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Abstract
Fibroblasts in whole areolar connective tissue respond to static stretching of the tissue by
expanding and remodeling their cytoskeleton within minutes both ex vivo and in vivo. This study
tested the hypothesis that the mechanism of fibroblast expansion in response to tissue stretch
involves extracellular ATP signaling. In response to tissue stretch ex vivo, ATP levels in the bath
solution increased significantly, and this increase was sustained for 20 minutes, returning to
baseline at 60 min. No increase in ATP was observed in tissue incubated without stretch, or tissue
stretched in the presence of the Rho kinase inhibitor Y27632. The increase in fibroblast cross
sectional area in response to tissue stretch was blocked by both suramin (a purinergic receptor
blocker) and apyrase (an enzyme that selectively degrades extracellular ATP). Furthermore,
connexin channel blockers (octanol and carbenoxolone), but not VRAC (fluoxetine) or pannexin
(probenecid) channel blockers, inhibited fibroblast expansion. Together, these results support a
mechanism in which extracellular ATP signaling via connexin hemichannels mediated the active
change in fibroblast shape that occurs in response to a static increase in tissue length.
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INTRODUCTION
Fibroblasts within whole areolar connective tissue undergo profound cytoskeletal
reorganization, expansion and formation of new lamellipodia in response to static stretching
of the tissue (Langevin et al., 2006a; Langevin et al., 2005; Langevin et al., 2011). The
mechanism by which fibroblasts expand in response to the mechanical stimulus is not fully
understood but has been shown to require both Rho and Rac signaling (Langevin et al.,
2006b). There is previous documentation in a variety of cell types that membrane protrusion
at the edge of migrating cells involves autocrine ATP signaling (Corriden and Insel, 2012;
Lazarowski, 2012). There also is evidence that ATP signaling is necessary for the change in
cell shape (from stellate to expanded and flattened) that occurs during hypotonic swelling of
cultured endothelial cells: under such conditions, a rise in extracellular ATP occurs via
connexin hemichannels and is blocked by Rho kinase and carbenoxolone (Koyama et al.,
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2001; Lu et al., 2012). The current study was undertaken to test the hypothesis that a similar
mechanism, involving extracellular release of ATP through connexin hemichannels and
binding to purinergic receptors on the fibroblast’s cell surface, underlies fibroblast
expansion in response to static stretching of whole connective tissue.

METHODS
Experimental design

In the ex vivo experimental system used in this study, ATP release was measured from a
single sheet of areolar connective tissue under uniaxial stretch (or no stretch) conditions
immediately after excision from C57B6 mice (N=14 mice), followed by tissue fixation and
morphometric measurements. Tissue force was recorded continuously during the period of
static stretch. Fibroblast morphology was quantified in confocal microscopy images of each
tissue sample fixed immediately after static stretch to measure the change in cell
morphology occurring in response to tissue stretch.

In additional experiments (N=10 mice), we examined the effect of pharmacological agents
(ATPase, purinergic receptor blocker, connexin, pannexin and volume regulated anion
channels (VRAC) inhibitors) on fibroblast spreading in response to stretching of whole
mouse skin and subcutaneous tissue samples ex vivo.

Tissue dissection
Whole skin and connective tissue sample excision—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 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 as previously described (Langevin et al.,
2011).

Areolar connective tissue single sheet dissection—Areolar connective tissue
samples were dissected from tissue samples excised as above. In these samples, the 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. 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.

Static tissue stretch and force recording—In single sheet areolar connective tissue
stretching experiments, tissue samples were clipped at both ends and attached to an Akers
strain gauge (Akers, Horten, Norway) calibrated for force measurement in 3.5 ml of 37 ° C
PSS with or without inhibitor. The direction of tissue stretch was always transverse relative
to the in vivo tissue orientation. The samples were elongated at 1 mm/sec until a variable
target peak force (500–1500 mg) was reached and maintained at that length for the 50 min
incubation. 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 10 min at the stretched
length.

In whole skin and subcutaneous tissue stretching experiments, tissue samples were placed in
grips, submerged in 37°C HEPES PSS and elongated at 1 mm/sec until a target peak force
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of 4.9 N (2g) was reached and maintained at that length for the 120 min incubation, then
fixed in 95% ethanol for 1 hour as previously described (Langevin et al., 2005).

