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Subcutaneous Tissue Fibroblast Cytoskeletal
Remodeling Induced by Acupuncture:

Evidence for a Mechanotransduction-Based Mechanism
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Acupuncture needle rotation has been previously shown to cause specific mechanical stimulation of subcutaneous connective
tissue. This study uses acupuncture to investigate the role of mechanotransduction-based mechanisms in mechanically-induced
cytoskeletal remodeling. The effect of acupuncture needle rotation was quantified by morphometric analysis of mouse tissue
explants imaged with confocal microscopy. Needle rotation induced extensive fibroblast spreading and lamellipodia formation
within 30 min, measurable as an increased in cell body cross sectional area. The effect of rotation peaked with two needle
revolutions and decreased with further increases in rotation. Significant effects of rotation were present throughout the tissue,
indicating the presence of a response extending laterally over several centimeters. The effect of rotationwith two needle revolutions
was prevented by pharmacological inhibitors of actomyosin contractility (blebbistatin), Rho kinase (Y-27632 andH-1152), andRac
signaling. The active cytoskeletal response of fibroblasts demonstrated in this study constitutes an important step in understanding
cellular mechanotransduction responses to externally applied mechanical stimuli in whole tissue, and supports a previously
proposedmodel for themechanismof acupuncture involving connective tissuemechanotransduction. J. Cell. Physiol. 207: 767–
774, 2006. � 2006 Wiley-Liss, Inc.

Subcutaneous tissue is part of a network of ‘‘loose’’
connective tissue extending throughout the body includ-
ing fasciae and interstitial connective tissue. This web of
tissue is populated by an interconnected network of
fibroblasts that rapidly respond to tissue stretch (within
minutes) with active, dynamic, and reversible changes
in cell shape (Langevin et al., 2004, 2005). Unlike dermis
and load bearing connective tissues (e.g., ligament,
tendon), subcutaneous tissue has a low tensile modulus
close to that of cells (Iatridis et al., 2003). Thus
fibroblasts within loose connective tissues may perceive
a greater range of externally applied forces than those
embedded in a denser collagen matrix. These recent
findings suggest that loose connective tissue may
actively and rapidly respond to changing tissue loads.
Understanding the cellular mechanisms underlying
these responses is central to establishing the nature
of this new and potentially important physiological
function.

The cytoskeleton has emerged as a key structural
element allowing transmission of externally applied
mechanical forces to the cell and conversion of these
forces into biochemical responses (Chicurel et al., 1998,
2003). Indeed, the cytoskeleton’s plasticity, mechanical
responsiveness, and links to key intracellular regula-
tory proteins such as Rho GTPases form the basis of
mechanotransduction (Banes et al., 1995; Hall, 1998).
Because mechanotransduction concerns interactions
of the cell with its environment, studying mechano-
transduction mechanisms in whole tissues is an impor-
tant complement to cell culture models. This is
especially important for connective tissue, since its
extracellular matrix and mechanical environment
are much more complex than even ‘‘3-d’’ cell culture

conditions (Grinnell, 2003). In this context, the ancient
technique of acupuncture provides a useful experimen-
tal tool to investigate mechanotransduction within
connective tissue. It was recently shown that, during
acupuncture, rotation of the acupuncture needle causes
winding of subcutaneous tissue (but not dermis), and
pulling of the loose collagen bundles from the periphery
toward the needle (Langevin et al., 2001a). In rats,
needle rotation produced measurable changes in sub-
cutaneous tissue matrix architecture together with a
tenfold increase in the amount of force necessary to pull
the needle out of the tissue (Langevin et al., 2002). A
unique feature of acupuncture therefore is that, unlike
stretching of whole skin, needle rotation specifically
probes the loose subcutaneous tissue layer. Thus,
acupuncture allows investigation of cellular responses
to a highly-specific mechanical stimulus.

In this study, we have used acupuncture to investi-
gate the role of mechanotransduction-based signaling
mechanisms in mechanically-induced cytoskeletal
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remodeling. We hypothesized that, in mouse whole skin
tissue explants, acupuncture needle rotation induces
dose-dependent morphological changes in subcutaneous
tissue fibroblasts, and that these changes involve Rho
and Rac signaling mechanisms as well as actomyosin
contractility. In addition to investigating basic cellular
physiological processes, this approach may eventually
contribute to a better understanding of how connective
tissue mechanotransduction may be part of acupunc-
ture’s therapeutic mechanism.

