
at varying points, with approximately 33% (4/12) of the 
mice exhibiting maximum bioluminescence at week 1, 58% 
(7/12) at week 2, and 8% (1/12) at week 4. This individual-
to-individual difference was unrelated to the use of different 
donor mice. Interestingly, mice transplanted with control 

BMCs displayed a bioluminescence signal at 24 h, albeit at 
significantly lower levels (p < 0.001). However, from 1 week 
onwards, mice transplanted with control BMCs exhibited no 
significant signal. 

Correlating with BLI data, immunohistochemical stain-
ing displayed the highest number of luciferase-positive cells 
within the fusion masses at weeks 1 and 2 (Fig. 3). Interest-
ingly, at week 2, many luciferase-positive cells were also 
identified on the surface of the host lamina adjacent to the 

Fig. 1   Non-invasive in  vivo monitoring of bioluminescence over 
time. a Average total flux signal (p/s) over time for mice implanted 
with syngeneic luciferase-expressing BMSCs (black line, n = 12) or 
control syngeneic BMSCs (gray line, n = 15). b Average biolumi-
nescence signal, normalized for the size of the bioluminescent area 

(radians = p/s/cm2), over time for mice implanted with syngeneic 
luciferase-expressing BMSCs (black line, n = 12) or control syngeneic 
BMSCs (gray line, n = 15). c Representative images of biolumines-
cence signal over time for mice implanted with syngeneic luciferase-
expressing BMSCs (top) or control syngeneic BMSCs (bottom)

Fig. 2   Bioluminescence imaging of individual mice implanted with 
syngeneic luciferase-expressing BMSCs over time. a Total flux sig-
nal (p/s) over time for each individual mouse in the study (gray line) 
in comparison with the overall average signal (black line). b Average 

bioluminescence signal, normalized for the size of the bioluminescent 
area (radians = p/s/cm2), over time for each individual mouse in the 
study (gray line) in comparison with the overall average signal (black 
line)
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fusion mass (Fig. 3b). The number of luciferase-positive 
cells decreased significantly at week 4 (Fig. 3d) and week 8 
(Fig. 3e), as was observed with BLI. No staining for lucif-
erase-positive cells was observed in mice implanted with 
control cells at any time point (Fig. 3f).

Fusion mass evaluation

Histological staining of cell-implanted groups revealed the 
presence of osteoid, cartilage, bone marrow and microvascu-
lature within the fusion bed at week 2 (Fig. 4a–e). At week 
4, the amount of bone tissue within the fusion bed increased, 
with some surrounding cartilage and osteoid (Fig. 4f–h). 
By week 8, the fusion mass between the native facet joints 
developed into mature bone extremely similar to the adjacent 
host bone, and also contained bone marrow and cartilage 
with evidence of bone remodeling (Fig. 4i–k).

MicroCT imaging at week 8 (Fig. 5) showed that the 
fusion masses in mice implanted with cells were generally 
more radiopaque than those implanted with scaffolds alone 
(Fig. 5d–f), suggesting more bone formation. This appar-
ent increase in radiodensity was also more uniformly spread 

throughout the fusion masses in the cell-implanted groups, 
compared to the patchier pattern of radiopaque spots in 
mice with scaffolds alone, thus suggesting improved fusion. 
More importantly, mice implanted with cells displayed sig-
nificantly higher fusion mass volumes than those implanted 
with scaffolds alone (p = 0.002) (Fig. 5g). As expected, no 
statistically significant differences in fusion mass volume 
were observed between mice implanted with luciferase-
expressing and control BMCs (p = 0.709).

Discussion

By employing freshly isolated BMCs from FVB-Tg(CAG-
luc,-GFP)L2G85Chco/J mice and a clinical-grade carrier, 
our model closely mirrors the current clinical practice of 
utilizing carriers seeded with bone marrow aspirate in spinal 
fusion. This is the first study to describe an animal spinal 
fusion model that allows for the tracking of unpassaged, 
minimally manipulated BMCs during fusion. By avoiding 
the use of immunocompromised rodents, transfected cells 
or culture-expanded cells, our model also maintains the 

Fig. 3   Representative images of immunohistochemical staining for 
luciferase-positive cells within the fusion mass over time. Low-mag-
nification images: a week 1, abundant luciferase-positive cells were 
identified within the scaffold (10×, arrow); b week 2: many lucif-
erase-positive cells were identified on the surface of a native lamina 

(25×, arrow). Higher magnification images within the fusion mass 
and scaffold: c week 2 (100×); d week 4 (100×); e week 8 (100×); 
and, f negative control at week 2 (100×). Scale bars in each image 
represent 100 μm. N native lamina, F fusion mass
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native healing processes that are clinically relevant to bone 
regeneration.