Pharmacological inhibitors—The following inhibitors were used, all dissolved directly
into the HEPES buffer: 10 µM Rho kinase inhibitor Y27632 (BioMol, Philadelphia, PA),
100 µM suramin (Sigma product number: S2671), 40U/ml apyrase (Sigma product number:
A6535), 0.63 mM octanol (Sigma product number: 95446), 1 µM carbenoxolone (Sigma
product number: C4790), 10 µm fluoxetine (Sigma), 300 µM probenecid (Sigma) or vehicle
control (HEPES buffer). Since all gap junction and hemichannel blockers in principle are
fairly unspecific, we established in initial experiment the minimal concentration of gap
junction blockers which inhibited cytoskeletal remodeling.

ATP measurements—After mounting of tissue into grips, the bath solution was
exchanged 3 times to remove excess ATP released while the mechanical handling of the
tissue. Bath solution (100 µl) was collected every 10 min before and during the stretch and
immediately stored at −80°C. The ATP concentrations in samples were measured by using a
bioluminescent ATP assay mix (Sigma) and a Victor2 plate reader (Wallac).

Separate calibrations were carried out for ATP measurements in presence of Y27632. An
analysis of ATP release in presence of other drugs was not attempted since the drugs
reduced the sensitivity of the luciferase assay to below detection in the model system used.

Histochemical staining—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. Such preparations were previously shown
to contain no muscle tissue or dense epimysium) (Langevin et al., 2011). The majority (70–
80%) of cells within these tissue samples, referred to in this paper as fibroblasts, have
fibroblast-like characteristics based on cytoplasmic and nuclear morphology (phalloidin and
DAPI staining) and immunohistochemical staining for vimentin (Langevin et al., 2011),
with an additional 10–15% of cell 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.

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 in phalloidin-
stained samples was performed in image stacks imported into the analysis software
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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
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 at any portion of its length).

RESULTS
This study includes ex vivo tissue stretching experiments in both 1) full thickness samples
including dermis and subcutaneous connective tissue and 2) single sheets of subcutaneous
areolar connective tissue. In both cases, tissue samples were harvested from the back of
mice immediately after euthanasia followed by stretch (or no stretch) ex vivo. As shown in
Figure 1, areolar connective tissue fibroblasts cross sectional area was significantly greater
in stretched compared with non-stretched tissue in both full thickness (Figure 1 A–C) and
single sheet (Figure 1 D–F) experiments.

To assess whether tissue stretch can evoke ATP release in areolar connective tissue
fibroblasts, we measured ATP concentration in the tissue bath solution before and during
tissue stretching of single sheets of areolar connective tissue. Immediately after the initiation
of tissue stretch, ATP level in the bath solution increased significantly (1~10 min,
124.7±45.6 pM; n=10; p<0.01 compared to −10~0 min baseline, one way repeated measures
ANOVA with Bonferroni’s test). This increase in ATP was sustained for 20 min (11~20
min, 121.5±52.3 pM; p<0.01 compared to baseline, Bonferroni’s test) (Figure 2A). ATP
concentration in the bath solution gradually decreased over time and returned to baseline at
51–60 min. In contrast, the tissue incubated without stretch did not exhibit an increase of
bath ATP concentration at any time point (p=0.533 compared to −10~0 min baseline, one
way repeated measures ANOVA) (Figure 2B)

We previously found that Rho kinase signaling regulates the cytoskeletal remodeling of
fibroblasts induced by tissue stretch (Langevin et al., 2011). Therefore, in order to
investigate whether the cytoskeletal remodeling mechanism may be linked to ATP release,
we examined the effect of the Rho kinase inhibitor Y27632 on ATP release in response to
tissue stretch. The stretch-evoked ATP release was not observed when the tissues was
treated with the Rho kinase inhibitor (p=0.947, compared to −10~0 min baseline, one way
repeated measures ANOVA) (Figure 2B), suggesting that ATP release was not simply the
result of mechanical stress but depended on an active cellular process regulated by Rho
kinase activity.