MATERIALS AND METHODS
Experiment setup and protocol

Experimental protocols were approved by the University of
Vermont IACUC. C57Black-6 mice (19–24 g) were sacrificed by
decapitation. Immediately after death, an 8 cm by 3 cm tissue
flap containing dermis, subcutaneous muscle, and subcuta-
neous tissue was excised from the back of each mouse. Excision
involved minimal cutting of the loose cleavage plane separat-
ing the subcutaneous tissue layer from the back muscles.
Tissue flaps were placed transversely in grips and immersed in
an incubation bath containing 378C HEPES-physiological
saline pH 7.4 as previously described and placed vertically in
a holder with the proximal grip connected to a 500g (4.9 N)
capacity load cell (Langevin et al., 2005). The tissue was
elongated at a rate of 1 mm/sec by advancing a micrometer
connected to the distal tissue grip until a varying amount of
preload was achieved. The tissue length was then fixed by
attaching a pair of stabilization bars. Tissue and grips together
were then disconnected from the load cell and placed under a
dissecting microscope. An acupuncture needle (Seirin, Japan,
0.25 mm diameter, and 50 mm length) was inserted parallel to
the dermis, carefully ‘‘tunneling’’ the needle through the
middle of the subcutaneous tissue layer (Fig. 1A). Extreme
care was taken during this procedure to insert the needle
without pulling on the tissue. The tissue and grips were then
placed back into the incubation bath. A modified version of a
computer-controlled acupuncture needling instrument (Lan-
gevin et al., 2001b) was used to perform needle rotation (Fig. 1).
The instrument’s motor was attached to the needle and placed
into a clamp to maintain the needle in a fixed vertical position
during rotation (Fig. 1B). The needle was rotated immediately
(to mimic the clinical situation in which needles are usually
manipulated directly following insertion) with a varying
number of clockwise needle revolutions (or not rotated) at a
constant speed (1 rev/sec) and acceleration of 3 revs/sec2. After
needle rotation, the motor was disconnected and the tissue was
further incubated for 30 min. The tissue was then immersion
fixed in 95% ethanol for 1 h, then rinsed overnight in
phosphate-buffered saline (PBS) /1.0% Bovine serum albumin
at 48C with the needle in place.

Experimental design and variables

Varying preload with no rotation. To establish the
optimal tissue preload for needle rotation experiments (defined
as the maximum amount of preload that would not by itself
cause detectable cellular changes), tissue flaps were elongated
until a load of, 1.96 mN (equivalent to a 0.2 g mass), 2.9 mN
(0.3 g), or 4.9 mN (0.5 g) was achieved.

Constant preload with varying rotation. Tissue flaps
were elongated to a preload of 2.9 mN followed by either, 0, 2, 4,
8, or 12 clockwise needle revolutions.

Pharmacological experiments with two needle revolu-
tions. Rho signaling and associated actomyosin contractility
was investigated with blebbistatin (100 mM) (Calbiochem, San
Diego, CA) (Straight et al., 2003) and two different inhibitors of
Rho kinase: Y-27632 (10 mM) (Biomol, Plymouth Meeting, PA),
and H-1152 (10 mM) (Calbiochem). Rac signaling was inhibited
with NCS23766 (117mM) (Calbiochem). As a control, SP600125
(10 mM) (Calbiochem) was used a JNK-2 signaling inhibitor not
involved in cytoskeletal remodeling. All inhibitors were
solubilized directly in 378 HEPES PSS (similar results for
SP600125 were obtained with and without DMSO). The

addition of inhibitors was followed by a 10 min rest, then
preload and needle rotation as above.

Histochemical staining, confocal microscopy,
and morphometric analysis

Following the overnight rinse (described above), the needle
was removed from the tissue and three subcutaneous tissue
samples (each 10� 10 mm) were dissected from the tissue flap.
Each sample was placed flat on a glass slide. The sample that
had included the needle was labeled ‘‘medial,’’ and the other
samples labeled ‘‘lateral right’’ and ‘‘lateral left,’’ respectively
(Fig. 1C). The slides were stained with Texas Red conjugated
phalloidin (a specific stain for polymerized actin) and SYTOX
nuclear stain, then imaged with a Bio-Rad MRC 1024 confocal
microscope (Bio-Rad Microsciences, Hercules, CA), as pre-
viously described (Langevin et al., 2004). Each sample was
divided longitudinally into three roughly equal-sized areas.

