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Previous studies from our lab have demonstrated that upon exposure
to physiologic levels of cyclic stretch, alveolar epithelial cells demon-
strate a significant decrease in the amount of polymerized tubulin
(Geiger et al., Gene Therapy 2006;13:725–731). However, not all
microtubules are disassembled, although the mechanisms or impli-
cations of this were unknown. Using immunofluorescence micros-
copy, Western blotting, and immunohistochemistry approaches, we
have compared the levels of acetylated tubulin in stretched and
unstretched A549 cells and in murine lungs. In cultured cells exposed
to cyclic stretch (10% change in basement membrane surface area at
0.25 Hz), nearly all of the remaining microtubules were acetylated, as
demonstrated using immunofluorescence microscopy. In murine
lungs ventilated for 20 minutes at 12 to 20 ml/kg followed by 48 hours
of spontaneous breathing or for 3 hours at 16 to 40 ml/kg, levels of
acetylated tubulin were increased in the peripheral lung. In both our
in vitro and in vivo studies, we have found that mild to moderate levels
of cyclic stretch significantly increases tubulin acetylation in a magni-
tude- and duration-dependent manner. This appears to be due to
a decrease in histone deacetylase 6 activity (HDAC6), the major
tubulin deacetylase. Since it has been previously shown that acety-
lated microtubules are positively correlated to a more stable popula-
tion of microtubules, this result suggests that microtubule stability
may be increased by cyclic stretch, and that tubulin acetylation is one
way in which cells respond to changes in exogenous mechanical
forces.
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While positive-pressure mechanical ventilation is now considered
routine and often saves the lives of patients with acute respiratory
distress syndrome (ARDS), mechanical ventilation can cause or
worsen lung injury (1–3). Many investigators have looked at the
effects of stretch in alveolar epithelial cells (AECs) and have seen
a number of structural changes consistent with the injury seen in
ventilated lungs (4–6). Consequently, researchers have become
interested in understanding what role mechanotransduction plays
in the development of lung injury (7–10). To date, most research in
the lung as it relates to mechanical loading has focused on damaging
loads, and on how cells respond to these damaging loads. How-
ever, the lung is a highly dynamic organ, and its constituents are
exposed to mechanical loading on a daily basis, including both
shearing and normal (tension and compressive) forces (11). While
overdistention of a cell can cause highly undesirable outcomes,
including apoptosis or necrosis (4, 12), smaller levels of mechan-
ical stretch could prove to be beneficial to cells, and is certainly

required for fetal lung development (13). Both types of mechan-
ical load cause changes in the cell; however, it is possible that
different pathways are stimulated as the result of the amount of
stretch a cell senses.

Numerous changes occur in a cell when it is mechanically
stimulated. Signaling cascades and transcription factors are up-
regulatedanddown-regulated, reactive oxygenspecies are produced,
and under extreme stresses, cells enter apoptosis. Furthermore,
pronounced alterations of the cytoskeleton occur, including actin
reorientation (14), microtubule polymerization/depolymeriza-
tion (15, 16), intermediate filament organization (17), reorgani-
zation of focal adhesion sites (18), and ‘‘fluidization’’ of the
cytoskeleton to expedite the reorganization process (19). It is
thought that this reorganization is done in part to minimize
internal stresses resulting from the external loads applied to these
cells (20, 21). Although minimizing internal stresses may not fully
explain cytoskeletal reorganization, it is apparent that reorgani-
zation is dependent on the amount, type, and duration of the
external stimuli applied.

Independent of mechanical loading, the cytoskeleton contin-
uously modifies its composition and shape, both to aid in cellular
processes and in response to its outward environment. For
example, it has been demonstrated that microtubules undergo
multiple types of post-translational modifications, including
acetylation of the a-tubulin subunit, which is thought to impart
diverse functionality in lieu of having diverse monomeric proteins
for assembly (22). This functionality is important since micro-
tubules play an important role in many diverse cellular processes,
including cell division, cell motility, and cytoplasmic trafficking.
Modifications of a-tubulin can lead to microtubule stability,
changes in motility, increased interactions with microtubule-
associated proteins, and associations with other cytoskeletal
elements (22).

