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Abstract
Background—Reports have identified cells capable of osteogenic differentiation in bone
marrow, muscle, and adipose tissues, but there are few direct comparisons of these different cell-
types. Also, few have investigated the potential connection between a tissue-specific pathology
and cells derived from seemingly unrelated tissues. Here, we compare cells isolated from wild-
type rabbits or rabbits with nonsyndromic craniosynostosis, defined as the premature fusion of one
or more of the cranial sutures.

Methods—Cells were derived from bone marrow, adipose, and muscle of 10 day-old wild-type
rabbits (WT; n=17) or from age-matched rabbits with familial nonsyndromic craniosynostosis
(CS; n=18). Cells were stimulated with bone morphogenetic protein 4 (BMP4) and alkaline
phosphatase expression and cell proliferation were assessed.

Results—In WT rabbits, cells derived from muscle had more alkaline phosphatase activity than
cells derived from either adipose or bone marrow. The cells derived from CS rabbit bone marrow
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and muscle were significantly more osteogenic than WT. Adipose-derived cells demonstrated no
significant differences. While muscle-derived cells were most osteogenic in WT rabbits, bone
marrow-derived cells were most osteogenic in CS rabbits.

Conclusions—Results suggest that cells from different tissues have different potentials for
differentiation. Furthermore, cells derived from rabbits with craniosynostosis were different from
wild-type derived cells. Interestingly, cells derived from the craniosynostotic rabbits were not
uniformly more responsive compared with wild-type cells, suggesting that specific tissue-derived
cells may react differently in individuals with craniosynostosis.
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Introduction
For many challenges in plastic and reconstructive surgery, it may be necessary to use tissue
engineering strategies to improve the body's ability to heal. The capacity of endogenous
progenitor cells to repair and regenerate tissues has garnered significant attention in recent
years.1, 2 Evidence supports the use of progenitor cells as a novel means to combat a variety
of human diseases.3, 4 Progenitor cell transplantation is already the standard practice in the
treatment of certain hematopoietic diseases.5 Furthermore, clinical trials are underway to
investigate other applications for progenitor/stem cell therapy in several fields spanning
cardiology,6-8 hepatology,9 wound healing,10 immunology,11 transplantation,12 neurology,
13, 14 ophthalmology,15 autoimmune disorders,16-18 urology,19 orthopedics,20 and
craniofacial biology.21 The tissue sources of the multipotent stem cells and tissue specific
progenitor cells used for these therapies include adipose, muscle, and bone marrow tissues.3,
22-30 However, further research is necessary to elucidate the mechanism of progenitor cell
effectiveness.

The current paradigm for the development of tissue engineering strategies involves having a
cellular component surrounded by a supportive scaffold and growth factors appropriate for
the desired tissue formation. Though much work has been performed to perfect these
methodologies, therapies based on these scaffolds and growth factors may be less desirable
if the response of the cellular component is not consistent or reproducible in different
patients. Therefore, a better understanding of the variability among different tissue-derived
progenitor cell populations is necessary. Many patients in need of therapies involving
progenitor cells may have a disease that affects their response to a particular therapy. To
date, the effects of disease on progenitor cell response to a therapeutic stimulus has just
begun to be directly investigated.31

Our group has developed a colony of New Zealand White (NZW) rabbits with familial
nonsyndromic craniosynostosis.32-36 This specific rabbit colony has coronal suture
synostosis with no other major pathological phenotype. These rabbits provide an opportunity
to study multiple progenitor cell populations in a model that has an anatomically isolated
pathology.

This study directly compared progenitor cells derived from adipose, muscle, and bone
marrow tissues in craniosynostotic (CS) and wild-type (WT) rabbits. The hypothesis was
that the effects of craniosynostosis would be restricted to the phenotypically affected tissues
and cells taken from phenotypically unaffected sites would behave identically, regardless of
whether they were derived from CS or WT rabbits. Specifically, we tested the response of
progenitor cells derived from adipose, muscle, and bone marrow in CS rabbits to osteogenic
stimulation compared to similar cells derived from WT rabbits. We chose to compare the
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alkaline phosphatase expression (ALP; as a single outcome measure) in response to
recombinant human bone morphogenetic protein 4 (BMP4; as a single stimulation). BMP4
was chosen because of its known agonistic affects on osteogenic differentiation.37

Materials and Methods
Tissue Harvest

Adipose, muscle, and bone marrow tissues were harvested from WT and CS rabbits housed
at the University of Pittsburgh under an IACUC approved protocol. The craniosynostosis in
the rabbit colony is the product of an autosomal dominant mutation with variable
morphological expression.32, 34 Tissues were collected from a subpopulation of the rabbits
that has complete obliteration of the coronal suture, diagnosed by the absence of a patent
coronal suture at 10 days of age.

