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The career development plan of research  
 

Xin Wu, MD 
 
A. Research Interests: 
1. Mechanotransduction in cardiovascular (both heart and vessel) system and neuroplasticity in 

nervous system: Using atomic force microscopy, cell stretching in physiological and pathological 
conditions (e.g. diabetes mellitus, hypertension, and heart failure; aging and epilepsy). 

2. Electrophysiology with/without immunofluorescence in cardiovascular (both heart and vessel-
blood vessel and lymphatic vessel) and nervous systems: ion channels (e.g. Ca2+, K+ and GABA 
channels) regulation in physiological and pathological condition. 

3. Cell adhesion, integrins, extracellular matrix and cellular signaling. 
4. Signal transduction in cardiovascular systems: Including calcium signal, cytoskeleton, second 

messengers, and protein phosphorylation, etc. 
5. Functional studies:  Including ECG and EEG in physiological and pathological condition in vivo. 

 
I have conducted highly sophisticated studies on the cardiovascular (both heart and vessel, including 

lymphatic vessel) and nervous systems for more than 20 years using techniques at the nano-molecular, cellular, 
organic, and systemic levels. My current research interest is to study the mechanisms of integrin-mediated 
mechanotransduction in the process of diabetic related cardiovascular diseases.  I am eager to learn new 
concepts, master new tasks quickly and come up with ‘better and easy ways’. 
 

There are is an estimated 21 million Americans have diabetes. 65% of the deaths from diabetes are related 
to cardiovascular causes. Type 2 diabetes mellitus (DM. Or metabolic syndrome) increases the risk for 
cardiovascular diseases 2 to 4 times. More than 50% treated DM or hypertension patients are uncontrolled by 
using current treatment regimens. We need develop new technology (e.g. nanotechnology) on research and 
discover new medications (e.g. integrin ligands). Most anti-DM and anti-hypertension drugs target on cell 
components. However, during progress of hyperglycemia, diabetes, hypertension, and myocardial infarction, 
there is an increase in expression and deposition of fibronectin (FN) and collagen in non-cell compartments. 
Extracellular matrix (ECM) proteins communicate with intracellular molecules including cytoskeleton and Ca2+ 
signaling systems through integrins. The roles of integrin-mediated intracellular signaling in cardiac and 
vascular system from diabetes (or/and hypertension) are still not well understood. In addition to 
cardiovascular disease, integrins are central to the pathophysiology of many nervous diseases, such as stroke, 
Alzheimer, diabetic neuropathy and epilepsy.  

 
My research interests are how integrin modulate mechanotransduction in cardiovascular system and 

neuroplasticity in nervous system. My NIH R21 (1, PI/MPI-Received a priority score and will be resubmitted) 
and NIH RO1 (2, in preparation) proposals cover both systems. 

 
Because integrin pathway is a potential new target in cardiovascular and nervous diseases and integrin 

ligands may hold promise to produce disease-modifying effect for the prevention of cardiovascular and 
nervous diseases, my long-term goal is to understand the mechanisms of integrin function in the development 
of cardiovascular and nervous diseases.  

 
B. To investigate this hypothesis, the techniques I will employ (details on CV) are as follows: (1) Nano-

technique (atomic force microscopy with/without immunofluorescence. > 5 years experience) in fresh isolated 
living cells to address mechanical properties in physiological and pathological condition (e.g. DM, 
hypertension); (2) Electrophysiology and optical imaging techniques (>15 years experience) in native or gene 
transfected cells, and in tissues to probe the ion channels involved signaling pathways; (3) Histocytochemistry, 
PCR, and co-expression of ion channels, and/or intracellular molecules in HEK cells or fresh isolated cells, and 
site-directed mutagenesis strategies to understand the details in the signaling pathways; (4) Single fresh cell 
isolation techniques including isolating VSM cells, endothelial cells, neuronal cells, cardiomyocytes, etc; and 
isolated and canulated blood and lymphatic vessels (diameter <100 micrometer) methods and Langendorff 
heart preparations to allow interpretation of biological responses; (5) Single cell stretching (I modified in 



VSM) using two or three microelectrodes and application of protein-coated microbeads to single cells (I 
developed) while performing electrophysiological recording to document characteristics of 
mechanosensitivity; (6) Imaging and cardiovascular monitoring (e.g. Echocardiogram, ECG, MRI, EEG) to 
deal with systemic functional changes in human or animal model; (7) Designing customized programs and 
research equipments to ensure efficiencies, compliance and productivity gains in data analysis and research. 
(8) I can also perform other techniques that mentioned in my CV on different systems because I was well-
trained as a physiologist with clinical experience. I have taught and trained many medical students and 
scientists in the past.  

 
I have studied that integrins modulated mechanotransduction signaling including ion channels, such as Ca2+, 

K+ and mechanosensitive channels for more than 15 years using combination of patch-clamp (whole cell and 
single channel) and immunofluorescence system, gene expression and confocal microscopy in fresh isolated and 
cultured arteriolar smooth muscle cells, cardiomyocytes, neuronal cells, ion channel gene expressed HEK cells.  
I have also studied the cardiac mechanical properties, and contractility for more than 5 years using combination 
techniques of atomic force microscopy, and force-Ca2+ measurements. Three grants as PI and Co-PI have been 
received to support my researches on cardiovascular researches. Almost 30 articles were published in top-
quality high impact journals including the J Cell Biol, Pharmacology & Therapeutics, J Biol Chem, and Circ 
Res (Editorial and Cover Story) with citation more than 800. At least 9 papers are in preparations. Many other 
Labs asked for the help for the techniques of patch clamp and fresh single cell isolation (see CV). Our paper 
was the first paper in the world to show Ca2+ currents in cremaster arterioles (not arteries, mentioned by other 
scientist in the paper). I am the only person followed Dr. Mike Davis using two or three microelectrodes to 
stretch single vascular smooth muscle cell (Dr. Davis developed and I modified) in America because of the 
difficulty that mentioned by many papers. I also developed the technique for applying protein-coated 
microbeads to single cells while performing electrophysiological recording. I have participated and helped Drs. 
Davis and Muthuchamy receive at least four NIH RO1 grants and other grants. I will focus on translational 
researches of integrin regulation on cardiovascular and nervous systems in the future. 
 
C. Collaborative arrangement: 
 Co-lab with Drs. Muthuchamy, Carl Tong, Samba Reddy and Chaodong Wu (Texas A&M); Drs. Mike 
Davis and Gerald Meininger (University of Missouri); and Dr. Haodong Xu (Department of Pathology and 
Laboratory Medicine, University of Rochester School of Medicine and Dentistry) and other faculty members in 
the Institute for genetic animal models and specific expressed ion channels. We have several transgenic (TG) 
mouse lines including vinculin-KO mouse, and tropomyosin-KO mouse.  
 
 Significance: Cardiovascular and nervous diseases are the major cause of death in US. The integrin 
ligands might be the potential drug candidates for cardiovascular and nervous diseases. These studies will 
provide important new functional information about the mechanotransduction process between integrins 
and intracellular signaling in cardiovascular and nervous diseases. Since investigations on how integrin 
mediated mechanotransduction involved in the cardiovascular and nervous systems are limited, these studies 
may have far reaching medical implications.  
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Wu X, Sun Z, Foskett A, Trzeciakowski JP, Meininger GA,
Muthuchamy M. Cardiomyocyte contractile status is associated with
differences in fibronectin and integrin interactions. Am J Physiol
Heart Circ Physiol 298: H2071–H2081, 2010. First published April 9,
2010; doi:10.1152/ajpheart.01156.2009.—Integrins link the extracel-
lular matrix (ECM) with the intracellular cytoskeleton and other cell
adhesion-associated signaling proteins to function as mechanotrans-
ducers. However, direct quantitative measurements of the cardiomyo-
cyte mechanical state and its relationship to the interactions between
specific ECM proteins and integrins are lacking. The purpose of this
study was to characterize the interactions between the ECM protein
fibronectin (FN) and integrins in cardiomyocytes and to test the
hypothesis that these interactions would vary during contraction and
relaxation states in cardiomyocytes. Using atomic force microscopy,
we quantified the unbinding force (adhesion force) and adhesion
probability between integrins and FN and correlated these measure-
ments with the contractile state as indexed by cell stiffness on freshly
isolated mouse cardiomyocytes. Experiments were performed in nor-
mal physiological (control), high-K� (tonically contracted), or low-
Ca2� (fully relaxed) solutions. Under control conditions, the initial
peak of adhesion force between FN and myocyte �3�1- and/or
�5�1-integrins was 39.6 � 1.3 pN. The binding specificity between
FN and �3�1- and �5�1-integrins was verified by using monoclonal
antibodies against �3-, �5-, �3 � �5-, or �1-integrin subunits, which
inhibited binding by 48%, 65%, 70%, or 75%, respectively. Cytocha-
lasin D or 2,3-butanedione monoxime (BDM), to disrupt the actin
cytoskeleton or block myofilament function, respectively, signifi-
cantly decreased the cell stiffness; however, the adhesion force and
binding probability were not altered. Tonic contraction with high-K�

solution increased total cell adhesion (1.2-fold) and cell stiffness
(27.5-fold) compared with fully relaxed cells with low-Ca2� solution.
However, it could be partially prevented by high-K� bath solution
containing BDM, which suppresses contraction by inhibiting the
actin-myosin interactions. Thus, our results demonstrate that integrin
binding to FN is modulated by the contractile state of cardiac myo-
cytes.

integrins; extracellular matrix protein; mechanobiology; atomic force
microscopy; cell mechanics

IN CARDIAC MUSCLE, a salient example of the link between
mechanical strain and physiological function is the regulation
of cardiac output in response to increasing ventricular pressure.
This interaction defines the cardiac pressure-volume relation-

ship (i.e., the Frank-Starling law of the heart). The mechanism
for this relationship is believed to involve stretching of the
myocytes within the cardiac wall, which impacts the myofila-
ment overlap in such a way that filament interaction and,
hence, contractile performance are affected (44). In addition to
the acute effects of mechanical load, prolonged mechanical
loading of the myocardium leads to hypertrophy as well as
changes in cardiac wall and myocyte stiffness (54, 56, 69, 71).
These changes are accompanied by significant alterations in
integrin and extracellular matrix (ECM) protein expression (4,
8, 38, 58, 75, 78, 80, 81). Fibronectin (FN) is one of the major
ECM proteins that promotes the adhesion of cardiomyocytes.
FN is normally expressed in the heart and undergoes increased
expression in the hypertrophic and injured myocardium (1, 7,
30, 38, 74). Moreover, an accumulation of immunoreactive FN
is seen in the ischemic injured myocardium during the early
stages of acute myocardial infarction and may have functions
related to the repair process and fibrotic remodeling of the
ventricular wall (6, 32). An imbalance in the production and
degradation of ECM proteins may lead to structural alterations
such as basement membrane thickening and ECM protein
deposition in tissues during the development of cardiovascular
diseases (2, 5, 8, 17, 20, 31, 38, 40, 52, 58, 63, 64, 75, 78, 80,
81). These studies have implied that FN is potentially of major
importance to the functioning of the myocardium. However,
the roles of FN in the myocardium with respect to its interac-
tion with integrins and other downstream signaling events have
not been addressed. In this study, our aim was to characterize
the relationship between integrin adhesion and FN in normal
myocytes as an essential starting point in understanding its
functional significance.

�3�1-Integrin and �5�1-integrin are two important adhesion
receptors for FN, and both bind to the arginine-glycine-aspartic
acid (RGD) motif in FN domain III (11, 16, 18, 37, 61).
Integrins, by virtue of their cytoskeletal and signaling protein
linkages, are thus believed to form an important mechano-
sensing and -transducing axis capable of inside-out and out-
side-in signaling (12, 28, 55, 79). In cardiomyocytes, integrins
have been found localized in costameres, the sites where Z
bands connect to the basement membrane. The costamere is
structurally integrated with cytoskeletal components and sig-
naling complexes, further supporting the proposition that inte-
grins are involved in mechanical signaling (14, 19, 30, 57). It
has been reported that an application of mechanical stress to
integrin adhesion sites causes increased cytoskeletal stiffening,
second messenger signals, and phosphorylation of proteins
anchored to the cytoskeleton (41, 60, 79). Thus, there is strong
evidence suggesting that integrins act as conduits for the
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transmission of mechanical force across the cell membrane and
the initiation of intracellular signaling (12, 28, 55).

Cardiomyocytes have been shown to express at least four
dominant integrin subtypes, which include �1�1, �3�1, �5�1,
and �7�1 (50). Both �3�1- and �5�1-integrins recognize ECM
proteins containing the RGD sequence, such as found in FN
(57, 59). In addition to �1-integrin expression, expression of
�3- and �5-integrins has been reported in cardiomyocytes (33,
46, 66). In this study, our focus was to determine whether the
adhesion properties of two major �1-integrin subtypes, �3�1

and �5�1, which interact with FN, change during the con-
tracted and relaxed states in cardiomyocytes. We hypothesized
that the regulation of the interaction between integrins and
ECM could form a basis for the physiological modulation of
myocyte function as well as for the pathological changes in
myocyte function that are correlated with the altered expres-
sion of ECM proteins and integrins. If integrin interactions
with ECM are capable of rapid modifications, then it is also
possible that they may ultimately be shown operative on a
beat-to-beat basis.

Currently, little is known about the mechanical characteris-
tics of integrin-ECM interactions in myocytes, and there is
nothing known about how these interactions are affected by the
contractile state. Technical limitations have somewhat slowed
progress toward understanding adhesive interactions at the
cellular and molecular levels, particularly in mechanically
active cells such as cardiac myocytes. In this study, we used
atomic force microscopy (AFM) to measure forces at the pico- and
nano-Newton scales to evaluate the adhesion between FN and
integrins and to measure cell stiffness as an index of activation
during the contracted and relaxed states of cardiomyocytes.

MATERIALS AND METHODS

Adult cardiomyocyte preparation. Adult male mouse cardiomyo-
cytes (FVB/N strain, 2–4 mo) were prepared as previously described
(82). Briefly, the heart was harvested under anesthetic conditions and
put into ice-cold Ca2�-free physiological saline solution (PSS) con-
taining (in mM) 133.5 NaCl, 4 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 10
HEPES, and 11 glucose (pH 7.4). 2,3-Butanedione monoxime (BDM;
10 mM) was present during the dissecting procedure. The aorta was
cannulated, and the heart was mounted in a Langendorff perfusion
system with Ca2�-free control solution containing 1 mg/ml BSA
(Amersham Life Science, Arlington Heights, IL) at 37°C. After 5 min,
perfusion was continued with the same solution containing 25 �M
Ca2� together with collagenase type I (62.4 U/ml, Worthington) and
type II (73.7 U/ml, Worthington). After �15–20 min, the heart was
removed and transferred to a petri dish containing PSS with 100 �M
Ca2�. The ventricles were cut into small pieces, which were then
gently triturated using a fire-polished Pasteur pipette to release single
cells. The cell suspension was filtered through a 250-�m mesh
collector, and cells were allowed to settle. Collected cells were then
resuspended in PSS containing 200 �M Ca2�. After this procedure,
cells were stored at room temperature and used within 6 h. A
suspension of freshly dispersed cells was plated onto a laminin type
I-coated (10 �g/ml) dish for at least 30 min in PSS with 1.8 mM Ca2�

before experiments. All experiments were carried out at 22–23°C. All
procedures using mouse hearts were approved by the Texas A&M
University Animal Care Committee.

AFM force mode operation for force and stiffness measurements.
The force contact mode of operation was used for measurements of
unbinding force (adhesion force) and was detected and quantified in
the AFM probe retraction curve. Relative cortical membrane stiffness
(elastic modulus) was measured from the approach curve as previ-

ously described (68, 73). AFM experiments were performed using a
Bioscope system (model 3A, Digital Instruments, Santa Barbara, CA),
which was mounted on an Axiovert 100 TV inverted microscope (Carl
Zeiss). The Bioscope system is equipped with Nanoscope IIIa con-
troller and Nanoscope III software (version 5.12). The AFM probes
used were silicon nitride microlevers with conical tips (model MLCT-
AUHW). Tip diameters were �40 nm, and the mean spring constant
was �14.4 � 0.6 pN/nm. For each experiment, the position of the
protein (e.g., FN)-labeled probe was controlled to repeatedly touch
and retract (z-axis) from the cell surface. Force curves were recorded
for these repeated cycles of probe approach and retraction at 0.5-Hz
scan frequency and a z-axis movement of 800 nm. The AFM probe tip
was selectively positioned between the nucleus and the edge of the
cell.

To measure cell cortical stiffness (i.e., elastic modulus or cell
resistance to shape deformation; see Fig. 2), approach force curves
were used for analysis (see dark line in Fig. 2). Approach force curves
were fitted with the Hertz model between points 2 and 3 (see Fig. 2)
using MATLAB software (Mathwork) and NForceR software to
calculate the cortical stiffness based on tip displacement and mem-
brane indentation (73). The retraction curve (see dotted line in Fig. 2)
was used to analyze the specific adhesion forces related to bonding
between the AFM tip and cell surface. During retraction, if a specific
adhesion event occurred, it was detected as small sharp shift (bond
rupture) in the deflection curve obtained during probe retraction from
the cell surface. No adhesions were apparent as a smooth retraction
curve similar in appearance to the approach curve. These deflection
shifts, referred to as “snap-offs,” were recorded in the force curve and
represent the force required to cause bond failure between FN on the
AFM probe and the cell surface (68, 73). With the application of the
spring constant of the AFM probe cantilevers, all deflection shifts
(snap-offs) in a retraction curve were detected, quantified, and used to
compute the rupture force with NForceR software. Deflection shifts
represent the rupture force between the probe and cell surface. With
each group of experiments, 500 force curves were sampled from 10
randomly selected cells (obtained from 3 to 5 hearts, 50 curves/cell)
for each treatment. Collectively, the adhesion force measurements
obtained from all retraction curves were analyzed as force-density
(normalized events that with adhesion) relationships. Smooth plots of
relative density versus force or stiffness were obtained with standard
kernel density estimation methods (48). The algorithm centers a
smoothing window on the distribution of force values, and the
predicted density [f(x)] is calculated as a weighted average of the
density values for nearby points. The weight given to each point in
the smoothing window is controlled by a Gaussian kernel (K) based
on the distance between each force (or stiffness) value (xi) and the
center of the interval (x) in which xi falls (29) as follows:

f(x) �
1

nhd �
i�1

n

K� x � xi

h � (1)

where d is dimension. The bandwidth (h) determines the degree of
smoothing of the density curve. For these analyses, h was based on the
normal reference distribution (77).

From the density distributions, we recorded peak force/stiffness as
well as integrated estimates of force and stiffness. The peak value
(mode) represents the most frequent or maximum likelihood value
obtained over 500 approach and retraction curves in each experiment.
However, the peak values do not convey information about the spread
of the force or stiffness measures. We therefore measured integrated
values of force and stiffness as well. The integrated values correspond
to the areas under the force/stiffness density distribution curves;
departures from symmetry in the density distribution (e.g., rightward
skew) will thus cause the integrated measures to be greater than the
peak values. In probability theory, the integral of the density corre-
sponds to the mean. Although force and stiffness are continuous
variables, their density curves can only be estimated at discrete points.
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We measured the center and spread of the force/stiffness distributions
using standard algorithms for the mean and variance of random
variables, allowing summations to approximate integration over the
discrete points. X represents the set of plotted values for either force
or stiffness having values x1, x2, x3, . . . xk. For each of these values,
there is a corresponding set of probabilities (p1, p2, p3, . . . pk) that can
be obtained from the density curve (i.e., plotted relative densities
divided by n, the total area under the curve). The mean (i.e., integrated
value) of X (�X) is as follows:

�X � �
i�1

k

xipi (2)

SEs of the peak or integrated values of force and stiffness were
computed from each density curve by resampling (i.e., sampling with
replacement). A bootstrap distribution of the peak or integrated value
of a density curve was obtained by constructing density curves from
5,000 random resamples of the data and estimating the peak and
integral for each curve. The bootstrap SE for each measure is the SD
of the bootstrap distributions (13, 25).

