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Abstract
The viscoelastic behavior of connective tissue is generally attributed to the material properties of
the extracellular matrix rather than cellular activity. We have previously shown that fibroblasts
within areolar connective tissue exhibit dynamic cytoskeletal remodeling within minutes in
response to tissue stretch ex vivo and in vivo. Here, we tested the hypothesis that fibroblasts,
through this cytoskeletal remodeling, actively contribute to the viscoelastic behavior of the whole
tissue. We measured significantly increased tissue tension when cellular function was broadly
inhibited by sodium azide and when cytoskeletal dynamics were compromised by disrupting
microtubules (with colchicine) or actomyosin contractility (via Rho kinase inhibition). These
treatments led to a decrease in cell body cross-sectional area and cell field perimeter (obtained by
joining the end of all of a fibroblast’s processes). Suppressing lamellipodia formation by inhibiting
Rac-1 decreased cell body cross-sectional area but did not affect cell field perimeter or tissue
tension. Thus, by changing shape, fibroblasts can dynamically modulate the viscoelastic behavior
of areolar connective tissue through Rho-dependent cytoskeletal mechanisms. These results have
broad implications for our understanding of the dynamic interplay of forces between fibroblasts
and their surrounding matrix, as well as for the neural, vascular and immune cell populations
residing within connective tissue.

INTRODUCTION
In contrast to muscle that can actively contract and relax to generate varying levels of tissue
tension, connective tissue is considered to be a passive viscoelastic “material” whose
biomechanical behavior is determined by the properties of its extracellular matrix (e.g.
stiffness, viscosity) rather than cellular activity (e.g. contraction, relaxation). It is well
established that connective tissue fibroblasts are able to influence matrix stiffness indirectly,
via the production and degradation of matrix proteins (Chiquet et al., 2003; Karamichos et
al., 2007; Kook et al., 2009; Prajapati et al., 2000). In healing wounds, fibroblasts also can
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differentiate into myofibroblasts that can contract and generate measurable increases in
connective tissue tension over long time periods (hours to weeks) (Gabbiani, 1979; Hinz et
al., 2001; Majno et al., 1971; Schleip et al., 2005). However, in the absence of injury or
other stimulus leading to myofibroblast transformation, connective tissue tension is not
considered to be cell-dependent.

Non-muscle cells such as fibroblasts use cytoskeletal remodeling and actomyosin
interactions to reorganize and contract parts of their cytoplasm during activities such as cell
migration and neuronal sprouting (da Silva and Dotti, 2002; Schwartz and Horwitz, 2006).
Experiments in cultured fibroblasts also have shown that cytoskeletal reorganization can
influence the tension of the substrate onto which the cells are growing (Brown et al., 1998;
Brown et al., 1996; Freyman et al., 2002; Grinnell, 2003; Kolodney and Wysolmerski, 1992;
Tomasek et al., 1992). However, to our knowledge, fibroblast cytoskeletal remodeling has
not been shown to directly influence connective tissue matrix tension in whole tissue. If it
exists, the potential significance of such a mechanism could be far reaching, given the
increasingly recognized role of connective tissue in musculoskeletal dynamics, the
ubiquitous presence of connective tissue in all organ systems, and the established
importance of tissue forces in cell matrix interactions (Lopez et al., 2008; Maas and Huijing,
2009; Mammoto and Ingber, 2009; Paszek et al., 2005; Patwari and Lee, 2008).

We have previously shown that fibroblasts within areolar “loose” connective tissue exhibit
pronounced, dynamic cytoskeletal remodeling, spreading and lamellipodia formation within
minutes in response to changes in tissue length in the physiological range both ex vivo and in
vivo (Langevin et al., 2005). The goal of this study was to investigate whether these
fibroblast cytoskeletal responses could play a role in regulating tension within the whole
tissue. We hypothesized that interfering with cytoskeletal remodeling would alter the
viscoelastic relaxation of connective tissue that occurs in response to static tissue stretch ex
vivo.