While microtubule acetylation was originally hypothesized to
impart structural stability to the filament (23), recent experiments
by Haggarty, Yoshida and others have resulted in an unclear
definition as to what functional role acetylated microtubules play
in the cell (24–28). Some reports suggest that microtuble acety-
lation leads to microtubule stabilization, preventing microtubule
depolymerization (26, 27). Others have suggested that acetyla-
tion itself does not increase microtubule stability; however,
acetylation is a marker for a pool of stable microtubules as these
types of post-translational modifications will accumulate in
filaments that have a long half-life (28). More recently, acetyla-
tion has been shown to play a pronounced role in cytoplasmic
trafficking. Studies from multiple groups have demonstrated that
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microtubule acetylation not only increases the recruitment of
both kinesin and dynein to microtubules, but also enhances the
anterograde flux of vesicular traffic (29–31).

Here we have investigated the relationship between acety-
lated microtubules and cyclic stretch. We demonstrate that cyclic
stretch, at parameters that mimic physiologic respiration,
increases the amount of acetylated microtubules both in vitro
and in vivo. To our knowledge, this is the first such demonstration
that mechanical stimulation can alter tubulin post-translational
modifications both in vitro and in vivo.

MATERIALS AND METHODS

Cell Culture

All experiments, except where noted, were conducted on A549 cells
(ATCC, Manassas, VA), a human lung adenocarcinoma cell line. Stably
transfected A549 cells expressing shRNA against HDAC6 were a gen-
erous gift from T. P. Yao (Duke University) (26), and were developed
using a retrovirus system expressing an RNAi for HDAC6, causing
a significant decrease in HDAC6 levels (32). Cells were grown in high-
glucose Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, kanamyacin, and antibiotic/antimycotic solution
(Invitrogen, Carlsbad, CA). Cells were passaged every 3 to 5 days and
maintained at 378C with 5% CO2. All extractions, washes, fixations, and
incubations were conducted with buffers warmed to 378C unless other-
wise noted.

Equibiaxial Cyclic Stretch

For all stretch-related experiments, A549 cells were plated on Pronectin-
treated BioFlex culture plates (Flexcell International Corp., Hillsborough,
NC) as previously described (15). Cells were stretched using 25 mm
BioFlex loading stations with a 10% membrane surface area change
(DSA) at 15 cycles per minute and a 50% duty cycle, unless otherwise
noted.

Protein Extraction and Quantitation

Protein extracts for tubulin that were separated into total tubulin and
polymerized tubulin pools were prepared and stored as previously de-
scribed (33) after a single wash in phosphate-buffered saline (PBS).
Briefly, two 15-minute incubations with microtubule stabilization buffer
(MTSB; 0.1 M PIPES, pH 6.75, 1 mM EGTA, l mM MgSO4, 2 M glycerol,
and protease inhibitors) with or without 0.1% Triton X-100 separated cells
into pools containing both polymerized and depolymerized tubulin (those
washed in MTSB lacking Triton X-100) and pools containing only
polymerized tubulin (MTSB with Triton X-100). The cells were then
incubated in lysis buffer (25 mM Tris-HCI, pH 7.4, 0.4 M NaC1, 0.5% SDS)
for 5 minutes before scraping. Cell lysates were boiled for 3 minutes,
centrifuged at 12,000 3 g for 2 minutes, and the resulting supernatant was
transferred to a new tube. b-mercaptoethanol was added to 0.1% of the
total volume, and the lysates were then boiled for an additional 3 minutes
and stored at 2708C. Protein extracts from murine lungs were made from
snap-frozen samples that were pulverized using a BioPulverizer (Biospec
Products, Bartlesville, OK). Powdered tissue was suspended in 750 ml of
lysis buffer (Promega Corporation, Madison, WI), thawed, and vortexed.
Three rounds of freeze/thaw cycles were done in liquid nitrogen and
a room temperature water bath. Supernatant was separated from debris by
centrifugation, and 10–12 mg of total protein was added to SDS sample
buffer for Western blot. For tubulin extracts that were not separated,
cells were lysed in SDS-PAGE sample buffer (112.5 mM Tris-HCl, pH
6.8, b-mercaptoethanol, 3.6% SDS, 1.8% glycerol, 0.001% bromophenol
blue) and stored at 2208C. After separation by SDS-PAGE, proteins
were transferred to nitrocellulose and probed using anti–a-tubulin
(1:1,000, Catalog #T-9026; Sigma, St. Louis, MO) or anti-acetylated
tubulin (1:2,000, Catalog #T-6793; Sigma) antibodies in PBS with 5% fat-
free powdered milk. All samples were run in duplicate and were from at
least three independent experiments.