Fig. 1. Experimental setup. A: Excised mouse tissue after preload
and during the acupuncture needle insertion procedure. B: Excised
mouse tissue is maintained at 378C at a fixed length after setting
tissue preload. An acupuncture needle inserted into the subcutaneous
tissue is attached to a needle grip and motor (needle grips placed
vertically in bath). C: Location of subcutaneous tissue samples
relative to the needle (needle parallel to skin).
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One field was imaged in the center of each area (nine fields per
animal). Fields were chosen at low power by an individual blind
to the study variable (preload or number of revolutions).
Imaged fields were located in the center of each area without
regard for needle position, since the needle track was not
always visible. For each field, a stack of 20 (313� 313 mm)
images was acquired at a 1 mm inter-image interval. Image
stacks were imported into the analysis software package
MetaMorph (version 6.0; Universal Imaging Corporation,
Downington, PA) for morphometric analysis. Cell body cross
sectional area was measured as previously described (Lange-
vin et al., 2005).

Statistical methods

Two-way analyses of variance (ANOVA) were used to test for
differences in mean cell body cross sectional area in each
experiment. In the first experiment, designed to examine the
effect of varying preload, the two factors were preload [an
across-subject factor with three levels [(0.2, 0.3, and 0.5 g)] and
region [a within-subject factor with two levels (medial vs.
lateral)]. For the second experiment designed to examine the
effects of varying the number of needle revolutions, the two
factors were number of revolutions [an across-subject factor
with five levels [(0, 2, 4, 8, and 12)] and region [a within-subject
factor with two levels (medial vs. lateral)]. Additional ANO-
VA’s were performed to compare experimental conditions done
at two needle revolutions in the presence of pharmacological
inhibitors to those without inhibitors. In all experiments, data
from lateral right and lateral left samples were combined into
one lateral region. When the F-test from the ANOVA was
significant (P< 0.05), Fisher’s LSD was used to perform
comparisons among means. Statistical analyses were per-
formed using SAS statistical Software Version 8.02.

RESULTS
Effect of varying preload

Preload had a significant effect on cell body cross
sectional area (F2,8¼12.3, P¼0.004). Cross sectional
area did not significantly change until a preload of
4.9 mN was applied to the tissue (Fig. 2). There was
no evidence of significant differences in cell body cross
sectional area between the regions of the tissue
(F1,8¼3.4, P¼0.10), nor was there evidence that the
effect of preload was different across regions (F2,8¼0.4,
P¼0.69). Based on these results, we chose 2.9 mN as our
preload in subsequent experiments investigating the
effects of varying rotation.

Effect of needle rotation

Two needle revolutions caused fibroblast cell bodies to
become large and ‘‘sheet-like’’ with extensive spreading
and lamellipodia formation (Fig. 3B,D). This was in
contrast to the small cell bodies and long cytoplasmic
processes seen with no rotation (Fig. 3A,C).

Statistical analysis of morphometric measurements
showed that the number of needle revolutions had a
significant effect on fibroblast cell body cross sectional
area (F4,28¼ 6.9, P<0.001) (Fig. 4A, Table 1). Cell body
cross sectional area peaked with two needle revolutions
and decreased with further increases in rotation. The
increase in mean cross sectional area from 0 to 2 needle
revolutions was similar in magnitude to the difference
produced by increasing the preload from 2.9 to 4.9 mN
(Figs. 2 and 4).

With no rotation, fibroblast morphology was uniform
throughout the tissue (Fig. 5A2–E2). With rotation, the
largest cells were seen in the medial samples
(Fig. 5B1,D1), with the exception of a 1 or 2 mm-wide
band immediately adjacent to the needle where a
‘‘whorl’’ of connective tissue was often seen containing
thin, elongated, spindle-shaped fibroblasts that were
frequently distorted with processes that appeared
broken and/or recoiled (Fig. 5, compare Fig 5C1,C2).
Morphometric examination of separate tissue regions
revealed that the effect of rotation was somewhat more
pronounced in the tissue samples closest to the needle
(Fig. 4B, open bars), though there was no evidence
that the rotation effect was region-specific (F4,18¼2.2,
P¼ 0.10).