Following diagnosis, we harvested inguinal adipose tissue, masseter muscle, and bone
marrow from the femur of each rabbit. The collected tissues from each individual were
placed in sterile collection tubes with cold phosphate buffered saline (PBS) until the
conclusion of the tissue harvest. The tissues from each individual rabbit were kept separated
for cell isolation and subsequent culture, meaning that samples were not pooled.

Adipose Cell Isolation
Adipose tissue was excised from WT (n=14) or CS (n=12) rabbits and minced. Adipose cells
were released through a 40 minute digestion in a 0.1% collagenase I (Sigma) solution in
Hank's balanced salt solution (HBSS). After centrifugation, the pellets were resuspended in
Red Blood Cell Lysing Buffer (Sigma). Cell suspensions were vigorously vortexed and
again centrifuged. The subsequent pellets were resuspended in proliferation medium (PM;
Dulbecco's modified Eagle's medium [DMEM] supplemented with 10% fetal bovine serum
[CellGro] and 1% penicillin/streptomycin [Invitrogen]) and plated.

Muscle Cell Isolation
Muscle cells were isolated from WT (n=17) or CS (n=13) rabbits as previously described.38

Briefly, cells were released through serial digestions in 0.2% Collagenase XI (Sigma)
solution in HBSS, 2.4u/ml Dispase (Gibco) solution in HBSS and 0.1% Trypsin-EDTA
solution in HBSS. The digests were centrifuged and the pellets were resuspended in PM and
plated.

Bone Marrow Cell Isolation
Excised femora from WT (n=9) or CS (n=18) rabbits were removed from the cold PBS and
further dissected under sterile conditions. The epiphyses were removed and the bone marrow
was isolated using a 23-gauge needle and a syringe of sterile PBS. Resulting cell
suspensions were centrifuged and the pellets were resuspended in Red Blood Cell Lysing
Buffer (Sigma). Cell suspensions were vigorously vortexed and again centrifuged. The
subsequent pellets were resuspended in PM and plated.

All adipose, muscle, and bone marrow derived cells were cultured by feeding every 2-3 days
and passaging as needed. Cells were used before their 4th passage.

Alkaline Phosphatase (ALP) Assays
To characterize and quantify cellular response to BMP4 stimulation (rhBMP4, R&D
Systems), ALP activity was used as an outcome measure. Cells were seeded in triplicate
onto tissue culture grade plastic 24-well plates at a density of approximately 5,000cells/well.
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Cells were treated with 0 or 50ng/ml of BMP4 in PM for 3 or 7 days at which point, they
were stained for ALP or lysed for quantitative ALP (QALP) analysis. ALP staining was
performed according to the manufacturer's protocol (Sigma-Aldrich, cat #86C-1KT). QALP
activity was measured via absorbance of cell lysate after treatment with SIGMA FAST p-
Nitrophenyl Phosphate (Sigma, cat #N2770). Measures were normalized to amount of total
protein per volume of lysate. Total protein was determined in identical volumes of cell
lysate with a BCA Protein Assay (Pierce, cat #23227). Normalized QALP activity was
calculated with the following formula: QALP activity (μmol pNPP/ml) / protein (μg/ml) ×
1000μg/mg × 1000nmol/1μmol = nmol pNPP/mg protein. All measures were completed in
triplicate for each animal.

Cell Proliferation
The effects of BMP4 stimulation on cell proliferation were assessed via CellTiter96
Aqueous One Solution Cell Proliferation Assay (Promega, cat #G3581). Cells were seeded
in triplicate into flat-bottom 96-well plates at a density of approximately 1,000cells/well and
treated with 0ng/ml or 50ng/ml BMP4 in PM for 3 or 7 days. After 3 or 7 days of treatment,
cells were incubated for one hour with 20μl/well of CellTiter96 Aqueous One Solution
according to manufacturer's instructions. The absorbance at 490nm was recorded with a 96-
well plate reader (Benchmark Plus, BioRad). Because the CellTiter system is based on the
total number of cells within the plate, it was expected that, regardless of the treatment, there
would always be more cells on day 7 compared to day 3. Therefore, the 3 day and 7 day
results were analyzed separately because a statistically significant time effect would not be
biologically significant.