Immunofluorescence Imaging

After all treatment regimes, cells were washed with PBS followed by
a 10-minute incubation in a 13 fixation/permeabilization buffer (60 mM
PIPES, 25 mM HEPES, 10 mM EGTA, 3 mM MgCl2, 0.2% Triton X-100,

and 3.7% paraformaldehyde). Cells were then washed in PBS and
blocked for 1 hour in PBS containing 1 mg/ml bovine serum albumin
(BSA). After blocking, the cells were incubated for 1 hour with the
appropriate primary antibody in PBS with 1 mg/ml BSA, washed in PBS,
and reacted for 30 minutes with Alexa 488– or Alexa 555–conjugated
secondary antibody (1:200; Molecular Probes, Eugene, OR) in PBS with
0.1% BSA. After a second set of washes in PBS, the silastic membranes
were excised from the culture plates, placed face up on a microscope
slide, and covered with a coverslip. All images were acquired in OpenLab
(Improvision, Lexington, MA) with a Hamamatsu Orca II-ER camera
(Hamamatsu, Bridgewater, NJ) attached to Leica DRMX-2 upright
fluorescent microscope (Leica Microsystems, Bannockburn, IL) using
a 3100 oil-immersion objective.

Animal Ventilation

Female Balb/C mice (18–22 g) were anesthetized with an intraperitoneal
injection of sodium pentobarbital (50 mg/kg body weight) and a trache-
ostomy was performed using a shortened 20-guage angiocath. Two
ventilation protocols were used: one to investigate persistence of
cytoskeletal changes after short periods of ventilation and recovery
and one to look at immediate cytoskeletal changes after longer periods of
ventilation that mirror times seen to induce changes in acetylated tubulin
levels in cultured cells. In the first, mice were mechanically ventilated
through the angiocath with a Harvard Small Animal Ventilator (Model
683) at tidal volumes between 10 and 40 ml/kg body weight (20–80% TLC
[34]) for 20 minutes. After ventilation, the animals were allowed to
recover and were returned to the vivarium. Forty-eight hours later, the
animals were killed by a sodium pentobarbital overdose. The lungs were
removed and portions were formalin-fixed for paraffin embedding or
snap-frozen in liquid nitrogen for preparation of lung lysates. In the
second ventilation strategy, the anesthetized animals were connected to
the ventilator (Flexivent; SCIREQ Scientific Respiratory Equipment,
Inc., Montreal, PQ, Canada) through the angiocath, and pancuronium
(0.25 mg, intraperitoneally) was administered. The animal was ventilated
at a tidal volume of 12 ml/kg with a respiratory rate of 150 for 10 minutes,
after which baseline measurements of lung mechanics were made using
the flexivent protocols. The tidal volume was then increased to 20, 30, 40,
or 50 ml/kg and the respiratory rate adjusted to maintain the minute
ventilation at 3.5 ml/minute. This ventilator strategy was continued for
2 hours except for measurements of lung mechanics using the Flexivent
protocols every 30 minutes (z 3 min per measurement). An additional
dose of pentobarbital (80 mg/kg, intraperitoneally) was administered
after 1 hour and an additional dose of pancuronium was administered if
spontaneous movement was noticed. At the end of 2 hours, a thoracot-
omy was performed with removal of the heart and lungs en bloc and
processed as above. All experiments were conducted in accordance with
institutional guidelines in compliance with the recommendations of the
Guide for Care and Use of Laboratory Animals.

Immunohistochemistry

Paraffin-embedded mouse lungs were sectioned at 6-mm thickness.
Sections were dried, deparaffinized, and hydrated into 13 PBS and
probed for either acetylated or total a-tubulin using the M.O.M. kit from
Vector Labs (Burlingame, CA) following the manufacturer’s directions.
Primary antibodies were used at a 1:200 dilution. The secondary antibody
was a 1:250 dilution of the M.O.M. biotinylated anti-mouse IgG. Detec-
tion and visualization was with Vector Labs Vectastain ABC reagent and
DAB substrate solution. Sections were counterstained in hematoxylin.