Effect of pharmacological inhibitors

Based on the above results, pharmacological experi-
ments were performed with two needle revolutions.
Fibroblasts incubated with rotation in the presence of
blebbistatin, Rho kinase inhibitors (Y-27632 and H-
1152), and the Rac 1 inhibitor had small cell bodies
(Fig. 6B–E). In contrast, fibroblasts incubated with
rotation in the presence of the JNK-2 inhibitor had large
cell bodies, similar in appearance to those incubated in
the absence of inhibitors with needle rotation (Fig. 6F).
Morphometric measurements showed that, when needle
rotation was performed in the presence of blebbistatin,
Rho kinase or Rac-1 inhibitors, mean cell body cross
sectional area was significantly smaller compared
with needle rotation without inhibitors (Fisher’s LSD)
(Fig. 7, Table 1). Thus, the increase in fibroblast cross-
sectional area induced by acupuncture needle rotation
was prevented by inhibition of actomyosin contractility
as well as Rho and Rac signaling, but not JNK-2
signaling.

DISCUSSION

Acupuncture needle rotation caused fibroblast
spreading and lamellipodia formation involving Rho
and Rac signaling as well as actomyosin interaction. The
results of this study therefore show that mechanical
stimulation of subcutaneous tissue causes active fibro-
blast cytoskeletal remodeling involving mechanotrans-
duction-based mechanisms. It is now well established
that the cytoskeleton is an integrated and dynamic
system within the cell that actively interacts with the
extracellular matrix via specialized sites on the cell
surface (actin-integrin focal adhesions) (Lauffenburger
and Horwitz, 1996; Geiger and Bershadsky, 2001).
Changes in cell shape (e.g., cell spreading during
migration, neuronal growth cone extension, or cellular

Fig. 2. Mean cell body cross sectional area with varying tissue
preload. Values sharing a common letter are not significantly
different. Error bars represent SE.
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response to mechanical substrate deformation) are
accompanied by active and coordinated reorganizations
of the cytoskeleton. These events include actin filament
polymerization/depolymerization, microtubule assem-
bly/disassembly, actomyosin contraction, and focal
adhesion formation/disruption (Theriot and Mitchison,
1991; Ponti et al., 2004). Several Rho GTPase signaling
molecules are known to play key roles in coordinating
these processes (Rottner et al., 1999; Ridley, 2001). Rac
induces the formation of focal adhesion complexes along
the edge of lamellipodia, while Rho activates the
transformation of these focal complexes into focal
contacts via generation of myosin-II dependent tension
(Geiger and Bershadsky, 2001). Recent evidence in
addition suggests that Rho is involved in microtubule
targeting, capture, and stabilization at focal adhesion
sites (Ishizaki et al., 2001; Wittmann and Waterman-
Storer, 2001) and that microtubules migrate toward
focal adhesions in areas of externally applied tensile
stress (Kaverina et al., 2002). Dynamic cytoskeletal
mechanisms also are thought to play an important role
in cell biomechanics by balancing internal tensile and
compressive cellular forces with forces externally
applied to the cell via the extracellular matrix (Wang
et al., 2002; Ingber, 2003). According to this ‘‘cellular
tensegrity’’ model, actomyosin contraction coupled to
microfilaments generate cellular internal tension,
while the microtubule network provides internal com-
pressive forces (although some controversy exists as to
whether microtubules are rigid-enough to fulfill this

function) (Mitchison and Kirschner, 1984; Gittes et al.,
1993; Mickey and Howard, 1995; Waterman-Storer
and Salmon, 1997; Gupton et al., 2002; Stamenovic
et al., 2002).