Statistical Analyses
Means and standard deviations for optical densities in ALP and cell number assays were
collected. To perform the appropriate two-way (phenotype vs. time) or three-way (treatment
vs. phenotype vs. time) ANOVA, we tested each data set for homogeneity of variance. In
cases where variance was not homogeneous, the data were transformed to achieve statistical
homogeneity distinguished by non-significant Brown-Forsythe test (p>0.05). Significant
ANOVAs (p<0.05) were further analyzed using post-hoc Bonferroni and group differences
were considered significant when p<0.05.

Results
Adipose

ALP activity—Regardless of diagnosis, adipose cells showed very little baseline ALP
expression and did not seem to have a large response to BMP4 stimulation (7 day, Figure
1A). Analysis of both phenotypes showed a significant interaction between BMP4
stimulation and time in culture (F=3.96; p<0.05) with mean ALP activity decreasing
between days 3 and 7 for cultures not treated with BMP4 (0ng, Figure1B) and increasing
over time in cultures treated with BMP4 (50ng, Figure 1B). Also, a BMP4 stimulation main
effect (F=9.77; p<0.01) was identified with 50ng of BMP4 inducing more ALP activity than
was found in untreated (0ng) cultures (Figure 1B). There were no significant differences
between CS (n=14) or WT (n=12) adipose-derived cells.

Proliferation—There were no significant differences in the cell number when we
considered the stimulation by phenotype interaction, the simulation main effect, or between
WT and CS rabbit adipose-derived cells after 3 days in culture or 7 days in culture (Figure
1C).
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Muscle
ALP activity—Rabbit muscle-derived cells showed some baseline ALP staining after both
3 and 7 days in culture and increased ALP staining when cultured with BMP4 (Figure 2A).
Quantitative analysis showed significant main effects of rabbit diagnosis (F=8.921;
p=0.003), culture time (F=7.240; p=0.008), and BMP4 stimulation (F=30.023; p<0.001). CS
muscle-derived cells (n=13, 279.35 ± 30.1 SEM) showed more ALP activity compared to
WT cells (n=17, 168.35 ± 26.8 SEM). Cells from both phenotypes were more ALP positive
after 7 days (272.04 ± 28.2 SEM) compared to 3 days (175.66 ± 28.8 SEM) of culture.
Additionally, QALP data supported the qualitative assessment that 50ng/ml BMP4 induced
more ALP expression (333.51 ± 28.5 SEM) than 0ng/ml BMP4 (114.19 ± 28.5 SEM)
(Figure 2B).

Proliferation—We found no significant differences in cell number due to treatment, cell
type by treatment, or between CS and WT muscle cell proliferation over time (at 3 or 7 days
in culture) or with BMP4 treatment (Figure 2C).

Bone Marrow
ALP activity—ALP staining was observed in all bone marrow-derived cells without BMP4
treatment (Figure 3A, 0ng) and treatment had variable effects on ALP staining (Figure 3A,
50ng). Three-way analysis of variance for mean ALP activity by phenotype (WT or CS),
time (3 or 7 days in culture) and stimulation (no BMP4 or BMP4 administration) showed
significant effects of time in culture (F=6.16; p<0.05) and rabbit phenotype (F=15.44;
p<0.001) on ALP staining. CS cells (n=18) showed significantly more ALP staining (376.00
± 38.3 SEM) than WT (n=9) cells (110.37 ± 55.7 SEM). QALP increased between day 3
(159.31 ± 50.4 SEM) and day 7 (327.06 ± 45.1 SEM) in culture (Figure 3B).

Proliferation—No significant differences for the phenotype by treatment interaction, the
treatment main effect, or between CS and WT bone marrow-derived cell proliferation over
time (3 or 7 days in culture) or following BMP4 treatment were detected (Figure 3C).

Comparison of ALP activity among Different Tissues
For direct statistical comparison among the different cell types (adipose, muscle, and bone
marrow) by phenotype (WT versus CS), a two-way ANOVA design was used (Figure 4). A
significant cell type by phenotype interaction was identified, F (2,317) =8.147, p<0.001. The
cell type main effect was significant, F (2,317) =145.576, p<0.001. There was a significant
phenotype main effect F (1,317) =10.372, p=0.001 with CS derived cells (χ=228.50, SEM
326.75) exhibiting greater measures than the WT derived cells (χ=107.90, SEM 176.62).
The significant interaction term appears to be the result of the WT having the greatest mean
value for the muscle-derived stem cell, whereas the synostotic have the greatest measure for
the bone marrow. The post-hoc Bonferonni multiple comparison test for cell type revealed
that the bone marrow (χ=287.61, SEM 352.60) did not differ significantly from the muscle
cells (χ=218.86, SEM 255.80). However, both cell types demonstrated significantly greater
measures than adipose derived cells (χ=10.28, SEM 9.98), p<0.001.