RNA Extraction and Real-Time Quantitative PCR

Total RNA was extracted from stretched cells using QIAshredder and
RNeasy kits (Qiagen, Chatworth, CA). Extracted RNA was converted
to cDNA by performing reverse transcription using 1 mg total RNA with
MuLV reverse transcriptase (Applied Biosystems, Foster City, CA).
Quantitative PCR was performed in a 20-ml reaction volume, using the
DyNAmo SYBR Green qPCR Kit as described by the manufacturer
(Finnzymes, Espoo, Finland) with an Opticon 2 DNA Engine (MJ
Research, Watertown, MA). Annealing temperatures were optimized
for each set of primers. The threshold was set manually. A melting curve
analysis was preformed to ensure reaction specificity. Results were
normalized to GAPDH and expressed relative to unstretched data.

Geiger, Kaufman, Lam, et al.: Cyclic Stretch Increases Microtubule Acetylation 77



HDAC6 Activity Measurements

Cytoplasmic lysates were prepared as previously described to separate
HDAC6 from nuclear HDAC activity (35). Cells were then probed for
HDAC activity using a fluorescent HDAC activity kit (BioMol In-
ternational LP, Plymouth Meeting, PA). At various times during the
development of the assay, the reagents were quenched, allowing for
a determination of the relative activity of the cytoplasmic HDACs.

Statistical Analysis

All statistical analysis was performed with Prism software (GraphPad
Software, San Diego, CA), using the Mann-Whitey Wilcoxon test for
paired, nonparametric samples. Statistically significant results were
denoted at a P value of less than or equal to 0.05.

RESULTS

Stretch Increases Acetylated Tubulin in Cultured Cells

Previous work in our lab demonstrated that cyclic stretch caused
reorganization of the microtubule network, including a significant
reduction in the amount of polymerized tubulin (15). What was
not understood was why some microtubules depolymerized un-
der mechanical loading while others did not. To address this,
A549 cells were grown under static conditions or stretched for
24 hours at 0.25 Hz (15 cycles/min) to give a 10% change in
basement memrance surface area (DSA). When stretched cells
were stained for acetylated tubulin, there was an increase in the
amount of acetylated tubulin when compared with unstretched
controls as demonstrated both by immunofluorescence micros-
copy (Figure 1A) as well as by Western blot analysis (Figure 1B).
When the amounts of tubulin were measured relative to time 0,
there was a statistically significant increase in the amount of
acetylated tubulin under stretch conditions over time versus
unstretched controls (Figure 1B). On average, whole cell lysates
from stretched cells showed a 44% increase in acetylated tubulin
compared with time-matched unstretched controls, ranging from
a 12% increase within 30 minutes of stretching to a 71% increase
at 3 hours of stretch. By separating total from polymerized tubulin
(i.e., microtubules), the absolute decrease in polymerized micro-
tubules in response to cyclic stretch becomes evident, as does the
relative increase in the amounts of acetylated microtubules
compared with total tubulin (Figure 1C). To ensure that equal
loading of total protein occurred, total tubulin values were also
measured for both stretch and unstretched cells, and they
remained constant throughout the experiment. As previously
reported (15), no changes in cell proliferation or cell death were
noted under these stretch conditions. Taken together, these
results demonstrate that mild cyclic stretch increases the levels
of acetylated microtubules.

Stretch Increases Acetylated Tubulin In Vivo

To determine whether or not the same type of acetylation events
seen in vitro translated to an in vivo setting, animals were either
not mechanically ventilated (‘‘NV’’), ventilated for 20 minutes
followed by 48 hours of recovery without mechanical ventilation,
or ventilated with increasing tidal volumes for 2 hours and
analyzed immediately. As shown in Figure 2, mice that were
ventilated for 20 minutes demonstrate a magnitude-dependent
increase in acetylated tubulin that persists for at least 48 hours
after the stretch is applied. We used this short period of
ventilation followed by a recovery phase based on our previous
findings that brief application of cyclic stretch to cultured cells
could result in profound changes in cytoskeletal organization that
were immediate and persisted over time (Figure 1 and Ref. 15).
Although there was significant variation in the absolute degree of
acetylation from animal to animal, accounting for the large
standard error in the data points, the same trend was seen for

each animal examined (n 5 4 per condition). Thus, levels of
acetylated microtubules increase and remain elevated for at least
48 hours after cessation of ventilation. This increase in acetylated
tubulin appears to be primarily in the peripheral lung as assessed
by immunohistochemistry. In animals that received no mechan-
ical ventilation, the majority of detected acetylated tubulin is in