MATERIALS AND METHODS
Experimental design

An important aspect of the ex vivo experimental system used in this study is that the
viscoelastic behavior of a single sheet of areolar connective tissue can be studied
immediately after excision from a mouse, followed by tissue fixation and morphometric
measurements. Mouse areolar connective tissue was stretched uniaxially while subjected to
a set of pharmacological interventions to interfere with different aspects of cell function and
cytoskeletal dynamics, then imaged with confocal microscopy. We used inhibitors of cell
respiration (sodium azide), microtubule polymerization (colchicine) and of two different
Rho GTPase cytoskeletal signaling pathways (Rho kinase and Rac-1) known to be involved
in different aspects of cytoskeletal remodeling to examine the relationship between
connective tissue viscoelastic behavior and fibroblast morphometric measurements. Tissue
force was recorded continuously during the period of static stretch, and the force at 50
minutes (equilibrium tissue force) was used as the primary outcome measure. Force data
also was analyzed using a five parameter Maxwell viscoelastic model allowing
determination of tissue stiffness and viscosity parameters (Iatridis et al., 2003). Fibroblast
morphology was quantified in confocal microscopy images of each whole tissue sample
fixed immediately after the static stretch. Cell body cross sectional area and cell field
perimeter (obtained by joining the end of all of a fibroblast’s processes) (Langevin et al.,
2005) were used to measure the change in cell morphology occurring in response to tissue
stretch with and without pharmacological inhibitors.
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Tissue dissection
Twenty eight C57Black-6 male mice (19–24 g) were sacrificed by decapitation.
Immediately after death, an 8 cm × 3 cm tissue flap was excised from the back of the mouse
(Fig. 1A) and covered with 37 ° C physiological saline solution (PSS), pH 7.4, containing
(mM): NaCl 141.8, KCl 4.7, MgSO4 1.7, EDTA 0.39, CaCl2 2.8, HEPES 10, KH2PO4 1.2,
Glucose 5.0. The exposed areolar connective tissue layer is composed of several loosely
connected sublayers that can be dissected with minimal cutting of tissue. A sample of the
first areolar connective tissue sublayer was dissected following the natural cleavage plane of
the tissue and cut to uniform dimensions yielding a single tissue sheet measuring 4 mm
width × 5 mm length (Fig. 1B). Although precise measurement of tissue thickness in fresh
samples is difficult, the thickness of this tissue layer is estimated to be ~350 µm based on
both fresh and fixed tissue measurements. The sample was clipped at both ends and attached
to an Akers strain gauge (Akers, Horten, Norway) calibrated for force measurement (Fig. 1
C,D) in 37 °C PSS with or without inhibitor. The direction of tissue stretch was always
transverse relative to the in vivo tissue orientation.

Static tissue stretch and force recording
Tissue samples were elongated at 1 mm/sec until a target peak force of 4.4 mN and
maintained at that length for the 60 min incubation. This resulted in a mean ± SD actual
peak force of 4.68 ± 0.53 mN among all samples tested (there was no significant difference
in peak force between experimental groups). This static tissue stretch corresponded to ~20–
25 % tissue elongation, previously shown to be within the linear portion of the force-
deformation curve for areolar connective tissue (Iatridis et al., 2003). Tissue force was
continually recorded during stretching and subsequent incubation using Labview software
(National Instruments, Austin, TX) at 10 Hz. At the end of incubation, the tissue was
immersion-fixed in 95% ethanol for 60 min at the stretched length.

Pharmacological inhibitors
The following inhibitors were used, all dissolved directly into the HEPES buffer: 50 µM
sodium azide, inhibitor of cellular respiration (Sigma, St. Louis, MO.), 100 µM colchicine,
inhibitor of microtubule polymerization (Sigma, St. Louis, MO), 10 µM Rho kinase
inhibitor Y27632 (BioMol, Philadelphia, PA), 115 µM Rac-1 inhibitor (Calbiochem,
Darmstadt, Germany) or vehicle control (PSS). Additional experiments were conducted with
the Rac-1 at 254 µM and, as similar results were obtained for both concentrations of Rac-1
inhibitor, only the results of experiments using 115 µM are presented. Cell-specific
inhibitors were chosen rather than more general physical methods of cell disruption, such as
freezing or detergents, in order to minimize any direct effects of the interventions on the
extracellular matrix.

