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Gap junction intercellular communication (GJIC) is ubiquitous in the
majority of vertebrate cells and is required for the proper devel-
opment of most tissues. The loss of gap junction-mediated cell-to-
cell communication leads to compromised development in many
tissues and organs. Because cells constantly interact through gap
junctions to coordinate tissue functions and homeostasis, we
hypothesized that increasing cell-to-cell communication, via ge-
netically engineering cells to overexpress gap junction proteins,
could enhance cell differentiation in the interior regions of 3D
tissue equivalents, thereby increasing the ability to regenerate
larger and more uniform volumes of tissue. To test this hypothesis,
we used bone as a model tissue because of the difficulty in
achieving spatially uniform bone regeneration in 3D. In bone
marrow stromal cells (BMSC), GJIC and osteogenic differentiation
were compromised in 3D cultures relative to 2D monolayers and in
the core of 3D cultures relative to the surface. Overexpression of
connexin 43 (Cx43) via transduction of BMSCs with a lentivirus
overcame this problem, enhancing both the magnitude and spatial
distribution of GJIC and osteogenic differentiation markers
throughout 3D constructs. Transplantation of cells overexpressing
Cx43 resulted in an increased volume fraction and spatial unifor-
mity of bone in vivo, relative to nontransduced BMSCs. Increased
GJIC also enhanced the effect of a potent osteoinductive agent
(BMP-7), suggesting a synergism between the soluble factor and
GJIC. These findings present a platform to improve cell-to-cell
communication in 3D and to achieve uniformly distributed tissue
regeneration in 3D.

bone regeneration � cell–cell communication � gap junctions � virus

Cell-to-cell communication via intercellular chemical and
mechanical signals is critical to maintain tissue homeostasis

(1). Gap junction intercellular communication (GJIC) is the
most direct way of achieving such signaling (2) and is particularly
important to maintain synchronized and cooperative behavior of
cells in 3-dimensional (3D) tissues (3). Consequently, the ab-
sence of gap junctions has been linked with several debilitating
diseases and malformations of tissues, such as oculodentaldigital
dysplasia, impaired heart function, and certain types of malig-
nant tumors (4, 5). Of the 19 known gap junction subunits,
connexin 43 (Cx43) is the most prevalent (6). The ubiquitous
nature of this protein throughout most vertebrate cell types
makes it a potent signaling platform that enables cells to
communicate directly. Cx43 also serves to distribute secondary
messengers initiated by other biological cues and stimuli that
play a role in cell differentiation and tissue formation, such as
bone morphogenetic proteins (BMPs) and parathyroid hormone
(PTH) (7). However, characterization of the primary effects of
connexins and effects generated by these secondary messengers
has mostly involved the in vitro assessment of cells in a 2D
monolayer. Such approaches may not reveal the impact of these
factors on cell-cell communication in 3D settings in vivo. Lim-
itations in cell-to-cell communication in 3D may hinder the
coordinated behavior of cells and inhibit secondary messengers
and eventual tissue formation. The governing hypothesis of this
investigation, therefore, is that overexpressing Cx43 can be a

means to enhance the magnitude and distribution of cell-to-cell
communication throughout a 3D environment and can therefore
be a powerful strategy in both cell-based regeneration and
targeted delivery therapies. This research, therefore, may have
a significant impact on tissue regeneration, as well as in developing
therapies for diseases characterized by compromised cell-cell commu-
nication, such as some cancers and heart disease (8, 9).

In this study, we focused on the effects of Cx43 as a platform to
enhance GJIC in 3D, both in vitro and in vivo. Because of the
difficulty in producing large and spatially uniform 3D mineralized
tissue equivalents (10, 11), bone was used as a model tissue. Such
a limitation is, in large part, due to transport constraints and the
formation of a peripheral shell of tissue (10, 11). To examine the
role of enhanced GJIC in tissue regeneration, we investigated the
effects of Cx43 overexpression in bone marrow stromal cells
(BMSCs) by transducing these cells with a lentiviral vector encoding
the Cx43 gene (LV-Cx43-GFP). Cell-cell communication and os-
teogenic differentiation of transduced and nontransduced BMSCs
were compared in vitro in monolayer (2D) and 3D cultures, and the
amount and distribution of bone regenerated was assessed in vivo.
Enhancing gap junction function in BMSCs for tissue engineering
purposes is attractive because of the stem cell-like properties of
these cells (12, 13) that enable them to differentiate into bone (or
other tissues), given the proper biological cues (14). To complement
the main aims of this study, we also investigated the effects of an
osteogenic stimulus, bone morphogenetic protein 7 (BMP-7), coupled
with higher GJIC. BMP-7 was chosen because it is a potent osteoin-
ductive agent (15–17) that does not modulate Cx43 expression (18).