Figure 1. Cyclic stretch alters microtubule network and increases

acetylated tubulin in a time-dependent fashion. A549 cells were

stretched (10% area strain at 0.25 Hz) or grown under static conditions

for up to 24 hours. (A) After 24 hours, A549 cells were fixed and
visualized via immunofluorescence microscopy. Antibodies against b-

tubulin (red) or acetylated tubulin (green) were used to visualize the

microtubule network. (B) A549 cells were harvested at the indicated

times (n 5 6). Cell extracts were prepared and the relative levels of
acetylated (Ac) and total tubulin were determined by Western blotting.

Tubulin levels were normalized to time 0 (i.e., unstretched cells).

Densitomitry measurements demonstrate an increase in acetylated
tubulin with stretch in whole cell lysates that is not seen in cells in

static culture across multiple experiments. (C) Representative Western

blot comparing acetylated and nonacetylated polymeric (P) or total (T)

tubulin from whole-cell lysates of cells stretched for the indicated times.
Tubulin pools were separated into polymeric fractions to emphasize the

significant changes seen in the composition of the microtubule

(polymerized tubulin) pool with stretch. *P , 0.05 versus unstretched

total tubulin levels at time 5 0.25 hours as determined by a two-tailed
Mann-Whitney test.
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the airway epithelium, but with increasing tidal volume ventila-
tion, acetylated tubulin appeared in multiple cell types through-
out the periphery of lung (Figure 2C).

To determine whether the levels of acetylated tubulin increase
immediately after ventilation or come up slowly over time,
animals were ventilated and their lungs removed immediately
for analysis by immunohistochemistry (Figure 3). As seen 48
hours after brief ventilation (Figure 2C), in lungs that received no

mechanical ventilation (NV), the levels of acetylated tubulin are
low in the periphery and parenchyma as detected by faint staining
of acetylated tubulin throughout the lung section, whereas strong
staining is seen in the airway epithelium, primarily in the cilia.
However, with 2 hours of stretch, increases in acetylated tubulin
are seen immediately, primarily in the parenchyma in alveolar
epithelial cells. Qualitatively, the increased immunohistochemi-
cal staining under both ventilation strategies (Figures 2C and 3)
correlates well with the increase in acetylated tubulin measured
by Western blot (Figures 2A and 2B), with both methods
demonstrating a maximal signal at a ventilation volume of 40 to
60% of total lung capacity (TLC). Taken together, these results
demonstrate that cyclic stretch and ventilation cause increases in
the levels of acetylated tubulin immediately after ventilation and
that these increases persist over time.

HDAC6 shRNA Increases Acetylated Tubulin Levels In Vitro

Having established that stretch causes an increase in acetylated
tubulin both in vitro and in vivo, we wanted to explore the
mechanisms leading to increased tubulin acetylation. The activ-
ities of two classes of enzymes can contribute to increased protein
acetylation: either an increase in activity of the enzyme that
causes acetylation, or a decrease in the activity of the enzyme that
causes deacetlyation. Since the enzyme responsible for tubulin
acetylation is unknown, but it is known that HDAC6 deacetylates
tubulin (26), we wanted to see if A549 cells treated with a shRNA
against HDAC6 had modulated microtubule acetylation when
stretched. This would determine if a mechanism other than
HDAC6 modulation was responsible for microtubule acetylation
in stretched cells. For this experiment, stably transfected A549
cells expressing shRNA against HDAC6 were stretched along
with non–shRNA-expressing A549 cells. The shRNA-expressing
cells show greater than 90% knock-down of HDAC6 protein
levels, and show approximately 2.5-fold higher levels of acety-
lated tubulin even in the absence of cyclic stretch, demonstrating
that the level of tubulin acetylation is controlled, at least in part,
by HDAC6 (Figure 4) (26). When stretched (10% DSA, 0.25 Hz)
for 24 hours, the control A549 cells exhibit a 2-fold increase in
acetylated tubulin compared with unstretched cells. However,