Force data analysis
Resting tissue tension at 50 minutes (3,000 s) (mean of ten data points) was used as the
primary outcome measure (equilibrium tissue force) (Fig. 1E). In addition, curve fitting of
the normalized force data was performed using a five parameter Maxwell model (Iatridis et
al., 2003) as shown in Fig. 1 F using the equation:

where parameters are viscosity coefficients (μ1 and μ2), stiffness coefficients (g1 and g2) and
the equilibrium stiffness g0. The subscripts 1 and 2 of these parameters represent the short-
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range and long-range time behaviors associated with the time constants t1=μ1/g1 and t2=μ2/
g2 respectively. Experimentally, tissue force was measured instead of stress because, unlike
a solid, it is extremely difficult to measure the actual dimensions of the cross section of
areolar connective tissue samples in the wet condition (Iatridis et al., 2003).

Histochemical staining
As illustrated in Fig. 2 D, the superficial layer of areolar connective tissue from C57B6 mice
used in this study is composed of uniform loose connective tissue devoid of blood vessels
and nerve fibers which are located in deeper areolar connective tissue sublayers. Cells
within the areolar connective tissue samples can be visualized within their native 3-d matrix
environment in whole tissue mounts using confocal microscopy without embedding,
freezing or sectioning. Phalloidin (specific stain for polymerized actin) was used to visualize
connective tissue cells with confocal microscopy. This also allowed examination of each
sample to confirm the absence of any contaminating muscle tissue or dense epimysium (Fig.
2 B,C). The majority (70–80%) of cells within these tissue samples have fibroblast-like
characteristics based on cytoplasmic and nuclear morphology (phalloidin and DAPI
staining) and immunohistochemically staining for vimentin (Fig. 2E) and will be referred to
in this paper as fibroblasts. An additional 10–15% of cell can be identified as macrophages
(based on CD-68 immunoreactivity) and 2–4% as mast cells (based on cresyl violet stain).

Histochemical methods—Each whole sample was stained with Texas Red conjugated
phalloidin 1:25 (4 U/ml; Molecular Probes, Eugene OR) for 40 min at 4°C, counterstained
for 5 min with DAPI nucleic acid stain 1:6000 (Molecular Probes, Eugene OR) and mounted
on slides using 50% glycerol in PBS with 1% N-propylgallate. Additional samples were
fixed in 3% paraformaldehyde (PFA) and stained for vimentin for morphological
characterization of fibroblasts using indirect immunohistochemistry. Samples were first
incubated with a mouse monoclonal anti-α-vimentin primary antibody (Sigma, St. Louis,
MO) at 1:25 dilution followed by an Alexa 488-conjugated secondary goat anti-mouse
antibody (Invitrogen Corporation, Carlsbad, CA) at 1:200 dilution. To reduce background
staining resulting from using a mouse primary antibody, samples were incubated with
Mouse-On-Mouse (M.O.M) blocking reagents (Vector Laboratories, Burlingame, CA)
according to the manufacturers’ directions.

Measurement of tissue cellular composition—For assessment of the effect of tissue
stretch on the number of macrophage and mast cells present within the tissue, samples from
five additional mice (two samples per mouse, randomized within mouse) were incubated for
50 minutes with and without stretch (randomized within mouse), fixed in 3% PFA and
immunohistochemical stained for macrophages using a mouse monoclonal CD-68 antibody
at 1:25 dilution (AbD Serotec, Raleigh, NC) followed by an Alexa 488-conjugated
secondary goat anti-mouse antibody (Invitrogen Corporation, Carlsbad, CA) at 1:200
dilution and MOM blocking reagent as above. Staining for mast cells was performed in PFA
fixed tissue using cresyl violet at 1µg/ml in water at 37° for 2 minutes. Cell counts for
macrophage and mast cell quantification were performed by hand by an investigator blinded
to the study condition (stretch vs. no stretch).

Measurement of cell viability—For assessment of the effect of tissue stretch on cell
viability, samples from five additional mice (two samples per mouse, randomized within
mouse) were incubated for 50 minutes with and without stretch, then stained for live and
dead cells (Invitrogen L3224, Carlsbad, CA) according to manufacturer’s direction. Cell
counts for live/dead staining were performed by hand by an investigator blinded to the study
condition (stretch vs. no stretch).
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Confocal scanning laser microscopy
Tissue samples were imaged with a Zeiss LSM 510 META confocal scanning laser
microscope at 63X (oil immersion lens, N.A. 1.4) at room temperature. Each tissue sample
was first examined in its entirety to confirm the absence of any contaminating muscle or
epimysium, which would respectively appear as brightly staining Z-banded actin-containing
sarcomeres (Fig. 2B), or densely packed collagen and elastic fibers (Fig. 2C). Seven fields
per sample were then selected for image acquisition by an imager blind to the study
condition (drug or no drug). For each field, a stack of 20 (143 µm × 143 µm) images was
acquired at a 0.53 µm inter-image interval.