The active cellular responses found in this study are
consistent with the above biochemical and biomechani-
cal models of cytoskeletal function, and suggest the
following sequence of events in response to acupuncture
needle rotation: (1) winding and pulling of tissue from
the periphery toward the needle; (2) initial pull of
extracellular matrix on fibroblasts at existing focal
contacts; (3) formation of lamellipodia (Rac-induced) in
regions of the cell that are mechanically stimulated
(predominantly in the plane of the pulled tissue); (4)
increased actomyosin contraction (Rho-induced) with-
out distinct stress fiber formation (due to the complex
three-dimensional pattern of matrix attachments); (5)
microtubule migration and stabilization; (6) increased
intracellular tension, cell expansion, and flattening in
the tissue plane until a new tension equilibrium is achi-
eved between intracellular tension (actomyosin-driven)
and two types of opposing forces: (a) extracellular matrix
counter-tensional forces and (b) intracellular compres-
sive forces provided by the expanded cytoskeleton. This
proposed mechanism is illustrated in Figure 8. Such a
mechanism, situated at the nexus of current biochem-
ical and biomechanical understanding of mechanotrans-
duction, would not only explain the cell shape changes
observed in this study, but would also support the
previously proposed concept that connective tissue

Fig. 3. A, B: Mouse subcutaneous tissue incubated for 30 min after acupuncture needle rotation (two
revolutions) (B) compared with no rotation (A). C, D: Individual fibroblasts with rotation (D) and without
rotation (C). All samples were stained with Texas-red conjugated phalloidin counter stained with SYTOX
nucleic acid stain, and imaged with confocal microscopy. Scale bars, 40 mm. A and B are composite
projections of stacks containing 20 optical sections taken at 1 mm intervals. C and D are projections of
relevant optical sections containing the cells. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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tension is actively regulated by fibroblasts (Eastwood
et al., 1996).

An important effect of mechanotransduction is the
regulation of mechanosensitive genes via signaling
pathways linked to mechanically-induced cytoskeletal
reorganization (Chiquet et al., 2003). Fibroblast cytos-
keletal remodeling in response to acupuncture therefore
may have effects on mechanotransduction-mediated
gene expression and connective tissue matrix remodel-
ing. Change in extracellular matrix composition days to
weeks following acupuncture may cause modulation of
sensory input from mechanosensory and nociceptor
afferent neurons within connective tissue. As expected,
acupuncture-induced changes in cell shape were not
prevented by inhibition of JNK-2, which is consistent

with its known functions (activation gene expression
downstream of Rac and Cdc 42, and regulation of
apoptosis (Coso et al., 1995; Minden et al., 1995)).
Whether this type of mechanical stimulus causes JNK-
2-mediated changes in gene expression will be an
important topic for future studies.

We believe that an important aspect of this study
is that it can serve to bridge the extensive knowledge
on mechanotransduction derived from cell culture
models to an eventual understanding of (1) the effect of
mechanical forces on cells in vivo in both normal
and diseased connective tissue, (2) how mechanical
forces of a certain type, amplitude, and duration can be
therapeutic, and (3) what ‘‘dose’’ of mechanical stimula-
tion produces the optimal therapeutic effect. The
fibroblast spreading induced by needle rotation was
similar to that previously reported with stretching of
subcutaneous tissue together with dermis (Langevin
et al., 2005), showing that two different types of
mechanical stimuli (tissue stretch and acupuncture)
caused similar subcutaneous tissue fibroblast morpho-
logical responses. Thus, connective tissue mechano-
transduction responses may be common to different
types of therapeutic interventions using externally
applied mechanical forces (e.g., physical therapy, mas-
sage, and acupuncture).

The importance of acupuncture needle manipulation
techniques has been stressed in acupuncture texts
since ancient times (Yang, 1991; Wu, 1993). These
techniques typically consist of varying combinations of
rotational and axial needle movements. The frequency,
amplitude, and duration of these needle movements
traditionally are believed key to optimize treatment
outcome (O’Connor et al., 1981; Cheng, 1987). In this
series of experiments, two revolutions of the acupunc-
ture needle caused the greatest increase in fibroblast cell
body cross sectional area. This amount of needle rotation
caused cellular changes comparable to those of a
surprisingly small amount of tissue load (1.96 mN
(0.2 g)). This pattern of cellular response is reminiscent
of biomechanical effects previously described in bone
where smaller strain levels caused greater biological
effects than larger ones (Brand and Stanford, 1994).
Further studies will be important to examine cellular
responses to smaller amounts of rotation between zero
and two revolutions. The decreased spreading of
fibroblasts with greater than two revolutions, on the
other hand, may be due to cells sensing ‘‘too much’’ (or
too rapid) external tension and letting go of existing
adhesions, thus decreasing or delaying Rac-induced
lamellipodia formation. Such a pattern (initial retrac-
tion followed cell respreading) was described in cultured
cells in response to matrix traction (Petroll et al., 2004).
It is also possible that the decreased cell spreading with
increasing rotation was due to increased slippage at the