Based on our data, we propose that enhanced GJIC in cells
genetically engineered to overexpress Cx43 can serve as an ap-
proach to spatially distribute cell-cell communication in 3D and
achieve larger volumes of more spatially uniform tissue. These
results could have a major impact in the design of cell-based tissue
engineering strategies and therapies to enhance cell-to-cell com-
munication in 3D tissues.

Results
Characterization of Cx43-GFP Modified BMSCs. Gene transfer effi-
ciency of the GFP-Cx43 fusion gene was 83 � 4% (Fig. 1A) 2 weeks
after transduction. Similar efficiency was attained when cells were
cotransduced with AD-CMV-BMP7 and LV-Cx43-GFP (85 � 5%)
and in control cells with only LV-GFP (87 � 7%). An increase in
Cx43 secretion occurred when cells were transduced with LV-Cx43-
GFP. The total expression of Cx43 in BMSCs transduced with
LV-Cx43-GFP was significantly higher (3.74- � 0.49-fold increase;
P � 0.001 vs. both groups) compared to nontransduced BMSCs (1.0 �
0.29) and LV-GFP transduced controls (0.89 � 0.11) (Fig. 1B).
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Overexpression of Cx43 Increases GJIC. BMSCs transduced with
Cx43 exhibited significantly higher transfer of calcein than non-
transduced BMSCs, both in cells cultured in 2D and 3D (Fig. 2; P �
0.001 for both Cx43 and Cx43-BMP-7 vs. BMSC and BMP-7).
There was no significant difference in transfer fraction between
Cx43 and Cx43-BMP7 treated cells or between BMSCs and BMP-7
transduced BMSCs, suggesting that BMP-7 does not modulate
GJIC. Cells transduced with the Cx43 gene mutant exhibited
significantly less dye transfer than both BMSCs and BMSCs trans-
duced to overexpress Cx43 (P � 0.001). Taken together, the dye
transfer data suggest that inhibition or overexpression of Cx43 leads
to hindered or amplified GJIC, respectively. When cells overex-
pressed Cx43, the percentage of cells that internalized calcein in 3D
cultures was significantly greater than the percentage of cells that
internalized the dye in 2D cultures (Fig. 2E; P � 0.001 for both Cx43
and Cx43-BMP7 vs. BMSC and BMP-7). BMSCs and BMSCs
transduced with BMP-7 showed no significant difference in transfer
fraction between 2D and 3D cultures. Cells transduced with control
and empty vectors did not demonstrate a significant difference in
transfer fraction versus BMSCs. BMSCs and BMSCs transduced
with BMP-7 or Cx43�7 exhibited significantly less calcein transfer
in the core of the scaffolds relative to the periphery [Fig. 2F; P
(BMSCs) � 0.002, P (BMP-7) � 0.001, P (Cx43�7) � 0.013].
However, in cells overexpressing Cx43, there was no statistical
difference in transfer fraction between the surface and core sections
of the scaffolds (Fig. 2F).

Overexpression of Cx43 Enhances Magnitude and Spatial Distribution
of Osteogenic Differentiation Markers. Increased Cx43 expression in
BMSCs was associated with significantly higher levels of osteocalcin
(OCN) mRNA relative to controls (Fig. 3A). Two days after
differentiation was induced, cells overexpressing Cx43 and Cx43-
BMP7 exhibited significantly higher levels of OCN (P � 0.001 vs.
all other groups). Cells overexpressing BMP-7 only expressed

higher levels of OCN than BMSCs (P � 0.023), but the expression
level was significantly less than in cells overexpressing Cx43 (P �
0.001). Similar trends were observed on day 8, although OCN
expression increased 4–5� compared to day 2 in cells overexpress-
ing Cx43. At day 16, cells overexpressing both Cx43 and BMP-7
produced significantly more OCN (P � 0.001 vs. all other groups).
Cells overexpressing Cx43�7 expressed significantly less OCN than
all other cells (P � 0.001, against all other cells at all times). Control
vectors showed no significant difference in OCN mRNA expression
compared to BMSCs.