Morphometric analysis
Measurement of cell body cross sectional area and cell field perimeter in phalloidin-stained
samples allows assessment of the size of the cell body as well as the whole “territory”
occupied by each cell including cell processes (Fig. 2 F–G). Image stacks were imported
into the analysis software MetaMorph 6.0 (Universal Imaging, Downingtown, PA). In each
stack, all cells that were in focus in the 10th optical section (middle of stack) were measured
as previously described (Langevin et al., 2005). All cells were measured, with the
assumption that fibroblasts are the overwhelmingly predominant cell population in this
tissue. Cell body cross sectional area and cell field perimeter were measured as shown in
Fig. 2 F,G. Cell body cross sectional area was defined as the area of the cell’s cytoplasm
projected in the plane of the image excluding cell processes (defined as an extension of a
cell’s cytoplasm longer than 2 µm and less than 2 µm in width at any portion of its length).
Cell field perimeter was defined as the sum of segments connecting the end of all visible cell
processes identified by following each one through successive optical sections within the
image stack. As illustrated in Figure 3, both cell cross sectional area and cell field perimeter
increase in response to tissue stretch for 50 minutes ex vivo due to cell spreading and
lamellipodia formation as previously shown both ex vivo and in vivo (Langevin et al., 2005).

RESULTS
In order to test the hypothesis that fibroblast spreading influences tissue tension, we first
used sodium azide which impairs cell respiration to broadly assess whether overall cellular
activity contributes to the viscoelastic behavior of the tissue. Incubation with sodium azide
caused the equilibrium tissue force to be higher compared with controls (Fig. 4). Cell body
cross sectional area and cell field perimeter measurements also were greater with sodium
azide compared with stretched controls (Figs. 5 and 6). This indicates that metabolic activity
is required for both fibroblast expansion and full tissue relaxation in response to stretch.

To further examine the role of the cytoskeleton in cell-mediated connective tissue relaxation,
we then used colchicine to inhibit microtubule polymerization. We found that colchicine had
an effect similar to that of sodium azide on both tissue tension (Fig. 4) and cell morphology
(Figs. 5 and 6), indicating that expansion of the intracellular microtubule network is required
for the fibroblasts to be able to both change shape and contribute to tissue relaxation.

We then tested whether specific aspects of cytoskeletal remodeling could be differentially
involved in modulating both the change in cell shape and tissue tension. Rho and Rac are
members of a family of small GTP-ases that play complementary roles in cytoskeletal
remodeling, respectively regulating cytoskeletal contraction and actin dendritic network
expansion (Burridge and Wennerberg, 2004; Ridley and Hall, 1992; Ridley et al., 1992).
Inhibition of Rho activity with the Rho kinase inhibitor Y27632 had effects similar to those
of sodium azide and colchicine on both tissue tension (Fig. 4) and fibroblast measurements
(Fig. 5 and 6). In contrast, inhibition of Rac-1 did not affect tissue tension (Fig. 4) and
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resulted in fibroblasts with small cell body cross sectional area but normal cell field
perimeter (Figs. 5 and 6). As illustrated in Figure 6, fibroblast processes in stretched tissue
were short with Rho kinase inhibition, but were long and “spider-like” with Rac-1
inhibition, thus explaining the difference in cell body perimeter between the two
experimental conditions. Incubation of tissue samples for 50 minutes with Rho kinase and
Rac-1 inhibitors in the absence of tissue stretch yielded fibroblast similar to those of non-
stretched tissue incubated without inhibitors (Fig. 7).

