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Abstract

Tendon injuries are common and heal poorly. Strategies to regenerate or replace injured tendons
are challenged by an incomplete understanding of normal tendon development. Our previous study
showed that embryonic tendon elastic modulus increases as a function of developmental stage.
Inhibition of enzymatic collagen crosslink formation abrogated increases in tendon elastic
modulus at late developmental stages, but did not affect increases in elastic modulus of early stage
embryonic tendons. Here, we aimed to identify potential contributors to the mechanical properties
of these early stage embryonic tendons. We characterized tendon progenitor cells in early stage
embryonic tendons, and the influence of actin cytoskeleton disruption on tissue elastic modulus.
Cells were closely packed in embryonic tendons, and did not change in density during early
development. We observed an organized network of actin filaments that seemed contiguous
between adjacent cells. The actin filaments exhibited a crimp pattern with a period and amplitude
that matched the crimp of collagen fibers at each developmental stage. Chemical disruption of the
actin cytoskeleton decreased tendon tissue elastic modulus, measured by atomic force microscopy.
Our results demonstrate that early developmental stage embryonic tendons possess a well
organized actin cytoskeleton network that contributes significantly to tendon tissue mechanical
properties.
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Tendons, composed of a dense and hierarchical structure of aligned collagen fibers, transfer
forces from muscle to bone. Frequent injury and the poor innate healing ability of tendons
have motivated strategies to regenerate, repair, or replace injured tendons. A better
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understanding of normal embryonic tendon development may improve these approaches.lv2
Efforts to characterize developing tendons have focused primarily on late embryonic and
early postnatal stages of development. These studies have examined the contributions of
extracellular matrix (ECM) content, quantity, and organization to tissue mechanical
properties and structure.3‘13 However, we have found that embryonic tendon formation and
mechanical property elaboration begin prior to significant mechanical contributions from
deposited ECM. There is little information about the factors affecting tissue mechanical
properties during these early stages of development.

We recently characterized mechanical and biochemical properties of embryonic chick
tendon throughout development.14 Elastic modulus of the calcaneal tendon was measured
using force—volume atomic force microscopy (FV-AFM) and found to increase nonlinearly
as a function of embryonic developmental stage. Over the same developmental stages,
collagen content in tendons was found to increase exponentially. In the same study, chemical
inhibition of lysyl oxidase (LOX)-mediated collagen crosslinks significantly reduced tendon
elastic modulus at late Hamburger—Hamilton (HH)15 developmental stages (HH 40 and
43).14 In contrast, no change in elastic modulus with LOX inhibition was detected in
embryonic tendons of earlier developmental stages (HH 28-37). Notably, we measured total
collagen content in HH 28-37 tendons to be no greater than approximately 1% of the tissue
dry mass.** Taken together, we attributed the limited influence of collagen crosslinking on
tendon elastic modulus during early stages of tendon development to low collagen content.

These results led us to consider other components of tendons as contributors to tissue
mechanical properties during these early stages of tendon formation. We previously found
DNA content was far greater than collagen in content, accounting for approximately 5-9%
of the tendon dry mass in HH 28-37 embryonic tendons.” " In contrast, adult tendon dry
mass is approximately 0.02% DNA16 and 65-80% collagen content."” Based on this, we are
interested in examining how cells contribute to the physical properties of tendon tissue
during early developmental stages. For instance, the actin cytoskeleton is an intracellular
network of structural filaments that can influence the mechanical properties of an individual
cell 1% However, how the actin cytoskeleton of cells in a tissue influence the mechanical
properties of the tissue has been minimally investigated. Considering the high cell density of
embryonic tendon, we propose the actin cytoskeleton of tendon progenitor cells (TPCs)
influence the mechanical properties of the tissue.