Labeling of AFM probes. AFM probes were labeled with the ECM
protein (i.e., FN) or control proteins using methods we have previ-
ously described, which were adopted from Lehenkari and Horton (34,
68). Polyethylene glycol (PEG; Sigma) was used to cross-link proteins
onto silicon nitride probes at room temperature. The probe was first
incubated with 10 mg/ml PEG for 5 min, washed with PBS four times,
and then incubated with FN (1 mg/ml, Invitrogen, Grand Island, NY)
for 1 min. The tip was again washed with PBS for four times. The
spring constants were assumed to be unchanged after the protein
labeling because only the very end of the cantilever was coated. In
nonintegrin antibody, control adhesion experiments, anti-rat major
histocompatibility complex class I (MHC) monoclonal antibody (U.S.
Biological, Swampscott, MA, 1 mg/ml)-coated AFM probes were
used. In nonspecific protein experiments, BSA-coated AFM probes
were used.

Ligand application. To determine the specificity of FN-integrin
bond, experiments were performed on cells pretreated with either
mouse anti-�3-integrin monoclonal antibody (60 nM) or anti-�5-
integrin monoclonal antibody (HM�5–1, 60 nM, BD Bioscience, San
Jose, CA). �3- and �5-integrin subunits are known to associate only
with �1-integrin (but not the reverse) (mouse anti-�1-integrin mono-
clonal antibody, 50 �M, BD Bioscience), making these antibodies
specific for the �3�1- and �5�1-heterodimers. Anti-mouse �11-inte-
grin monoclonal antibody (60 nM, R&D Systems) was used as a
control for non-FN-recognized integrin.

Fluorescence confocal microscopy. Overnight cultured cardiac
myocytes were fixed with 2% paraformaldehyde for 1 h followed by
several glycine-PBS washes. Cells were permeabilized with ice-cold
methanol for 3 min at 4°C followed again by several rinses with PBS.
Cells were then incubated with blocking solution containing 1% BSA
(Vector Laboratories), 2.5% normal goat serum, and 0.1% Triton
X-100 for 1 h. After the blockade, cells were incubated together with
primary mouse anti-�3-integrin and rat anti-mouse �5-integrin
(5H10–27, 1:100, BD Bioscience) or primary mouse anti-vinculin
(1:100, Chemicon) and rat anti-mouse �5-integrin (1:100, BD Bio-
science) for 1 h. Samples were rinsed and then incubated with
secondary antibodies of goat anti-mouse Oregon green 488 IgG and
goat anti-rat red Cy5 IgG (1:200, Molecular Probes, Invitrogen) for 1
h in the dark, washed extensively, and treated with ProLong AntiFade
(Molecular Probes, Invitrogen). Serial image sections through focus
with a step size of 0.1–0.3 �m thickness were collected using a Leica
AOBS SP2 confocal microscope (Leica Microsystems, Wetzlar, Ger-
many).

Solutions. For normal physiological conditions, PSS with 1.8 mM
Ca2� was used. For tonic contractions, cells were incubated with
high-K� Ringer solution (high-K� solution) containing (in mM) 150
KCl, 2 CaCl2, 1.17 MgSO4, 5 glucose, 1.22 NaH2PO4, 0.02 EDTA, 2
sodium pyruvate, and 3 MOPS (pH 7.4). High-K� solution was used

to depolarize the cell membrane and activate Ca2� entry. For relaxing
conditions, cells were incubated with low-Ca2� solution containing
(in mM) 53.3 KCl, 6.8 MgCl2, 0.025 CaCl2, 10 EGTA, 20 MOPS,
5.35 ATP, 12 creatine phosphate, and 10 BDM [Sigma; pH 7.2, Ca2�

concentration ([Ca2�]) of 50 nM]. Low-Ca2� solution served to keep
the sarcomeres in a relaxed state through the combination of BDM,
low [Ca2�], and high [ATP] (72). All chemicals, except as specifically
stated, were obtained from Sigma-Aldrich.

General data analysis. For adhesion force and stiffness measure-
ments, the NForceR program, Matlab software (MathWorks, Natick,
MA), Origin (OriginLab), StatView, and SAS were used. Adhesion
force between FN and integrins on myocytes were plotted as a
function of the frequency (events) of occurrence. Single-rupture
forces (F) were determined using Hooke’s law as follows: F � kd,
where d is the height of the step change in the retraction curve
representing bond rupture (see point 5 in Fig. 2) and k is the spring
constant. Differences between means for the effect of a given treat-
ment were determined using ANOVA or with an independent two-tail
t-test as appropriate. Averaged values are expressed as mean � SE.
Values of P � 0.05 were considered to be statistically significant.

RESULTS

Distribution of integrins on cardiomyocytes. To confirm the
presence of �3�1- and �5�1-integrins in cardiomyocytes, the
distribution of these integrins was determined by fluorescent
immunocytochemistry using monoclonal antibodies against
�3- and �5-integrin subunits. A single cardiac myocyte dual
immunolabeled with �3-integrin (Fig. 1A, green) and �5-
integrin (Fig. 1A, red) monoclonal antibodies showed that these
two integrins are heavily concentrated in the costameric struc-
tures of myocytes. The overlay of the �3- and �5-integrin
images with “zoom-in” revealed that the two integrins are
distributed in costameric structures of the myocyte (Fig. 1A,
�3 � �5), which is consistent with previous studies (21, 57)
describing integrin distribution in cardiomyocytes. To further
determine the proximity of the integrins to the cytoskeleton
structure in cardiomyocytes, we examined the distribution of
�5�1-integrin and vinculin as a cytoskeletal protein. Cardiac
myocytes dual immunolabeled with vinculin (Fig. 1B, green)
and �5�1-integrin (Fig. 1B, red) monoclonal antibodies showed
that vinculin and �5�1-integrin are concentrated in costameres
and the intercalated disk of myocytes. The overlay of �5-
integrin and vinculin with zoom-in magnifications revealed
that these two structures are closely localized in the vicinity of
the costamere structure (Fig. 1B).

Analyses of the adhesion force between the FN-coated probe
and a single cardiomyocyte. To measure the cell membrane
stiffness and adhesion force (unbinding force) between FN and
the cardiomyocyte surface, AFM probes coated with FN were
applied to the membrane surface of noncontracting cardiomyo-
cytes. A typical force curve is shown in Fig. 2. When the
FN-coated probe moved to approach the cell surface (from
point 1 to point 2), force remained at zero level. The cantilever
bent, encountered a resistance, and changed the deflection
signal after contact with the surface (dark “approach” line,
from point 2 to 3). Point 2 represents the “reflection” point or
“contact” point. Data in the region of points 2–3 were used to
fit the Hertz model to calculate cell cortical stiffness. The
stiffer the cell, the less the indentation and the steeper the
upslope of the force curve. As probe retraction started (dotted
“retraction” line), resistance force decreased (from point 3 to
4). The snap-off that represents bond rupture (i.e., adhesion

H2073FN-INTEGRIN INTERACTIONS IN CARDIOMYOCYTES

AJP-Heart Circ Physiol • VOL 298 • JUNE 2010 • www.ajpheart.org

 on M
ay 25, 2010 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


force) between FN and the cardiomyocyte is shown in the
retraction line (dotted line point 5). As shown in Fig. 2, the
example trace shows three adhesion events (bond rupture) that
occurred when the FN-coated probe retracted. When all adhe-
sions between the FN-coated probe and cardiomyocyte have
been broken, the retraction curve again overlies the initial
approach curve level (point 6) because net forces acting on the
cantilever are zero (i.e., equivalent to force acting on the probe
during the approach).

To analyze the distribution of adhesion events, the observed
adhesion events plotted as histograms were fitted with Gauss-
ian distributions to resolve integrin-FN bond adhesion force.
Data analyses showed a good agreement between the raw data

(histogram) and the fitted line (Fig. 3A, solid line). The peak
bond rupture force (initial peak of the adhesion force in Fig.
3A) of FN-integrin was �39.6 � 1.3 pN (Fig. 3A, control, n �
10), which likely represents a FN-integrin single bond unbind-
ing force (67, 68, 73). The bar at the right of Fig. 3A shows the
probability of FN-integrin adhesion events defined as the
percentage of the curves with adhesion divided by total re-
corded curves. Under conditions defined for these experiments,
the probability of adhesion events between the FN-coated
probe and cardiomyocyte was 65% (Fig. 3). We also performed
control experiments in which myocytes were plated directly on
the glass plate without laminin and measured adhesive force
and probability. Our results showed that the adhesion (force

Fig. 1. Immunofluorescence localization of integrins and the cytoskeleton protein vinculin in adult mouse cardiomyocytes under high confocal magnification
(	63). A: immunofluorescence labeling was performed on isolated cardiomyocytes using anti-�3-integrin with an Oregon green-labeled secondary monoclonal
antibody and anti-�5-integrin with a Cy5-labeled secondary monoclonal antibody. The enlarged inset (right image) shows the overlay of anti-�3 and
anti-�5-integrin micrographs, where the closest or colocalized areas are indicated as yellow-orange. Regions of costameric (arrows), striated (arrowheads), and
nuclear (red asterisks) structures are shown. B: immunofluorescence staining of a single cardiomyocyte using anti-vinculin with an Oregon green-labeled
secondary monoclonal antibody and anti-�5-integrin with a Cy5-labeled secondary monoclonal antibody. The enlarged inset (right image) shows the overlay of
anti-vinculin and anti-�5-integrin micrographs, where the closest or colocalized areas are shown as yellow-orange. Integrin and vinculin exhibited costameric
and intercalated disk (blue arrow) localization. Bar � 10 �m.

H2074 FN-INTEGRIN INTERACTIONS IN CARDIOMYOCYTES

AJP-Heart Circ Physiol • VOL 298 • JUNE 2010 • www.ajpheart.org

 on M
ay 25, 2010 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


and probability of binding) between FN and integrins was not
significantly different from the cells plated on laminin-coated
plates (adhesion force: 38.6 � 0.9 vs. 39.6 � 1.3 and proba-
bility: 61% vs. 65%), indicating that there was no significant
influence of the substrate laminin on the measured interactions
with FN. We also examined the adhesion force and probability
of adhesion using FN-coated microbeads (5 �m, n � 6) on the
tip of the AFM probe. While the adhesion force between
FN-integrin was not significantly different from the adhesion
force measured with the conically tipped AFM probe (38.1 �
1.0 vs. 39.6 � 1.3 pN), the probability of adhesion was
significantly greater with the microbead-tipped AFM probe due

to the larger contact area of the microbead with the cardiomyo-
cyte cell membrane (84% vs. 65%).

To determine whether adhesion or mechanical characteris-
tics would vary in different regions of the cell body, force
curve measurements were performed on three regions of the
cell body. Measurement sites were selected 25% from either
end of the myocyte and in the lengthwise center of the cell
(n � 4). Results demonstrated that there were no differences in
cell stiffness or adhesion characteristics at either of the two cell
ends (data not shown). However, the adhesion probability and
cell stiffness from the central region of the cell were 14% and
47%, respectively, lower than similar measurements made at
the end of the cells (data not shown). A comparison of the FN
adhesion force indicated that there were no differences among
the three different regions. For all experiments reported below,
data presented were collected with the probe positioned 25%
from the end of the myocyte.

FN exhibits binding specificity for �3�1- and �5�1-integrins
on cardiomyocytes. �3�1-Integrin and �5�1-integrin have been
documented to bind FN (50). To verify their roles in adhesion
events between FN and cardiomyocytes, cells were pretreated
with integrin monoclonal antibodies. We used anti-�3- or
anti-�5-integrin antibody (60 nM) to block �3- or �5-integrin
subunits. Since �3- and �5-integrin subunits are known to
associate only with the �1-integrin subunit, we assumed that
these antibodies provide information regarding binding speci-
ficity for �3�1- and �5�1-integrins (27). There were no signif-
icant changes in the initial peak adhesion force in the presence of
either �3-integrin (41.1 � 3.2 pN, 60 nM, n � 10; Figs. 3C and 4A)
or �5-integrin (41.2 � 2.2 pN, 60 nM, n � 10; Figs. 3B and 4A)
monoclonal antibodies. However, the probability of attachment to
FN was inhibited by 48% or 65% in the presence of anti-�3- or
anti-�5-integrin monoclonal antibodies, respectively (Fig. 3, B and
C). Pretreatment with antibodies also reduced the area under the

Fig. 2. Raw force curves generated using fibronectin (FN)-coated atomic force
microscopy (AFM) probes on cardiomyocytes. FN-coated probes (1 mg/ml)
were controlled to repeatedly (800 nm/s z-axis movement at 0.5-Hz frequency)
approach (solid trace) and retract (dotted line trace) from freshly isolated
cardiomyocytes. Points 1–6 represent the stages of approach and retraction
(explained in detail in the RESULTS). The insets show the AFM probe approach-
ing the myocyte (top left inset, point 1 in the curve). Note that the image of the
AFM cantilever is blurred as it is above the plane of focus. The bottom right
inset shows the AFM probe in contact with the myocyte (point 2 in the curve).
Note that the AFM cantilever is in sharp focus. CVM, cardiomyocyte.

Fig. 3. Summary of adhesion force results with the FN-
coated AFM probe in cardiomyocytes. A: analyses of
force-density plots of adhesion events during FN-coated
probe retraction in cardiomyocytes. The observed adhe-
sion force and corresponding number of events in the
experiments (50 curves/cell for a total of 500 curves) were
plotted as histograms. Solid lines represent the results that
fitted with multiple Gaussian distributions. Insets: inte-
grin-FN binding probabilities (solid bars). B–D: force-
density plots of adhesion events and integrin-FN binding
probabilities (solid bars) in the presence of function-
blocking antibodies against �5-integrin (B; 60 nM), �3-
integrin (C; 60 nM), or the combination of �3- and
�5-integrins. n � 10 for each group.
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adhesion force density distribution curve (i.e., displayed less
spread than with FN alone), indicating fewer total adhesion events
(Fig. 3, A–C). The integrated force value, determined as average
force from all adhesion events, was also calculated as described in
MATERIALS AND METHODS. The integrated adhesion force between
FN and the myocyte was 81.1 � 2.3 pN. The integrated force was
inhibited by 21% in the presence of �3-integrin monoclonal
antibody and by 23% in the presence of �5-integrin monoclonal
antibody (Fig. 4B). Treatment with the combination of anti-
�3- and �5-integrin monoclonal antibodies significantly reduced the
adhesion force (to 28.1 � 1.2 pN), probability of attachment, and
integrated force by 29%, 70%, and 59%, respectively, compared
with FN binding alone (Figs. 3D and 4). In addition, treatment
with �1-integrin monoclonal antibody, to block all available
��-integrin combinations, including �3�1- and �5�1-integrins,
significantly reduced the adhesion force (to 25.2 � 0.1 pN),
probability of attachment, and integrated force by 36%, 75%, and
61%, respectively (n � 10; Fig. 4). To further determine the
specificity of the adhesion force and probability between �3�1-
integrin-FN and �5�1-integrin-FN, a non-FN �11-integrin subunit
monoclonal antibody was used. The results showed no significant
difference in adhesion force, probability of attachment, and inte-
grated force compared with FN alone in the presence of �11-
integrin monoclonal antibody (n � 10; Fig. 4).

Furthermore, as an antibody control, nonintegrin binding
antibody, anti-rat MHC monoclonal antibody (1 mg/ml)-coated
AFM tips were tested (n � 10). MHC class I receptor mole-
cules were detected on almost every cell, but the probability of
binding and adhesion force were significantly lower compared
with FN (n � 10)-coated AFM probes (
85% and 
29%,
respectively). As a nonspecific protein control, AFM probes
were coated with BSA. BSA-coated probes (n � 10) also
exhibited a significantly lower probability of binding and
adhesion force compared with FN-coated probes (
75% and

24%, respectively). Finally, uncoated AFM probes alone
exhibited 65% lower probability of binding and 45% lower
adhesion force than FN-coated probes.

Adhesion force and membrane stiffness of cardiomyocytes
are dependent on the actin-myosin cytoskeleton. The mem-
brane cytoskeleton is a critical junction for mechanotransduc-
tion in cardiomyocytes. Complexed with integrins at focal
adhesions, mechanical forces are transmitted bidirectionally
across the cell membrane. Forces transmit from the ECM to the
cytoskeleton when extracellular forces act on the myocyte and
from the cytoskeleton to the extracellular environment when
myocytes generate contractile force. Thus, the cytoskeleton has
been proposed to provide an intracellular structure for trans-
mitting contractile forces out of the cell to the matrix as well as
a pathway for transmitting external forces into the cell and
nucleus (27, 42, 57). To investigate the changes in the actin-
myosin cytoskeleton in cardiomyocytes, force curve measure-
ments were performed in the presence of cytochalasin D, an
F-actin-disrupting agent, or BDM, an agent that suppresses
contraction by inhibiting actin-myosin interactions (23, 72).
Treatment of myocytes (n � 10) with cytochalasin D or BDM
had no effect on adhesion force (Fig. 5A) or adhesion probability
(Fig. 5B). However, integrated adhesion force was significantly
reduced (Fig. 5D) by both cytochalasin D (
32%) and BDM
(
24%). Cell stiffness in control myocytes was 31.0 � 0.5 kPa;
the decrease in myocyte cell stiffness after cytochalasin D
(
85%) or BDM (
70%) treatment supported the cytoskeletal
effects of these agents (Fig. 5D).

Adhesion force and membrane stiffness of cardiomyocytes
change under contracted and relaxed states. To quantify the
changes in FN adhesion during contraction and relaxation of
the myocyte, adhesion measurements were compared under
conditions where high-K� solution was used to induce a
tonically contracted state and low-Ca2� solution with EGTA
and BDM was to induce a fully relaxed state. Images of typical
cardiomyocytes in these two solutions are shown as insets in
Fig. 6, A and B. All cardiac cells that were studied were visibly
observed to contract in high-K� solution (Fig. 6A, inset).
During tonic contraction, peak adhesion force was significantly
increased (1.2-fold, P � 0.05) from 38.4 � 2.5 pN in relaxed
cells (n � 10, Fig. 6B with inset cell image) compared with
47.9 � 1.5 pN in contracted cells (n � 10; Fig. 6, A and B).
Contraction was also associated with a 2.8-fold increase (P �
0.05) in adhesion probability compared with myocytes under
relaxed conditions (53% in contracted vs. 19% in relaxed, n �
10; Fig. 6, A and B). In addition, the adhesion force density
distribution curve observed in cells under the contracted state
displayed significantly more adhesion events (i.e., more area
under probability distribution) than occurred in cells under the
relaxed state (Fig. 6, A and B). The increase in myocyte
adhesiveness during contraction was also apparent as a 1.6-fold

Fig. 4. Summary data of adhesion force and integrated force with the FN-
coated AFM probe in cardiomyocytes. The adhesion force (A) represents the
first peak force, and the integrated force (B) represents the total area under the
force-density distribution curves. Calculations are presented in MATERIALS AND

METHODS. Adhesion force was not changed in the presence of �3- or �5-integrin
monoclonal antibodies alone, whereas the combination of �3- and �5-integrin
monoclonal antibodies and �1-integrin monoclonal antibody decreased adhe-
sion force. Integrated force, which provides a metric reflecting the average
overall adhesiveness, was decreased by �3- or �5-integrin monoclonal anti-
bodies and further decreased by the combination of �3- and �5-integrin
monoclonal antibodies and �1-integrin monoclonal antibody (50 �M). Non-FN
�11-integrin (60 nM) showed no significant effects on adhesion force and
integrated force. *P � 0.05 vs. control (FN-coated AFM probe alone). n � 10
for each group.
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higher integrated force in contracted cardiomyocytes compared
with cells in the relaxed state (Fig. 7B).