Table 1 lists viscoelastic parameters based on the five parameter Maxwell model as well as
results of ANOVA and pair-wise comparisons for tissue force and cell morphometric
measurements. Among the viscoelastic parameters, there were significant differences
between experimental groups for parameters g0 (F=7.99, p<.001), g1 (F=8.98, p<.001), g2
(F=5.76, p<.001) and μ2 (F=3.59, p<.05) but not for μ1 (F=0.70, p=.60) (ANOVA).
Inhibition of cell respiration (sodium azide), microtubule polymerization (colchicine) and
Rho kinase (y27632) decreased tissue stiffness in the early part of the curve (time constant
T1~30–50 seconds), but increased tissue stiffness and viscosity in the late parts of the curve
(time constant T2~15–20 minutes), as well as increased equilibrium tissue force compared
with controls. In contrast, samples incubated with Rac-1 were not significantly different
from controls for any of the viscoelastic parameters. Cell body cross sectional area and cell
field perimeter were negatively correlated with the equilibrium tissue force (r = −0.58, p<.
001 and r = −0.56, p<.001 respectively). Similar magnitude correlations were seen with
viscoelastic parameter estimates that differed across treatments. Thus, inhibition of cellular
respiration, microtubule polymerization and Rho kinase all had similar effects on the tissue’s
viscoelastic response, resulting in an increased equilibrium tissue force at 50 minutes, which
was inversely related to cell field perimeter.

In order to verify that the increase in cell cross sectional area and cell field perimeter in
stretched tissue samples was not due to difference in cell viability or differences in the
number of non-fibroblast cells, we performed staining for live/dead cells, macrophages and
mast cells and found no significant difference between stretched and non-stretched tissue
samples (Fig. 8).

DISCUSSION
The results of this study demonstrate that the viscoelastic behavior of areolar connective
tissue under tension is substantially influenced by cellular activity. Resting tissue tension
was 60–80% greater when tissue was stretched in the presence of specific inhibitors of cell
function. Together, our biomechanical and morphological results show that fibroblast
cytoskeletal remodeling allowed the tissue to relax further and achieve a lower level of
resting tension. In addition, tissue viscoelastic properties were altered by the cellular
inhibitors within ~30 seconds of applying the load. This suggests a different mechanism
from matrix remodeling via the expression of fibroblast mechanosensitive genes which takes
hours to occur (Chiquet et al., 2003).

The differential effects of Rho and Rac inhibition in our experiments are supported by the
known contrasting effects of these two cytoskeletal signaling molecules (Heasman and
Ridley, 2008; Jaffe and Hall, 2005). Increased resting tissue tension was specifically induced
by inhibition of Rho kinase, which regulates actomyosin contractility, formation of stress
fibers and maturation of focal adhesions. Increased resting tension was not seen upon
inhibition of Rac-1, which mediates lamellipodia protrusion, dendritic actin polymerization
and the formation of new focal complexes at the leading edge. Both Rho kinase and Rac-1
inhibitors prevented cell spreading in response to tissue stretch (both inhibitors decreased
the cell body cross sectional area), while only inhibition of Rho kinase (but not Rac-1)
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reduced the length of cell processes (decreased cell field perimeter). Our results therefore
suggest that viscoelastic tissue relaxation in response to tissue stretch involves Rho-
dependent, but Racindependent cytoskeletal and morphological remodeling in fibroblasts.
These results are consistent with previously proposed mechanotransduction models (Ingber,
1997) which suggest that microtubule network expansion and actomyosin-derived counter-
tension could lead to a drop in matrix tension (Brown et al., 1998; Brown et al., 1996).
Alternatively, or in addition, Rho-dependent remodeling of cell-matrix contacts along the
direction of tissue stretch could allow fibroblasts to reduce tissue tension in response to a
perceived tensile load (Bershadsky et al., 2006; Bershadsky et al., 2003; Gavara et al., 2008;
Geiger et al., 2009; Wang, 2007). Our current data suggest that tensional homeostasis upon
stretching of whole connective tissue requires the ability of fibroblasts to actively remodel
their internal contractile and tension-bearing structures to adapt to increased local tension
and achieve connective tissue relaxation; cellular inability to affect such remodeling
interrupts this dynamic interplay and manifests as unresolved tension and stiffened tissue.