We hypothesize that the actin cytoskeleton of TPCs physically contributes to the mechanical
properties of embryonic tendon at early developmental stages. To test this hypothesis, we
characterized cell and actin cytoskeleton organization of early stage (HH 34-37) embryonic
chick tendons using histological staining, confocal microscopy, and image analysis. To test
the influence of the actin cytoskeleton of TPCs on embryonic tendon mechanical properties,
we treated HH 36 embryonic chick whole limb explants with blebbistatin and measured
changes in tendon tissue elastic modulus using FV-AFM. We also performed this experiment
with embryonic TPCs seeded in alginate gel constructs in vitro. By seeding TPCs at high
density in these simplified tissue constructs, we were able to examine the potential for cells
to contribute to the mechanical integrity of a construct in the absence of significant ECM.
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The results of this study provide new insights into the contribution of cells to the mechanical
properties of embryonic tendon during early developmental stages.

Embryonic Tendon Harvest

Fertilized white leghorn chicken eggs (UConn Poultry Farm, Storrs, CT) were incubated at
37°C in a humidified egg incubator. Embryonic chicks were sacrificed at HH 34-37 by
decapitation, and the limbs were excised and skinned.

Characterization of TPCs in Embryonic Tendon

Calcaneal tendons were dissected from the limbs, fixed in 4% paraformaldehyde overnight
at 4°C, and cryopre-served at —80°C in optimal cutting temperature compound (OCT)
(Sakure, Tokyo, Japan). After thawing, whole tendons were rinsed twice in phosphate
buffered saline (PBS) to remove the OCT then stained with 4/,6-diamidino-2-phenylindole
(DAPI; Invitrogen, Carlsbad, CA) to detect cell nuclei. Whole tendons were mounted on a
glass-bottomed Petri dishes in Hank’s Balanced Salt Solution (HBSS) and imaged on a
Leica TCS SP2 inverted confocal microscope (Lecia Microsystems, Buffalo Grove, IL)
using a 63X objective. Confocal z-stack images were taken in the midsubstance of tendon
fascicles. Spacing between confocal slices in the z-direction was not greater than 2 um in
thickness. Three sets of z-stack images were taken from tendons of three independent
animals at HH 34-37. To calculate cell density, cell nuclei were counted by two observers
using the counter tool in ImageJ (NIH, Bethesda, MD), and normalized to the volume of the
confocal image stack. For plasma membrane staining, freshly dissected embryonic tendons
were incubated in a standard cell culture incubator in pre-warmed HBSS containing
CellMask Plasma Membrane Stain (0.1% v/v; Invitrogen, Carlsbad, CA) at 37°C for 30 min.
After washing in HBSS and fixing in 10% formalin, whole tendons were imaged on the
confocal microscope.

Characterization of Actin Filaments and Collagen Fibers

To detect actin filaments, longitudinal tendon cryosections (10 pm-thick) were stained with
Alexa Fluro 488-phalloidin (Invitrogen, Carlsbad, CA). Second harmonic generation
imaging (SHG) was used to detect collagen fibers, as previously described.™ Images were
collected on the confocal microscope. To quantitatively characterize actin filaments and
collagen fiber crimp, NeuronJ (ImageJ) was used to trace actin filaments and collagen fibers.
From the tracing curve, crimp period and amplitude were calculated using a custom Matlab
(Mathworks Inc., Canton, MA) analysis.

TPC-Alginate Gel Constructs

Tendons from 12 embryonic chicks at HH 36 were dissected and pooled. Primary embryonic
chick TPCs were isolated from the tendons in type Il collagenase using a standard primary
cell isolation protocol, as previously described.22 TPCs were seeded at a density of 5 x 107
cells/ml into 3-dimensional gels of 1.5% (w/v) alginate that were functionalized with a 0.03
wi/w ratio of RGD to alginate,23 and crosslinked with calcium ions, as previously
described.24v25 TPC-encapsulating gel constructs were cultured for 72 h in complete growth
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medium (Dulbecco’s Modified Eagle Medium, 10% fetal bovine serum, 1% penicillin/
streptomycin).

Blebbistatin Treatment of Embryonic Tendons and TPC-Alginate Gel Constructs

Skinless HH 36 whole limbs or TPC-alginate gel constructs were cultured for 24 h or 5 h,
respectively, at 37°C in complete growth medium supplemented with 25 uM blebbistatin
(Sigma-Aldrich, St. Louis, MO). Blebbistatin disrupts the actin cytoskeleton by inhibiting
rigid crosslinking between nonmuscle myosin Il and the actin filaments.?>%"?® Controls
(e.g., contralateral limb) were cultured in an identical manner, but treated with the vehicle
(0.5% v/v dimethyl sulfoxide; DMSO).