TABLE 1. Fibroblast corss sectional area measurements

Pharmacological
inhibition Drug

#Needle revolutions

0 2 4 8 12

None None 348.4� 92.4 (8) 611.2� 141.0 (7) 510.3�90.3 (6) 405.9� 93.1 (8) 435.5� 106.2 (4)
Actomyosin Blebbistatin — 392.1� 44.4 (3) — — —
Rac 1 NSC23766 — 316.8� 118.9 (3) — — —
Rho kinase Y27632 — 346.8� 25.4 (3) — — —
Rho kinase H-1152 — 323.8� 86.2 (3) — — —
JNK 2 Calbiochem 420119 — 492.9� 76.7 (3) — — —

Results presented as mean�SD fibroblast cross-sectional area in combined (media and lateral) tissue samples. Value in parentheses (Nanimal); number of cells
measured per animal ranged from 43 to 60 cells. Measurements are expressed in mm2.

Fig. 4. Effect of increasing amounts of acupuncture needle rotation
on mean fibroblast cell body cross sectional area. A: Overall effect of
rotation in combined medial and lateral tissue samples. Values
sharing a common letter are not statistically significant. B: Cell body
cross-sectional area in medial (open bars) and lateral (solid bars)
tissue samples. Error bars represent SE.
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needle/tissue interface causing decreased tissue wind-
ing. We consider this unlikely based on the torque
developing at the needle/tissue interface during rota-
tion. Although the aim of this study was not to measure

needle torque, we did collect indirect torque measure-
ments by recording the amount of current passing
through the motor during rotation. Mean (�SD) needle
torque during four and eight needle revolutions were

Fig. 5. Fibroblast morphology in different parts of the tissue with
and without needle rotation (two revolutions). Tissue sample locations
(A–E) are shown in top panel. With rotation, fibroblasts in tissue
nearest the needle were spindle-shaped with processes that appeared
undulating, twisted, or broken (C1), while fibroblasts in the rest of the
tissue were large and ‘‘sheet-like’’ (A1, B1, C1, D1). The largest cells

with rotation were found within a zone 1–5 mm away from the needle
(B1,D1). With no rotation, fibroblasts throughout the tissue had a
similar ‘‘dendritic’’ appearance with small cell bodies and long
branching processes (A2–E2). Scale bars, 40 mm. [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]

Fig. 6. Fibroblast morphology with needle rotation with and without pharmacological inhibitors. All
samples received two needle revolutions. A: Control without inhibitor; (B) actomyosin contractility
inhibitor (blebbistatin); (C) Rac-1 inhibitor (NCS23766); (D) Rho kinase inhibitor (Y27632), (E) Rho
kinase inhibitor (H-1152); (F) JNK-2 inhibitor (SP600125). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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0.21�0.14 and 0.77�0.05 mNm, respectively. Torque
during 2 needle revolutions was too low to be reliably
detectable and 12 revolutions produced torques that
were too large and saturated the motor current. This
progressive increase in torque from 0 to 12 rotations
therefore suggests that, in these experiments, the
smaller cell cross sectional areas with increasing rota-
tion was not due to the cells perceiving less mechanical
force due to slippage. Although additional studies will be
needed to determine whether a causal link exists
between fibroblasts’ response to mechanical stimulation
and therapeutic effects (e.g., pain reduction), the dose-
related physiological effects observed in this study may
eventually prove to be important clinically.