Consistent with a state of cell contraction and relaxation, the
cell stiffness or elasticity was 137.5 � 5.3 kPa in the contracted
state, which was 27.5-fold greater than in the relaxed condition
(Fig. 7C). To control for the effect of cell shortening and force
generation by actin-myosin cross-bridge cycling, myocytes
were treated with a combination of high-K� solution plus
BDM (Fig. 6C). With BDM (10 mM) in high-K� bath solution,
the adhesion force and integrated force decreased by 17% and
25%, respectively (Fig. 7, A and B) compared with high-K�

solution alone. There were no significant differences in adhe-
sive probability without or with BDM in high-K� state, and the
probability of binding remained significantly higher than in the
relaxed state. The presence of BDM in high-K� solution
prevented visible cell shortening (Fig. 6C, inset) and the
increase in cell stiffness observed with high-K� solution alone.
BDM decreased cell stiffness by 82% compared with high-K�

solution alone (Fig. 7C). In addition, the probability, integrated
force, and stiffness of high-K� solution � BDM-treated cells
were 2.7-, 1.2-, and 5.1-fold greater than in relaxed cells,
respectively (Fig. 7, B and C).

DISCUSSION

The results of this study demonstrate that FN-cardiomyocyte
adhesion through �3- and �5-integrins varies with the contrac-

tile status of the myocyte, indicative of dynamic regulation of
integrin adhesion during cell contraction.

Transmembrane integrins that link the ECM and intracellu-
lar cytoskeleton are important for mechanosensation and mech-
anotransduction. Integrins can act as conduits to mechanically
transfer forces and initiate biochemical signals from the outside
of the cell to the inside and from the inside of the cell to the
outside (12, 28, 55, 79). In cardiomyocytes, costameres in
general are considered as the subsarcolemmal protein assem-
blies that circumferentially align in register with the Z disk of
peripheral myofibrils. Thus, costameres physically couple
force-generating sarcomeres with the sarcolemma in cardiac
muscle (9, 15, 47). The costamere structure, including integrin
linkage to the Z disk of the sarcomeres via the cytoskeleton
proteins talin, vinculin, desmin, FAK, and �-actinin, plays an
important role in mechanotransduction (57) and is analogous to
the focal adhesions found in other cell types. Cardiac myocytes
normally express �1-, �3-, �5-, �6-, �7-, �9-, �10-, and �1-
integrins; of these, the four most prevalent subtypes are �1�1-,
�3�1-, �5�1-, and �7�1-integrins (49, 50). We (59) have
previously shown the expression of �5�1-integrin in the intact
mouse myocardium. The data in the present study show that
the presence of �5�1-integrin in isolated cardiomyocytes qual-
itatively matches the expression of integrins in the intact heart
tissue. The expression of �3�1- and �5�1-integrins and the
cytoskeleton protein vinculin in the vicinity of the costameres

Fig. 5. Summary of results of adhesion characteristics of
cardiomyocytes in the absence or presence of cytochalasin
D or 2,3-butanedione monoxime (BDM). The adhesion
force, probability, and cell stiffness were calculated as
described in detail in MATERIALS AND METHODS from the
force curves obtained from cells under normal condition or
cells incubated in the presence of cytochalasin D or BDM.
Adhesion force (A) and adhesive probability (B) were not
changed in the presence of cytochalasin D or BDM. Inte-
grated force (C) and cell stiffness (D) were significantly
decreased in the presence of cytochalasin D or BDM. *P �
0.05 vs. control. n � 10 for each group.

Fig. 6. Summary of results of adhesion force in con-
tracted (high-K� solution), relaxed (low-Ca2� solution), and
high-K�solution�BDM-treatedcardiomyocytes.A–C:ana-
lyses of force-density plots of adhesion events during FN-
coated probe retraction in cardiomyocytes. Adhesion to FN
was enhanced during contraction or contraction with BDM
compared with the relaxed state. The observed adhesion
force and corresponding number of events in the experi-
ments (50 curves/cell for a total of 500 curves) were plotted
as histograms in contracted cells (A), relaxed cells (B), and
high-K� solution � BDM-treated cells (C). Solid lines
represent the results that fitted with multiple Gaussian dis-
tributions. Insets: integrin-FN binding probabilities (solid
bars) in contracted (A) and relaxed (B) cardiomyocytes and
high-K� solution � BDM treated cells (C). Top: AFM
images of cardiomyocytes under each condition. n � 10 for
each group.
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and intercalated disk (Fig. 1) in cardiomyocytes is consistent
with the importance of the ECM-integrin-cytoskeleton axis in
mechanotransduction.

The ECM of heart tissue is largely composed of collagen,
FN, and laminin (26, 39). FN is deposited as an insoluble
complex of either a cellular form that is synthesized and
secreted locally by nonmuscle cells or a circulating form that is
synthesized and secreted by hepatocytes (30, 58). The presence
of FN in normal rat and mouse cardiac tissues has been
previously reported (10, 76), and an increase in the amount of
FN deposition in the hypertrophied or injured myocardium has

also been documented (6, 38 , 58, 75). However, in isolated
myocytes using the collagenase digestion method as we used in
this study, the basement membrane is completely disrupted and
collagen and pericelluar matrix proteins, like FN, are mostly
removed from the cell surface (10, 36). In this study, we sought
to explore the relationship between FN adhesion and mech-
anosensation in normal myocytes. Our hypothesis was that
transmission of an increased level of force during cell contrac-
tion and a decreased level of force during relaxation would
correlate with a corresponding increase in integrin adhesion to
FN during contraction and a decrease in adhesion during

Fig. 7. Summary of results of cell adhesive and mechanical
properties of cardiomyocytes in the contracted and relaxed
states. The adhesion force (A), integrated force (B), and
stiffness (C) of relaxed cells and high K� solution �
BDM-treated cells were significantly smaller than in con-
tracted cells. In addition, the integrated force (B) and
stiffness (C) of high-K� solution � BDM-treated cells
were significantly greater than in relaxed cells. *P � 0.05
vs. contracted cells; #P � 0.05 vs. relaxed cells. n � 10 for
each group.

Fig. 8. Simplified schematic representation of the FN-integrin-costamere axis. A: during relaxation, decreased adhesion force, probability of adhesion, and cell
stiffness could be related to the decreased availability of activated integrin receptors within the costamere complex. B: in comparison, during contraction,
increased adhesion force, probability of adhesion, and stiffness could be related to the increased availability of active integrin receptors and fortification of the
costamere complex. The activation of integrins could hypothetically be related to inside-out ligand-activated signaling mechanisms (e.g., Ca2�) that can act to
coordinate the contractile state with adhesion. Myofilaments: actin, myosin, tropomyosin, and troponin. ECM, extracellular matrix; �, activation; 
, inhibition.
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relaxation (Fig. 8). It was speculated that this would allow the
myocyte to be mechanically and energetically more efficient at
transferring force. AFM has been proven to be an unparalleled
tool for the study of adhesion kinetics in cells (24, 45). It has
both the spatial and temporal resolution to permit the study of
adhesion at the scale of single molecules and is a proven
technique for the study of adhesion in cells. In our experiments,
we used AFM to measure adhesion force and adhesion prob-
ability as indicators of FN-integrin interactions and to measure
cell stiffness as an indicator of the cell contractile state.

To quantify the adhesive events between FN and myocyte
integrin proteins, the force that caused the bond between
integrin and FN to rupture (unbinding force) was quantified.
Previous work in our laboratory and by others (35, 68, 73) has
provided evidence to show that the force required to disrupt
adhesion between FN and �5�1-integrin is between 35 and 80
pN. In the present study, we measured the comparable unbind-
ing force for the interaction between FN and integrins as 39.6 �
1.3 pN using a conically tipped FN-coated AFM probe and as
38.1 � 1.0 pN using a microbead-tipped AFM probe. A number
of factors have been shown to contribute to the measured unbind-
ing force and probability of an adhesion event occurring, such as
the sampling location on the cell surface, ligand concentration,
probe spring constant, and loading rate (3, 68). To minimize
contributions from these sources of variation, we held each of
these variables constant for our experiments.

The data from the present study demonstrated that the
probability of adhesion to FN-integrins significantly decreased
but not the bond rupture force in the presence of �3- or
�5-integrin monoclonal antibodies, whereas in the presence of
both �3- and �5-integrin antibodies or �1-integrin monoclonal
antibody, the adhesion force was significantly reduced (Figs. 3
and 4). Non-FN �11-integrin monoclonal antibody had no
effects on adhesion force and adhesion probability, demon-
strating the specificity of FN binding to �3�1- and �5�1-
integrins. Presumably, �3- or �5-integrin monoclonal antibod-
ies act by preventing FN on the AFM probe from interacting
with these integrins on the cell surface in the manner of a
competitive inhibitor; thus, the antibodies bind to the integrin
and reduce the availability of these integrins to the probe,
which would decrease the binding probability and binding
force between FN-integrin. These results support the �3- and
�5-integrin specificity of the binding to FN. The residual
adhesion force observed in the presence of combined antibod-
ies to �3- and �5-integrins (28.1 � 1.2 pN) or to �1-integrin
(25.2 � 0.1 pN) may be due to cell membrane force and/or
membrane tether formation and/or the nonspecific binding we
observed with control BSA protein on the AFM tip or tip alone.
In particular, these residual forces are similar in magnitude to
the membrane tether forces reported by Sun et al. (65) of 28.6 �
10, 29.6 � 9, and 29.6 � 10 pN in Chinese hamster ovary cells,
a malignant human brain tumor cell line, and human endothelial
cells, respectively.

The data shown in Fig. 6 clearly demonstrate that the
FN-integrin adhesion force and adhesion probability in con-
tracted cells are greater than in cells under relaxed conditions.
An interpretation of the increase in bond rupture force and
adhesion probability observed in cardiomyocytes under the
contracted state compared with cells in the relaxed state raises
several possibilities. First, the increase in the probability of
adhesion could have resulted from an increased number of

integrins available for binding at the cell surface during con-
traction. Whether the increased probability is mediated by an
increase in the number of receptors being expressed/inserted in
the cell membrane or increased activation of receptors already
present on the surface has not yet been determined. Second, the
increase in measured force could result from integrin activa-
tion, leading to a more tightly bound state. Both of these types
of inside-out integrin regulation have been reported to occur
(27, 42). Finally, another possibility of enhanced adhesion
force during contraction is that the cytoskeletal attachments to
integrins at the cell surface are enhanced (43). It has been
shown that the stability of the ECM-integrin-cytoskeleton axis
is crucial to and required for cell contraction (70).

Furthermore, our data demonstrate that the cell stiffness or
elasticity of cardiac myocytes during tonic contraction was
higher than that of cells under the relaxed state (Fig. 7). This is
consistent with the view that membrane depolarization caused
by high extracellular K� would lead to Ca2� entry and subse-
quent myofilament activation and cytoskeleton stiffening (Fig.
8). Similar to our observations, an increase in cell stiffness
during contraction has been reported in rat atrial myocytes
using AFM. This increase in stiffness was associated with
actin-myosin formation and force generation (62). It has also
been shown that changes in [Ca2�]i levels and activation of
cytoskeletal filaments are major components responsible for
the cellular indentation stiffness (51). Thus, in addition to
providing valuable insights into changes in cell adhesion, the
stiffness measurements obtained from the AFM force curves
can provide important temporal information related to the cell
activation status.

To our knowledge, this is the first report to advance and
provide support for the hypothesis that integrin adhesive prop-
erties are modulated differently in a contracted condition ver-
sus a relaxed condition in the myocyte. The mechanism we
propose is one whereby the cell signaling that activates con-
traction or altered contractility will also activate integrins
through an inside-to-out signaling pathway. The activated
integrins would be evident as the altered adhesion that we
examined and demonstrated in these investigations with AFM.
A simplified schematic representation showing the adhesive
events, probability, and cell stiffness at the contracted and
relaxed states of the cardiac cell is shown in Fig. 8. In the
context of our hypothesis, the subsequent alteration in integrin
adhesion to the ECM could conceivably initiate a secondary
round of outside-in signaling changes including the changes/
activation in the costamere complex and activation of Ca2�

channels, as shown in Fig. 8. As an example of possible
feedback from altered ECM-integrin interactions, we recently
observed that FN induces a Ca2� increase and an increase in
force development in mouse papillary muscle fibers (unpub-
lished observations). Rueckschloss et al. (53) demonstrated
that contraction could induce an enhancement of Ca2� currents
by FN and RGD peptides in guinea pig cardiomyocytes. We
(22, 83–85) have also previously reported that FN modulates
Ca2� and K� channels through �5�1-integrin in vascular
smooth muscle and human embryonic kidney cells heterolo-
gously expressing neuronal and smooth muscle Ca2� channel
isoforms. Sorting out the integrin signaling pathways and
cytoskeletal changes involved in feedforward and feedback
processes during cell contraction and relaxation will be an
important challenge for the future.
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In conclusion, our data indicate that FN interactions on
cardiomyocytes involve �3�1- and �5�1-integrins and that
adhesive interactions with these integrins are modulated by the
contractile state in cardiomyocytes. We speculate that these
changes in adhesion would act to match the adhesive state of
the cell with the generation of contractile force thereby en-
hancing mechanical efficiency. Further studies will be required
to clarify the mechanisms by which these adhesive changes
occur and to determine if such changes in adhesion can be
modulated on a beat-to-beat basis in cardiomyocytes.
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The extracellular matrix (ECM) protein–integrin–cytoskeleton axis plays a central role as a mechanotransducing
protein assemblage in many cell types. However, how the process of mechanotransduction and the mechanically
generated signals arising fromthis axis affectmyofilament function in cardiacmuscle arenot completelyunderstood.
We hypothesize that ECM proteins can regulate cardiac function through integrin binding, and thereby alter the
intracellular calcium concentration ([Ca2+]i) and/or modulate myofilament activation processes. Force measure-
ments made in mouse papillary muscle demonstrated that in the presence of the soluble form of the ECM protein,
fibronectin (FN), active force was increased significantly by 40% at 1 Hz, 54% at 2 Hz, 35% at 5 Hz and 16% at 9 Hz
stimulation frequencies. Furthermore, increased active force in the presence of FN was associated with 12–33%
increase in [Ca2+]i and 20–50% increase in active force per unit Ca2+. A function blocking antibody for α5 integrin
prevented the effects of the FNon the changes in force and [Ca2+]i,whereas a function blockingα3 integrin antibody
didnot reverse the effects of FN. The effects of FNwere reversedbyanL-typeCa2+channel blocker, verapamil or PKA
inhibitor. Freshly isolated cardiomyocytes exhibited a 39% increase in contraction force and a 36% increase in L-type
Ca2+ current in the presence of FN. Fibers treated with FN showed a significant increase in the phosphorylation of
phospholamban;however, thephosphorylationof troponin Iwasunchanged. These resultsdemonstrate that FNacts
viaα5β1 integrin to increase force production inmyocardium and that this effect is partlymediated by increases in
[Ca2+]i and Ca2+ sensitivity, PKA activation and phosphorylation of phospholamban.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ventricular remodeling is the primary long-term adaptive mecha-
nism in response to physiological (e.g. exercise) or pathological (e.g.
diabetic cardiomyopathy) mechanical overload. In addition to hyper-
trophy of cardiac ventricular myocytes during mechanical overload,
alterations in non-ventricularmyocyte compartments, e.g. extracellular
matrix (ECM), also form an essential component of the remodeling of
the ventricle during diabetes mellitus and hypertension. ECM proteins
communicate with intracellular molecules including cytoskeletal and
Ca2+ signaling systems through integrins and are likely integrated with
remodelingmechanisms. However, themechanismswhereby integrin–
ECM interactions are linked to mechanical signaling in cardiac muscle
are poorly understood [1].

Integrins are a large family of transmembrane adhesion molecules
that provide a connection between the intracellular cytoskeleton and
ECM. Integrins are heterodimers composed of α and β subunits. Of the
approximately 24 known integrins, cardiac myocytes express at least 4

prevalent subtypes, which include: α1β1, α3β1, α5β1 and α7β1 [2,3].
α3β1 binds to FN, collagen and laminin, whereas α5β1 binds most
strongly to FN, α1β1 binds to collagen and laminin, and α7β1 binds to
laminin [4]. The overlappingbindingaffinitybetween integrins andECM
proteins is likely due to common bindingmotifs, for example, arginine–
glycine–aspartic acid (RGD) and leucine–aspartate–valine (LDV) amino
acid sequences present in many ECM proteins. α1β1, α3β1 and α5β1
recognize ECM proteins that are containing RGD sequences [2,5]. In
cardiac muscle, integrins localize in costameres, the sites where Z
bands connect to basement membrane. The costamere is structurally
integrated with cytoskeletal components and signaling complexes
further supporting the proposition that integrins are involved in
mechanical signaling [1,3,5–7]. It has been reported that application of
mechanical stress to integrin adhesion sites causes increased cytoskel-
etal stiffening, generation of second messenger signals and tyrosine
phosphorylation of proteins anchored to the cytoskeleton [8–10]. Thus,
there is a strong evidence to suggest that integrins can act as a conduit
for transmission of mechanical forces across the cell membrane and
thereby initiating intracellular signaling.

Intracellular Ca2+ handling mechanisms include Ca2+ entry, Ca2+

release and Ca2+ reloading of the sarcoplasmic reticulum (SR). We
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have previously shown that at least 3 different integrins regulate
voltage-gated L-type Ca2+ channels (CaL) and Ca2+ activated K+

channels in native vascular smoothmuscle (VSM) cells, neuronal cells,
and in heterologously expressed neuronal, VSM or cardiac CaL in
human embryonic kidney (HEK) −293 cells. Regulation of the ion
channels by integrins requires signaling between focal adhesion
proteins [11–17]. Numerous studies have indicated that alterations in
CaL and [Ca2+]i are primary mechanisms for the cardiac hypertrophic
response [18–22]. Rueckschloss and Isenberg have reported contrac-
tion-induced enhancement of CaL in guinea-pig cardiomyocytes
attached to coverslips coated with either FN or RGD-containing
peptides [23]. We have demonstrated that RGD-containing peptides
or digested fragments of collagen depress force production by mouse
papillary muscle fibers [2]. Since the binding affinities between
different ECM proteins and integrins are varied, we propose that the
downstream mechanical signaling will also be different and will
depend upon the specific ECM proteins and integrins involved.

FN is normally expressed in the heart and undergoes increased
expression in hypertrophic and injured myocardium [7,24–27]. These
studies address the role of FN in the structural remodeling that occurs
in hypertrophic or injured hearts. However the role of soluble FN in
normal heart function is poorly understood. Laser et al. have
suggested that increased FN expression in feline myocardium during
hypertrophy may involve focal complex formation and the activation
of extracellular-regulated kinases 1/2 following α5β1 integrin
binding [28]. In this study we test the hypothesis that soluble FN
interacts with α5β1 integrin to augment force development by
altering [Ca2+]i and myofilament activation processes.