Viability Assay
Following 24 h of explant culture with blebbistatin or vehicle control treatment, tendons (/7=
3) were dissected from the limb and immediately placed in warmed HBSS containing LIVE/
DEAD stain (Invitrogen, Carlsbad, CA) to detect living and dead cells. Images were
collected on the confocal microscope.

Second Harmonic Generation Imaging (SHG)

Following blebbistatin or vehicle control treatment, tendons (77 = 3) were dissected from the
limb and cryopreserved in OCT. SHG images were collected on the confocal microscope, as
previously described. ™

FV-AFM of Embryonic Tendon Tissue and TPC-Alginate Gel Constructs

Following 24 h of explant culture, blebbistatin-treated (or vehicle control) tendons (7= 7)
were dissected from the limb, immediately placed in HBSS and indented with a 5 um-radius
spherical probe and cantilever (Bruker, Santa Barbara, CA) using a Dimension 3100 AFM
(Bruker), as previously described.™* To determine elastic modulus, the raw force volume
data were processed using a custom Visual Basic module in Excel (Microsoft) to calculate
the slope of the linear region of the force-displacement curve. These slopes were converted
to elastic modulus using a spherical model of Hertzian indentation mechanics.29 The elastic
moduli of the TPC-alginate gel constructs (7= 6) were measured with FV-AFM in an
identical manner.

Statistical Analysis

For comparisons between tendons from different developmental stages (HH 34-37) a one-
way ANOVA was used followed by a Tukey’s Post hoc test and evaluated for significance
using p< 0.05 in Prism statistical software (GraphPad Inc., San Diego, CA). Changes in
elastic modulus following blebbistatin treatment are reported as the mean * standard
deviation, and differences were evaluated for significance with Student’s #tests using p <
0.05.
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Embryonic TPC Density

Embryonic chick calcaneal tendons from HH 34-37 contain densely packed cells, as
represented by cell nuclei detected with DAPI in the 2-dimensional projections of the 3-
dimensional z-stack confocal images (Fig. 1a). TPCs in the embryonic tendons were also
detected with CellMask Plasma Membrane stain, which showed tendon cells to be densely
packed (Fig. 1b). Phalloidin and DAPI staining were used to detect actin filament
organization relative to nuclei. Actin filaments were aligned in parallel, and appeared to
extend over multiple cell lengths along the tendon long axis in HH 35 and later tendons (Fig.
1c). Cell density was quantified by counting the number of cell nuclei and that were then
normalized to the volume of the confocal z-stack. Cell density in tendons averaged 1.58 x
108 cells/mm3 from HH 34-37, with no significant differences detected between
developmental stages (o> 0.05) (Fig. 1d).

Actin Filament and Collagen Fiber Organization

Blebbistatin

Blebbistatin

Actin filaments and collagen fibers were detected with phalloidin staining and SHG,
respectively. A crimp pattern was observed in both the actin filaments and collagen fibers at
each developmental stage (Fig. 2). The crimp amplitude and period for both actin filaments
and collagen fibers were quantified as a function of stage, beginning at HH 35. Actin
filament crimp amplitude at HH 36 was increased compared to HH 35 and HH 37 (0 < 0.05;
Fig. 3a). Actin filament crimp period increased from HH 35 to 36 and from HH 35 to 37 (p
< 0.05; Fig. 3b). Between HH 35 and 37, collagen crimp amplitude decreased (p < 0.05; Fig.
3c). Collagen crimp period increased from HH 35 to 37 (p < 0.05; Fig. 3d). The quantitative
characteristics of the crimp pattern were remarkably similar between the actin filaments and
collagen fibers. There were no significant differences between actin filament crimp and
collagen fiber crimp at each developmental stage, for both amplitude and period (p > 0.05;
Fig. 3e,f).

