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Abstract The effect of interval, direction and rate of strain on
mechanotransduction in neonatal rat cardiomyocytes is deter-
mined for focal adhesion kinase (Y397pFAK), extracellular
signal-regulated kinase ERK1/2 (Thr'®3/Tyr'®%) and paxillin
(pY31) and phosphorylation time courses to 10% strain assessed.
Cells are non-responsive at Smin but recover at 15 min
(P <0.03) with FAK nuclear translocation by 30 min. Cyclic
biaxial strain increased phosphorylation from slower to faster
rates (P <0.05). Uniaxial strain to groove-aligned myocytes
increased FAK and ERK1/2 phosphorylation transversely more
than longitudinally (P < 0.05). Mechanotransduction may have
a refractory period of 5 min and differentiate directions and rates
of strain.
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lished by Elsevier B.V. All rights reserved.
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1. Introduction

A ventricular myocyte experiences changes in length and
load with increased systolic wall stress due to pressure, or dia-
stolic wall stress due to volume overload. These are transduced
into biochemical signals that change the rate of protein synthe-
sis, cell morphology, protein localization, phosphorylation and
gene expression. The chemical agents that trigger signaling
candidates are frequently studied but the equally important
physical modes are less studied. Mechanical variables include
the magnitude of load or strain, material stiffness, flow, shear
stress and compression [1,2]. The direction of force affects
responses of aligned tissue or cell culture [3-7].

Mechanotransduction begins at the focal adhesion complex
as cells sense physical forces and transduce them to activate
signaling cascades by phosphorylation of FAK, ERK, paxillin
and others [8]. The nature and timing of the mechanical stimuli
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greatly affects the ability of the myocyte to detect changes.
Here, the interval between sudden strains is changed to test
for presence of a refractory period by diminution of FAK
and ERK phosphorylation. Changing the strain rate and strain
direction simulates transverse stress in pressure overload and
longitudinal strain in volume overload to test for rate and
anisotropy of responses.

2. Materials and methods

2.1. Cell culture

Animal experiments were performed according to Institutional
Animal Care and Use Committee and NIH guidelines. Neonatal rat
ventricular myocytes (NRVM) were isolated from the hearts of 1-2-
day-old Sprague-Dawley rats (Harlan, Indianapolis, IN) and plated
on fibronectin-coated (12.5 uL/mL) silicone membranes (200000
cells/cm?). Standard methods were used for static [9], strain vector
and rate studies [10]. Sigma antibiotic solution (5 pL/mL) was some-
times excluded for 48 h.

2.2. Mechanical strain

2.2.1. Static strain. Silicone membranes (Specialty Manufacturing
Inc, Saginaw, MI) were mounted on strain devices [3] for 10% strain
application [9] of either 5 or 15 min followed by a second strain of
the same duration.

2.2.2. Cyclic strain. Mechanical deformation was varied for rate
and vector (Model FX-4000™, Flexercell International, McKeesport,
PA). NRVM were strained 10% biaxially (BioFlex®) for 20 min in
non-serum media at varied freqluency to modulate the rate of strain
expressed in Ystrain/time (% s~ ).

2.2.3. Strain vector. Microfabricated grooved substrata (5 um
deep), 10 um valley and ridge (Fig. 1) [11] were made in uniaxial dishes
(Uniflex™) by pressing the parylene mold against unpolymerized sili-
cone (Dupont, Phoenix, AZ). NRVM were plated on grooves set per-
pendicular to the uniaxial stretch axis for transverse and parallel for
the longitudinal 10% strain for 20 min at strain at about 1 Hz.

3. Western blots and immunochemistry

Proteins were probed with antibodies: FAK (BD transduc-
tion, Lexington, KY); pY397 FAK (Biosource, Camarillo,
CA); Thr'®Tyr'® of p42/p44 (ERK1/2) (Promega, Madison,
WI); and pY31 paxillin (Invitrogen, Carlsbad, CA) visualized
by enhanced chemiluminescence (ECL, Amersham, Arlington
Heights, IL) and quantified by laser densitometry. Immuno-
stained images (Nikon Microphot-FXA) were digitally cap-
tured with a Spot RT CCD (Diagnostic Instruments) [11].
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Fig. 1. Aligned NRVM and nuclear translocation. (A) NRVM on microtextured grooves. FAKpY397 (red), actin (green), nucleus (DAPI, blue).
(B) Substrata diagram with dimensions. (C, D) NRVM on flat membrane. Total FAK (green).

4. Data analysis

All values are means * S.E.M., with n =4 or more. Data
were analyzed using two-way ANOVA. Differences among
means were considered significant at P < 0.05. Data were ana-
lyzed using GraphPad statistical software.

5. Results and discussion

5.1. FAK nuclear translocation

The subcellular localization in control NRVM of FAK seen
with anti-FAK antibody had a punctuate pattern representing
sites of focal adhesions but was entirely absent from the nuclei
(Fig. 1C). However, after 30 min of 10% static strain FAK was
redistributed to spots within and around the nuclei (Fig. 1D).
Strained myofibrils were stained but not in control (Fig. 1).