Areolar or “loose” connective tissue forms a continuous network throughout the body that
constitutes the stroma of all organs and surrounds all neurovascular bundles. At the local
cellular level, matrix tension has been shown to influence a wide variety of cellular events
including neurite growth and angiogenesis (Anava et al., 2009; Kniazeva and Putnam, 2009;
Langevin et al., 2004). At the macroscopic tissue level, it is well established that connective
tissues are under tension in vivo and recoil upon detachment from their surrounding
connections (Silver et al., 2003; Walbeehm et al., 2004). In a previous study in mice, we
found that fibroblast cross sectional area was twice as large when fixed in situ by
subcutaneous ethanol injection in the intact animal, compared with fixation after tissue
excision (Langevin et al., 2005). This suggested that areolar connective tissue fibroblasts
“tonically” organize their cytoskeleton in response to some amount of tensile prestress.
Furthermore, in live anesthetized mice in which the trunk of the mouse was side-bent
passively for 30 minutes in vivo (such that one side of the trunk was stretched while the
other side was shortened), fibroblasts were larger on the stretched side, compared with the
shortened side (Langevin et al., 2005). This demonstrated that fibroblast cytoskeletal
remodeling responses are modulated by changes in tissue length in vivo. The current study
shows that, in addition, these same fibroblast responses are accompanied by modulation of
whole tissue tension. Dynamic, cell-mediated connective tissue tension regulation may be
important to protect blood vessels, sensory and autonomic nerves from prolonged tissue
loads induced by body positions such as sitting, standing, sleep position or work-related
posture. The ability to actively regulate connective tissue tension also may be especially
relevant to tumor biology, since mechanical forces and matrix stiffness are increasingly
recognized to play key roles in cellular neoplastic behavior and tumor metastasis (Huang
and Ingber, 2005; Jaalouk and Lammerding, 2009; Levental et al., 2009; Lopez et al., 2008).
Thus, in vivo, connective tissue tension may impact not just connective tissue itself, but also
the vascular, nervous and immune cell populations that reside within the connective tissue
network, as well as adjacent organ-specific cell populations.

The intimate anatomical association of muscle and connective tissue also suggests that our
findings have relevance to basic musculoskeletal physiology. Areolar connective tissue
layers allow muscles and dense fascia layers to glide past one another and play a newly
appreciated role in myofascial force transmission (Benjamin, 2009; Yucesoy and Huijing,
2007). It is becoming clear, for example, that extramuscular connective tissues needs to be
taken into consideration in experimental models of muscle adaptation to static changes in
muscle length (Huijing and Jaspers, 2005). Exploration of a possible dynamic interplay
between muscle and connective tissue tension/relaxation therefore could further illuminate
the role of connective tissue in muscle function.
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It is important to note that the current study only examined areolar connective tissue located
between the subcutaneous and deep back muscles of the mouse. We do not know at this
point whether our findings generalize to areolar connective tissue at other locations such as
the connective tissue stroma of organs, or to dense load-bearing connective tissues such as
ligaments, tendons and perimuscular fasciae. In particular, we do not know if the
compositional characteristics of areolar connective tissue (high cell density, low collagen
density, loosely arranged collagen orientation) are important for fibroblast-mediated tension
regulation to occur. It is indeed possible that, in denser load-bearing connective tissues,
fibroblasts are “shielded” from tissue loads by the stiffer collagen matrix and thus might not
exhibit the type of cytoskeletal responses to tissue stretch described in this study. This
question has potential clinical significance since pathological increases in collagen density
(e.g. due to fibrosis) could impair fibroblast responses and active tension regulation in
previously “loose” areolar connective tissue. Measurement of fibroblast responses in normal
and fibrosed connective tissues at different levels of tissue strain will be important to answer
these questions. An additional limitation of our study is that tissue stretch was applied
uniaxially in the transverse direction (relative to the tissue’s in vivo orientation), and that the
absence of longitudinal tension may have influenced the cells’ behavior. Further studies
using varying degrees of biaxial tension will be needed to examine the relationship between
fibroblast responses in relation to the tissue’s previous in vivo history. However, our results
demonstrate that fibroblast-mediated connective tissue relaxation does occurs and is
measurable at the macroscopic tissue level using physiologically-relevant levels of tissue
stretch.