Significant differences in osteogenic differentiation also existed
between 2D and 3D cultures (Fig. 3B). OCN expression was
significantly greater in 2D cultures compared to 3D cultures of
BMSCs (P � 0.021), BMSCs overexpressing BMP-7 (P � 0.001),
and empty vector controls. When cells overexpressed Cx43, there
were no significant differences in OCN expression between the 2D
and 3D cultures, implying that cell-cell communication may be an
essential mechanism underlying the differences in differentiation
between 2D and 3D cultures. Both BMSCs and BMSC-BMP7
expressed significantly higher levels of OCN on the surface relative

Fig. 1. BMSCs transduced with LV-Cx43-GFP. Expression of the Cx43-GFP (A) in
transduced BMSCs under phase contrast and fluorescent microscopy indicates
that a high percentage of cells express the Cx43-GFP fusion gene. Quantification
of Western blot band intensities showed a significant increase (3.74- � 0.49-fold
increase; P � 0.001) in Cx43 expression in cells that were transduced compared to
nontransduced BMSCs and BMSCs transduced with GFP only (B). * indicates P �
0.001 versus BMSC and BMSC-LV-GFP control groups.

Fig. 2. GJIC in BMSCs is enhanced with Cx43 overexpression. Images demon-
strate the transfer of calcein in BMSCs (A), BMSC-Cx43 (B), BMSC-BMP7 (C), and
mutant BMSC-Cx43�7 cells (D) after 5 h of exposure to donor cells. Arrows
indicate donor cells (DiI, wide field inverted) overlaid in the images. The transfer
fraction of calcein-AM was measured for cells cultured in monolayer and 3D (E).
Cells overexpressing Cx43 had a significantly higher transfer fraction than non-
Cx43-transduced cells. Transfer was significantly enhanced in 3D when cells
overexpressed Cx43 relative to 2D. Cells that did not overexpress Cx43 showed
significantly less dye transfer in the core of the scaffolds compared to the
periphery, whereas no significant difference was evident in cells overexpressing
Cx43 (F). Horizontal bars represent pairs that are significantly different; * indi-
cates groups that are significantly greater than BMSCs; ** indicates groups that
are significantly less.
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to the core of the scaffolds (Fig. 3C, P � 0.001 for both).
Furthermore, the effect of BMP-7 was significantly neutralized in
3D, with a 4-fold decrease in OCN expression relative to monolayer
culture and a nonsignificant increase over BMSCs in 3D (P �
0.092). When both Cx43 and BMP-7 were overexpressed, the
differences between 2D and 3D were no longer present.

Cells overexpressing Cx43 also produced significantly higher
levels of mRNA for the soluble osteoinductive factors BMP-7 and
BMP-2 than nontransduced BMSCs (Fig. 3D and E; P � 0.001 at
both day 8 and 16). Cells overexpressing BMP-7 exhibited a 100- to
200-fold increase in BMP-7 relative to BMSCs and expressed
significantly higher levels than BMSC-Cx43 cells (P � 0.001 for all
times). However, cells overexpressing Cx43 expressed significantly
higher levels of BMP-2, than cells overexpressing BMP-7 [P (day
8) � 0.05, P (day 16) � 0.001].

Cx43 Gene-Modified Cells Regenerated More Bone in Vivo. Bone
regenerated by BMSCs (Fig. 4A–C), BMSCs overexpressing Cx43
(Fig. 4D–F), and BMSCs overexpressing BMP-7 (Fig. 4G–I) all
exhibited a cortical-like shell with an enclosed marrow cavity.
However, bone formed from Cx43 transduced cells exhibited a
thicker cortex and a smaller amount of marrow. Ossicles formed
from cells cotransduced with Cx43 and BMP-7 exhibited larger
amounts of trabecular-like bone (Fig. 4J–L). The volume fraction
of bone in ossicles produced by transplanted BMSC-Cx43 cells was
significantly greater than the volume fraction in ossicles formed
from BMSCs at all time points [Fig. 4M; P (4 wks) � 0.032, P (8
wks) � 0.001, P (12 wks) � 0.003]. Transplantation of cotransduced
cells led to significantly higher bone volume fractions (BVF) than
all other groups at 8 and 12 weeks (P � 0.001 against all groups at
both times). After 12 weeks, cells in ossicles formed via the

overexpression of Cx43 still exhibited high levels of GFP expression
(Fig. 4N–P), indicating the continued expression of Cx43 in a large
percentage of cells in vivo.