In this study, the BLI signal from transplanted BMCs 
increased significantly at the fusion site over the first 
2 weeks, and then decreased to similar levels as observed 
24-h post-transplantation by 6 weeks. However, BLI signal 
and thus cell survival were detectable for the entire 8-week 
duration of the study. This differs significantly from previous 
transplantation studies which showed poor cell survival in 
immune-intact mice (Table 1). In an ectopic implantation 
study, for example, Qiao and colleagues observed that the 
BLI signal from transplanted MSCs decreased continuously 
over the 4-week study period [15]. Similarly, Huang and 
colleagues observed a steadily decreasing BLI signal from 
MSCs locally injected in a femoral fracture model, lasting 
only 14-day post-injection [16]. Meanwhile, in the only other 
study to track transplanted cells in spinal fusion, the BLI sig-
nal from luciferase-transduced goat MSCs increased from 
day 1 to day 7, followed by a dramatic decrease to negligible 

levels by day 21 in an immunocompromised rat model [17]. 
The increased early proliferation and prolonged cell survival 
observed in the present study compared to previous research 
may be due to the heterogeneous nature of the fresh bone 
marrow aspirate used. Future studies will employ co-staining 
for various hematopoietic cell and mesenchymal stem cell 
surface markers to determine exactly which subpopulations 
of transplanted cells survive and proliferate in vivo.

In this study, the increased fusion mass volumes observed 
in the cell-seeded groups indicated that the transplanted 
BMCs augmented bone formation and fusion. In contrast, 
in the immunocompromised rat fusion study tracking lucif-
erase-expressing MSCs, no bone formation was observed 
[17]. As significant numbers of transplanted BMCs did not 
persist past week 3, the resulting enhancement in fusion 
mass volume may primarily be due to early paracrine inter-
actions with host cells, such as immunomodulation. Future 
studies will determine whether these paracrine effects are 
the main contributor to increased bone formation or whether 

Fig. 4   Representative histological images of the fusion mass over 
time. Week 2: a H&E staining; b higher magnification (100×) inset 
image displaying osteoid from image “a”; c higher magnification 
(100×) inset image displaying cartilage and microvasculature from 
image “a’; d alcian blue staining, confirming the presence of carti-
lage and osteoid (25×). e Masson’s trichrome staining (25×). Week 

4: f H&E staining (40×); g alcian blue staining (25×); h Masson’s 
trichrome staining (100×). Week 8 i H&E staining (40×); j alcian 
blue staining (25×); and, k Masson’s trichrome staining (25×). Scale 
bars in each image represent 100  μm. B bone marrow, C cartilage, 
F fusion mass, M muscle, N native lamina, O osteoid, S scaffold, V 
microvessel
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transplanted cells also directly form bone. Additionally, 
studies are currently under way to further enhance fusion 
outcomes in our model via optimization of BMC number 
as well as using the intertransverse process fusion model.

The use of BLI to track transplanted cell fate in vivo is 
widespread due to its high sensitivity, noninvasiveness and 
low toxicity, as well as its ability to enable longitudinal 
and quantitative cell monitoring [18, 19]. In this study, the 
observation of a BLI signal 24-h postoperatively in mice 
transplanted with control BMCs was surprising and may 
have been due to the presence of elevated levels of acute 
inflammatory enzymes at the operative site thus leading to 
non-luciferase-mediated oxidation of the luciferin substrate. 
Previous studies utilizing luciferase-expressing cells to track 
transplanted MSCs in osteogenic contexts have yielded dif-
fering results depending upon experimental design factors 
such as whether cells were transduced with a luciferase 
reporter, the method of transduction, the design of the lucif-
erase-reporter plasmid, whether cells were xenogenic and 
the species involved, the passage number of the transplanted 
cells, the site of delivery, the method of delivery, and the 
type of carrier used [15–17, 20, 21] (Table 1). For example, 
in two ectopic transplantation studies utilizing luciferase-
transduced xenogenic MSCs in immunocompromised mice, 
one, employing goat MSCs, observed a dramatic BLI signal 
increase from days 7 to 21 [17], while the other, employing 
human MSCs, observed a continuous BLI signal decrease, 
with the most significant loss (85%) over the first 15 days 
[20]. However, such immunocompromised animal models 

may not give a true indication of transplanted cell fate due to 
the important roles played by immune cells in bone healing 
and remodeling.