2. Materials and methods

2.1. Force measurements in intact papillary muscle fibers

Adult male mice (FVB/N strain, 15–20 weeks, 25–35 g, Harlan
Houston, TX, and Charles River, USA) were anesthetized by an
intraperitoneal injection of sodium pentobarbital (60 mg/kg) and
hearts were excised rapidly. The hearts were placed in cold (4 °C)
Krebs–Henseleit (KH) buffer containing 10 mM 2, 3-butanedione
monoxime (Sigma, USA). KH buffer was composed of (in mM): 119.0
NaCl, 11.0 glucose, 4.6 KCl, 25.0 NaHCO3, 1.2 KH2PO4, 1.2 MgSO4 and
1.8 CaCl2. The buffer solution was gassed with 95% O2–5% CO2 to
maintain the pH (7.35–7.40). The right ventricular papillary muscle
(2.0–3.0 mm in length, 0.3–0.4 mm in width and 0.15–0.25 mm in
thickness) was isolated by dissection with a segment of the tricuspid
valve at one end and a portion of the myocardial septum at the other.
The muscle tapered from the ventricular wall toward the attachment
to the tricuspid valve such that the shape approximated that of a
triangle with length and with an oval base width. The force was
normalized per cross-sectional area at the base using the approxima-
tion area=0.75×width×depth [29]. The papillary muscle bundles
were mounted between a force transducer and a voltage-controlled
motor positioner within a muscle measurement suite (Scientific
Instruments, Germany). Stimulation pulse duration was 6 ms with an
initial rate of 1.0 Hz. The papillary bundle was continuously super-
fused with KH maintained at 37 °C for force measurement. Stimula-
tion voltage and bundle length were adjusted until maximum force
was reached. The muscle was then stimulated at 1.0 Hz for 20–30 min
before executing the experimental protocol. A digital phosphor
oscilloscope suite (Tektronix TDS 420A with Wavestar software)
measured stimulation frequency, twitching force amplitude, averaged
force amplitude within preset time windows, and continuously
logged the data into the computer.

The experimental protocols consisted of: (1) increasing stimula-
tion frequency by 1.0 Hz increments (duration of 2 min or until a
steady force value had been reached); (2) decreasing stimulation
frequency to a randomly selected frequency (5.0 or 1.0 Hz) and

superfusing with KH solution containing either 35.0 nM FN (440 kDa,
Invitrogen Corporation, Grand Island, NY) or 35.0 nM bovine serum
albumin (BSA. Amersham Life Science, Arlington Heights, IL) for 5 min
before starting to record data; (3) in experiments with integrin-
blocking monoclonal antibodies (mAb), the preparations were
incubated for 5 min with α5 (HMα5-1, 60 nM) or α3 (VLA-3α,
60 nM) mAb (BD Bioscience, San Jose, CA) prior to perfusion with FN,
and (4) for inhibitor studies, the papillary muscle fibers were
incubated with either the cardiac selective Ca2+ channel blocker
2.5 μM verapamil or the cell-permeable PKA inhibitor 14–22 amide
(PKA-I, 1 μM. Calbiochem, Gibbstown, NJ) for 5 min before application
of FN. Chemicals, unless otherwise stated, were obtained from Sigma.

Preparation of FN: FN (5.0 mg) was reconstituted, according to the
manufacturer's (Invitrogen Corporation, Grand Island, NY) manual, by
adding 5 ml of sterile distilled water. The resulting solution was 1 mg/ml
of FN in 100 mMCAPS, 0.15 MNaCl, and 1 mMcalcium chloride, pH 11.5,
and theconcentrationof FN in this stock solutionwas2.3 μM.TheFNstock
solution was then filtered through Ultrafree-MC centrifugal filter to
remove any particles and/or precipitates that may present in FN. Then
about 100 μl to 500 μl aliquots of FNwas stored at−20 °C in small plastic
siliconized tubes till the use in experiments; repeated freezing and
thawingof the stock solutionwas avoided. 300 μl of FN stock solutionwas
added directly to 20 ml Krebs–Henseleit (KH) solution before each
experiment, which yielded the desired final concentration of FN (about
35 nM); the pH was adjusted to 7.4, and used in the experiments as
described earlier. Similar protocol was also done for BSA in KH solution.

2.2. Force–Ca2+ measurements in intact papillary muscle fibers

Right ventricular papillary muscle bundles were extracted and
mounted as previously described. The muscle measurement equip-
ment suite provided all the optics and electronics needed for
measuring [Ca2+]i using Fura-2 AMdye.Measurementswere collected
through a different data acquisition suite (National Instruments A/D
board and LabVIEW software, Austin, TX) with the digital oscilloscope
suite providing continuous monitoring. A mercury lamp and filter
wheel provided alternating ultraviolet (UV) pulses of 340 nm and
380 nm at 250 Hz with pulse duration of 1.5 ms to illuminate the
bundle. The combinations of microscope, dichroic mirror, filter and
photomultiplier tube collected the Fura-2 fluorescence. A synchro-
nized electronic integrator parsed and averaged the respective
fluorescence signals associated with 340 nm and 380 nm excitation.
The loading solution consisted of KH with 10 μM Fura-2 AM
(Invitrogen/Molecular Probes, Eugene, OR), 4.3 mg l−1 N,N,N′,N′-
tetrakis (2-pyridylmethyl) ethylenediamine, and 5.0 g/l cremophor.
The KH to dimethyl sulfoxide volume ratio of the loading solution was
333:1. A loading duration of 1.5 hwith 20 min of de-esterification gave
signals of greater than 3-fold over background fluorescence. The ratio,
R, offluorescence from340 nmexcitation tofluorescence from380 nm
excitation was calculated after subtracting background fluorescence.
Ca2+ concentration was calculated using the following equation with
Kd equating to Kd×β after subtracting background fluorescence [30]:

Ca2+
h i

i
= Kd4 R−Rminð Þ= Rmax−Rð Þ½ �4β

where β is the ratio of the 380 nm signal at zero Ca2+ vs the 380 nm
signal at saturating Ca2+ (39.8 μM). The ratio of 340/380 fluorescence
was converted to [Ca2+]i using a standard method [30]. The minimum
ratio (Rmin) was determined in zero Ca2+ with 10 mM EGTA and
the maximum ratio (Rmax) was determined in 39.8 μM Ca2+. The
experimental protocolswere the sameasdescribed in the earlier section
except that the protocols were carried out at room temperature.
Myocytes increase their ability to actively pump out the Ca2+ sensitive
dye Fura-2 with increasing temperature. At near physiologic

204 X. Wu et al. / Journal of Molecular and Cellular Cardiology 50 (2011) 203–213



Author's personal copy

temperature, the myocytes will actively eliminate enough Fura-2 such
that additive noise becomes a confounder. The ratio method of Fura-2
eliminates similar multiplicative noise but does not remove the
additive noise. Thus, it was not possible to load the Fura-2 into myocyte
using our current protocol to conduct the force/frequency with Ca2+

experiments at near physiologic temperature. However, at room
temperature the Fura-2 dye load into myocytes more efficiently and it
is possible to measure force and Ca2+ simultaneously.

2.3. Analyses of the force–Ca2+ data

From the Ca2+ and force values, time-to-peak Ca2+ amplitude and
time-to-peak force (TPF), and time from peak Ca2+ to peak force
and the maximum rate of isometric tension development [+dF/dt,
(mN/mm2)/s)] represented contraction properties. The 50% decay
time from the peak of Ca2+, the 50% relaxation time from the peak of
force, and the maximum rate of relaxation [−dF/dt, (mN/mm2)/s]
represented relaxation properties. The +dF/dt and −dF/dt were
calculated using the following equation, where F(t) was the measured
force at a particular time t and ΔT was the 1 ms sampling period:

dF = dt = F t−ΔTð Þ−F tð Þ½ �=ΔT :

Averaging a three data point window for each single dF/dt
calculation minimized the noise. Data analyses were performed as
described in our previous publications [31,32]. We analyzed the
force–Ca2+ values at specific points during a twitch cycle. The points
consisted of: (1) the resting point ‘A’, (2) maximum Ca2+ point, ‘B’,
and (3) maximum force point, ‘C’. Active force, [Ca2+]i and active
force/delta gain of [Ca2+]i were calculated at points A, B and C.

2.4. Adult cardiomyocyte preparation

Adult male mouse cardiomyocytes (FVB/N strain, 2–4 months)
were prepared as described [3]. Briefly, the heart was harvested under
anesthesia and put into ice-cold Ca2+ free physiological saline
solution (PSS) containing (in mM): 133.5 NaCl, 4 KCl, 1.2 NaH2PO4,
1.2 MgSO4, 10 HEPES, and 11 glucose, pH 7.4. 10 mM 2,3-butanedione
monoxime (BDM) was present during the dissecting procedure. The
aorta was cannulated and the heart was mounted in a Langendorff
perfusion system with Ca2+-free control solution containing 1 mg/ml
bovine serum albumin (BSA, Amersham Life Science, Arlington
Heights, IL) at 37 °C. Perfusion was continued with the same solution
containing 25 μM Ca2+ together with collagenase type I (62.4 U/ml,
Worthington, NJ) and type II (73.7 U/ml, Worthington, NJ). After
about 15–20 min, the heart was removed and transferred to a Petri
dish containing PSS with 100 μM Ca2+. The ventricles were cut into
small pieces that were then gently triturated to release single cells.
The collected cells were then re-suspended in PSS containing 200 μM
Ca2+. A suspension of freshly dispersed cells was plated onto a dish for
at least 30 min in PSS solution with 1.8 mM Ca2+ before beginning the
experimental protocols.

2.5. Electrophysiology

Whole-cell currents were recorded using Axopatch 200B, Digidata
1322A and pCLAMP9 software (Axon/Molecular Devices, Sunnyvale,
CA). All experiments were performed at 22 °C. Conventional whole-
cell recordings were made as described previously [12,33]. Pipettes
had resistances ranging from 1 to 5 MΩ. The extracellular solution
contained (in mM): 135 TEA-Cl, 1.1 MgCl2, 2 BaCl2, 10 glucose, 10
HEPES, 10 4-aminopyridine, and 0.01 TTX (pH=7.4). The intracellular
solution (high Cs+) contained (in mM): 110 CsCl, 20 TEA-Cl, 10 EGTA,
10 HEPES, 2 MgCl2, 4 Mg-ATP, and 1 CaCl2 (pH=7.2). These solutions
provided isolation of Ca2+ currents (ICa) from other currents and from
the Na+–Ca2+ exchanger. Ba2+ in extracellular solution served as the

charge carrier to increase the size of the inward currents elicited by
depolarization, and to minimize Ca2+-dependent inactivation of ICa
[11,12]. ICa of cardiomyocytes was elicited by voltage ramps or by
voltage steps from −60 to +40 mV in 10 mV increments every 5 s at
holding potential=−50 mV.

2.6. Measurements of cell contractions

Two parallel platinum electrodes 5 mm apart were placed on each
side of cardiomyocytes. The isolated myocytes were field stimulated
at 1 Hz with a biphasic square pulse of 8 ms total duration. The
amplitude and duration of the pulses were controlled by a SD9 Grass
stimulator (Grass Technologies, MA). The stimulus amplitudes were
set to 20% above threshold. Cell images were acquired through an
Olympus CKX41 inverted microscope (at 400× magnification) using a
Hitachi charged-coupled device color camera, and video acquisition
card (PCI 1409; National Instruments). The cell contraction tracking
program was written in LabView, with subroutines called from the
supplemental IMAQ Vision Development Package (National Instru-
ments, Austin, TX) [34].

2.7. Western blot analysis

Papillary fibers were stimulated at 3.0 Hz, either in the absence or
presence of FN, at 37 °C for 4 min. The fibers were then flash-frozen in
liquidnitrogen and stored at−80 °Cuntil use. Lysateswere prepared by
homogenizing the tissue in ice-coldRIPA lysis buffer supplementedwith
phosphatase inhibitors and protease inhibitor cocktail (Sigma, MO), as
described earlier [35]. The tissue sampleswere then further sonicated in
protein-solubilizing buffer. The supernatant was assayed for protein
concentration, mixed with an equal volume of SDS gel-loading buffer
[36], and run on a 4–20% precast gradient SDS-polyacrylamide gel (Bio-
Rad Laboratories). For analysis of total phospholamban (PLB) and
phospho-phospholamban (p-PLB) expression, both the control and FN-
treated samples in SDS gel-loading buffer were either boiled for 3 min
or were heated at 37 °C for 15 min prior to loading [37]. The proteins
were transferred to a nitrocellulosemembranewith a Bio-Rad transblot
apparatus and the transfer was verified by Ponceau-S staining. The
membranewas blocked in 5%milk in Tris buffered saline (TBS) and then
incubated with a primary antibody followed by incubation with the
corresponding HRP-conjugated secondary antibody. The following
dilutions of the primary antibodies in TBS were used: PLB (1:1000)
and anti-p-PLB Ser16 (1:1000), (Upstate Biotechnology, VA), GAPDH
(1:5000) (Millipore,MA), phospho-TnI Ser23/24 (1:1000) (Abcam,MA)
and TnI (1:4000) (Advanced Immunochemical, CA). The immunoreac-
tive bands were visualized using the Pierce detection system (Super
Signal West Dura Extended Duration Substrate, Pierce). Membranes
were stripped by incubation in Restore western blot stripping buffer
(Thermo Scientific, MA) and re-probed with the corresponding total
antibody or GAPDH (1:1000). Densitometry analyses on the resulting
bandswere performed using Quantity Onemulti-analyst software (Bio-
Rad, CA). The ratios of p-PLB were calculated with respect to both PLB
and GAPDH, and the ratio of phosphorylated cardiac troponin I (p-TnI)
and total troponin I (TnI) was also calculated. Each experiment was
repeated three times.

2.8. Statistical analyses

All data are expressed as means±SEM. Statistical analyses were
done using either a Student's paired t-test or a two-way ANOVA with
Fisher's or Bonferroni/Dunn's post hoc tests. RepeatedmeasuresANOVA
were used for comparison of repeated measurements within the same
group (e.g. response to increasing pacing frequency). Pb0.05 was
regarded as statistically significant.
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3. Results

3.1. FN increased force development in ventricular papillary muscle

Fig. 1(A) shows that FN increased active force in a concentration-
dependent manner (1 to 200 nM, n=9) at 5 Hz at 37 °C. A fit of the
Boltzmann equation to the data in Fig. 1(A) shows that a half-maximum
effect was evoked by 36.5 nM FN. Fig. 1(B) shows typical force curves
before and after application of 35.0 nM FN to a papillary muscle fiber.
The peak force was enhanced by 31% after FN addition (Fig. 1(B)).
Applicationof FN led to anenhancementof normalizedpeak force as early
as 1 min at 5 Hz. This enhancement peaked at 3–4 min (about 130 to
140% of control), remained stable for 10 min, and then declined gradually
by 14–15 min (Fig. 1(C)). Active force that describes the difference
between themaximum andminimum force (passive tension) developed
by the ventricle fibers increased at all given stimulation rates after
applicationof FN(Fig. 1(D)). Theenhancedactive force varied from17%at
9 Hz to 55% at 2 Hz (pb0.05, n=9). Note that the fibers also
demonstrated a positive force–frequency response (FFR) from 2 to
9 Hz, similar to previous reports [32]. BSA in the perfusion solution was
used as a control, and had no significant effect on the time course of force
generation (Fig. 1(C)).

The rates of force generation and relaxation (+dF/dt and −dF/dt)
were calculated as described in Materials and methods. FN caused a
significant increased in both +dF/dt and −dF/dt at all the tested
stimulation frequencies between 1 and 9 Hz, (pb0.05, n=9) in
papillary muscle (Figs. 2(A and C)). The rate of force generation
increased from 18% at 9 Hz to 105% at 2 Hz (Fig. 2(A)). Furthermore,
TPF was significantly decreased in papillary fibers stimulated at all
frequencies except 9 Hz after treatment with FN (Fig. 2(B)). The rate of
force relaxation increased from 23% at 9 Hz to 136% at 2 Hz (Fig. 2(C)).
The times to 50% relaxation from the peak force were 20%, 22% and 15% shorter at 1, 2 and 5 Hz, respectively, after application of FN (Fig. 2(D),

pb0.05, n=9).

3.2. Increased force generation in FN-treated ventricular papillary fibers
associated with increase in both [Ca2+]i and Ca2+ sensitivity

To further elucidate themechanisms for the enhancement of force in
thepresence of FN,wemeasured the force and [Ca2+]i simultaneously in
papillary muscle fibers at room temperature. The Ca2+ transients and
force measured at 1 Hz before and after FN incubation are shown in
Figs. 3(A and B), respectively. Both force and [Ca2+]i transients were
increased in the presence of FN. The Ca2+ transients declined faster to
50% of the peak in the presence of FN at 1 Hz (175±11ms at control vs
144±12ms at FN, pb0.05; n=9). The relaxation time (50% from the
peak) was 16% faster after application of FN. The time to peak of [Ca2+]i
(Fig. 3(A)) and TPF (Fig. 3(B)) were not significantly changed in the
presence of FN. However, the time between peak Ca2+ and peak
force was 9% shorter at 1 Hz in papillary fibers perfused with FN
(Control: 85±3 ms vs FN: 77±4 ms, pb0.05; n=9).

Fig. 4(A) shows typical force–[Ca2+]i loops for papillary fibers
before and after FN application at 1 Hz. Note three distinct points
labeled as ‘A’, ‘B’ and ‘C’ on the force–[Ca2+]i hysteresis loop. Point ‘A’
represents the resting (basal) point, point ‘B’ represents maximal
[Ca2+]i concentration and point ‘C’ represents maximal force. At
point ‘A’, an increase in stimulation frequency did not significantly
change the [Ca2+]i and diastolic force of the fiber in either the control or
FN-treated condition. Figs. 4(B and C) show the changes in the
maximum active force, maximum [Ca2+]i, and delta gain (DG) of active
force divided by the change in [Ca2+]i (active force/Δ[Ca2+]i) for
stimulation frequencies 1.0 Hz and 2.0 Hz that occur at point ‘B’ and
point ‘C’, respectively. The delta gain (DG) of the active force/Δ[Ca2+]i
is defined as the active force divided by the difference in [Ca2+]i from
point ‘B’ to point ‘A’ or from point ‘C’ to point ‘A’. Since delta gain
quantifies changes in force per unit Ca2+, the alteration in this
parameter could represent changes in the myofilament activation

Fig. 1. Force generation in the presence of fibronectin (FN, 35 nM) in mouse right
ventricular papillary muscles. (A) FN caused a concentration-dependent increase in
active force generation at 5 Hz and 37 °C. Data were fit by a Boltzmann equation with
half-maximal force equal to 36.5 nM FN. (B) A typical force curve showing that force
increased in the presence of FN at 5 Hz. (C) A representative trace showing the effect of
FN on the active force generated by a mouse papillary muscle fiber. Bovine serum
albumin (BSA, 35 nM) was used as control protein. (D) Changes of peak active force in
the presence of FN at stimulation rates of 1 Hz to 9 Hz. Data are presented as mean±
SEM. n=9. *pb0.05 vs control.

Fig. 2. FN enhanced both the contraction and relaxation parameters in papillary muscle.
(A and C) The maximum rates of contraction and relaxation (+dF/dt and −dF/dt) are
enhanced in fibers treated with FN. (B and D) TPF and the time to 50% off the peak of
maximum force are lower in the FN-treated fibers. Data are presented as mean±SEM.
n=9; TPF: time-to-peak force. *pb0.05 vs control.
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processes [2,31,32], such as an increase in Ca2+ sensitivity. The results
demonstrate that at point ‘B’ (Fig. 4(B)), the active force significantly
increased by 73% and 22% at 1 Hz and 2 Hz, while the maximum Ca2+

was increased by 33% and 11% respectively. Furthermore, DG sig-
nificantly increased by 22% at 1 Hz. At point ‘C’ (Fig. 4(C)) the

maximum active force was increased by 57% and 31% at 1 Hz
and 2 Hz, respectively, in the presence of FN. The [Ca2+]i concentra-
tion was also increased by 26% at 1 Hz and by 12% at 2 Hz after FN
application. TheDG at point ‘C’ significantly increased by 24% and 15%
at 1.0 and 2.0 Hz, respectively, in the presence of FN.