Cortical thickness was significantly greater in ossicles formed
from Cx43 transduced BMSCs (Fig. 5B) compared to nontrans-
duced BMSCs (P � 0.001 at all times). Ossicles formed by cotrans-
duced BMSCs exhibited thicker cortical-like bone compared to
ossicles formed by BMSCs and BMP-7 (P � 0.001, at 4 and 12
weeks). There was no statistical difference in cortical thickness of
bone formed by cotransduced cells versus cells overexpressing
Cx43. After 4 weeks of transplantation, the BMSC-Cx43 group had
significantly more trabecular-like bone than the BMSC group (P �
0.001). These differences were not observed at 8 weeks (P � 0.56),
but were again significant at 12 weeks (P � 0.001). The trabecular-
like BVF was significantly higher in ossicles formed from cotrans-
duced cells after 8 and 12 weeks of implantation (Fig. 5C).

Discussion
The data presented in this paper demonstrate that Cx43 over-
expression can be a means to enhance the magnitude and spatial
distribution of cell-cell communication in 3D and as a strategy
to regenerate tissue in vivo. Specifically, we showed that cells
expressing higher levels of Cx43 exhibit higher GJIC (Fig. 2),
greater osteogenic differentiation in vitro (Fig. 3), and when
transplanted, form tissue of larger volume (Fig. 4) and more
uniform spatial distribution (by generating larger amounts of
trabecular bone in the interior of tissue equivalents) (Fig. 5).
Using Cx43 as a signaling platform may therefore have beneficial
effects in both cell-based tissue engineering and targeted gene
therapy.

Fig. 3. Cx43 overexpression is associated with higher
levels of OCN mRNA expression (A), suggesting that in-
creased GJIC results in an enhanced capacity of cells to
undergo osteogenic differentiation. Increased cell-cell
communication also increases the production of osteoin-
ductive soluble factors (D and E). Overexpression of Cx43
also had significant effects on OCN expression when com-
paring 2D to 3D cultures (B). OCN mRNA expression was
significantly greater in 2D for cells that did not overexpress
Cx43, while cells that overexpressed Cx43 exhibited no
significant difference in level of OCN expression between
2D and 3D cultures. Analysis of the surface versus core of
the scaffolds (C) suggests that increased GJIC in the interior
regions of a tissue equivalent can enhance the magnitude
and reduce spatial gradients in differentiation. Significant
increasesare indicatedby* versusCx43�7,** vs.BMSC,***
vs. Cx43, # vs. BMP-7. Horizontal bars indicate pairs that are
significantly different.
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Increased bone regeneration in the core of 3D tissue equivalents
was also achieved (Fig. 5), suggesting an essential role for GJIC in
tissue regeneration. Regeneration of large and spatially uniform
volumes of tissue has been elusive. When seeded into a 3D
extracellular matrix analog, cells in the periphery thrive and dif-
ferentiate, while those in the core of the scaffold are less viable and
exhibit compromised differentiation (10, 11). This limitation leads
to incomplete regeneration over the volume of a 3D template,
making it less clinically relevant (19–21). Our findings therefore
suggest that enhanced GJIC enables cues to distribute more effec-
tively, and cells, when induced by endogenous means, can differ-
entiate and regenerate greater quantities of functional tissue. Some
of the specific cues that have been linked with bone differentiation
and turnover and are small enough to permeate through Cx43
generated gap junctions are calcium (Ca2�), inositol triphosphate
(IP3), and ATP (1).

Extrapolating data generated from 2D monolayers into more
practical 3D analogs is a challenging problem in tissue engineering.
While some tissues can be approximated by a monolayer (e.g., skin),
most others are more complex in their hierarchy and 3D nature
(e.g., bone). To gain insight into the ability of increased GJIC to
enhance the spatial distribution of cells capable of appropriate
differentiation, we cultured cells in monolayer (2D) and in scaffolds
(3D) and assessed differences in GJIC and osteogenic differenti-
ation between 2D and 3D cultures and between the surface and
inner regions of scaffolds. Cells overexpressing Cx43 exhibited
higher GJIC in 3D culture relative to 2D, whereas control cells and
cells overexpressing only BMP-7 experienced similar levels of GJIC
in 2D and 3D (Fig. 2E). Cells overexpressing Cx43 also exhibited
similar levels of OCN expression in 2D and 3D cultures, in contrast
to decreased levels of OCN mRNA in BMSCs and BMSCs over-
expressing only BMP-7 in 3D cultures compared to a monolayer
(Fig. 3B). Taken together, these findngs point to a greater signif-
icance of GJIC in cells seeded in 3D constructs compared to 2D
monolayer and suggest that more gap junction channels are formed
when cells are cultured in 3D, likely because of the larger number
of cell-cell surface contacts in 3D compared to 2D.