Figure 2. Cyclic stretch increases acetylated tubulin in a time and magnitude dependent fashion. Female Balb/c mice (18–22 g) were anesthetized
and ventilated at the indicated tidal volumes and the respiratory rate adjusted to maintain the minute ventilation at 3.5 ml/minute for 20 minutes

(n 5 4 per condition). The animals were allowed to recover, and 2 days later, total lung lysates were prepared and analyzed for total and acetylated

tubulin by Western blot. (A) The ratio of acetylated to total tubulin was normalized to unventilated animals to show that levels of acetylated tubulin
increases with ventilation up to 12 to 24 ml/kg and then decreases at higher tidal volumes. (B) Representative Western blot data from nonventilated

(NV) and ventilated animals. (C) Representative immunohistochemistry for acetylated tubulin (blue) of paraffin thin sections from non-ventilated

(NV) and ventilated animals. Sections were counterstained with eosin. *P , 0.05 versus nonventilated controls as determined by a two-tailed Mann-

Whitney test.

Figure 3. Cyclic stretch

in vivo results in in-

creased peripheral acety-

lated tubulin. Female
Balb/c mice (18–22 g)

were anesthetized and

a tracheostomy was per-
formed. Animals were ei-

ther not mechanically

ventilated (NV) or venti-

lated (Flexivent; SCIREQ
Scientific Respiratory

Equipment, Inc., Mon-

treal, PQ, Canada) at

a tidal volume of 16,
24, 32, and 40 ml/kg

and the respiratory rate

adjusted to maintain the

minute ventilation at 3.5
ml/minute for 2 hours,

after which lungs were

removed and processed
for paraffin embedding.

Six-micron sections were

cut and probed for acet-

ylated-tubulin by immu-
nohistochemistry. At the

periphery, an increase in

brown staining of the airways with increasing tidal volumes indicates
increasing amounts of acetylated tubulin.
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cells expressing HDAC6 shRNA showed no increase in acety-
lated tubulin over their hyperacetylated state when stretched,
suggesting that HDAC6 activity, and not some other unknown
process resulting from cyclic stretch, plays an important role in
tubulin acetylation in stretched cells.

Stretch Decreases Cytoplasmic HDAC Activity

Having established that stretch causes an increase in acetylated
tubulin and that stretching cells that have decreased HDAC6
activity does not alter the level of microtubule acetylation in vitro,
we wanted to determine if stretch caused a decrease in HDAC6
activity. When A549 cells were stretched for 24 hours (10% DSA,
0.25 Hz), cytoplasmic HDAC activity, as measured in cytoplasmic
extracts, was decreased over 2.5-fold compared with cells that
were not stretched (Figure 5). HDAC6 is the only HDAC that
resides almost exclusively in the cytoplasm, and thus a decrease in
cytoplasmic HDAC activity should primarily result from a de-
crease in HDAC6 activity. Therefore it is highly likely that
decreased HDAC6 activity is the main mechanism for increased
microtubule acetylation in stretched alveolar epithelial cells.

Cyclic Stretch Does Not Alter Transcription of HDAC6 Targets

Knowing that HDAC6 activity was altered through mechanical
stimulation, we next wanted to determine if the levels of HDAC6,
other targets of HDAC6 (e.g., hsp90, hif-1a, and p300), or other
HDACs in general (HDAC1, HDAC3, and HDAC4) were
affected at the transcriptional level by stretch. To determine this,
mRNA levels of these targets were examined using quantitative
polymerase chain reaction (qPCR). In cells that had been

stretched for either 3 or 24 hours, none of the examined mRNA
levels were increased or decreased by more than a factor of 2,
suggesting that any changes in transcription of these genes in
response to cyclic stretch is minor (Figure 6).