Fig. 3. Ca2+ transient and force during a contraction cycle before and after FN application. Raw data showing [Ca2+]i transients (A) and force (B) in top panels. Force and [Ca2+]i with
respect to time at a stimulation rate=1 Hz. Decay time of [Ca2+]i and force relaxation time are the times representing EC50 values. TPF: time-to-peak force. Data are presented as
mean±SEM. n=9. *pb0.05 vs control.

Fig. 4. Analysis of the force–[Ca2+]i loop in the absence and presence of FN. (A) Representative force–Ca2+ loop in the absence and presence of FN at a stimulation rate=1 Hz. ‘A’ is
the resting point; ‘B’ is the peak [Ca2+]i point; and ‘C’ is the peak force point. (B and C) [Ca2+]i, active force, and active force/Δ[Ca2+]i in the absence and presence of FN (n=9). Data
are presented as mean±SEM. *pb0.05 vs control of corresponding rates. #pb0.05 vs 1 Hz within control or FN group.
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3.3. The increased force generation in FN-treated muscle fiber is
mediated by α5β1 integrins

To investigate the role of integrins in the activation effect on force
development in FN-treated fibers, we pretreated the papillary fiber
bundles with function blocking antibodies for α3 or α5 integrin
subunits andmeasured the force development as described inMaterials
and methods. α3 and α5 integrin subunits are known to associate only
with β1 integrin subunit, making α3 and α5 antibodies specific for
α3β1 and α5β1 heterodimer integrins, respectively. The results show
that theeffect of FNon forcewas significantly attenuated in thepresence
of antibodies for α5 integrins (Fig. 5(A)). The data show that the
maximum force development of papillary muscle preparations was
significantly reduced by 39% at 1 Hz and 36% at 2 Hz (n=7, Pb0.05) in
the presence ofα5 blocking antibody (α5+FNgroup) compared to FN-
treated fibers alone. Furthermore, the peak [Ca2+]i was significantly
decreased by 19% at 1 Hz in fibers treated with α5 blocking antibody
compared to FN-treated fibers alone (n=7, pb0.05). There were no
significant differences in normalized peak force and [Ca2+]i between
control andα5+FN groups. The effects of FN on force and [Ca2+]i were
not significantly affected in the presence of α3 integrin function
blocking antibody (Fig. 5).

3.4. Enhanced force and Ca2+ by FN are PKA and L-type Ca2+ channel
dependent

Phosphorylation via PKA at serine 1928 of the L-type Ca2+

channels and PKA-dependent phosphorylation of myofilament pro-
teins and Ca2+-handling proteins lead to positive inotropic, lusitropic,
and chronotropic effects on the heart [38–41]. Since FN enhanced
force development and increased [Ca2+]i with shorter time to the
peak of force development in papillary fibers, we propose that
activation of both the L-type Ca2+ channel and PKAwould be involved
in modulating the [Ca2+]i and myofilament or Ca2+-handling
proteins. To test this hypothesis, papillary muscle fibers were
pretreated with the cell-permeable PKA inhibitor 14–22 amide
(PKA-I, 1 μM) or with the Ca2+ channel blocker verapamil (2.5 μM)
prior to perfusion with FN. Figs. 6(A and B) clearly demonstrate that
the effect of FN on force development and [Ca2+]i were greatly
reduced in the fibers treated with PKA-I at both 1 Hz and 2 Hz.
Furthermore the increase in active force per unit Ca2+ associated with
FN treatment was significantly reduced in fibers treated with PKA-I
(Table 1).

As shown in Figs. 6(C and D), verapamil significantly reduced
maximum force generation by 74 and 76% at 1 and 2 Hz stimulation,

Fig. 5. The FN-enhancement in peak force and [Ca2+]i was inhibited by an α5 integrin function blocking antibody. Bar graph summary of normalized force changes (A) or [Ca2+]i
(B) after FN (n=9) or after pretreatment with α3 integrin function blocking antibody (60 nM, n=7) or α5 integrin function blocking antibody (60 nM, n=7) at 1 or 2 Hz rate.
*pb0.05 vs control. #pb0.05 vs FN alone.

Fig. 6. FN enhanced force and [Ca2+]i were blocked by PKA inhibitor (PKA-I) or L-type Ca2+ channel blocker verapamil. Bar graph summary of normalized peak force changes (A or C)
and peak [Ca2+]i (B or D) in the pretreatment of PKA-I (1 μM, n=6, A and B) or verapamil (2.5 μM, n=7. C and D) at 1 or 2 Hz rate. There are no differences before and after
application of FN in the presence of PKA-I or verapamil. *pb0.05 vs control. #pb0.05 vs FN alone.
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respectively, while the maximum [Ca2+]i was inhibited by 64 and 68%
at 1 and 2 Hz, respectively. There was no further increase in active
force and [Ca2+]i after FN application in the presence of verapamil
(Figs. 6(C and D)).

3.5. FN enhanced myocyte cell shortening and ICa

To determine the effects of FN on the shortening of single
cardiomyocytes, freshly isolated adult mouse cardiomyocytes were
treated with 35 nM FN under 1 Hz field stimulation. Prior to
stimulation, cell length was not significantly different in the
presence of 35 nM FN (98.8±4.6 μm in control vs 95.4±4.7 μm
after FN). Fig. 7(A) shows typical contractions (normalized to
control length) in cardiomyocytes before and after FN by 1 Hz field
stimulation. Pooled average data (Fig. 7(B)) revealed that the
amplitude of contraction was increased by 40% in the presence of
FN (Pb0.05, n=13). The time to the peak of contraction and time to
50% relaxation were also shortened by 12% and 19%, respectively,
after FN application (Fig. 7(C)). In addition, the rates of contraction
and relaxation were increased by 59% and 70%, respectively, in the
presence of FN (Fig. 7(D)).

Since force enhancement by papillary muscle was accompanied by
an increase in the [Ca2+]i in the presence of FN, and Ca2+ entry
through the L-type Ca2+ channel is the first step leading to an [Ca2+]i
increase, the activity of CaL was examined. Whole-cell inward ICa in
freshly isolated mouse cardiomyocytes was elicited by voltage steps
(−60 to +40 mV in 10 mV increments, duration=200 ms from a
holding potential=−50 mV) or by voltage ramps (−50 to +40 mV,
duration=200 ms. Fig. 8(A)). Both protocols evoked inward currents
that peaked at−10 mV andwere blocked by the cardiac Ca2+ channel
blocker verapamil (2.5 μM, Fig. 8(A)). Application of FN (35 nM) in the
bath solution led to an enhancement of ICa (Fig. 8(A)). Furthermore,

the increase in Ica was detected as early as 1 min, reached a peak at 3
to 5 min, and was followed by a gradual return (data not shown). The
average response of 4 cells to FN is summarized in Fig. 8(B). On
average, 4 min application of 35 nM FN was associated with a 36%
enhancement of ICa at −10 mV. The data in Fig. 8(B) represent the
peak ICa normalized to the peak ICa recorded in the same cell just
before FN application.

3.6. Phosphorylation of PLB increased in the presence of FN

To test if integrin engagement with FN led to protein phosphor-
ylation of cardiac TnI (Ser 23/24) and phospholamban (PLB) Ser16,
papillary muscles were stimulated at 3 Hz for 4 min after FN and then
subjected to western blot analyses with specific antibodies. Quanti-
tative analyses (Fig. 9(A)) from the sample preparations either by
boiling or heating to 37 °C showed that the p-PLB/total PLB ratio was
significantly increased in the fibers treated with FN (Boiled samples:
0.611±0.049 in FN treated vs 0.305±0.061 in control; samples
heated to 37 °C: 0.691±0.005 in FN treated vs 0.242±0.069 in
control. pb0.05). Analysis of p-PLB was also carried out with respect
to GAPDH expression in the same samples. The ratio of p-PLB/GAPDH
was significantly increased in FN-treated fibers (Boiled samples:
0.636±0.044 in FN treated vs 0.358±0.066 in controls; samples
heated to 37 °C: 0.759±0.029 in FN treated vs 0.297±0.079 in
controls. pb0.05). As shown in Fig. 9(B), the p-TnI/total TnI ratio did
not show any significant difference between control and FN-treated
fiber samples (0.706±0.039 in FN treated vs 0.732±0.0125 in
controls).

4. Discussion

The main goal of this study was to determine the mechanisms
whereby FN modulates cardiac muscle contractility. A significant
enhancement in ventricular myocyte force was recorded in the
presence of FN. The increase in force was accompanied by an increase
in Ca2+ concentration, an increase in Ca2+ sensitivity as deduced from
analysis of Ca2+–force loops, and an enhancement in the phosphor-
ylation of phospholamban. Electrophysiological recordings of current
through the L-type Ca2+ channel revealed an increase in ICa in the
presence of FN. The enhancement of myocyte force induced by FNwas
significantly reversed in the presence of a function blocking antibody
against α5β1 integrin. A PKA inhibitor and a Ca2+ channel blocker

Table 1
Active force per unit Ca2+ changes after application of FN in the presence of PKA
inhibitor (PKA-I).

At 2 Hz Control FN (n=9) PKA-I (n=6) PKA-I+FN (n=6)

Active force/Δ[Ca2+]i
at point ‘B’

12.3±3 14.5±2.2* 10.6±1.9* 11.8±1.6#

Active force/Δ [Ca2+]i
at point ‘C’

32.6±5 53.1±8.6* 28.1±4.5* 30.1±3.9#

Unit: mN mm−2μM−1. *pb0.05 vs control; #pb0.05 vs FN alone.

Fig. 7. The effects of FN on cell contraction. (A) Representative tracings of cell shortening triggered by 1 Hz field stimulation before and after FN application in adult cardiomyocytes.
In the presence of FN (35 nM), increased fractional shortening, shorter time to peak of shortening (TTP), and shorter time to half relaxation (relaxation time) are evident (B and C)
(n=13). (D) Pooled data showing higher rates of contraction and relaxation in the presence of FN. *pb0.05 vs control.
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reversed the effects of FN on muscle fiber force development. These
results demonstrate that FN acts via α5β1 integrin to increase
ventricular myocyte force production and that the underlying
mechanisms involve an increase in [Ca2+]i through the L-type Ca2+

channel and an increase in Ca2+ handling by phosphorylation of
phospholamban in addition to changes in myofilament activation
processes such as Ca2+ sensitivity and crossbridge activation in the
myocardium.

4.1. FN and cardiac function

In adult myocardial tissue, the increased expression of cellular FN
mRNAwas seen as a response to hypertrophy that accompanied by re-
expression of fetal isoforms of FN [42,43]. Moreover, accumulation of
FN is observed in ischemic myocardium during the early stages of
acute myocardial infarction, and may play a role in the repair process
and fibrotic remodeling of the ventricular wall [44,45]. During the
progression of diabetes, hypertension and myocardial infarction,

there is an increase in expression and deposition of insoluble FN and
collagen in non-cardiovascular myocyte compartments, which have a
relatively similar distribution throughout the myocardium [46]. An
imbalance in the production and the degradation of ECM proteinsmay
lead to structural alterations such as basement membrane thickening
and ECM protein deposition in tissues during the development of
cardiovascular diseases [22,26,42,47–59]. All of these studies imply
that FN is a major component of the myocardial interstitium, may
affect myocardial compliance, and modulate the contraction and/or
relaxation cardiomyocytes. However, the role that FN plays in
modulating cardiac muscle contraction has not been directly studied.

The FN polypeptide is composed of three repeat regions, I, II, and III
[7,60]. The recognition site for α3β1 or α5β1 integrin is in FN region
III, which contains RGD repeats. When FN binds to the integrin
receptor, integrin clustering and assembly of multiple focal proteins
occurs inside the cell initiating various signaling pathways. We
previously showed that soluble RGD-containing synthetic peptide, or
fragments of denatured collagen (Type I) significantly reduced force

Fig. 8. The effects of FN on L-type Ca2+ channel (CaL). (A)Whole-cell inward CaL currents (ICa)–voltage (I–V) relationships obtained from freshly isolated adult mouse cardiomyocyte
using a ramp protocol (−50 to +40 mV over 200 ms). ICa was enhanced at 4 min after application of FN (35 nM). The current was substantially inhibited by 2.5 μM verapamil.
(B) Bar graph represents normalized peak currents 4 min after application of FN, where current was significantly enhanced (n=4). Peak currents after FN were normalized to the
currents at the peak of the control I–V relationship (usually at a test potential of −10 mV). *pb0.05 vs control. Pipette: 110 Cs+; bath: 2 mM Ba2+; holding potential: −50 mV.

Fig. 9.Western blot analysis of p-PLB and p-TnI expression with or without FN treatment: mouse papillary muscle bundles were subjected to FN treatment (stimulated at 3 Hz) and
analyzed for differential expression of p-PLB and p-TnI. (A) Top panel: representative blot showing the expression of p-PLB, PLB and GAPDH in control and FN-treated samples that
were boiled or heated to 37 °C. Bottom panel: the relative expression of p-PLB/PLB and p-PLB/GAPDH were calculated and plotted. (B) Top panel: representative blot showing the
expression of p-TnI and TnI in control and FN-treated samples. Bottom panel: the relative expression of p-TnI/TnI was calculated and plotted. Both A and B represent data from three
independent experiments and the mean±SEM is plotted. *pb0.05 vs control.
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production in papillary muscle fibers. Integrin antibodies for α5 and
β1 integrins, but not α3 integrin antibody, reversed the effect of the
RGD-containing peptide. Force–[Ca2+]i measurements showed that
the depressed force generation in the presence of RGD peptide, acting
via α5β1 integrin, was associated with reduced [Ca2+]i and
myofilament activation processes [2]. The data presented in this
study demonstrated that soluble intact FN, acting through α5β1
integrin, enhanced force and increased [Ca2+]i, which might be
related to activation of CaL and myofilament activation processes. The
different downstream effects of ECM proteins through various
integrins or the activation of integrins by different integrin antibodies
(i.e. soluble or insoluble form) leading to specific signaling have
also been reported in other studies. In VSM, soluble RGD, vitronectin,
RGD-containing FN fragment, as well as insoluble vitronectin
inhibited Ca2+ current probably through αvβ3 integrin. In contrast,
insoluble FN acted through α5β1 to enhance Ca2+ current and Ca2+

entry. A peptide containing the LDV sequence (in the IIICS region of
FN) enhanced contraction and Ca2+ current through α4β1 integrin
[12–14]. Solubleα5β1 antibody had no effect on Ca2+ currents in VSM
but increased Ca2+ in heterologously expressed neuronal and smooth
muscle CaL channel isoforms in HEK-293 cells [12–14]. Rueckschloss
et al. [23] have reported that soluble FN enhanced Ca2+ current in
cardiomyocytes while soluble RGD peptide did not have any effect on
Ca2+ current. Lamberts et al. used a specific type 1 collagenase
enzyme and observed an increase in diastolic and developed tension
[61]. Laminin binding to β1 integrins modulates CaL through signaling
pathways linked to adrenergic and cholinergic receptors signaling in
cat atrial myocytes [62,63]. The difference in the downstream
signaling observed between RGD-containing collagen and FN could
be explained by the activation of different intracellular signaling
pathways. Digested/soluble collagen, upon binding to α5β1 integrin,
activated protein kinase C to inhibit CaL and decreased Ca2+ to
myofilaments [2]; whereas in this study we showed that binding of
intact soluble FN to α5β1 integrin activated PKA and increased
phosphorylation of PLB and thereby enhanced Ca2+ sensitivity and
crossbridge kinetics. Thus, it is likely that the overlapping distribution
of FN and collagen in the myocardial matrix has differential functions
on cardiomyocytes whose actions might represent an equilibrium
mechanism during physiological or pathological circumstances.

4.2. FN modulates cardiac contractility through Ca2+ signaling, Ca2+

sensitivity and crossbridge kinetics

The data presented in Figs. 1 and 4 clearly show an increase in force
development in the FN-treated fibers. Though the active force (total
force−passive force) values at 1.0 Hz are comparable both at room
temperature and 37 °C (for control samples: 10.7±1.2 mN/mm2 at
room temperature and 11.8±1.8 mN/mm2 at 37 °C; the values are
from data shown in Figs. 1(D) and 4(C), respectively), the force values
are higher in the fibers stimulated at 2.0 Hz measured at room
temperature. We think that the force values are different due to the
temperature at which the experiments have been performed. These
data are also consistent with our previous publication [32], which
showed that the maximum force at 34 °C peaks at 6–7 Hz, whereas at
room temperature the force peaks at 3.0 Hz. The simultaneous force
and Ca2+ measurements were performed at room temperature, since
Fura-2 dye load intomyocytesmore efficiently at room temperature as
we have discussed in the Materials and methods section.

The level of [Ca2+]i along with the sensitivity of the myofilaments
to [Ca2+]i, determines the level of activation of the cardiac muscle
fibers. Increasing stimulation frequency caused a progressive an
increase in myocyte force development, which is evident as a positive
force–frequency relationship (FFR) in both control and FN-treated
groups. Several studies have shown that the CaL channel and the Ca2+

handling protein sarcoplasmic reticulum Ca2+ ATPase (SERCA2a)
have frequency-dependent characteristics that contribute to a

positive FFR [64–67]. Phosphorylation of the PKA site on the CaL
channel causes an increase in the open probability and the open time,
leading to an increased influx of Ca2+ and enhancement of cardiac
excitation–contraction due to an increase in the free cytosolic Ca2+

concentration [68–70]. As evident from the presented data, the
increased force, [Ca2+]i and ICa stimulated by FN were significantly
inhibited by verapamil and PKA-I, suggesting that the FN affected
force generation in cardiomyocyte through activation of CaL and
increase in PKA activity. Ca2+ release and Ca2+ reload are also
involved in the regulation of free [Ca2+]i, which was supported by an
increase in the phosphorylation of PLB. In this study, faster declined
time of Ca2+ transients to 50% of the peak [Ca2+]i during relaxation
(Fig. 3), indicating faster Ca2+ reload by FN. Additional experiments
are warranted to directly test the SERCA2a activity.

Increases in [Ca2+]i, force and force/unit Ca2+ in the FN-treated
papillary fibers at the point of the Ca2+ peak (Point ‘B’) point to Ca2+-
activated thin filament activation processes, such as an increase in Ca2+

sensitivity, during the A to B segment of the force–Ca2+ loop. The B to C
segment is typically attributed to strongly-bound crossbridges keeping
tropomyosin in the open state to allow continued myosin attachment
to actin despite decreasing [Ca2+]i [32]. Increased force and force/unit
Ca2+ at the point of maximum force ('C') suggest an increased rate of
contraction and decreased time of peak Ca2+ to peak force; these
processes may reflect an increased cooperative feedback effect and
accelerated crossbridge kinetics in the presence of FN. Furthermore,
despite a small increase in [Ca2+]i, both atB and Cpoints, the effect of FN
on the force development is relatively greater (Fig. 4), which strongly
demonstrate an increase in myofilament Ca2+ sensitivity in the FN-
treated myocardium. In addition, FN enhanced papillary muscle twitch
force, cell contraction speed, and Ca2+ transient decay, suggesting an
enhancement in Ca2+ dynamics, which would also augment the faster
crossbridge kinetics.