Further insights into the impact that GJIC has in 3D cultures is
derived by comparing the core sections of 3D cell-scaffold con-
structs to surface sections (Figs. 2F and 3C). Cells that do not
overexpress Cx43 exhibit significantly less GJIC and expression of
osteogenic differentiation markers in the core of the 3D cultures.
In contrast, cells overexpressing Cx43 do not exhibit significant
differences in GJIC and differentiation between the core and
surface, suggesting that enhanced GJIC enables a more uniform
spatial distribution of differentiation cues in 3D.

Overexpression of Cx43 also led to increases in soluble osteoin-
ductive factors (Fig. 3D and E), suggesting that enhanced osteo-
genic differentiation by cells overexpressing Cx43 can occur
through indirect as well as direct effects of Cx43. The significant
increase in cell-cell communication resulting from the overexpres-
sion of Cx43 (Fig. 2) is due to channel formation resulting from the
direct action of Cx43. It is the activity of Cx43 and not just its
structural presence that is critical, because the deletion mutant that
has the same structure and docking ability but does not result in
channel formation inhibits cell-cell communication and leads to
only low levels of differentiation and bone formation. Following
transplantation, cells continue to overexpress Cx43 and are capable
of forming viable channels with other transplanted and/or host cells
(Fig. 4P), implying that the in vivo response to Cx43 is, at least in
part, a direct effect of increased GJIC. The indirect effect of Cx43
is exhibited by the increased expression of soluble factors that
regulate differentiation and bone formation.

The in vitro results demonstrate an enhancement in osteogenic
differentiation with elevated Cx43 expression. However, an in vivo
assessment of bone formation is a more robust proof of principle.
In vivo, transplantation of cells overexpressing Cx43 resulted in a
larger quantity of bone relative to controls (Fig. 4). Bone regen-
erated from cells exhibiting enhanced GJIC also exhibited a thicker
cortex and larger amount of trabecular-like bone, as characterized
by more porous bone in the core of the ossicles (Fig. 5). Although
the in vitro data suggest that Cx43 has a more potent effect on
osteogenic differentiation than BMP-7, the in vivo data demon-
strate that the volume fraction of bone is not significantly different
between ossicles formed from BMSC-Cx43 versus BMSC-BMP7
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Fig. 4. MicroCT renderings and histological sections (taken from regions of microCT images highlighted by red rectangle) of bone regenerated following
transplantation of BMSCs (A–L). Different patterns of bone regeneration between BMSCs and BMSCs overexpressing Cx43 are observed. BVF quantifies these
differences (M). Cells transduced with Cx43 and cotransduced with BMP-7 form larger volumes of tissue compared to BMSCs. Contrast image (N), image of GFP
fluorescence (O), and co-localized image (P) of the same section of tissue regenerated 12 weeks after transplantation of BMSCs overexpressing Cx43. The continued
extent of the GFP-Cx43 fusion gene expression is observed. Significant increases are indicated by ** vs. BMSC, *** vs. Cx43, # vs. BMP-7.
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cells. However, the spatial patterns of bone growth are distinct
(Figs. 4 and 5). The bone developed from BMSC-BMP7 cells
rapidly forms a peripheral shell that restricts bone formation in the
interior of the scaffold. Therefore BMP-7 results in a limited
amount of trabecular bone formation and a less favorable spatial
distribution of tissue (Fig. 5C). This in vivo data parallels the 3D in
vitro data showing that BMP-7 overexpression results in limited
differentiation in the interior regions of the scaffolds. Cx43 over-
expression does not induce a larger amount of bone formation, but
leads to bone formation that is more evenly distributed within the
volume of the scaffold (Figs. 4 and 5). This suggests that the higher
level of cell-cell connectivity created by the connexin channels
enables bone formation to occur in the core sections of the 3D
construct as well as at the periphery. The reason why the bone
volume fractions are similar between the Cx43 and BMP-7 cases is
because of the heterotopic bone formation that occurs with BMP-7,
in which the ossicles formed from BMSC-BMP7 cells extend
beyond the boundaries of the scaffold. Overall, the in vivo data
suggests that the higher level of cell-to-cell communication enables
cells to act in a more synchronized manner, allowing full develop-
ment of tissue throughout a scaffold.