DISCUSSION

It has been well established that cells undergo numerous changes
resulting from mechanical changes in their environment, a phe-
nomenon that has been extensively studied in the lung. Increases
in the ‘‘stretching’’ of cells, or changes in the basement membrane
surface area of the lung, as seen in ARDS, has been shown to
cause decreased endothelial cell barrier function (36), which is
dependent on microtubule disassembly and ERK 1/2 and p38
MAPK activation (37). Previous studies from our lab have shown
that physiologic levels of cyclic stretch cause significant microtu-
bule reorganization and disassembly (15). In the current study, we
show that while this is the case, there is a population of micro-
tubules that remains in these stretched cells that is characterized
by their post-translational modifications, namely acetylation.
Moreover, mild cyclic stretch appears to increase the amount of
acetylated microtubules in cultured cells through the inhibition of
the cytoplasmic tubulin deacetylase HDAC6. These results are
corroborated by our in vivo measurements, since mice ventilated
at low to moderate tidal volumes for 20 minutes showed increased

Figure 4. Cyclic stretch does not increase acetylated tubulin levels in

A549 cells with HDAC6 levels knocked down by shRNA. A549 cells or

cells stably transfected to express a shRNA against HDAC6 (A549 KD)
were stretched for 24 hours (10% area strain at 0.25 Hz). (A) Western

blots of whole cell lysates confirm silencing of HDAC6 in the A549 KD

cells and show that acetylated tubulin levels (Ac-Tubulin) were in-
creased in stretched A549 cells (S). However, stretch did not increase

acetylated tubulin levels in A549 KD cells with reduced levels of

HDAC6. (B) The levels of acetylated relative to total tubulin were

quantified by densitometry from Western blots in A (n 5 3 samples).

Figure 5. Cyclic stretch

decreases the activity of cyto-
plasmic HDACs (HDAC6).

A549 cells were stretched for

24 hours (10% area strain
at 0.25 Hz). Cytoplasmic ex-

tracts were prepared and

HDAC activity was measured

using a fluorimetric assay as
described in MATERIALS AND

METHODS. Stretched samples

demonstrated a 2.5-fold de-

crease in cytoplasmic HDAC
activity (HDAC6) over un-

stretched controls.

Figure 6. Cyclic stretch causes relative changes in mRNA levels as
determined by real-time PCR. A549 cells were stretched for either 3 or

24 hours (10% DS.A., 0.25 Hz., 50% duty cycle), at which time cell

lysates were collected for PCR analysis. Relative expression levels were

compared with GAPDH. *P , 0.05, **P , 0.01, ***P , 0.001 versus
GAPDH expression level at same time point as determined by a two-

tailed Mann-Whitney test.
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levels of acetylated microtubules in their lungs 48 hours later. This
suggests that in vivo, this type of cytoskeletal reorganization is
maintained for an extended period of time when compared with
the amount of time the exogenous force was applied. To our
knowledge, this is the first example in the literature of exogenous
mechanical forces resulting in increased microtubule acetylation,
and may be an example of how cells reorganize their cytoskeleton
in response to changing mechanical environments.

According to a report from Tschumperlin and Margulies (38),
a ventilation volume of 40 to 60% of TLC corresponds to a 4 to
10% change in basement membrane surface area, based on
morphometric analysis in a rat model. For the current study, all
of our in vitro experiments were conducted using a 10% change in
basement membrane surface area, and other experiments from
our labs have shown that this level of strain induces the largest
changes in cell reactivity (e.g., increased transfection efficiency,
cytoskeletal reorganization, etc.) (15, 39). From our in vivo data,
the maximal response for microtubule acetylation was ventilation
volumes between 16 and 24 ml/kg, which corresponds to approx-
imately 40 to 60% of TLC, based on measurements from Lai and
Chou (34). Taken together, our results support the previous
findings from Tschumperlin and Margulies (38), and demonstrate
that in vivo results with animals ventilated at 40 to 60% of TLC
correlates nicely with in vitro studies of cell monolayers stretched
equibiaxially with a 10% change in basement membrane surface
area.

It is unclear to us why microtubule acetylation is magnitude
dependent, with a maximal response seen at ventilation volumes
between 40 and 60% of TLC. Although the animals remain viable
after ventilation at 80% TLC or higher, we have observed that
prolonged ventilation (e.g., > 2 h) at higher volumes (80–100%
TLC) results in hemorrhage and damage of the lung epithelium
(data not shown), as has previously been shown by a number of
labs (40–43). However, at lower volumes, even for these extended
periods of time, no damage was seen. This suggests that the
cytoskeletal reorganization demonstrated here, namely microtu-
bule acetylation, may only occur in cells that are not under
extreme modulating forces.