4.3. Role of PKA in the downstream effects of FN–integrin adhesion

PKA activation has been shown to be involved inmultiple signaling
pathways downstream from integrin–ECM interactions. In migrating
cells, the participation of α4β1 or α5β1 integrins in adhesion-
mediated, and localized activation of PKA is one of the earliest steps in
directional cell migration [71]. Several studies in myocardium have
shown that PKA-dependent phosphorylation of both Ca2+ handling
(SERCA2a, PLB, ryanodine receptor and CaL) and myofilament (TnI
and myosin binding protein-C) proteins plays a critical role in
modulating the crossbridge kinetics [72–74]; however adhesion-
mediated activation of PKA in the myocardium has not been
previously shown. Our results, showing reversal of the FN-stimulatory
effect on force development of papillary muscle fibers by PKA-I
indicate that PKA is acting downstream of the FN–integrin axis to
modulate the force generation in themyocardium. The presented data
(Table 1), demonstrating a significant decrease in FN-augmented
force per unit Ca2+ in the presence of PKA-I at both points B and C in
the force–Ca2+ loop suggest that both Ca2+ activation of the thin
filament (A to B segment) and positive feedback by strongly-bound
crossbridgemechanisms (B to C segment [31,32]), are to a large extent
mediated by PKA in FN-treated myofibers. Furthermore, western
blotting data showed an increase in the phosphorylation of PLB.
Increased phosphorylation of PLB has been reported during catechol-
amine stimulation and β-adrenergic-induced acceleration of cardiac
relaxation [29,75]. Taken together, our data indicate that in the
presence of FN, α5β1 integrin-mediated signaling changes the
characteristics of Ca2+-handling protein, PLB, through PKA, which
further alters the myofilament activation processes, such as Ca2+

sensitivity and crossbridge activation, leading to the observed
enhancement of force. Cheng et al. [76] have demonstrated that the
overexpression of β1A integrin subunit decreases the isoproterenol-
induced Ca2+ current and also, decreases the levels of cAMP. A
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different downstream effect of β1 integrin activation seen by Cheng
et al. [76] could be due to the fact that in our study we used FN that
only binds to α5β1 or α3β1; whereas, in Cheng et al. overexpression
of the β1A integrin subunit that would associate primarily with α1,
α3,α5 andα6 integrin subunits in cardiomyocytes showed a decrease
PKA activation.

This study identifies an important role for the FN–α5β1 integrin
signaling pathway in cardiac myocytes relative to myocyte contractile
function. The data presented here provide the first experimental
evidence that FN enhances force in mouse papillary muscle fibers
throughα5β1 integrins. We speculate that this increase in force by FN
would probably temporarily compensate for impaired heart function
from overload in the hypertrophied or damaged heart. Furthermore
the augmentation of force in the presence of FN is associated with
an increase in [Ca2+]i and changes in the myofilament activation
processes, partially due to the effects of PKA on PLB. These data, along
with our previous study showing that digested collagen fragments or
RGD-containing peptide decrease cardiomyocyte force [2], indicate
that the dynamic adhesion events between ECM proteins and
integrins, which are dramatically altered during the development of
disease conditions in myocardium, play significant roles in modulat-
ing cardiac muscle dynamics. We have recently shown [3] that FN–
integrin adhesion force and adhesion probability in contracted cells
are greater than in cells under relaxed condition. We propose that the
continuing alterations in integrin adhesion to the ECM would initiate
outside in signaling changes that includes the changes/activation in
the costamere complex and its associated kinases, to provide feedback
responses of the contractile status of the cells. Our data presented in
this study showed that FN-induces a Ca2+ increase and an increase in
force development in mouse papillary muscle fibers as a feedback
response to FN–α5β1 integrin interaction. However, further experi-
ments are warranted to address how the pathological remodeling of
ECM proteins including increase levels of FN affects the outside in
signaling pathways in modulating the cardiac muscle contractility.
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Abstract. 

 

Vasoactive effects of soluble matrix proteins 
and integrin-binding peptides on arterioles are medi-
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 integrins. To examine the under-

 

lying mechanisms, we measured L-type Ca
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 channel 
current in arteriolar smooth muscle cells in response to 
integrin ligands. Whole-cell, inward Ba

 

2

 

1

 

 currents were 
inhibited after application of soluble cyclic RGD pep-
tide, vitronectin (VN), fibronectin (FN), either of two 
anti–

 

b

 

3

 

 integrin antibodies, or monovalent 
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 antibody. 
With VN or 
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 antibody coated onto microbeads and 
presented as an insoluble ligand, current was also inhib-
ited. In contrast, beads coated with FN or 
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 antibody 
produced significant enhancement of current after bead 
attachment. Soluble 
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 antibody had no effect on cur-

rent

 

 

 

but blocked the increase in current evoked by FN-
coated beads and enhanced current when applied in 
combination with an appropriate IgG. The data suggest 
that 
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integrins are differentially linked 
through intracellular signaling pathways to the L-type 
Ca
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 channel and thereby alter control of Ca
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 influx in 
vascular smooth muscle. This would account for the va-
soactive effects of integrin ligands on arterioles and 

 

provide a

 

 

 

potential mechanism for wound recognition 
during tissue injury.
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ntegrins

 

 are heterodimeric receptors (
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b

 

) that me-

 

diate cell–extracellular matrix (ECM)

 

1

 

 and cell–cell
adhesion events. The cytoskeleton is mechanically

 

linked to the ECM by integrins so that cytoskeletal stiffen-
ing increases in direct proportion to applied stress (Wang
et al., 1993). Integrins can therefore serve as mecha-
nochemical transducers (Ingber, 1991). Integrins can also
function as signaling receptors that transduce biochemical
signals both into and out of cells (Clark and Brugge, 1995;
Sjaastad and Nelson, 1997). Intracellular signals known to
be linked to integrins include pH, Ca

 

2

 

1

 

, protein kinase C
activation, and protein tyrosine phosphorylation (Schwartz
et al., 1991
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;

 

 

 

Schwartz, 1993).
Integrin signaling pathways are generally believed to be

initiated by integrin clustering through interactions with

insoluble ECM ligands (Clark and Brugge, 1995). These
signals are initiated by cell interactions with ECM-coated
substrates or with beads coated with ECM proteins or an-
tiintegrin antibodies (Miyamoto et al., 1995

 

b

 

; Plopper et
al., 1995). When soluble ECM protein or antibody is
added, minimal or no signaling is thought to occur, but if
soluble antibody is followed by a cross-linking antibody,
signaling pathways are activated (Yamada and Geiger,
1997). A widely studied recognition site on ECM proteins,
including vitronectin (VN) and fibronectin (FN) (Schwarz-
bauer, 1991), is the tripeptide Arg-Gly-Asp (RGD), which
is recognized by a common subset of integrins, including
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. RGD peptides are known to
disrupt integrin-dependent cell adhesive events (Akiyama,
1996) as well as produce inhibitory effects on major cellu-
lar processes such as platelet aggregation and angiogenesis
(Weiss et al., 1997). For this reason, RGD peptides are po-
tential therapeutic agents for thrombotic diseases and can-
cer. One important, unresolved issue is whether RGD
peptides act solely by disrupting cell–ECM contacts or
whether they provide direct signals to cells by binding to
unoccupied integrins. Recent data from our laboratories
suggest that soluble RGD peptides may provide vasoac-
tive signals to cells in the vascular wall (Mogford et al.,
1996, 1997; D’Angelo et al., 1997). Thus, RGD peptides
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may be capable of directly stimulating integrin-dependent
intracellular signaling pathways.

In rat cremaster muscle arterioles, integrin-binding RGD
peptides and fragments of denatured collagen type I cause
dilation through an interaction with the 

 

a

 

v

 

b

 

3

 

 integrin on
vascular smooth muscle (Mogford et al., 1996). Dilation is
associated with a decrease in intracellular Ca

 

2

 

1

 

 concentra-
tion ([Ca

 

2

 

1

 

]

 

i

 

) (D’Angelo et al., 1997) and can be prevented
by a function-blocking antibody specific for the 

 

b

 

3

 

 integrin
(Mogford et al., 1996). In addition to these prolonged ef-
fects, RGD peptides also cause a transient, endothelium-
independent constriction of arterioles, mediated by the

 

a

 

5

 

b

 

1

 

 integrin (Mogford et al., 1997). In rat afferent arteri-
oles, RGD peptide causes a sustained constriction that is
associated with an increase in smooth muscle cell [Ca

 

2

 

1

 

]

 

i

 

(Yip and Marsh, 1997). The signaling mechanisms down-
stream from integrin-ligand binding are poorly under-
stood, particularly in vascular smooth muscle cells (SMCs).
We hypothesized that the L-type, voltage-gated calcium
channel was involved in the vasoactive responses of arteri-
oles since this channel is known to be a major pathway for
calcium entry into vascular SMCs. To test this hypothesis,
we isolated single SMCs from rat cremaster arterioles and
selectively measured whole-cell calcium current before
and after application of integrin ligands in both soluble
and insoluble form.

 

Materials and Methods

 

Cell Isolation Techniques

 

Male Sprague-Dawley rats (120–200 g) were anesthetized with intraperi-
toneal injection of pentobarbital sodium (120 mg/kg). All animal handling
procedures followed institutional guidelines. The two cremaster muscles
were excised and pinned flat for vessel dissection in a 4

 

8

 

C silastic-coated
Plexiglas chamber containing Ca

 

2

 

1

 

-free saline solution. The composition
was (in mM) 147 NaCl, 8.6 KCl, 1.17 MgSO

 

4

 

, 1.2 NaH

 

2

 

PO

 

4

 

, 5.0 

 

d

 

-glucose,
2.0 pyruvate, 0.02 EDTA, and 3 MOPS (pH adjusted to 7.4 with NaOH),
with BSA (0.1 mg/ml; Amersham Life Science, Arlington Heights, IL)
added to maintain cell integrity. Dissected segments of first- and second-
order arterioles were transferred to a tube of low-Ca

 

2

 

1

 

 saline solution
containing (in mM) 144 NaCl, 5.6 KCl, 0.1 CaCl

 

2

 

, 1.0 MgCl

 

2

 

, 0.42
Na

 

2

 

HPO

 

4

 

, 0.44 NaH

 

2

 

PO

 

4

 

, 10 Hepes, 4.17 NaHCO

 

3

 

, and 1 mg/ml BSA (pH
adjusted to 7.4 with NaOH) at room temperature for 10 min. After allow-
ing the vessels to settle to the bottom of the tube, the solution was de-
canted and replaced with low-Ca

 

2

 

1

 

 saline containing 26 U/ml papain
(Sigma Chemical Co., St. Louis, MO) and 1 mg/ml dithioerythritol (Sigma
Chemical Co.). The vessels were incubated for 30 min at 37

 

8

 

C with occa-
sional agitation, after which vessel fragments were transferred to low-
Ca

 

2

 

1

 

 saline solution containing 1.95 collagenase (FALGPA U/ml; Sigma
Chemical Co.), 1 mg/ml soybean trypsin inhibitor (Sigma Chemical Co.),
and 75 U/ml elastase (Calbiochem, La Jolla, CA) for 15 min at 37

 

8

 

C. After
further digestion, the remaining fragments were rinsed two times with
low-Ca

 

2

 

1

 

 saline solution and gently triturated using a fire-polished Pas-
teur pipette to release single cells.

 

Patch Clamp Techniques

 

Perforated, whole-cell recordings were made as described previously (Rae
and Fernandez, 1991). Micropipettes were pulled from 1.5-mm glass tub-
ing (Corning No. 8161; Warner Instruments, Hamden, CT) on a program-
mable puller and fire polished. Pipette resistances ranged from 1 to 3 M

 

V

 

.
The pipettes were dipped for 2–3 s in Cs

 

1

 

 pipette solution (high Cs

 

1

 

) con-
taining (in mM) 110 CsCl, 20 TEA chloride, 10 EGTA, 2 MgCl

 

2

 

, 10
Hepes, and 1 CaCl

 

2 

 

(pH adjusted to 7.2 with CsOH) and then backfilled
with the same solution containing 240 

 

m

 

g/ml amphotericin B. An EPC-7
amplifier (HEKA, Darmstadt-Eberstadt, Germany) was used to record
current, and hydraulic manipulators (model M0-102; Narishige, Tokyo,
Japan) were used for fine control of the micropipettes. Analog to digital

 

conversions were made using a TL-1 DMA interface (Axon Instruments,
Foster City, CA) and stored on a Pentium computer for subsequent analy-
sis. Data were sampled at 5–10 kHz and filtered at 1–2 kHz using an eight-
pole Bessel filter. Series resistance varied from 2 to 6 M

 

V

 

. Current records
were analyzed using pClamp (version 6.0.3; Axon Instruments). Currents
through the L-type calcium channel were elicited by voltage ramps (from

 

2

 

100 mV to 

 

1

 

80 mV, duration

 

 5 

 

200 ms) or by voltage steps (from 

 

2

 

80
to 

 

1

 

60 mV in 10 mV increments, duration

 

 5 

 

300 ms). All experiments
were performed at 22

 

8

 

C.
A suspension of freshly dispersed cells was plated onto a thin glass cov-

erslip in a recording chamber on the stage of an inverted microscope. The
coverslip was not usually treated, but in some experiments it was coated
with FN (120 kD, 20 

 

m

 

g/ml) before addition of cells (Schwartz, 1993). Cur-
rent recordings were made from individual cells between 30 min and 3 h
after plating. Cells harvested using the digestion procedure were elon-
gated with tapered ends in physiological saline solution (PSS), refractile
under interference contrast optics, and contractile in solutions containing
140 mM K

 

1

 

 

 

or 20 mM Ba

 

2

 

1

 

. At the beginning of each experiment, the re-
cording chamber was suffused with PSS from a gravity-fed reservoir at a
rate of 1.5 ml/min. PSS had the following composition (in mM): 136 NaCl,
5.9 KCl, 10 Hepes, 1.16 NaH

 

2

 

PO

 

4

 

, 1.2 MgCl

 

2

 

, 1.8 CaCl

 

2

 

, 18 

 

d

 

-glucose, 0.02
EGTA, and 2 pyruvate (pH adjusted to 7.4 with NaOH). To record
whole-cell current through the calcium channel, Ba

 

2

 

1

 

 (20 mM) was used
as the charge carrier in place of K

 

1

 

 and Na

 

1

 

 in the bath solution. This pro-
cedure is known to increase the size of the inward currents elicited by de-
polarization, and to minimize calcium-dependent inactivation of these
currents (Griffith et al., 1994). The Ba

 

2

 

1

 

 bath solution (20 Ba

 

2

 

1

 

) contained
(in mM) 20 BaCl

 

2

 

, 124 choline chloride, 10 Hepes, and 15 

 

d

 

-glucose (pH
adjusted to 7.4 with TEA-OH).

Both ramp and step voltage protocols elicited inward, whole-cell Ba

 

2

 

1

 

currents (I

 

Ba

 

) that peaked at 

 

1

 

30 mV (range 

 

5 

 

3.0–10.4 pA/pF); typically,
these currents were stable for more than 30 min. Since current–voltage
(I-V) relations for the ramp and step protocols were nearly identical, the
average of five voltage ramps was used to measure I

 

Ba 

 

in most experi-
ments. The activation portion of the I-V curve (from 260 to 130 mV) in-
creased smoothly to a single maximum with no secondary “hump” in its
voltage dependence, which is the pattern consistent with activation of only
a single type Ca21 channel (L-type) in this tissue (Nelson et al., 1990; Cox
et al., 1992). As noted previously (Hill et al., 1996), the entire I-V relation
was shifted about 30 mV to the right in 20 mM Ba21 solution. This behav-
ior is typical for voltage-gated calcium channels because of the fact that
the equilibrium potential for the permeable ion shifts to the right with in-
creasing extracellular ion concentration. When physiological Ca21 is used
as the charge carrier, the peak of the I-V curve occurs between 210 mV
and 0 mV, and the activation threshold occurs at approximately 250 mV,
as demonstrated in other SMC preparations (Aaronson et al., 1988).

Ligand Application
VN, FN (120 kD), lyophilized cyclic GPenGRGDSPCA (cRGD, with Pen
indicating penicillamine), and the control GRGESP peptide (RGE) were
obtained from GIBCO-BRL (Gaithersburg, MD). The anti–b3 integrin
function-blocking antibodies (F11; anti–rat monoclonal), 2C9.G2 (mono-
clonal), and the anti–a5 integrin function-blocking antibody (HMa5-1;
anti–rat monoclonal raised in Armenian hamster) were obtained from
PharMingen (San Diego, CA). Anti–rat MHC class I monoclonal anti-
body (MHC; clone R4-8B1) was obtained from Seikagaku Inc. (Tokyo,
Japan). Anti–Armenian hamster monoclonal IgG was obtained from
Sigma Chemical Co. Monovalent antibodies were made by digesting F11
(in stock solution) with papain, followed by subsequent extraction of Fc
fragments using a column of anti–mouse Fc coupled to Sephadex. The re-
sulting Fab digest displayed a prominent band at 50 kD with no evidence
of intact F11 at 150 kD.

For application to single cells, each agent was added to 20 Ba21 solution
and ejected from a picospritzer pipette (General Valve Corp., Fairfield,
NJ) positioned z50 mm away from a cell (Fig. 1 A).

Application of Protein-coated Beads
Streptavidin-coated microspheres (3.2 mm in diameter) were obtained
from Bangs Laboratories (Fishers, IN). Before each experiment, the
beads were coated with protein using a biotinylation procedure. Biotiny-
lated FN, F11, VN, HMa5-1, and MHC were prepared using a method
similar to that described previously (Hnatowich et al., 1987; Larson et al.,
1992). The molar ratio of NHS-LC-Biotin (Pierce Chemical Co., Rock-
ford, IL) to protein (10 mg/ml) was 20:1. To remove unreacted biotin, ul-
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trafree-MC filters were used (Millipore Corp., Bedford, MA). Nonspecific
sites on the beads were blocked by incubation with 0.1% heat-denatured
BSA in PSS. A dilute suspension of beads in Ba21 bath solution was then
used to backfill micropipettes for application to single cells. These pipettes
were positioned 5–10 mm away from the cells and fashioned so that their
tip diameters were approximately twice the diameter of the beads; gentle
pressure from a glass syringe (,2 cm H2O) was used to eject the beads
(Fig. 1 B).

Data Analysis
Whole-cell recordings were made from cells with capacitances varying
from 4 to 16 pF. We used data only from cells in which stable gigaseals
were maintained. In most analyses, the raw current value was normalized
to cell capacitance (an index of cell size) and expressed as current density
(pA/pF). Statistical comparisons were performed with repeated-measures
analysis of variance followed by post hoc tests, or with an independent
two-tail t test, as appropriate. Averaged values are expressed as mean 6
SEM. Values of P , 0.05 were considered to be statistically significant.

Results

Effect of cRGD on IBa

The effect of soluble cRGD peptide (100 mM for 1 min) on
inward Ba21 current is shown in Fig. 2. This dose of pep-
tide was reported to produce near-maximal dilation of iso-
lated cremaster arterioles (Mogford et al., 1996). Currents
from single arteriolar myocytes were elicited every 15 s by
a depolarizing pulse to 130 mV (300-ms duration) from a
holding potential of 280 mV. The time course of the re-
sponse from a representative cell is shown on the left side

Figure 1. Methods for appli-
cation of integrin ligands to
smooth muscle cells. The im-
ages show voltage-clamped
SMCs during application of
(A) soluble integrin ligand
from a picospritzer pipette or
(B) protein-coated beads us-
ing gentle aspiration from a
pipette. In both panels, the
pipette at the top is a record-
ing pipette used to hold the
cell at 280 mV. Cells are
contracted because of the so-
lutions used. In A, the lower
pipette is connected to a pi-
cospritzer for rapid applica-
tion of solutions to the area
surrounding the cell. In B, a
red blood cell can be seen on
the chamber bottom (under-
neath, not inside, the patch
pipette). The pipette at the
bottom is a large-tip pipette
containing FN-coated beads.
Two beads become attached
to the cell (white arrow), and
two remain in the pipette.
Both panels: bath solution is
20 Ba21; patch pipette solu-
tion is high Cs1; second pi-
pette solution: 20 Ba21. Bar,
10 mm.