GJIC can also distribute signals arising from a secondary stim-
ulus to neighboring cells (22). To test the effect of higher GJIC in
tandem with another stimulus, cells were also induced to overex-
press BMP-7. This growth factor was chosen because it has potent
osteoinductive effects, but does not modulate the expression of
Cx43 (18). Enhanced GJIC increased the osteogenic effect of
BMP-7, suggesting that the overexpression of Cx43 synergistically
enhances the effects of other stimuli, perhaps by enhancing the
distributed differentiation potential of cells in 3D, an outcome
observed both in vitro (Fig. 3) and in vivo (Figs. 4 and 5). The
experiments with BMP-7 represent a strategy that could potentially

be extended to other tissues by using Cx43 with other growth factors
or stimuli that enhance the regeneration of a tissue of interest.

Our findings suggest that increasing GJIC via overexpression of
Cx43 can be a powerful tool to overcome limitations inherent in
cell-cell communication and regeneration of tissue in 3D. This
approach can also complement the effect of a secondary stimulus,
leading to regeneration of larger and more uniform volumes of
tissue. This strategy may be applied to a range of cells and tissues
with the aim of controlling tissue development in 3D. Ultimately,
our approach of controlling cell-to-cell communication may over-
come the longstanding problem of inducing synchronized cell
behavior in 3D cultures and developing clinically meaningful tissue
equivalents.

Materials and Methods
Viral Vector Production. Vectors encoding Cx43 and BMP-7 were produced by the
University of Michigan Vector Core. The development and production of the
lentiviral vector encoding Cx43-GFP (LV-Cx43-GFP) has been described (23). The
vector system was based on the HIV-1 virus, and the plasmids required for vector
productionwerekindly suppliedbyProfessor InderVermafromtheSalk Institute,
San Diego, CA. The development and production of the adenoviral vector en-
coding BMP-7 under the transcriptional control of the human CMV promoter has
also been described (15). Empty vectors devoid of a transgene and vectors
encoding GFP were also produced for lentivirus (LV-MT, LV-GFP) and adenovirus
(Ad-CMV-MT) and used as controls. A construct containing a 7-bp deletion
mutant (LV-Cx43�7) that produces connexin structures but is disabled from
engaging in GJIC was used as a negative control.

Culture and Transduction of BMSCs. Bone marrow stromal cells were isolated
from the long bones of 5-week-old C57BL/6 mice (University of Michigan UCUCA
approval #08633), as described (24). BMSCs mixed with �-MEM (Gibco Laborato-
ries) enriched with 10% FBS (Gibco Laboratories) and 100 �g/mL penicillin G plus
100 IU/mL streptomycin were plated at 30,000 cells/cm2 at 37 °C in 5% CO2. Cells
were passaged 2 times before transduction. For LV-Cx43-GFP, LV-GFP, and LV-MT
transductions, lentiviral vectors with a titer of 106 transducing U/mL were used on
day 3–4 of subculture. Protamine sulfate (8 �g/mL) was used to enhance trans-
duction efficiency. Five milliliters filtered vector-enriched �-MEM was added to
the cultures for 16 h (transduction phase), followed by replacement with fresh
media for 6–8 h (recovery phase). The cells were exposed to 3 cycles of transduc-
tion. After 14 days of incubation, transduced BMSCs were examined under
fluorescent microscopy to determine transduction efficiency via GFP fluores-
cence. Ten random fields per well were photographed, and transduction was
measured as the average fraction of fluorescent cells relative to total cells in the
field. Transductions with ADCMVBMP7 and ADCMVMT were performed as de-
scribed (16) to achieve a multiplicity of infection of 200 plaque forming units
(PFU).

Western Blot Analysis. Western blots were performed using mouse anti-Cx43
with GAPDH as a control. Cells were lysed in lysis buffer (66 mM Tris-HCl, 5 mM
EDTA, 5 mM EGTA, 10 mM Na-phosphate, 5 mM NaF, 5 mM Na3VO4, 2.5 mM
PMSF, 10 mM NEM, 2% SDS, 0.5% Triton X-100, pH 8.0). Protein extraction was
performed on cell lysates from BMSCs and BMSCs overexpressing Cx43. Cell
suspensions were centrifuged, the supernatant was discarded, and cell pellets
were resuspended in water and lysed by sonication. Protein concentration was
determined using the Bradford method (Bio-Rad Laboratories). Fifty micrograms
total protein from each group was resuspended in 1� buffer, separated on 8%
SDS/PAGE and transferred to nitrocellulose sheets. Nonspecific protein binding
was blocked by incubation of nitrocellulose sheets. Blots were incubated in 1%
nonfat dry milk solution in PBS overnight with gentle shaking, washed 3 times
with PBS, and incubated with primary antibodies for 2.5 h. The resulting bands
were quantified by densitometry (ImageQuant; GE Healthcare). To quantify the
total Cx43 expression in Cx43-GFP transduced cells, the 74-kDa band (sum of Cx43
and GFP fusion protein) was analyzed. The results are reported as the following
ratio: [(Cx43 level in BMSC-Cx43/GAPDH level in BMSC-Cx43)/(Cx43 level in BMSC/
GAPDH level in BMSC)]. Experiments were performed in triplicate and were done
1 week after the end of transduction. One-way ANOVA was performed on the
band intensities to determine whether Cx43 secretion was significantly different
(P � 0.05) between groups.