In conclusion, this study shows that, by remodeling their cytoskeleton, fibroblasts rapidly
(within seconds to minutes) modulate the stiffness and viscosity of whole areolar connective
tissue. Because our previous work showed that similar fibroblast cytoskeletal remodeling
responses occur in vivo in response to change in body position, our current results suggest
that active regulation of areolar connective tissue tension is a normal and dynamic
physiological process that occurs in response to changes in tissue length. The concept that
fibroblasts are capable of actively modulating the mechanical environment of whole tissue
opens up a new direction of inquiry for cell and tissue physiology and especially for
mechanotransduction research that, so far, has heavily relied on cell culture models. While
cultured cells provide powerful tools to test specific mechanisms, understanding how cells
respond to mechanical forces ultimately requires understanding these responses within the
complex and continually evolving mechanical environment of whole living tissue.
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Fig. 1.
Tissue sample preparation and force measurement methods.
A: Tissue flap excision method; B: dissection of areolar connective tissue sublayer
following the natural cleavage plane of the tissue yielding a single tissue sheet; C: clip
configuration; D: tissue sample testing method. E: Determination of resting tissue tension as
the equilibrium tissue force at 50 minutes (3000 sec.); F: Curve fitting derived from
normalized force data using the five-parameter Maxwell model described in the methods.
Time constants in this specimen are t1 = 28.2 s and t2 = 958 s; goodness of fit of the model
(R2 = 0.99).
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Fig. 2.
Fibroblast morphology in mouse “loose” areolar connective tissue imaged with confocal
microscopy. A: Anatomical location of areolar connective tissue samples in relation to
neighboring tissue layers. B–E: Histological appearance of areolar connective tissue (D) in
contrast to muscle (B) and epimysium (C) when stained with Texas-red conjugated
phalloidin (specific stain for polymerized actin) and imaged with confocal microscopy. E:
Areolar connective tissue fibroblasts immunohistochemically stained for vimentin. F–G:
Measurement of areolar connective tissue fibroblasts for cell body cross sectional area and
cell field perimeter (see methods). Images are projected z-stacks of full thickness tissue
sample (20 optical sections with inter-image distance 0.53 µm). Scale bars, 20 µm.
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Fig. 3.
Effect of tissue stretch on fibroblast morphology. Mouse areolar connective tissue was fixed
immediately post excision (A), incubated for 50 minutes ex vivo with stretch (B) and
incubated for 50 minutes ex vivo without stretch (C). Tissue samples were fixed with 95%
ethanol and stained with Texas Red-conjugated phalloidin (specific stain for polymerized
actin).
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Fig. 4.
Effect of pharmacological inhibitors on force measurements during uniaxial tissue stretch.
A: Representative force measurement curves for inhibitors compared with controls. B: Mean
± SE equilibrium tissue force across experimental conditions. Equilibrium tissue force was
significantly different among the groups (ANOVA, F=8.00, p<.001, N=28 mice). Individual
comparisons using Fisher’s LSD showed that sodium azide, colchicine and Rho kinase
inhibitor were significantly different from control and Rac-1 inhibitor, but were not
significantly different from each other. Means sharing a common letter are not significantly
different (Fisher’s LSD).
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Fig. 5.
Effect of pharmacological inhibitors on fibroblast measurements.
Mean ± SE cell body cross sectional area (A) and cell field perimeter (B) across
experimental conditions. Cell body cross sectional area (F=25.8, p<.0001) and cell field
perimeter (F=19.6, p<.0001) were significantly different among the experimental groups
(ANOVA, N=28 mice). Individual comparisons using Fisher’s LSD showed that cell body
cross sectional area was significantly greater in control samples compared with all
pharmacological inhibitors. For cell field perimeter, control samples were not significantly
different from samples incubated with Rac-1 inhibitor, but were significantly different from
all other groups. Means sharing a common letter are not significantly different (Fisher’s
LSD).
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Fig. 6.
Effect of pharmacological inhibitors on fibroblast morphology. Areolar connective tissue
samples were incubated for 50 minutes with stretch in the presence of sodium azide (A),
colchicine (B), Rho kinase inhibitor (C) and Rac-1 inhibitor (D). Tissue samples were fixed
with 95% ethanol and stained with Texas Red-conjugated phalloidin. Scale bars, 20µm.
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Fig. 7.
Effect of Rho kinase and Rac-1 inhibitors with and without tissue stretch compared with
control tissue without inhibitors. Tissue samples were fixed with 95% ethanol and stained
with Texas Red-conjugated phalloidin.
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Fig. 8.
Effect of tissue stretch on cell viability and composition. There were no significant
differences in the percentage of live and dead cells (p=.41) (A), as well as the number of
macrophages (p=.29) and mast cells (p=.90) (B) between stretched and non-stretched areolar
connective tissue samples (paired t-tests, N=5 for all groups). All tissue samples were
incubated for 50 minutes with or without stretch.