Figure 2. Effects of soluble cRGD on IBa. (A) Time course of
changes in IBa (measurements made at 15-s intervals) for a single
arteriolar SMC in response to application of soluble cRGD pep-
tide (100 mM). Test potential was 130 mV in each case. Individ-
ual traces at right are leak-subtracted current traces at the time
points indicated by the symbols. Cell capacitance was 12 pF. (B)
Bar graph summarizing data for effects of soluble cRGD (n 5 9),
soluble RGE (n 5 4), vehicle (n 5 4), and nifedipine (1 mM, n 5
7). For each cell, the data represent peak currents 1 min after ap-
plication, as normalized to the current at the peak of the control
I-V relationship (usually 120 or 130 mV). (C) Summary I-V
curves for Ba21 current before or 60 s after application of soluble
cRGD (100 mM). Data from nine cells. All panels: bath solution
is 20 Ba21; pipette solution is high Cs1; HP 5 280 mV. *P , 0.05
vs. control.
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of Fig. 2 A, and individual current traces at the indicated
time points are shown on the right side. Before peptide ap-
plication, peak current ranged from 276 pA to 277 pA.
Within 15 s after application of soluble cRGD peptide
(100 mM) from a picospritzer pipette, current was inhib-
ited (to 260 pA) and maximal inhibition (to 251 pA) was
achieved 45 s after cRGD application. Nearly complete re-
covery from inhibition (to 275 pA) was observed within
30 s after peptide washout.

The average response of nine cells to soluble RGD pep-
tide is summarized in Fig. 2 B, where the data for each cell
have been normalized to the peak Ba21 current recorded
just before peptide application. On average, 100 mM
cRGD produced 22% inhibition of IBa at 130 mV (mea-
surements taken immediately before peptide washout).
Also illustrated in the bar graph are the effects of vehicle,
RGE peptide (which does not interact with integrin recep-
tors), and nifedipine, a dihydropyridine calcium channel
blocker. Neither vehicle nor RGE peptide (80 mM; n 5 4)
had a significant effect on IBa. Nifedipine (1 mM; n 5 7)
produced nearly 100% inhibition of current at this dose,
which is consistent with the behavior of an L-type Ca21

channel. A comparison of current–voltage relationships
recorded before and during cRGD application (Fig. 2 C)
indicates that inhibition of IBa occurred across the entire
range of voltages associated with activation of the L-type
Ca21 channel. Thus, there appeared to be no significant ef-
fect of RGD peptide on the threshold or reversal potential
of the current.

Effect of Vitronectin on IBa

VN is known to interact with several integrins, including
avb3 (the VN receptor). Fig. 3 A illustrates the effect of
soluble VN on IBa. Before application, peak current in this
representative cell was stable between 286 and 287 pA.
Within 15 s after ejection of soluble VN (0.04 mM) from
the picospritzer pipette, IBa decreased to 269 pA, with a
further inhibition to 249 pA at 60 s after application. Re-
covery of current was complete within 60 s after VN wash-
out. The bar graph in Fig. 3 A summarizes results from
seven cells. On average, this concentration of soluble VN
inhibited current by 39 6 5%. Although not illustrated in
this figure, inhibition of IBa by VN was sustained during
longer periods of application (48 6 7% inhibition at 4
min).

Fig. 3 B shows the effect of VN-coated beads on IBa. The
top trace shows the time course of changes in current be-
fore (time 5 0 min) and after attachment of four beads to
a representative cell. Note that both peak and steady-state
currents were inhibited within 1 min of bead attachment,
remained inhibited for z5 min, and then gradually re-
turned toward control levels even though the beads ap-
peared to remain attached. Data from six cells are summa-
rized in the lower portion of Fig. 3 B. On average, a 20%
inhibition of IBa was observed in response to bead attach-
ment. As a control for nonspecific mechanical effects asso-
ciated with bead application, the response to uncoated
beads was also tested (open circles); no significant changes
in IBa were noted with uncoated beads (n 5 5) or with
BSA-coated beads (n 5 4).

Inhibition of IBa after attachment of VN-coated beads

was proportional to the number of beads that attached to a
given cell, a process over which we had only partial con-
trol. Regression analysis of the percent inhibition of IBa as
a function of the number of attached beads gave a correla-
tion coefficient of 0.86 (DIBa 5 20.8 pA 2 5.2 3 No. of

Figure 3. Effects of VN on IBa. (A) Graph at left shows time
course of changes in IBa for a single cell before and during appli-
cation of soluble VN (0.04 mM). Test potential was 130 mV in
each case, and measurements were made at 15-s intervals. Cell
capacitance was 15 pF. Bar graph at right shows summary data
(n 5 7) for IBa 60 s after application of soluble VN compared with
control current (just before VN application). Currents were nor-
malized to the current at the peak of the control I-V relationship.
(B) Top traces show time course of changes in IBa (note com-
pressed time scale for each trace compared with traces in Fig. 2
A) for a single cell before and after application of four VN-
coated beads (at t 5 0 min). Lower graph shows summary time
course of IBa changes in response to VN-coated beads (filled cir-
cles; 2–5 beads/cell; n 5 6) or uncoated beads (open circles; n 5
5). All values were normalized to the peak value of IBa at t 5 0
min. Both panels: bath solution is 20 Ba21; pipette solution is high
Cs1; HP 5 280 mV. *P , 0.05 vs. control.
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beads). For the purpose of determining the average re-
sponses of cells to coated beads in this and subsequent
protocols, data were therefore pooled from cells to which
between two and five beads attached.

Effect of b3 Antibody on IBa

To test the hypothesis that the effects of cRGD and VN
were mediated through the avb3 receptor, a function-
blocking, monoclonal antibody to the rat b3 integrin (F11)
was applied to the cells. F11 is known to block the dilatory
effects of cRGD peptide on isolated arterioles (Mogford
et al., 1996). b3 integrins are known to associate with two
different a subunits (Hemler, 1990), but only one of those,
av, has been identified in vascular smooth muscle (Yip and
Marsh, 1997). Fig. 4 A shows the time course of changes in
IBa after application of soluble F11 (0.03 mM) to a repre-
sentative cell. In this cell, soluble F11 inhibited current
from 270 pA to 245 pA by 1 min after application. Data
from nine cells are summarized in the bar graph of Fig. 4 A
and show that this dose of soluble F11 inhibited IBa by an
average of 33 6 5%. We also tested the effect of a second
b3 integrin antibody, 2C9.G2, which is reported to block
adhesion (Schultz and Armant, 1995). After 60 s of appli-
cation, soluble 2C9.G2 (0.03 mM) inhibited IBa by 22 6
4.5% (n 5 8). In addition, we made Fab fragments of F11
to test the effect of a monovalent integrin ligand on Ca21

current. After dilution to 0.03 mM in PSS, Fab fragments
caused a 29 6 5% inhibition of IBa 1 min after application
(n 5 7). As a control for nonspecific effects of antibody, a
nonintegrin binding antibody (anti–rat MHC, 0.2 mM) was
also tested; MHC had no significant effect on current (n 5
4), as shown in the right portion of Fig. 4 A.

When F11-coated beads were applied to cells, IBa was
inhibited (Fig. 4 B, closed circles). IBa was reduced to 61%
of control at 1.5 min after F11 bead attachment. The in-
hibition lasted z5 min, after which current gradually
and spontaneously returned toward control values, even
though the beads remained attached. As a control for non-
specific effects of antibody-coated beads, we tested the re-
sponses of cells to MHC-coated beads, which had no sig-
nificant effect on IBa (Fig. 4 B, open circles).

Effect of Fibronectin on IBa

Next, we examined the effect of FN on current. FN is
known to interact with both avb3 and a5b1 receptors
present in this cell type, as well as with a number of other
integrins (Hynes, 1992). Fig. 5 A shows the time course of
changes in IBa in response to soluble FN (0.1 mM). In this
cell, soluble FN inhibited IBa from 280 pA to 256 pA
within 60 s after application. The response of seven cells to
soluble FN is summarized by the bar graph in Fig. 5 A. On
average, this concentration of soluble FN reduced IBa to
75% of control at 1 min. The inhibition was maintained for
at least 10 min, when current was still reduced to 80 6 5%
(n 5 5; data not shown).

To test the effect of insoluble FN on IBa, FN-coated
beads were applied to single cells. The top trace in Fig. 5 B
shows the response of a representative cell to attachment
of three FN-coated beads. Interestingly, FN-coated beads
had the opposite effect on current compared with VN-
coated beads or F11-coated beads. Attachment of FN-

coated beads led to an enhancement of IBa as early as 1
min after bead attachment. This enhancement peaked at 2
min (z135% of control), remained stable for 10 min, and
then declined gradually by 16 min, even though the beads
remained attached. For reference, the time course of
changes in IBa in response to BSA-coated beads (which
had no significant effect on current) is shown.

Effect of a5 Antibody on IBa

The fact that insoluble VN and insoluble FN had opposite
effects on current suggests that an integrin other than avb3
might mediate the enhancement of IBa in response to FN-
coated beads. Experiments by Mogford et al. (1997) also
suggest a role for the a5b1 receptor in vasoactive responses
of arterioles because RGD peptide-mediated dilation was
converted to constriction after blockade of b3 integrins:

Figure 4. Effects of the b3 antibody, F11, on IBa. (A) Graph at left
shows time course of changes in IBa for a single cell before and
during application of soluble F11 (0.03 mM). Test potential was
130 mV in each case, and measurements were made at 15-s inter-
vals. Cell capacitance was 15 pF. Bar graph at right shows sum-
mary data for IBa 60 s after application of soluble F11 (n 5 9) or
soluble MHC (0.2 mM; n 5 4), compared with control current.
Currents were normalized to the current at the peak of the con-
trol I-V relationship. (B) Summary time course of IBa changes in
response to F11-coated beads (filled circles; n 5 6) or MHC-
coated beads (open circles; n 5 9). All values were normalized to
the peak value of IBa at t 5 0 min. Both panels: bath solution is 20
Ba21; pipette solution is high Cs1; HP 5 280 mV. *P , 0.05 vs.
control.
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the steady-state portion of that constriction was mediated
by endothelin and blocked by a5 antibody, but the initial
transient constriction was an endothelium-independent re-
sponse.

To test for the involvement of the a5b1 integrin in our

preparation, we used the anti–rat a5 antibody, HMa5-1.
The a5 subunit is known to associate only with b1, making
this antibody specific for the a5b1 heterodimer (Hynes,
1992). Fig. 6 A shows the effect of applying soluble HMa5-1
to a representative cell: no significant change in IBa was
observed. The bar graph in Fig. 6 A summarizes the re-
sponse of nine cells to application of soluble HMa5-1,
which on average produced less than a 2% change in IBa.

However, when beads coated with HMa5-1 were ap-
plied to cells, a large and significant increase in IBa was
consistently observed, as summarized in Fig. 6 B (left).
Within the first minute after attachment of a5-coated
beads, IBa had increased to 158% of control. IBa peaked at
170% of control z3 min after bead application and then
progressively declined toward control; however, IBa did
not completely recover even by 17 min after a5-coated
bead attachment. Individual current recordings before and
after HMa5-1 application are shown in Fig. 6 B (right).
The two sets of tracings represent currents evoked from a
holding potential of 280 mV (top) or 240 mV (bottom)
before and after attachment of HMa5-1–coated beads. As
is evident from these recordings, the current stimulated by
HMa5-1 was completely inhibited by nifedipine (1 mM),
which is consistent with the conclusion that it flowed
through L-type calcium channels. Although there is no se-
lective blocker of T-type calcium channels, the possibility
that some current might be contributed by T-type chan-
nels is ruled out by the fact that the time course of the cur-
rent recordings evoked from the two different holding po-
tentials are virtually identical.

Fig. 6 C compares the current–voltage relationships for
control current and current stimulated by bound HMa5-1.
There appeared to be no significant effect on either the
threshold or reversal potential of the current.

Effect of Antibody Pretreatment on IBa Response to 
Coated Beads

To test the idea that clustering of receptors was required
to initiate signaling through the a5b1 integrin, soluble a5
antibody was first applied to cells, and then anti–hamster
IgG was subsequently added. As shown in Fig. 7 A, there
was no response to either agent alone, but when both
agents were applied in combination, a significant enhance-
ment in current was noted. The time course of this en-
hancement was approximately the same as that seen in re-
sponse to insoluble a5 antibody (compare to Fig. 6 B).

If the response of arteriolar smooth muscle cells to FN-
coated beads involves interaction of insoluble FN with
both avb3 and a5b1 integrins, we predicted that pretreat-
ment with antibody specific to one integrin would result in
changes in current characteristic of selective activation of
the other integrin. To test this hypothesis, cells were
treated with either F11 to block b3 or HMa5-1 to block a5
before application of FN-coated beads. Fig. 7, B–D, shows
the results of these experiments.

In Fig. 7 B, application of soluble F11 caused a 30% in-
hibition of IBa, an effect which is comparable to that ob-
served previously (compare to Fig. 4 A). From this new
baseline, application of FN-coated beads increased current
from 70% of control to 116% of control. Although inter-
pretation of this response is complicated by the shift in

Figure 5. Effects of FN on IBa. (A) Graph at left shows time
course of changes in IBa for a single cell before and during appli-
cation of soluble FN (0.1 mM). Test potential was 130 mV in
each case, and measurements were made at 15-s intervals. Cell
capacitance was 12 pF. Bar graph at right shows summary data
(n 5 7 cells) for IBa 60 s after application of soluble FN, compared
with control current (just before FN application). Currents were
normalized to the current at the peak of the control I-V relation-
ship. (B) Top traces show time course of changes in IBa for a sin-
gle cell before and after application of three FN-coated beads (at
t 5 0 min). Lower graph shows summary time course of IBa
changes in response to FN-coated beads (filled circles; n 5 9) or
BSA-coated beads (open circles; n 5 4). All values were normal-
ized to the peak value of IBa at t 5 0 min. Both panels: bath solu-
tion is 20 Ba21; pipette solution is high Cs1; HP 5 280 mV. *P ,
0.05 vs. control.
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baseline, the absolute change in IBa appeared to be larger
than that observed in response to FN-coated beads alone
(average increase 5 35%; Fig. 5 B) and nearly as large as
that produced by insoluble HMa5-1 (Fig. 6 B).

In Fig. 7 C, application of soluble HMa5-1 again pro-
duced no change in IBa, but subsequent application of FN-
coated beads caused a significant inhibition of current,
which is the opposite response observed to FN-coated
beads alone (Fig. 5). This observation is consistent with
the hypothesis that insoluble FN activates both b3 and a5
integrins in these cells. Importantly, it also indicates that
soluble HMa5-1 was indeed interacting with the a5b1 re-
ceptor even though no change in IBa was noted in response
to soluble HMa5-1 alone. Interestingly, simultaneous ap-
plication of F11 and HMa5-1 resulted in a 34 6 8% de-
crease in current (n 5 5), and little change in current was
noted after subsequent application of FN-coated beads
(Fig. 7 D).

Discussion
To investigate the mechanisms underlying the vasoactive
effects of ECM proteins and integrin-specific peptides on
rat skeletal muscle arterioles (Mogford et al., 1996, 1997),
we measured the response of L-type Ca21 channel current
in arteriolar myocytes to integrin ligands. Soluble avb3
ligands (cRGD, VN, FN, bivalent or monovalent b3 anti-
bodies) caused significant inhibition of calcium current, as
did beads coated with VN or b3 antibody. In contrast,
beads coated with a5b1 ligands (FN or a5 antibody) caused
significant enhancement of current. Soluble a5 antibody
alone had no effect on current but blocked the increase in
current evoked by FN-coated beads and enhanced current
when applied in combination with an appropriate IgG.
This is the first electrophysiological evidence for regula-
tion of a Ca21 channel by integrin–ligand interactions and
demonstrates that avb3 and a5b1 integrins in smooth mus-
cle are differentially linked through intracellular signaling
pathways to the L-type calcium channel.

The implications of our findings are threefold: (a) part
of the resting current through L-type Ca21 channels in vas-
cular smooth muscle, and therefore blood vessel tone, is
dependent on integrin-matrix interactions; (b) bidirec-
tional regulation of Ca21 influx in this cell type can be
achieved through preferential ligation of avb3 or a5b1 inte-
grins; (c) soluble integrin ligands can initiate signaling
through the avb3 receptor. Since ECM protein denatur-
ation and fragmentation can provide soluble integrin-spe-
cific signals to cells (Davis, 1992), this mechanism is likely
to be important in the microvascular response to injury
(Mogford et al., 1996). Inhibition of smooth muscle cell
Ca21 current could account for integrin-mediated vasodi-
lation of arterioles (Mogford et al., 1996).

Figure 6. Effects of the a5 antibody, HMa5-1, on IBa. (A) Left
trace shows time course of changes in IBa for a single cell before
and during application of soluble HMa5-1 (0.06 mM). Test poten-
tial was 130 mV in each case, and measurements were made at
15-s intervals. Cell capacitance was 8 pF. Bar graph at right shows
summary data for IBa 60 s after application of soluble HMa5-1
(n 5 9), compared with control current. Currents were normal-
ized to the current at the peak of the control I-V relationship. (B)
Left graph shows time course of average IBa changes in response
to HMa5-1–coated beads (n 5 5). HMa5-1–coated beads caused
a biphasic change in IBa with a large, significant increase lasting
about 4 min, followed by a slow return toward control while the
beads remained attached. All values were normalized to the peak
value of IBa at t 5 0 min. Right traces show current traces evoked
by a depolarizing pulse to 130 mV from a holding potential of
280 mV (top) or 240 mV (bottom). C, control; a5, HMa5-1-coated

beads attached; N, HMa5-1–coated beads attached in the pres-
ence of nifedipine (1 mM). (C) I-V curve for currents before (con-
trol) or 4 min after attachment of HMa5-1–coated beads. All
panels: bath solution is 20 Ba21; pipette solution is high Cs1; *P ,
0.05 vs. control.
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Integrin Signaling in Response to Tissue Injury

Local vasodilation is one of the initial responses to tissue
injury, resulting in an increase in blood flow to the affected
area. This response is mediated primarily by arterioles,
which are the strategic control point for local regulation of
pressure and flow in every tissue. Increased flow contrib-
utes to injury repair by enhancing delivery of inflamma-
tory cells to the injured site. Classic mediators of injury-
induced arteriolar dilation include reactive oxygen species
(Wei et al., 1981), tachykinins, and histamine (Treede et
al., 1990). Recently, Mogford et al. (1996) described an ad-
ditional mechanism by which RGD-containing peptides
induce vasodilation by interacting with the avb3 integrin
on smooth muscle cells of rat skeletal muscle arterioles.
Involvement of the avb3 integrin was implicated by the
findings that (a) cRGD and GRGDSP peptide were more
potent vasodilators than GRGDNP peptide (enhance-
ment of RGD potency by cyclization implicates the in-
volvement of av integrins [Pierschbacher and Ruoslahti,
1987]) and (b) dilations were attenuated in the presence of
a function-blocking b3 monoclonal antibody (Mogford et
al., 1996). In addition to synthetic peptides, fragments of
denatured collagen type I were potent vasodilators of arte-
rioles (Mogford et al., 1996). While RGD sequences are

not exposed in native collagen, cryptic RGD sites become
exposed after collagen denaturation and proteolysis, al-
lowing for their interaction with RGD-binding integrins.
Exposure of cryptic RGD sites has been proposed to be a
potential wound recognition signal during tissue injury
(Davis, 1992). Thus, a certain proportion of the avb3 re-
ceptors may normally be unoccupied on vascular smooth
muscle, and after tissue injury, generation of RGD peptide
signals that bind the receptor result in decreased Ca21 cur-
rent, arteriolar dilation, and increased blood flow to the
injured tissue.