2D and 3D Cell Cultures. Equivalent cell densities were used in the 2D and 3D
experiments to allow for effects of Cx43 to be compared between 2D and 3D
microenvironments. Cells (2.5 � 106) were seeded into each 3 � 3 � 3 mm3

gelfoam construct. Gelfoam (Amersham Pharmacia and Upjohn) is a water-

Fig. 5. Cortical-like bone thickness and trabecular-like bone volume fraction of
tissue engineered bone (A). Cx43-transduced cells produced an average cortical
thickness that was significantly greater than the cortical thickness of bone pro-
duced by BMSCs (B). The trabecular-like BVF (C) was also significantly greater in
bone regenerated from cells overexpressing Cx43 compared to BMSCs at 4 and 12
weeks. Cotransduced cells led to a significantly larger fraction of trabecular-like
bone at 8 and 12 weeks compared to all other groups. Significant increases are
indicated by ** vs. BMSCs, *** vs. Cx43, # vs. BMP-7, and ## vs. Cx43-BMP7.
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insoluble, nonelastic, porous material prepared from purified porcine skin gela-
tin and water, whose specifications were determined elsewhere (25). The con-
structs had a surface area of 460 cm2/g and a porosity of 98%. Cell seeding
efficiency was 99%. Seeding density was estimated from the surface area and
weight of the scaffolds (0.058 g). Total surface area was �25 cm2, yielding an
average density of 100,000 cells/cm2. In 2D experiments, cells were seeded at high
densities to achieve 100,000 cells/cm2 and cultured on polystyrene in MEM-� with
10% FBS, 100 mg/mL penicillin G, and 100 IU/mL streptomycin. Studies that
examined peripheral versus core GJIC and differentiation were performed by
placing 2 sponges in 96-well plates, 1 on top of the other. The thickness of the top
and bottom sponges was 0.5 and 2.5 mm, respectively. Cell-gelatin constructs
were press-fit into the wells. The bottom sponge was the core section of the
scaffold, as the walls of the well blocked flux from the bottom or sides. All
sponges were prewet in �-MEM. Cells (2.5 million) were collected, suspended in
50 �L medium, and loaded onto each sponge by capillary action. Both 2D and 3D
cultures were induced to differentiate with osteogenic medium [88% MEM-�,
9% FBS, 100 mg/mL penicillin G and 100 IU/mL streptomycin, 1% 100� �-glycer-
ophosphate (0.216 g/mL), 1% 100� L-ascorbic acid-phosphate (5 mg/mL), 0.05%
5,000� dexamethasone (0.28 mg/mL)] 7 days after the start of culturing. Cells
were cultured in 2D and 3D for 2, 8, or 16 days after induction of differentiation.

Dye Transfer Experiments. Fluorescent dye transfer was used to assess GJIC.
Calcein-AM (10 �m, gap junction-permeable; Molecular Probes) and Vybrant-DiI
(membrane tracker; Molecular Probes) were used to label donor cells grown to
confluence in12-wellplates.Asanegativecontrol,50 �Mgapjunctionuncoupler
�-glyccirrhetinic acid (AGA) was used (Sigma). Donor cells were added to poten-
tial recipient cells at a ratio of 1:8 once recipient cells were confluent in 2D or 3D
(n � 6/cell type for both 2D and 3D). After 5 h, cells were harvested for quanti-
fication of GJIC by flow cytometry (FaCSCalibur; BD Biosciences) and visualization
by inverted fluorescent microscopy. A 2-way ANOVA was used to determine
significant differences in percent of calcein-positive recipient cells between cell
types and between 2D and 3Ds. Two-tailed t-tests were used to determine
significant differences between cells in the surface versus core of scaffolds.