Conclusions

The mouse model developed in this study enabled non-inva-
sive in vivo tracking of transplanted BMC survival, distribu-
tion and proliferation over time within the fusion space in 
the most clinically relevant context to date, and exhibited 
prolonged cell proliferation and survival compared to other 
osteogenic transplantation models. Further optimization of 
this model will enable the detailed study of the roles played 
by transplanted BMCs and MSCs compared to host cells 
during spinal fusion. Furthermore, this mouse model will 
provide an important tool for the evaluation of the cellular 
mechanisms underlying fusion as well as the effects of vari-
ous fusion treatments on transplanted cell survival, prolifera-
tion and differentiation.
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Fig. 5   CT fusion evaluation 8-weeks postoperatively. Representative 
sagittal and axial microCT images, respectively, of mice implanted 
with: a, d Vitoss scaffolds alone; b, e scaffolds seeded with synge-
neic control BMSCs; and, c, f scaffolds seeded with syngeneic lucif-
erase-expressing BMSCs. g Average fusion mass volume at 8-weeks 
postoperatively as determined via microCT image analysis for mice 

implanted with: Vitoss scaffolds alone (black bar), scaffolds seeded 
with syngeneic control BMSCs (light gray bar), and scaffolds seeded 
with syngeneic luciferase-expressing BMSCs (dark gray bar). Data 
presented as mean ± std (n = 9 for scaffold alone, n = 14 for control 
BMSCs, n = 12 for luciferase BMSCs) *(p = 0.04) versus control; and 
(p < 0.01 vs. luciferase)
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Table 1   Recent studies tracking transplanted luciferase-expressing BMCs in osteogenic animal models

BCP, biphasic calcium phosphate; BLI, bioluminescence imaging signal; BMCs, bone marrow cells; d, day(s); hr, hour (s); Immunocomp., 
immunocompromised; luc, luciferase; Subcu., subcutaneous; wk, week

Study/reference Cell transplantation details Animal model Bioluminescence imaging 
protocol and results

Other notable results

Current study Freshly isolated BMCs from 
transgenic CAG-luc mouse 
strain

Seeded on a VITOSS scaf-
fold (Stryker)

Mouse (FVB/NJ)
Spinal fusion

Imaging at 1, 2, 4, 6 and 
8 wks

BLI ↑ first 2 wks, rapid ↓ 
through 8 wks

Peak signal: 14 d

Transplanted cells enhanced 
bone formation

Geuze et al. [17] P1 goat BMCs
Cryopreserved before and 

after lentiviral transduction 
with a luc reporter

Seeded onto BCP particles 
(Progentix) and cultured 
24 h

Immunocomp. Mouse 
(RAG-2-/- γc-/-Balb/c)

Subcu. implant, 0.1, 0.5, 
1 × 106 cells

Immunocomp. Rat (nude 
Harlan Sprague–Dawley)

[A]: Subcu. implant, 1 × 106 
cells

[B]: Spinal fusion, 3 × 106 
cells

Imaging at 1 d, then weekly
Mouse: BLI ↑ first 3 wks, 

gradual ↓ through 6 wks
Peak signal: 21 d
Rat [A]: BLI ↑ first 7 d, 

rapid ↓ through 7 wks
Peak signal: 7 d
Rat [B]: BLI ↑ first 7 d, 

rapid ↓ through 3 wks
Peak signal: 7 d

Mouse: some bone formation
Rat [A] & [B]: no bone 

formation

Todeschi et al. [21] [A]: P1–P2 human BMCs
[B]: P1–P2 human umbilical 

cord cells
Transduced via retrovirus 

with a luc reporter
2.5 × 106 cells seeded onto 

SKELITE scaffold (Mil-
lenium Biologix)

Immunocomp. Mouse (CD1 
nu/nu)

Subcu. implantat

Imaging at 1, 7, 21, and 30 d
[A]: BLI expression stable 

throughout study
Peak signal: BLI not quanti-

fied
[B]: continuous BLI ↓ with 

no signal by 30 d
Peak signal: 1 d

[A]: bone formed
[B]: no bone formed

Huang et al. [16] P4-P8 BMCs from trans-
genic CMV-luc mouse 
strain

[A]: 1 × 105 cells systemic 
injection (intracardiac)

[B]: 1 × 105 cells local injec-
tion (femur)

Mouse (FVB/NJ)
Femoral fracture

Imaging at 10 min, then 
every 2 d until signal 
disappears

[A]: BLI detectable at frac-
ture site starting at 5–8 d, 
lasting 1–3 d

Peak signal: not quantified
[B]: BLI continuous ↓ 

through 12–14 d
Peak signal: 10 min

Transplanted cells enhanced 
bone formation at fracture 
site

[A] & [B]: no significant 
difference

Manaserro et al. [20] P3 human BMCs
P1 cells transduced via len-

tivirus with a luc reporter 
and cryopreserved at P3

1 × 106 cells seeded onto 
BIOCORAL scaffold 
(Inoteb)

Immunocomp. Mouse 
(NMRI-nu)

[A]: Subcu. implant
[B]: Femoral defect

Imaging at 1 d, then 2 × wk 
for 5 wks, then weekly 
through 10 wks

[A]: BLI continuous ↓ (85% 
by 15 d)

Peak signal: 1 d
[B]: BLI continuous ↓ (85% 

by 15 d)
Peak signal: 1 d

Transplanted cells enhanced 
bone formation

[B] formed more bone than 
[A]
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