In Brangwynne and colleagues’ model of cellular tensegrity,
microtubules are the major compressive-bearing structure, thus
partially opposing the cellular prestress built up in the tension
carrying actin and intermediate filaments (44). By some meas-
ures, only about 13% of the tensile forces within a cell are
supported by microtubules (45). It has been demonstrated by
Trepat and coworkers that a single transient stretch of similar
magnitude to our studies causes cytoskeletal ‘‘fluidization’’ in
numerous cell types (19), resulting in a decrease in cellular
prestress. This mechanism, in part, may help explain our previous
findings that cyclic stretch results in a significant increase in
microtubule depolymerization (15). However, localized changes
in other cellular components that oppose prestress, namely the
focal adhesions, could require the cells to alter the microtubules
to withstand an increased localized load. This is compounded by
the fact that the aforementioned cytoskeletal fluidization may in
fact be altering or reducing the cytoskeletal reinforcement that
allows for larger compressive loads to be carried by the micro-
tubules (44). In all, these results suggest that the possible reason
for such changes in microtubules could be related to the fact that
as a major constituent of resisting the cellular compressive load,
microtubules may need to alter their chemical composition to
a more stable conformation to resist such loads. Although this
has not been specifically looked at for microtubule acetylation,
other methods of stabilizing microtubules, including treatment
with taxol and gluteraldehyde, have been shown to alter the
ridigity of microtubules (46, 47), which is a direct measure of the
microtubule’s ability to not deform (buckle) under compressive

loads, suggesting that alterations in the chemical composition
(resulting in a structural change) of the microtubule can change
the fiber’s ability to resist load. In addition to chemical modifi-
cation, microtubule-associated proteins (MAPs) have also been
shown to alter microtubule rigidity (46), and several MAP or
MAP-like proteins have been identified to coincide with in-
creased microtubule acetylation (24, 48), suggesting that changes
in microtubule stiffness might be a reason for the cytoskeletal
reorganization seen when exogenous forces are applied. Regard-
less of these alterations, if the loads are too great (i.e., higher
ventilation volumes), even stiffened microtubules will buckle,
resulting in a drastically altered cytoskeleton, and hence, lung
injury.

The observation of cytoskeletal ‘‘fluidization’’ due to transient
stretching by Trepat and colleagues also has additional conse-
quences (19). Given that microtubules facilitate cytoplasmic
trafficking and acetylation of microtubules enhances trafficking
(29–31), perhaps the microtubule acetylation in stretched cells
preserves a cytoplasmic scaffolding for essential intracellular
transport, and/or serves to accelerate trafficking to stressed
regions of cells in the presence of an otherwise fluidized cyto-
skeleton. This would be an altogether different functional role
than the tensegrity compression-bearing role, and one that fits
with our emerging understanding of the dynamics of the cyto-
skeleton under dynamic loading.

Although it is still unclear whether acetylation is responsible
for increased stability or if it is simply a marker for stable
microtubules (24–28), no methodology short of pharmaceutical
inhibitors of HDACs, and in particular HDAC6, have been
shown in the literature to cause increased microtubule acetyla-
tion. As a result, the function of microtubule acetylation has
remained a relative mystery. However, based on our experiments,
it would appear that microtubule acetylation preserves cytoskel-
etal structure in cells undergoing cyclic stretch. Both Western blot
and immunofluorescence data demonstrate that polymerized
microtubules are highly acetylated in stretched cells. We have
shown that HDAC6 activity is decreased under stretch condi-
tions; however, HDAC6 mRNA levels are not appreciably
changed under these same stretch conditions (Figures 5 and 6).
Similarly, when we have looked at cells treated with HDAC
inhibitors (including those specific for only HDAC6), we (and
others) have found levels of tubulin acetylation similar to those
shown in stretched cells (Figure 4). These results demonstrate
that moderate, physiologic levels of mechanical stretch can result
in significant changes in cellular architecture via modulation of
HDAC6. However, how cyclic stretch modulates HDAC6 enzy-
matic activity remains to be determined. These changes appear to
be quite different compared with nonphysiologic levels of me-
chanical stretch, and as a result should be closely examined to
understand what significance, if any, they may play in the
pathogenesis of lung injury and repair.
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