In order to further investigate the potential role of extracellular ATP signaling in stretch-
induced fibroblast spreading, we next examined the effect of tissue stretch in whole areolar
connective tissue samples ex vivo with and without pharmacological agents interfering with
extracellular ATP signaling. When subcutaneous tissue samples were stretched ex vivo in
the presence of both suramin (a purinergic receptor blocker) and apyrase (an enzyme that
selectively degrades extracellular ATP), fibroblasts no longer changed shape in response to
tissue stretch (Figure 3), indicating that extracellular ATP signaling is necessary for the
active change in fibroblast shape that occurs in response to static stretching of areolar
connective tissue.

Because areolar connective tissue fibroblasts were previously shown to express connexin 43
(Langevin et al., 2004), we then investigated the potential role of connexins in this
cytoskeletal response using connexin channel blockers. We found that both octanol and

Langevin et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



carbenoxolone in a low concentration inhibited the change in fibroblast shape induced by
tissue stretch (Figure 4). In contrast, inhibitors of both volume regulated anion channels
(fluoxetine) and pannexin channels (probenecid) failed to inhibit fibroblast expansion
(Figure 4). Together, these results support the model that extracellular ATP signaling via
connexin hemichannels is involved in the active change in fibroblast shape that occurs in
response to a static increase in tissue length.

DISCUSSION
Static stretching of areolar connective tissue produced a Rho-dependent prolonged rise in
extracellular ATP levels lasting 10–20 minutes accompanied by an active, cytoskeletally-
mediated change in fibroblast shape. The sustained increase in extracellular ATP observed
in these experiments is not likely due to simple mechanical stimulation and/or cell injury
which is typically a transient phenomenon lasting a few seconds. Our results therefore
suggest that ATP was being continually released extracellularly during the period of cell
expansion induced by tissue stretch.

Autocrine/paracrine ATP signaling is well documented in cultured cell (e.g. astrocytes,
endothelial and smooth muscle cells) and some whole tissues (brain, smooth muscle)
(Cotrina et al., 2000) (Burnstock, 1999). In this type of signaling, ATP is released
extracellularly and can bind directly to P2X or P2Y receptors on the cell’s surface, as well as
that of neighboring cells. ATP also can be broken down to ADP and adenosine which
themselves can bind locally to specific cell surface receptors. We have recently shown that
exposure of cultured fibroblast to purine receptor agonists including ATP, ADP, UTP, and
BzATP induced both a rise in intracellular Ca2+ and a transient disassembly of the actin
cytoskeleton (Goldman Cell Calcium, In Press). The Ca2+ pump inhibitor, cyclopiazonic
acid (CPA) eliminated both the purine induced Ca2+ increase and the actin cytoskeleton
disassembly. However, elevations of cytosolic Ca2+ were in themselves not sufficient, since
the Ca2+ ionophore A-23187 did not induce significant alterations in the fibroblast actin
organization, despite triggering robust increases in cytosolic Ca2+.

To our knowledge, extracellular ATP signaling has not previously been documented in
whole connective tissue. The results of the current study suggest that the reason for this lack
of previous evidence is the relatively low levels of ATP released by connective tissue
fibroblasts, compared with other tissues such as brain and smooth muscle. Prior to this
study, we conducted ATP bioluminescence live imaging experiments in which areolar
connective tissue samples were stretched uniaxially, as in the experiment above, as well as
stretched from an initial focal point via winding around an inserted needle as previously
described (Langevin et al., 2006a). We did not observe any sustained increase in ATP
luminescence, nor were we able to visualize any “wave” of ATP initially released from the
position of needle insertion and gradually spreading across the tissue. These negative results
were subsequently explained by the relatively low (picomolar range) concentrations of ATP
measured in the bath solution in the current study in response to tissue stretch as shown in
Figure 2, which was well below the detection limit of the ATP luminescence imaging using
a high-sensitive camera which is in the nanomolar range (Supplementary Figure).

Several potential mechanisms leading to extracellular ATP release have been described
including vesicular exocytosis, ATP cassette-binding transporters, ATP formation by plasma
membrane ATP synthase, release through volume-regulated anion channels (VRAC), and
release via connexin and pannexin hemichannels (Lohman et al., 2012). Among these
mechanisms, the release of ATP through both VRAC and hemichannels have been shown to
involve cytoskeleton remodeling in cultured astrocytes and endothelial cells respectively
(Cotrina et al., 1998; Koyama et al., 2009) and therefore these mechanisms could plausibly
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participate in other cellular responses involving changes in cell shape. In our study, the
absence of fibroblast expansion in the presence of connexin channel blockers (but not
VRAC and pannexin blockers) supports the hypothesis that connexin-mediated extracellular
ATP signaling is necessary for fibroblasts to actively expand in response to static tissue
stretch.