Treatment of Embryonic Tendons

HH 36 whole limb explants were cultured with blebbistatin or vehicle control for 24 h.
Blebbistatin treatment did not affect cell viability, demonstrated with Live/Dead staining
(Fig. 4a). Collagen fiber organization, detected with SHG, did not appear to be altered with
blebbistatin treatment as compared to vehicle controls. Blebbistatin treatment appeared to
disrupt actin cytoskeleton of TPCs in tendon (Fig. 4a). The average elastic moduli of vehicle
control- and blebbistatin-treated HH 36 embryonic tendons were 1.4 + 0.3 kPaand 1.1 £ 0.2
kPa, respectively. Blebbistatin treatment reduced the elastic modulus of HH 36 embryonic
tendons by 21.4% (n=7; p=0.02; Fig. 4b), compared to vehicle controls.

Treatment of TPC-Alginate Gel Constructs

To further investigate the effect of actin cytoskeleton on tissue mechanical properties in a
more controlled environment, primary HH 36 TPCs were seeded at high density in alginate
gels and cultured for 72 h. Prior to blebbistatin treatment, the TPCs appeared to be in contact
with each other. After 5 h of blebbistatin treatment, the actin cytoskeleton of the TPCs
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appeared disrupted (Fig. 5a). The average elastic moduli of vehicle control- and blebbistatin-
treated TPC-alginate gel constructs were 6.2 + 2.0 kPa and 3.8 £+ 0.6 kPa, respectively.
Blebbistatin treatment reduced the elastic modulus of TPC-alginate gel constructs by 38.7%
(n=6; p=0.02; Fig. 5b), compared to vehicle controls.

DISCUSSION

A major challenge for strategies aimed at tendon healing, repair, and replacement is a
limited understanding of how embryonic tendons develop normally. We recently
demonstrated collagen crosslinking to be a significant mechanism of mechanical property
elaboration in middle-to-late developmental stage embryonic tendons.™* In contrast, the
elastic moduli of earlier stage (HH 37 and earlier) tendons were not affected by inhibition of
collagen crosslinks. In fact, we previously reported that DNA content accounts for
approximately 5-9% of the tendon dry mass in HH 28-37 tendons, which is more than the
collagen content (less than 1.0% of the tendon dry mass).14 Based on these findings, the
current study aimed to understand how cells physically influence the mechanical properties
of embryonic tendon at early stages of tissue development. We characterized cell density and
organization, and cellular contributions to mechanical properties of HH 34-37 embryonic
tendons. We chose HH 34 as the earliest stage to study, because the calcaneal tendon
becomes a distinctly defined structure by HH 34, with localized expression of a-scleraxis
and a-tenascin.so We chose HH 37 as the latest stage to study, because our previous study
demonstrated that after HH 37 collagen crosslinking becomes a significant contributor to the
mechanical properties of developing tendon.™* Here, we found HH 34-37 TPCs to be
present in high density, in apparent contact, and to contain actin filaments with crimp
morphology. Similar to the surrounding collagen fibers, the crimp morphology of the actin
filaments changed during development. We also demonstrated the actin filaments of TPCs to
have a direct influence on early stage tendon mechanical properties.

Our histological observations and measured decrease in elastic modulus of blebbistatin-
treated tissues suggest the presence of a crosslinked network of cells within early embryonic
tendon. Considering adult tendon is relatively acellular,m'17 the observed cell density we
quantified in HH 34-37 tendons is extraordinarily high and similar between stages. A
remarkable finding is that the actin filaments appear contiguous between adjacent cells in
the embryonic tendons along the tendon long axis (Fig. 1c, 2). Beginning at HH 35, an
apparent actin filament network was observed in the form of an organized crimp pattern,
extending over multiple cell lengths. Disrupting the actin cytoskeleton of TPCs in HH 36
tendon with blebbistatin treatment resulted in a 21.4% decrease in tissue elastic modulus,
suggesting the TPC actin cytoskeleton contributes directly to early stage embryonic tendon
mechanical properties. Furthermore, the density of TPCs is constant between these early
stages, suggesting the apparent actin filament network, spanning multiple cells, is a critical
structural component of the tissue.