Nuclear-cytoplasmic shuttling may be a mechanism by
which the rapid translocation of FAK from the cytoplasm to
the nucleus and perinuclear region occurs. FAK and ERK1/
2 phosphorylation initiate the Rass/MAPK pathway that disso-
ciates a cytoplasmic complex enabling entry to the nucleus for
hypertrophic gene expression [12,13]. Many other focal adhe-
sion-associated proteins shuttle to the nucleus, including zyxin,
paxillin and muscle LIM protein [14,15] where they regulate
chromatin structure, transcription, mRNA processing and
export. Interestingly, FAK accumulates in myocytes of failing
hearts of spontaneously hypertensive rats [14].

5.2. Stretch-induced FAK, ERK and paxillin activation in
myocytes
The time course of FAK phosphorylation in response
tol0% static stretch (Fig. 2A) reached a peak of 47% at

5Smin and remained elevated for 30 min (Fig. 2B). The time
course of ERK1/2 phosphorylation in response to 10% static
stretch peaked at 1 min at 50% and decreased by 30 min
(Fig. 2C,D). A single 10% static strain resulted in a 40%
increase in the level of pY3l-paxillin, which peaked at
15 min and decreased by 30 min (P < 0.05) (Fig. 2E and F).
These time courses are similar but the magnitude was lower
than seen after brief endothelin and other stimulation [16].
Changes in FAK, ERK and paxillin protein expression levels
were neither expected nor found since times are too brief for
any significant increase in translation to occur.

Chemical stimulation may activate different signaling path-
ways than a single mechanical strain. Vascular endothelial
cells are continuously exposed to both mechanical and chemi-
cal stimuli. Mechanical (shear) and chemical (VEGF) stimuli
diverge at the VEGF receptor 2 (Flk-1) and employ different
components of the complex signaling network in regulating
downstream molecules, such as ERK [17]. This may explain
the difference in the peak activation levels of phosphorylation
for FAK and ERK1/2 between mechanical or chemical stimuli.

5.3. Refractory period in FAK and ERK activation
Phosphorylation levels were assessed for different intervals
between two 10% strains 5 or 15 min apart (Fig. 3A and B).
There was no further response of Y397pFAK phosphorylation
(P > 0.07) for the second 5 min strain (Fig. 3C) but the second
15 min strain was significantly increased by 30% (P < 0.03)
(Fig. 3D). There was no further response of pERK1/2 phos-
phorylation (P > 0.07) for the second 5 min strain but the sec-
ond 15 min strain significantly increased the level of ERK1/2
phosphorylation by 50% (P < 0.03) (Fig. 3E and F).
Refractory periods are common in physiology and describe
the period of time during which an organ or cell is incapable
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Fig. 2. Stretch-induced FAK, ERK and paxillin. NRVM 10% static strain for 1-30 min. (A, C, E) Western blots: anti-FAKpY397, anti-ERKp42/44,
anti-pY31; (B, C, E) time courses normalized to controls: pFAK/FAK (n =4, *P <0.04); pERK1/2/ERK1/2 (n =4, *P < 0.04); pPax/Pax (n =4,

*P <0.05).

of response, such as action potential initiation of nerves.
Here, a second strain at the 5-min interval yielded no further
response although the 15-min interval significantly increased
phosphorylation levels for both FAK and ERK1/2. Thus, a
second 10% strain yields 20% total strain that induces FAK
and ERK higher phosphorylation (Fig. 3), that is not realized
when two steps are given separately at the 5-min interval of
non-responsiveness but are detectable by 15 min. This time
scale fits with the time course of peak phosphorylation fol-
lowed by the subsequent dephosphorylation of the different
proteins (Fig. 2B and D) [16]. Results suggest that mechano-
transduction in cardiomyocytes has a refractory period of at

least 5 min during which a new dynamic intervention might
not be detected in a normal manner. Note that NRVM beat
spontaneously throughout static stretch correlating to a sud-
den change of chamber volume in the heart that continues to
beat as it adapts to a sudden extension of myocyte length.

6. Strain rate discrimination of frequency-dependent FAK and
ERK1/2 phosphorylation

Increased phosphorylation of FAK397 and ERK1/2pTEpY
were found with increased rate of strain produced by higher
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Fig. 3. Refractory period in FAK and ERK. (A, B) Protocols for 10% strain delivery and maintenance. (C, D) Western blots and histograms:
Y397pFAK/FAK (5 min), (5 + 5 min); (15 + 15 min). (E, F) Western blots and histograms: ERK1/2 (5 min); (5 + 5 min); (15 + 15 min). N =4,
*P < 0.05 normalized to control, ##P < 0.05 between the first and second strain.

cyclic frequency for biaxial perturbation of 10% strain for
20 min (Fig. 4). Western blotting for FAK after strain rates
of ~10% s~ ', ~20% s ', and ~40% s~ ' induced 75%, 114%,
and 125% of baseline, respectively, with statistical significance
(P <0.05), (Fig. 4A). The drop in phosphorylation at the lower
frequency was surprising (Fig. 4B and C). Similar strain rates

correlated with a rapid increase in ERKI1/2pTEpY of 87%,
290%, and 355%, respectively, significantly greater than base-
line (P < 0.05) (Fig. 4D and E).