Discussion
In this study, both WT and CS adipose-derived cells showed low levels of ALP activity,
regardless of time in culture or BMP4 stimulation. These results are consistent with the
majority of the reports showing a limited ability for adipose-derived cells to express ALP
after exposure to osteogenic medium27, 39-42 and support the previous observation that
rabbit adipose-derived cells did not show a marked ALP response to BMP4 stimulation.43

Although adipose cells showed relatively poor ALP expression, they did react similarly
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between WT and CS rabbits. This similarity among adipose cells from rabbits with different
diagnoses suggests that adipose cells may be suitable candidates for designing cell-based
therapies that work consistently among different patients.

ALP activity has been consistently demonstrated in bone marrow-derived cells.3, 39-42, 44

The data presented here suggest that rabbit bone marrow-derived cells did not have
significantly increased ALP activity following stimulation with 50ng/ml BMP4, presumably
due to the high baseline ALP activity (unstimulated). Bone marrow-derived cells were
different between CS and WT rabbits. CS bone marrow cells showed higher ALP activity
compared to WT bone marrow-derived cells in all treatment conditions.

Muscle-derived cells showed relatively low baseline (0ng/ml BMP4) ALP activity and
demonstrated an approximate 4-fold increase in ALP activity after 7 days of stimulation
with BMP4. Similar results have been noted in mouse muscle-derived stem cell populations.
45, 46 These characteristics make muscle-derived cells an attractive target for bone tissue
engineering applications because it would be beneficial to have cells that are highly
responsive to a stimulating factor (in this case, BMP4). However, there were significant
differences noted between CS and WT muscle-derived cells. Craniosynostotic muscle cells
had higher mean ALP expression than WT cells in all conditions studied. Therefore, the
reaction of muscle-derived cells to a specific treatment may not be consistent enough to use
as a basis for a cellular therapy.

Comparison among the different tissues showed a significant phenotype by diagnosis
interaction suggesting that cells derived from CS rabbits were not related to each other in the
same way as cells from WT rabbits. In the cells derived from WT rabbits, muscle-derived
cells had the highest overall ALP expression. Bone marrow-derived cells had the highest
ALP expression in cells derived from CS rabbits. Both types of animals had similarly
inactive adipose-derived cells. Therefore, it was not found that all cells from CS rabbits
were simply more ALP-positive.

Together these data suggest there is not a uniform alteration in the CS progenitor cells that
would manifest as increased osteogenic response in every cell population tested. Rather, 1)
there are cells within specific tissues that act differently in the CS rabbits, and 2) the isolated
CS phenotype plays some role in the relationship among cells from specific tissues.

The distinctions between the cells derived from CS rabbits and WT rabbits are important
because they offer insight into larger questions such as 1) growth factor and scaffold
therapies developed using normal cells may not function correctly when used in a patient
with a seemingly unrelated pathology, 2) if stem cell function is affected, other processes
such as healing after injury may also be affected, and 3) because of variability, it may be
very difficult to identify appropriate sources for cells within any given patient population for
consistent cell-based therapies.

Nonsyndromic CS is characterized by an isolated pathology, meaning that there is a fusion
of bones in the skull but there are no other related pathologies. In cases of nonsyndromic
disease, we would expect to see no alterations in cells from tissues that have no pathology in
the patient. Non-cranial bone growth (from metacarpal bone growth measurements) has
been found to be the same between CS and WT rabbits.33 The results presented here
suggest that CS and WT rabbits have cells in their bone marrow and muscle that do not react
similarly to BMP4 stimulation. This unexpected result begs the larger stem cell biology
question, “How many of the diseases that are characterized as “nonsyndromic” have related
but currently unidentified stem cell issues?” Most studies of animal models of human
disease are to better understand the pathology of interest and have a focus limited to the
target organ or tissue. In our rabbit model of craniosynostosis, we have identified differences
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in progenitor cells from tissues that were thought to be unaffected in the animals. It is
necessary to continue studying the effects that a disease has on an individual's progenitor
cells.31 It is imperative to isolate postnatal progenitor cells from currently available animal
models (knock-out, knock-in, deficient mutants, etc) to confirm whether seemingly isolated
pathologies might influence stem cell activity.