Significant effects of rotation were present through-
out the tissue, indicating the induction of an active
response extending laterally over several centimeters.
The largest cells were measured in the medial tissue
samples corresponding to a 0.5 cm zone on both sides
of the needle. Since the fibroblasts measured in the
medial samples also included some of the thin spindle-
shaped fibroblasts found in the immediate vicinity of
the connective tissue ‘‘whorl’’ (Fig. 4C1), it is likely that

mean cell cross sectional area in the medial tissue
samples would have been even greater if these cells had
been excluded. In order to mimic the clinical situation,
the needle was not held in the final rotation position
after the completion of rotation, but rather was allowed
to remain free in the tissue during the dwell time. We did
observe some amount of ‘‘spinning back’’ of the needle
immediately after disconnection, but did not assess this
quantitatively. The remaining whorl of connective
tissue grossly observable after fixation suggests that
the needle does not spin back completely, but that some
amount of tissue winding remains present throughout
the 30 min dwell time between needle rotation and
tissue fixation.

A limitation of this study is that, since our imaging
methods required tissue fixation, we could only assess
cellular effects at one time point following needle
rotation. We chose a 30 min dwell time between needle
rotation and tissue fixation based on (1) a previous study
of tissue stretch (Langevin et al., 2005) in which
measurable effects of stretch occurred between 10 and
120 min after stretching the tissue and (2) because
acupuncturists typically leave needles in place for 20–
30 min after manipulation. Other possible effects of
needle rotation that may occur between 0 and 30 min
while the needle is still in place (e.g., increase in
intracellular calcium or release of ATP) could be
examined in future studies using live cell imaging
techniques. Such effects may, for example, result in
cell-to-cell signaling, which may contribute to spreading
of the effect of acupuncture along connective tissue
planes.

In acupuncture practice, the angle of needle insertion
relative to the skin surface varies widely from very
shallow (0–108) to perpendicular (908) depending on the
clinical situation (Cheng, 1987). Because mouse sub-
cutaneous tissue is very thin (50–100 mm), we chose to
perform our quantitative experiments using a needle
angle of 08 (needle parallel to the skin surface) in order
to maximize the precision and consistency of needle
placement within subcutaneous tissue and thus
the reproducibility of our testing conditions. However,
we obtained similar results using both parallel and
perpendicular needle orientations (data not shown)
suggesting that the basic phenomena observed in this
study are present using a wide range of needling angles.

In summary acupuncture induced an active cytoske-
letal response in connective tissue fibroblasts with
extensive cell spreading and lamellipodia formation

Fig. 7. Effect of pharmacological inhibitors on mean fibroblast cross
sectional area, compared with 0 and 2 needle revolutions without
inhibitors. All samples with inhibitors received two needle revolu-
tions: Blebbistatin (actomyosin contractility inhibitor); Rac-1 inhibitor
(NCS23766); Rho kinase inhibitor (Y27632), Rho kinase inhibitor (H-
1152); JNK-2 inhibitor (SP600125). *indicates significant difference
from two needle revolutions without inhibitor; {indicates significant
difference from 0 needle revolutions without inhibitor. Error bars
represent SE.

Fig. 8. Summary illustration representing proposed active fibroblast
response to acupuncture needle rotation. Needle rotation (B) causes
winding of collagen fibers around the needle and formation of a
‘‘whorl’’ of collagen and fibroblasts in the area immediately surround-
ing the needle. With small amounts of needle rotation, pulling of
collagen fibers towards the needle causes fibroblasts further away
from the needle to respond by changing shape, becoming large and
‘‘sheet-like’’ in marked contrasts with the small cell bodies and long

branching processes (‘‘dendritic’’ morphology) seen without needle
rotation (A). After needle rotation, a new tension equilibrium is
achieved between actomyosin-driven intracellular tension (intracel-
lular white arrows) and two types of opposing forces: extracellular
matrix counter-tensional forces (extracellular black arrows) and
intracellular compressive forces provided by the expanded cytoskele-
ton (intracellular black arrows). Gray dots represent focal contacts.
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involving Rho kinase, Rac signaling, and actomyosin
contraction. This effect was measurable as an increase
in fibroblast cross sectional area, which was greatest
with two needle revolutions and decreased with further
increases in rotation. A significant effect of rotation was
present several centimeters away from the needle. This
study constitutes an important step in understanding
cellular mechanotransduction responses to externally
applied mechanical forces in whole connective tissue.
Further studies will address downstream effects of this
cellular response (such as gene expression) leading to
long term tissue changes that may translate into
therapeutic mechanisms relevant to a wide range of
treatments including physical therapy and massage as
well as acupuncture.
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