Areolar connective tissue forms a body-wide cellular network, and thus stretch-induced
sustained ATP release within this network could potentially be relevant to treatments such as
manual therapies and acupuncture that apply mechanical stimulation to connective tissue. In
vivo microdialysis experiments in mice showed that the manual rotation of acupuncture
needles caused a sustained local release of ATP as well as adenosine, which led to analgesia
via binding to adenosine A1 receptors (Goldman et al., 2010). Manual rotation of
acupuncture needles causes winding of areolar connective tissue as well as sustained
fibroblast expansion similar to that caused by static tissue stretch, up to several centimeters
away from the needle (Langevin et al., 2006a; Langevin et al., 2007). Thus, the results of the
current study suggest that fibroblast responsiveness along a plane of connective tissue could
be the source of purines that led to adenosine-mediated acupuncture analgesia some distance
away from the needle. Measurement of adenosine was not feasible in this study due to the
low concentrations of purines measured in our ex vivo experimental system, and therefore
further in vivo microdialysis experiments will be needed to confirm this possible
explanation.

In summary, we found that static stretching of whole areolar connective tissue ex vivo
resulted in a sustained Rho dependent increase in extracellular ATP for 20 minutes that
slowly returned to baseline within 50 minutes. During the same time frame, fibroblasts
changed shape from stellate to expanded and flattened, and this change in cell shape
required functioning connexin channels and ATP binding to cell surface receptors. Taken
together, these results support the model, illustrated in Figure 5, that extracellular ATP
release and autocrine/paracrine ATP binding may be part of the mechanism by which
fibroblasts change shape in response to sustained stretching of the tissue.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of tissue stretch ex vivo on fibroblast morphology. Stretching of both full thickness
subcutaneous tissue samples (A–C) and single sheets of subcutaneous areolar connective
tissue (D–F) caused an increased in fibroblast cross sectional area, compared with non-
stretched tissue. *p<.05; **p<.001.
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Figure 2.
Measurement of ATP before and during the tissue stretch. (A) Change of bath ATP
concentration from the baseline evoked by subcutaneous tissue stretch. Bath solution was
collected during 10 min before the onset of the stretch as the baseline sample (−10~0 min).
The tissue was stretched at time 0 and incubated for 60 min (n=10; **p<0.01 compared to
“−10~0 min baseline”; one way repeated measures ANOVA with Bonferroni’s test). (B)
Comparison of ATP release without stretch (black, N=5), by stretch (red, n=10) and by
stretch with Rho kinase inhibitor Y27632 (10 µM) (blue, N=6) (* p<0.05 compared to
“−10~0 min baseline”, #p<0.05 compared to No stretch at each time point; two way
ANOVA with Bonferroni’s test).
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Figure 3.
Effect of tissue stretch on areolar connective tissue fibroblast cross sectional area in the
presence of inhibitors of extracellular ATP signaling. Ex vivo full thickness subcutaneous
tissue explants were stretched (or not stretched) for 2 hours in the presence of suramin
(purinergic repector blocker, 100 µM), apyrase (ATP degrading enzyme, 40U/ml) and
vehicle control. N=3 samples per condition. ANOVA *p<.001.
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Figure 4.
Effect of tissue stretch on areolar connective tissue fibroblast cross sectional area in the
presence of inhibitors of connexin, pannexin and VRAC channels. Ex vivo full thickness
subcutaneous tissue explants were stretched (or not stretched) for 2 hours in the presence of
connexin channel blockers octanol (0.63 mM) and carbenoxolone (1 µM), VRAC channel
blocker fluoxetine (10 µm), pannexin channel blocker probenecid (300 µm) and vehicle
control. N=3 samples per condition. ANOVA *p<.01; **p<.001.
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Figure 5.
Schematic illustration of proposed model. Cellular expansion in response tissue stretch
requires ATP released through connexin hemichannels and binding to cell surface purinergic
receptors.
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