A prior study in adult tendons found the actin cytoskeleton of adult tendon cells follows the
. . 31 . . .

crimp pattern of collagen fibers.”™ Despite the low amounts of collagen in embryonic tendon

compared to adult, we found that not only do the collagen fibers exhibit a crimp pattern, but

also that actin filaments of TPCs have crimp that mimics that of collagen fibers. Using
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polarized light microscopy, a prior study found crimp in the collagen fibers of HH 41
embryonic chick tendons, but did not examine the morphology of actin filaments.32 We
found here that actin filament and collagen fiber crimp period and amplitude were
quantitatively identical at each developmental stage starting from HH 35. In a study using
transmission electron microscopy, actin filaments in embryonic tendon cells were found to
align with collagen fibrils within fibripositors, cell plasma membrane structures involved in
collagen fibril secretion.33 Organization of actin filaments in relation to collagen fibrils was
reported at the length-scale of fibripositors (~1 um). Our findings demonstrate that the
parallelism they observe at the fibripositor scale is present over multiple cell lengths and
manifests as a matched actin filament and collagen fiber crimp. Others used an in vitro fibrin
gel and a computer model to study how tendon cell contraction may play a role in collagen
crimp formation.>* The actin cytoskeleton is a component of the cell’s contractile
machinery, but the role the actin cytoskeleton plays in formation of crimp during tendon
development is yet unknown. Here, we found actin filaments to form a network that has a
period and amplitude that match collagen crimp, but how this develops is unknown. These
findings provide the motivation for future studies to investigate mechanisms of crimp
formation in intracellular and extracellular structures of embryonic tendon.

Blebbistatin treatment reduced elastic modulus of embryonic tendon without affecting cell
viability, collagen fiber organization and fiber density. Another study found that 24 h of
cytochalasin D treatment to disrupt actin polymerization in adult tendon cells resulted in
increased matrix metalloproteinase (MMP)-1 gene expression.35 In our experiment, it is
possible that embryonic TPCs produced MMPs in response to 24 h of blebbistatin treatment.
MMPs could degrade the native ECM and contribute to the reduction in elastic modulus we
observed in the embryonic tendon. To minimize potential side effects, such as MMP
degradation or unanticipated activity by other cells in the whole limb explants, we also
performed this experiment with TPCs seeded at high density in RGD-functionalized alginate
gels. Using this simplified tissue construct, only 5 h of blebbistatin treatment was sufficient
to disrupt the actin filaments of encapsulated TPCs in the alginate gel, likely due to greater
diffusion rates than through native tissue. Importantly, the shorter treatment time and the
lack of MMP cleavage sites in alginate reduced possible unexpected effects, such as MMP
degradation of ECM, which could affect the elastic modulus of a collagenous tissue. The
reduction in elastic modulus of TPC-alginate gel constructs with blebbistatin treatment
corroborated our findings in embryonic tendon tissue. Collectively, these results suggest an
intact network of actin filaments that is contiguous throughout adjacent TPCs plays an
important role in measureable mechanical properties of developing embryonic tendon.
Interestingly, another study found that embryonic frog neural tube tissue stiffness requires an
intact actin cytoskeleton.36 Taken together, it appears that TPCs play a significant structural
role in the mechanical properties of embryonic tendon during early development.

The actin cytoskeleton is a component of the cell’s contractile machinery that could
significantly influence the mechanical properties of individual TPCs. Though not yet studied
in TPCs, disrupting the actin cytoskeleton with blebbistatin decreases the elastic modulus of
various individual cells,lgv21 which may have contributed to our results. In another study,
treating NIH 3T3 fibroblasts with blebbistatin to disrupt cell contraction reduced the local
elastic modulus of a 2-dimensional fibrin gel substrate when measured 10-15 pm from the
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cell’s edge.21 In our study, it is possible that decreased elastic modulus of individual TPCs
as well as diminished cell contractile forces contributed to the reduction in elastic modulus
of blebbistatin-treated embryonic tendons and TPC-alginate gel constructs. These potential
contributions deserve further study.