Real-Time PCR Analysis. Real-Time PCR was used to detect the expression of
osteocalcin (OCN), BMP-2, and BMP-7. PCR was performed using an ABI Prism
7700 sequence detection system (Applied Biosystems). Primers and TaqMan
probes were designed using Primer Express design software (ABI; Applied Bio-
systems). The primer sequences were: OCN, forward 5�-CCAGCGACTCTGAGTCT-
GACAA-3�, and reverse 5�-CCGGAGTCTATTCACCACCTTACT-3�. BMP-7 and
BMP-2 were probed using TaqMan gene expression assays [ABI, Assay ID: (BMP7),
Mm00432101�m1; (BMP2), Mm01340178�m1; Applied Biosystems). Cells differ-
entiated for 2, 8, or 16 days and total RNA was extracted (TRIzol; Invitrogen),
purified (RNeasy; Qiagen), and treated with DNase I. PCR conditions were: 50 °C
for 2 min and 95 °C for 10 min, followed by 50 cycles of 95 °C for 15 s and 60 °C
for 1 min. No-template controls were run for each primer set, and 18s rRNA (ABI)
endogenous controls were run for each sample. mRNA expression levels for each
sample were normalized to endogenous rRNA 18s levels and expression levels of
genes of interest at the onset of differentiation. All reactions were performed in

quintuplet. Two 1-way ANOVAs were used to determine significant differences
in mRNA levels of OCN, BMP-7, and BMP-2 versus cell type and dimension (2D
versus 3D). Differences in OCN expression between cells in the surface and core
were assessed with a 2-tailed t-test.

In Vivo Transplantation. Surgery was performed in nude mice (nu/nu) by trans-
planting gelatin scaffolds (3 � 3 � 3 mm3) seeded with 2 � 106 cells (University of
Michigan UCUCA approval no. 08633). Cells were seeded as described for the 3D
in vitro cultures. Mice were anesthetized by an i.p. injection of 1 mg/10 g
ketamine and 0.1 mg/10 g xylazine. A 3-cm longitudinal incision was made
overlaying the spine. Four s.c. pockets were made using blunt dissection through
the s.c. tissue. In each pocket, 1 of the cell-gelatin specimens (BMSC, BMSC-Cx43,
BMSC-BMP7,BMSC-Cx43-BMP7,BMSC-LVMT,BMSC-AD-CMV-MT)oranacellular
gelatin specimen (randomly assigned) was implanted and closed with wound
clips or sutures. Four, 8, and 12 weeks after transplantation, mice were eutha-
nized and regenerated ossicles were extracted and stored in 70% ethanol until
further analysis.

MicroCT Image Acquisition and Analysis. Bone ossicles were scanned on a
high-resolution cone beam microCT system (Enhanced Vision Systems) The X-ray
source voltage and current were 80 kVp and 80 �A, respectively. Projection
images were acquired over 198 ° using 2 � 2 binning and an exposure time of
1100 ms followed by correction and reconstruction using the Feldkamp cone-
beam algorithm to create 3D images with an isotropic voxel size of 18 �m (26).
Bone volume fractions (BVF) were determined via a MatLab program (The Math-
Works) that integrated all grayscale voxels above a threshold of 1,100. The
program traced the perimeter of each 2D slice and integrated the perimeters of
all slices todeterminethe3Dsurfacearea.Thenumberofvoxels insidethesurface
defined the total volume. A custom program was written to differentiate the
trabecular and cortical bone. Using the 2D microCT sections, the centroid was
calculated with a MatLab script (27) and used as a frame of reference to divide the
ossicles intoregions.Corticalbonewasdefinedasthecontinuousboneformation
intheperipheryof theossicle.Theprogramcalculatedthis thicknessbyaveraging
the thickness at 10 ° increments from the geometric center of the ossicle. Trabec-
ular BVF was the remaining bone fraction normalized to the potential trabecular
space (total bone volume - cortical bone volume).

Histology and Morphological Analyses. A subset of the regenerated bone ossicles
(2 per group � 6 groups) were harvested, rinsed in water, decalcified in 10%
formicacidfor5days,andembeddedinparaffin.Thin5-�msectionswerecutand
placed on 10 slides with 3 sections per slide. The tissue was deparaffinized,
hydrated, and the first, fifth, and tenth slides were left unstained to observe GFP
expression or stained with H&E. Image Pro Plus 4.0 was used to image the
histological sections to observe bone formation, cortical thickness, and trabecu-
lar-like bone formation.
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