ERK1/2 phosphorylation was detectable at 2 min for 40%
s~! (not shown), as expected given response for static strain
(Fig. 2D). The rate of loading regulates the transmittance of
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Fig. 4. Frequency-dependent phosphorylation. (A) Cyclic biaxial strain rate for 20 min; slow 0.5 Hz (~10% s, medium 1.0 Hz (~20%s™}), and
fast 2 Hz (~40% s ). (B, C) Western blot and histogram; FAK pY397 (10% s~ ' vs. 40%s~!, #*#P < 0.05, n = 7). (D, E) ERK pTEpY/ERK (n = 4;

*P < 0.05).

force and overall activation of proteins relative to inherent
relaxation constants of the cellular architecture. Strain rate
sensitivity in a biaxial system may resolve from viscoelastic
properties and relaxation time constants of the cellular mem-
brane, focal adhesive complex, and the cytoskeleton [18].
These time constants could reflect growth of focal adhesive
complexes that is unlikely to occur in minutes, so that signaling
pathways are a more likely explanation.

The magnitude of the FAK phosphorylation here was two-
and three-fold lower for static and cyclic strain, respectively,
than other reports [19]. Removal of antibiotic cocktail from
culture media for 48 h prior to strain increased levels of
Y397pFAK to 124% £ 12% (n = 4). This is not surprising since
streptomycin and its analogs (gentamicin and netilmicin) are
common aminoglycosidic antibiotics that have been reported
to block L-type Ca®" channels and stretch-activated channels
in cardiac, skeletal, and vascular smooth muscle. In addition
streptomycin can block [Ca?'); transients and contraction in
unstretched preparations [20]. Additionally, stretch may elicit
entry from calcium channel populations in a rate dependent
manner. The density of myocytes in culture also affects FAK
expression and basal phosphorylation and the high density
NRVM (2 x 10% cells/mm?) used here yields a lower concentra-
tion of FAK protein and a higher level of basal FAK phos-
phorylation.

7. Strain vector discrimination by FAK and ERK1/2
phosphorylation

NRVM align within grooved substrates as shown with
FAKpY397 stain in culture (Fig. 1B). NRVMs stretched
20 min with 10% transverse strain had 25% higher FAKpY397
phosphorylation to total FAK (P <0.05) than unstretched
controls (Fig. 5). However, FAK phosphorylation level for
longitudinal strain resembled the unstretched rest group.
NRVMs stretched at 10% strain had pTEpY to total ERK
(Fig. 5D and E) of 360% for transverse strain and 290% for
longitudinal strain, both significantly higher than the un-
stretched NRVM (P < 0.05), though not differ from each other
(transverse vs. longitudinal, P < 0.10).

The anisotropic geometry of the cardiac myocyte may allow
for distinct pathways of force recognition and transmittance.
Mechanical forces induce protein conformation altering the
dynamic state of focal adhesive proteins [21] perhaps contrib-
uting to vector dependent phosphorylation of FAK or a FAK
activating protein. Separate directional pathways are impli-
cated by static transverse and longitudinal loading to activate
stress induced-MAP kinase. Potentially longitudinal pertur-
bation activates a separate pathway that also runs into ERK
activation as shown in similar studies with elongation of
tissue sections from murine diaphragm [22]. Interestingly,
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microtubule density is implicated in direction and frequency-
dependent changes in viscosity over 1-10 Hz perturbation of
single adult cardiac myocytes [18]. Subsequent conformational
changes may rely in part on the protein orientation; thus force
vectors aligned with mobile protein components have a greater
probability to modulate protein structural arrangement.
NRVM used here are spontaneously beating, thereby adding
a dynamic factor potentially complicating the experiments
since cross-bridge formation affects longitudinal tensile stiff-
ness [18]. Nonetheless, results detected an anisotropy even
though the spontaneous beating was present for strains deliv-
ered along both vectors suggesting that the intrinsic beating
does not override the externally applied stimuli.

8. Conclusion

Results show a refractory period of at least 5 min for FAK
phosphorylation and more sensitivity in the transverse direc-
tion. Results for asymmetric and temporal detection add an-
other dimension of complexity to whole heart mechanical

studies in addition to the well known chemical and the simple
mechanical perturbation studies. Thus, myocytes detect both
temporal and anisotropic force changes that may be a critical
for adaptation and maintenance of cardiac function when the
mechanical demands on the heart are undergoing dynamic
transformations due to disease.
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