As tendon develops, the tissue transitions from a highly cellular structure to a mechanically
strong tissue that is primarily collagen in dry weight. Charting a roadmap for this transition
will be important to understanding how functional tendon forms. This study demonstrates
the actin cytoskeleton of TPCs forms an apparent contiguous network across multiple cells,
and contributes directly to the mechanical properties of whole tendon tissue during early
embryonic tendon development. Other studies have shown that the actin cytoskeleton is also
a mechanotransducer and involved in signalling.s‘r"37 Future studies are needed to understand
multiple roles the actin cytoskeleton may play in tenogenic TPC behavior and tendon
formation. Furthermore, though actin is a major cytoskeletal protein, other cytoskeletal
components should also be considered for potential contributions to tissue mechanics.38
Additionally, though we previously found no correlation between embryonic tendon elastic
modulus and total glycosaminoglycan content,14 specific ECM components other than
collagen could also influence tissue mechanical properties, and should be investigated. A
more thorough understanding of the mechanisms driving embryonic tendon development
may ultimately lead to effective regeneration strategies.
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Figurel.

HH 34-37 embryonic tendons have high cell density throughout early stages of tendon
development, as seen by (a) representative 2-dimensional projections of z-stack confocal
images of DAPI-stained cell nuclei in whole mount embryonic tendons, and (b) CellMask
Plasma Membrane staining (red) for cell membranes, and DAPI staining (blue) for cell
nuclei. (c) Phalloidin (green) and DAPI (blue) staining showed organized actin filaments
formed an apparent contiguous network spanning adjacent cells (bar, 10 um). (d) Cell
density quantified with image analysis was constant between stages.
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Figure 2.
A highly organized crimp pattern was observed in (a) phalloidin-stained actin filaments

(green) and (b) SHG-detected collagen fibers (red) of embryonic tendons during early
developmental stages. (c) Merged images of actin and collagen show similar crimp
morphology (bar, 10 um).

J Orthop Res. Author manuscript; available in PMC 2016 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Schiele et al.

Page 13

a c - Collagen e - ® Actin
A 3 £3 * £ 31 a Collagen
= = c
32 3?2 3 2 .
51 51 S 1 4
E £ E
< < <
35 36 37 35 36 37 35 36 37
Developmental Stage (HH) Developmental Stage (HH) Developmental Stage (HH)
f ® Actin
_ 167 4 Collagen
E 14
3 12
g 10 :
. 8
36 37 35 37 35 36 37
Developmental Stage (HH) Developmental Stage (HH) Developmental Stage (HH)

Figure 3.
Actin filament crimp (a) amplitude and (b) period were calculated using image analysis of

HH 35-37 phalloidin-stained tendons. Collagen fiber crimp (c) amplitude and (d) period
were calculated using image analysis of HH 35-37 SHG-imaged tendons. Actin filament
crimp and collagen fiber crimp changed as a function of stage (*p < 0.05, **p < 0.01). No
differences were detected between actin filament crimp and collagen fiber crimp at each
developmental stage, for (e) amplitude and () period (p > 0.05).
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Figure 4.
HH 36 embryonic limb explants were cultured in vitro for 24 h with blebbistatin (25 uM) or

vehicle control (0.5% DMSO). (a) LIVE/DEAD staining of live (green) and dead (red) cells
(left panel; bar, 25 pm), SHG detection of collagen fibers (red) (middle panel; bar, 10 um),
and phalloidin-stained actin (green) and DAPI-stained nuclei (blue) (right panel; bar, 5 um),
for vehicle control- and blebbistatin-treated tendons. Cell viability and collagen fiber
organization did not appear to be altered by blebbistatin treatment. Blebbistatin disrupted the
actin cytoskeleton. (b) Blebbistatin treatment decreased tendon elastic modulus, measured
using FV-AFM (p = 0.02).
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Figure5.

HH 36 embryonic TPCs were encapsulated at 5 x 107 cells/ml in alginate gels, cultured for
72 h and treated with blebbistatin (25 uM) or vehicle control (0.5% DMSO) for 5 h. (a)
Phalloidin-stained actin (green) and DAPI-stained nuclei (blue) of TPCs within alginate gels
show that blebbistatin treatment disrupted the actin cytoskeleton compared to vehicle
controls (bar, 10 um). (b) Blebbistatin treatment decreased TPC-alginate gel construct elastic
modulus, measured using FV-AFM (p = 0.02).
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