Results presented here also shed light on the issue of variability. We found high levels of
variability among cells derived from postnatal rabbit tissues. It was interesting to observe
such variability within the relatively closed population, genetically speaking, of CS NZW
rabbits. Other groups have also reported high variability in rabbit bone marrow-derived
cells.47 If such variability exists among NZW rabbits, the more genetically diverse human
population is bound to exhibit higher variability. In fact, variability within mesenchymal
stem cells has been identified in patient-derived populations.48-50 Therefore, we are
confident that such variability is endemic in primary cell isolations and not an artifact of
isolation technique. With this in mind, caution should be used when interpreting results of
studies on human tissues that involve very small sample sizes.51-54

The results presented in this report are strengthened by the sample size used for each
analysis. The large sample sizes of either WT or CS rabbits allowed for a better
understanding of cellular characteristics. High cellular variability between individuals is a
major problem that plagues the development of effective cell-based therapies. Much of the
focus in tissue engineering so far has been in identifying cells, scaffolds, or growth factors
that lead to specific tissue regeneration. However, high variability between patient responses
to therapy, either due to variability in individual patient healing (innate stem cell
differences) or to the effects of different diseases (disease-specific changes in stem cells),
would complicate designing therapies that consistently achieve the desired results. One
solution to this issue may be to focus on developing patient-based, customized therapies. To
that end, it may be helpful to identify cells within a patient population that may serve as an
in vitro proxy to test therapies and give insight into how a therapy may function when
applied in vivo.

Overall, the results presented here do not support the hypothesis that cells from unaffected
tissues in CS and WT rabbits react similarly to BMP4 stimulation. They do, however,
suggest that adipose-derived cells are not as ALP-positive or as BMP4-responsive as their
muscle- or bone marrow-derived counterparts. The results also suggest that outcomes of a
particular therapy may, in part, depend on the tissues being treated. Finally, due to the high
level of variability observed between donors, it may be beneficial to focus future research on
the development of customized therapies, rather than traditional “off-the-shelf” therapies.
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Figure 1.
A) Histophotomicrographs showing ALP-stained (blue) adipose-derived cells isolated from
wild-type (WT) or craniosynostotic (CS) rabbits after 7 days in culture either in the absence
(0ng) or presence (50ng) of BMP4. Notice that the cells were responsive to BMP4 after 7
days in culture. B) Graph depicting the mean quantified ALP activity (error bar depicts
standard deviation) of adipose cells derived from WT (n=14) or CS (n=12) rabbits. BMP4
increased ALP activity overall, however, there were no significant differences between CS
and WT derived cells. C) Graph depicting the means and standard deviations of absorbance
collected as a measure of total cell number. No statistically significant differences were
identified after either 3 or 7 days in culture.
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Figure 2.
A) Histophotomicrographs showing ALP-stained (blue) muscle-derived cells isolated from
wild-type (WT) or craniosynostotic (CS) rabbits after 7 days in culture. Muscle-derived cells
showed low background ALP staining (0ng) and responded to BMP4 stimulation (50ng). B)
Graph depicting the mean quantified ALP activity (error bar depicts standard deviation) of
muscle-derived cells from WT (n=17) or CS (n=13) rabbits. Analysis showed significant
differences between WT and CS cells (p<0.01), between 3 and 7 days (p<0.01), and between
BMP4 treated and unstimulated control cells (p<0.001). C) Graph depicting the means and
standard deviations of absorbance collected as a measure of total cell number. No statistical
differences were identified due to BMP4 or donor diagnosis after either 3 or 7 days in
culture.
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Figure 3.
A) Histophotomicrographs showing ALP-stained (blue) bone marrow-derived cells isolated
from wild-type (WT) or craniosynostotic (CS) rabbits after 7 days in culture. Bone marrow-
derived cells derived from CS rabbits showed more ALP staining than WT counterparts. B)
Graph depicting the mean quantified ALP activity (error bar depicts standard deviation) of
bone marrow-derived cells from WT (n=9) or CS (n=18) rabbits. Analysis showed
significant differences between WT and CS cells (p<0.001) and between 3 and 7 days
(p<0.05). C) Graph depicting the means and standard deviations of absorbance collected as a
measure of total cell number. No statistical differences were identified due to BMP4 or
donor diagnosis after either 3 or 7 days in culture.
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Figure 4.
Graph showing the mean and standard errors for quantitative ALP activity for adipose-,
muscle-, and bone marrow-derived cells from either wild-type (WT) or craniosynostotic
(CS) rabbits (error bar depict standard error). Statistical analysis showed a significant cell
type by phenotype interaction (p<0.001), suggesting that cells derived from WT and CS
rabbits were different from each other. For WT rabbits, cells derived from muscle showed
the most ALP activity, whereas in CS rabbits, cells derived from bone marrow had the
highest ALP activity. Adipose-derived cells were similar between WT and CS rabbits.
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