Langevin et al. Page 18

J Cell Physiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Langevin et al. Page 19

Ta
bl

e 
1

Ti
ss

ue
 fo

rc
e 

an
d 

ce
ll 

m
or

ph
om

et
ric

 m
ea

su
re

s a
cr

os
s e

xp
er

im
en

ta
l c

on
di

tio
ns

. T
ab

le
d 

va
lu

es
 a

re
 m

ea
n 

± 
SE

. M
ea

ns
 sh

ar
in

g 
a 

co
m

m
on

 le
tte

r a
re

 n
ot

si
gn

ifi
ca

nt
ly

 d
iff

er
en

t (
Fi

sh
er

’s
 L

SD
). C

on
tr

ol
So

di
um

A
zi

de
C

ol
ch

ic
in

e
R

ho
-k

in
as

e
in

hi
bi

to
r

R
ac

-1
In

hi
bi

to
r

P
V

al
ue

N
 =

 8
N

 =
 5

N
 =

 5
N

 =
 5

N
 =

 5
(A

N
O

V
A

)

Eq
ui

lib
riu

m
 ti

ss
ue

 fo
rc

e 
(m

N
)

0.
94

 ±
 0

.1
1

a
1.

53
 ±

 0
.1

5
b

1.
72

 ±
 0

.1
5

b
1.

50
 ±

 0
.1

2
b

0.
98

 ±
 0

.0
6

a
.0

00
3

M
ax

w
el

l m
od

el
 p

ar
am

et
er

 e
st

im
at

es
g0

0.
20

 ±
 0

.0
2

a
0.

32
 ±

 0
.0

3
0.

35
 ±

 0
.0

4
0.

32
 ±

 0
.0

2
b

0.
21

 ±
 0

.0
1

a
.0

00
4

g1
0.

28
 ±

 0
.0

1
a

0.
21

 ±
 0

.0
1

b
0.

20
 ±

 0
.0

1
b

0.
22

 ±
 0

.0
1

b
0.

27
 ±

 0
.0

1
a

.0
00

2

g2
0.

20
 ±

 0
.0

2
a

0.
26

 ±
 0

.0
1

b
0.

27
 ±

 0
.0

1
b

0.
27

 ±
 0

.0
2

b
0.

21
 ±

 0
.0

2
a

.0
02

5

μ1
8.

48
 ±

 1
.3

6
a

9.
70

 ±
 1

.3
1

a
9.

86
 ±

 0
.9

2
a

11
.4

7 
± 

2.
08

a
8.

56
 ±

 0
.9

9
a

.6
01

μ2
20

4.
19

 ±
 4

6.
43

a
33

0.
15

 ±
 3

1.
32

b
32

6.
57

 ±
 1

7.
01

b
31

3.
56

 ±
 3

2.
48

bc
21

7.
38

 ±
 2

7.
75

ac
.0

21

t1
31

.5
2 

± 
6.

82
a

47
.6

5 
± 

9.
56

a
48

.5
8 

± 
4.

84
a

51
.5

1 
± 

9.
73

a
32

.9
7 

± 
5.

05
a

.2
19

t2
98

9.
28

 ±
 8

5.
79

a
12

31
.2

4 
± 

78
.7

7
b

12
28

.1
0 

± 
50

.3
9

b
11

43
.2

6 
± 

49
.3

8
ab

10
10

.6
6 

± 
66

.6
3

ab
.0

90

C
el

l b
od

y 
cr

os
s s

ec
tio

na
l a

re
a 

(µ
m

2 )
46

7.
62

 ±
 4

1.
90

a
14

8.
34

 ±
 4

.3
9

b
15

9.
78

 ±
 1

4.
34

b
16

8.
69

 ±
 9

.2
7

bc
25

5.
22

 ±
 1

8.
45

c
<.

00
01

C
el

l f
ie

ld
 p

er
im

et
er

 (µ
m

)
13

9.
84

 ±
 5

.2
2

a
81

.7
9 

± 
2.

56
b

90
.3

1 
± 

4.
96

b
97

.6
4 

± 
8.

44
b

12
8.

21
 ±

 6
.9

4
a

<.
00

01

J Cell Physiol. Author manuscript; available in PMC 2012 May 1.