Arteriolar dilations to RGD-containing peptides and
proteins are mediated by direct effects on vascular smooth
muscle integrins rather than on endothelial cell integrins
(Mogford et al., 1996). However, none of the downstream
signaling mechanisms in smooth muscle have been identi-
fied, except that dilation to soluble cyclo-RGD peptide is
preceded by a significant decrease in smooth muscle
[Ca21]i (D’Angelo et al., 1997). Our finding that cRGD
caused an inhibition of current through the L-type Ca21

channel in the same cell type (Fig. 2) is consistent with
data from intact vessels. In isolated arterioles (Mogford et
al., 1996; D’Angelo et al., 1997), dilation was the result of
inhibition of myogenic tone, which in resistance vessels

Figure 7. Effects of antibody
pretreatment on response to
coated beads. (A) Enhance-
ment in current (n 5 5) is ob-
served during application of
soluble HMa5-1 in combina-
tion with anti–Armenian
hamster IgG. Neither IgG or
soluble HMa5-1 alone al-
tered current, but when both
were added in combination,
current was enhanced over
approximately the same
time course as with bound
HMa5-1. (B) Time course of
change in IBa when FN-
coated beads were applied to
cells in the presence of solu-
ble F11 (0.03 mM; n 5 7).
Currents are normalized to
the value of IBa at t 5 0 min.
Soluble F11 failed to inhibit
the enhancement in IBa after
bead attachment, although it
inhibited current alone, as in
Fig. 4 A. In fact, the magni-
tude of the change in current
after FN bead attachment
was greater than in the ab-
sence of F11 (Fig. 5 B) and
similar to that observed in re-
sponse to HMa5-1–coated

beads (Fig. 6 B). (C) Time course of change in IBa when FN-coated beads were applied to cells after application of soluble HMa5-1 (0.06
mM; n 5 12). Soluble HMa5-1 alone had no effect on current but blocked the rise in current after FN bead attachment; in fact, a slight
but significant decrease in current was observed. (D) Time course of change in IBa when FN-coated beads were applied to cells after pre-
treatment with soluble HMa5-1 (0.06 mM) and soluble F11 (0.03 mM) in combination. An initial decrease in current was observed (pre-
sumably due to the effect of F11), and very little change in current was seen after application of insoluble FN. All panels: bath solution
is 20 Ba21; pipette solution is high Cs1; HP 5 280 mV. *P , 0.05 vs. control.
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(Nelson et al., 1990; Hill and Meininger, 1994) is depen-
dent on basal influx of Ca21 through L-type Ca21 channels
and can be antagonized by dihydropyridines (Hill and
Meininger, 1994). We confirmed that the dihydropyridine
nifedipine completely blocked current in our cells (Figs. 2
B and 6 B). Mogford et al. (1996) found that cRGD pep-
tide also inhibited phenylephrine- and KCl-induced vascu-
lar tone, but the primary actions of both agents are known
to be mediated by Ca21 influx through voltage-gated Ca21

channels as well (Nelson et al., 1988).

Integrin-mediated [Ca21]i Signaling

Integrin-mediated [Ca21]i signaling has been demon-
strated in a number of cell types, including endothelium
(Schwartz and Denninghoff, 1994) and vascular smooth
muscle (McNamee et al., 1993). Integrins including aIIbb3,
avb6, avb5, a5b1, and avb3 (Hynes, 1992) are known to be
involved in [Ca21]i signaling responses; these integrins also
recognize the RGD sequence common to many ECM (FN,
osteopontin, and collagens) and plasma proteins (FN, VN,
and fibrinogen). Thus, our finding that Ca21 channel cur-
rent (and by direct extension Ca21 influx [Ganitkevich and
Isenberg, 1991]) is modulated after avb3 and a5b1 receptor
ligation is consistent with previous reports in the litera-
ture.

Changes in [Ca21]i initiated by integrin ligation involve a
number of mechanisms that result in Ca21 release from in-
tracellular stores and/or Ca21 influx (McNamee et al.,
1993; Somogyi et al., 1994; Sjaastad et al., 1996). In endo-
thelial cells, av integrins mediate a rise in [Ca21]i after ad-
hesion to FN (Schwartz and Denninghoff, 1994). The
mechanism underlying this response was not determined,
but [Ca21]i increases did not occur in the absence of extra-
cellular Ca21. Likewise, both Ca21 release and Ca21 influx
contributed to the [Ca21]i rise after adhesion of MDCK
cells to RGD-coated beads (Sjaastad et al., 1996), but the
influx component was more important for feedback regu-
lation of integrin-mediated adhesion. No mechanism for
integrin-mediated Ca21 influx in nonexcitable cells has
been identified, although a role for a 50-kD integrin-asso-
ciated protein, not yet characterized electrophysiologi-
cally, has been postulated (Brown, 1993; Schwartz et al.,
1993).

Our data represent the first electrophysiological evi-
dence that integrin ligation can modulate a plasma mem-
brane Ca21 channel. To make these measurements, Ba21

was used instead of Ca21 to carry current through the
L-type Ca21 channel because (a) Ba21 is more permeable
than Ca21 through this channel, resulting in larger current;
(b) Ba21 blocks the large, outward K1 current that nor-
mally masks Ca21 current in these cells; and (c) Ba21 cur-
rents do not exhibit the rapid inactivation observed when
Ca21 is used (Griffith et al., 1994). Nifedipine, a dihydro-
pyridine that is a selective antagonist of L-type calcium
channels (as opposed to other types of voltage-gated cal-
cium channels [Birnbaumer et al., 1994]) at concentrations
less than 1025 M, produced essentially a complete block
of basal Ca21 current (Fig. 2 B) as well as inhibited the
enhanced current in response to insoluble a5-antibody
(Fig. 6 B).

Although we have not directly measured [Ca21]i in our

preparation, it is highly likely that any treatment causing a
significant change in IBa would lead to a similar directional
change in [Ca21]i; this relationship has been clearly dem-
onstrated for visceral (Ganitkevich and Isenberg, 1991)
and vascular (Fleischmann et al., 1994) smooth muscle.
The previously reported decrease in arteriolar smooth
muscle [Ca21]i in response to soluble RGD peptide (D’An-
gelo et al., 1997) is consistent with inhibition of IBa by solu-
ble RGD peptide (Fig. 2). In another vascular bed, RGD
peptide caused a constriction that was associated with an
increase in SMC [Ca21]i (Yip and Marsh, 1997).

The direct effect of cRGD, VN, FN, and F11 on Ca21

channel current in isolated SMCs provides strong support
for the concept that interaction of avb3 with soluble
ligands transduces an intracellular signal in this cell type. It
remains to be determined if avb3 expressed in other cell
types, such as endothelium, delivers a similar or different
signal. However, endothelial cells (with one exception
[Bossu et al., 1989]) lack voltage-gated calcium channels
and, in some ways, use opposite mechanisms of controlling
calcium entry than smooth muscle. Therefore, it is not sur-
prising that ligation of b3 integrins might lead to increases
in endothelial cell [Ca21]i (Schwartz and Denninghoff,
1994) but opposite changes in SMC [Ca21]i.

Effects of Soluble and Insoluble Integrin Ligands on 
Ba21 Current

A number of possible explanations may account for the
differences between the effects of soluble and insoluble in-
tegrin ligands on Ca21 channel current. An obvious possi-
bility is that inhibition of current by soluble FN may be
mediated by competitive antagonism of existing integrin–
matrix interactions, as suggested for other systems (Poole
and Watson, 1995). This would require constitutive phos-
phorylation of the channel through an integrin-dependent
pathway. Indeed, the L-type calcium channel in vascular
smooth muscle has been shown to require tyrosine phos-
phorylation for normal function (Wijetunge et al., 1992;
Wijetunge and Hughes, 1996), but whether integrins regu-
late this pathway is not known. If they do, then disruption
of existing integrin–matrix interactions by soluble ligands
would produce inhibition of current while clustering of re-
ceptors by insoluble ligands (Altieri et al., 1990; Schwartz,
1993), including antibodies (Miyamoto et al., 1995a),
would produce enhancement of current. In our system,
soluble ligands of the avb3 receptor did produce inhibition
of current; however, insoluble b3 ligands (VN and F11)
also produced inhibition of current (Figs. 3 and 4). Thus, it
seems likely that these effects resulted from activation of a
signaling pathway rather than competition for existing b3–
matrix interactions. Likewise, since insoluble a5 caused en-
hancement of current, the competition hypothesis would
predict that soluble a5 should reduce current, which it
did not.

A more tenable explanation for our results is the possi-
bility that avb3 and a5b1 integrins provide distinct and op-
posing signals to regulate calcium current. As illustrated in
Fig. 8 A, we propose that selective ligands of the avb3 re-
ceptor (F11, 2C9.G2, VN) cause inhibition of current, se-
lective ligands of the a5b1 receptor (HMa5-1) cause en-
hancement of current, and ligands for both receptors (FN)
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cause an intermediate response. Our hypothesis requires
that several conditions be met: (a) b1 and b3 integrins must
signal through different mechanisms in smooth muscle
cells. This is supported by the different responses of cur-
rent to selective ligands of the two respective integrins
(Fig. 4 B vs. Fig. 6 B). In endothelial cells as well (Leaves-
ley et al., 1993), b1 and b3 integrins play different roles in
regulating Ca21 entry (Leavesley et al., 1993). Our hypoth-
esis also requires that (b) the a5b1 integrin can only be ac-
tivated by insoluble ligands. This is consistent with the ob-
servation that soluble a5 antibody had no effect on current
(Fig. 6 A), yet was an effective blocker of the response to
insoluble FN (Fig. 7 C). Experiments by other groups have
also shown that soluble a5 antibody failed to increase pHi
unless it was cross-linked with a secondary antibody to in-
duce integrin clustering (Schwartz et al., 1991b). Our hy-
pothesis requires that (c) the avb3 integrin must be capable
of signaling when ligands are supplied in either a soluble
or insoluble form. In support of this is the observation that
six different soluble b3 ligands (cRGD, VN, FN, bivalent
F11, monovalent F11, and 2C9.G2 antibody) all caused in-
hibition of IBa, as did two different insoluble b3 ligands
(VN and F11). According to our hypothesis, (d) soluble
signals must be transmitted only through the avb3 integrin
and not the a5b1 integrin. This is supported by the obser-
vation that soluble FN (a proposed ligand only for avb3)
inhibited current, while insoluble FN (a known ligand for
both avb3 and a5b1) enhanced current. Finally, our hy-
pothesis predicts that (e) selective ligands of the a5b1 re-
ceptor should produce a larger enhancement in current
than a common ligand for both integrins (Fig. 8 B). Ac-
cordingly, the magnitude of the increased current was
nearly twofold greater when cells were presented with a5
antibody–coated beads compared with FN-coated beads
(compare Figs. 5 and 6). Collectively, our data are consis-
tent with the hypothesis that avb3 ligation leads to inhibi-
tion of the Ca21 channel, whereas a5b1 ligation leads to
stimulation of the Ca21 channel. Further work will be
needed to thoroughly test this hypothesis and to deter-
mine if other integrins in vascular smooth muscle are also
linked to this channel.

Mechanisms of Calcium Current Modulation

The mechanisms by which avb3 and a5b1 ligands modulate
this calcium channel are not yet clear, but the possibility
that the ligands exert a direct effect on the channel seems
unlikely for several reasons: (a) selective antibodies for b3
and a5 integrins modulate Ca21 current, suggesting that
regulation occurs in a signaling pathway upstream from
the channel rather than at the channel itself; (b) there is no
reported RGD binding sequence in the structure of a1c,
the L-type subunit found in vascular smooth muscle (Koch
et al., 1990); and (c) antagonists such as dihydropyridines
inhibit Ca21 channels within seconds, and divalent cations
block within a fraction of a second (Dolphin, 1995;
Hughes, 1995), while inhibition of current by soluble avb3
ligands (Figs. 2–5) required z60 s to achieve .90% of its
maximal effect.

In terms of mechanisms, a more likely possibility is that
modulation of current after integrin ligation involves clus-
tering of integrin receptors, recruitment of cytoskeletal

proteins, and tyrosine phosphorylation of cytoplasmic sig-
naling molecules, such as FAK, Src, or paxillin, as they are
brought into close proximity (Clark and Brugge, 1995).
One difference between the effects of soluble and insolu-
ble ligands in our experiments is that soluble ligands had
sustained effects on current (soluble FN inhibited current
for at least 10 min), while insoluble ligands elicited
changes in current that lasted between 6 and 14 min fol-
lowed by spontaneous recovery. The latter observation
would be consistent with a phosphorylation-dependent
signaling step that is subject to negative feedback control.
This could occur at the level of the receptor, at the chan-
nel, or at an intermediate step. In this regard, the affinity
of the a5b1 integrin for ligand has been shown to be con-
trolled by the Ca21-dependent phosphatase CaMKII
(Bouvard et al., 1998), such that inhibition of CaMKII pre-
serves the high affinity state of a5b1. A link between inte-
grin signaling and CaMKII has also been demonstrated in
vascular smooth muscle (Bilato et al., 1997). Activation of
CaMKII after Ca21 influx through L-type channels could
reduce a5b1 affinity and reverse the enhancement of cur-
rent stimulated by a5b1 ligation. However, other possibili-
ties for initiating signals downstream from integrin ligation
may also exist, including pathways involving phospholi-
pase C and protein kinase C (Somogyi et al., 1994).

It is likely that avb3 and a5b1 integrins associate directly
with one of the L-type Ca21 channel subunits (e.g., a1c) or
with another protein that controls gating or modulates
channel activity. A number of cytoplasmic signaling mole-
cules are potential candidates to interact with the calcium

Figure 8. Diagram of hypothesized interactions between avb3
and a5b1 integrins and the voltage-gated Ca21 channel in vascular
smooth muscle. See Discussion for details.
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channel. Data from recent experiments on the L-type Ca21

channel in visceral smooth muscle (Hu et al., 1998) have
shown that PDGF, which activates a receptor tyrosine
kinase, enhances L-type Ca21 current and this effect is
blocked after dialysis of the cells with anti-FAK or anti-
Src antibodies. Furthermore, a1c coprecipitates with c-Src
in that tissue and has a potential tyrosine phosphorylation
site (Koch et al., 1990). Dialysis of SMCs with c-Src (Wije-
tunge and Hughes, 1995) or with a peptide that activates
c-Src (Wijetunge and Hughes, 1996) results in enhance-
ment of Ca21 current. Taken together, these results and
our own preliminary data showing that tyrosine kinase in-
hibitors reverse the enhancement of current in response to
insoluble FN (Wu, X., G.A. Meininger, G.E. Davis, J.E.
Mogford, S.H. Platts, and M.J. Davis. 1997. Microcircula-
tion. 4:136a) suggest that the pore-containing subunit of
the L-type Ca21 channel may be tyrosine phosphorylated
by c-Src, which in turn is regulated by integrin ligation.
Additional experiments will be needed to directly test this
idea.
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Injury/degradationof theextracellularmatrix(ECM)isassociatedwithvascularwall remodelling

and impaired reactivity, a process in which altered ECM–integrin interactions play key roles.

Previously, we found that peptides containing the RGD integrin-binding sequence produce

sustained vasodilatation of rat skeletal muscle arterioles. Here, we tested the hypothesis that

RGD ligands work through α5β1 integrin to modulate the activity of large conductance,

Ca2+-activated K+ (BK) channels in arteriolar smooth muscle. K+ currents were recorded in

single arteriolar myocytes using whole-cell and single-channel patch clamp methods. Activation

of α5β1 integrin by an appropriate, insoluble α5β1 antibody resulted in a 30–50% increase

in the amplitude of iberiotoxin (IBTX)-sensitive, whole-cell K+ current. Current potentiation

occurred 1–8 min after bead–antibody application to the cell surface. Similarly, the endogenous

α5β1 integrin ligand fibronectin (FN) potentiated IBTX-sensitive K+ current by 26%. Current

potentiation was blocked by the c-Src inhibitor PP2 but not by PP3 (0.1–1 μM). In cell-attached

patches, number of open channels × open probability (NPo) of a 230–250 pS K+ channel

was significantly increased after FN application locally to the external surface of cell-attached

patches through the recording pipette. In excised, inside-out patches, the same method of FN

application led to large, significant increases in NPo and caused a leftward shift in the NPo–voltage

relationship at constant [Ca2+]. PP2 (but not PP3) nearly abolished the effect of FN on channel

activity, suggesting that signalling between the integrin and channel involved an increase in

Ca2+sensitivity of the channel via a membrane-delimited pathway. The effects of α5β1 integrin

activation on both whole-cell and single-channel BK currents could be reproduced in HEK 293

cells expressing the BK channel α-subunit. This is the first demonstration at the single-channel

level that integrin signalling can regulate an ion channel. Our results show that α5β1 integrin

activation potentiates BK channel activity in vascular smooth muscle through both Ca2+- and

c-Src-dependent mechanisms. This mechanism is likely to play a role in the arteriolar dilatation

and impaired vascular reactivity associated with ECM degradation.
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Integrins are heterodimeric transmembrane receptors (α,
β) that mediate cell adhesion to the extracellular matrix
(ECM). Integrin subunits have extracellular domains that
bind ECM proteins and short cytoplasmic tails that lack
intrinsic kinase activity but associate with a complex
of focal adhesion proteins, including numerous tyrosine
kinases. The complete activation of integrin-linked

signalling pathways, including recruitment and tyrosine
phosphorylation of downstream protein targets, requires
both integrin receptor occupation and clustering through
interactions with insoluble ECM ligands (Yamada et al.
1985; Clark & Brugge, 1995).

Our previous work has shown that peptides containing
the RGD (Arg-Gly-Asp) sequence, which interact
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with αvβ3, α5β1 and other integrins, produce acute
constriction of isolated skeletal muscle arterioles.
Constriction is followed by a sustained, dose-dependent
vasodilatation (Mogford et al. 1996, 1997). The
constriction is partly explained by signalling between
α5β1 integrin and the L-type Ca2+ channel in arterio-
lar smooth muscle (Wu et al. 1998, 2001), through a
tyrosine kinase cascade in which focal adhesion kinase and
c-Src play critical roles (Wu et al. 2001; Gui et al. 2006).
However, the mechanism of the secondary, sustained
vasodilatation remains unexplained; the observation that
it is blocked by K+ channel antagonists (Platts et al.
1998) suggests the involvement of one or more K+

channels.
Studies show that at least two of the major K+ channels

in vascular smooth muscle (VSM) are regulated by protein
tyrosine phosphorylation downstream from growth factor
and/or integrin receptor signalling (Davis et al. 2001,
2002). hERG K+ channels, which may contribute to the
resting potential of visceral smooth muscle (Akbarali et al.
1999), are known to be activated in some cell types
(Hofmann et al. 2001) following adhesion to the endo-
genous α5β1 integrin ligand fibronectin (FN). Likewise,
Ca2+-activated K+ channels in erythroleukaemia cells
are activated following cell contact with insoluble FN,
which is known to engage and aggregate several β1
and β3 integrins. The downstream effect of integrin
activation in that system is an increase in whole-cell,
Ca2+-activated K+ current leading to membrane hyper-
polarization (Arcangeli et al. 1991, 1993; Becchetti et al.
1992). These observations support a possible signalling
mechanism between β1/β3 integrins and Ca2+-activated
K+ channels.

Large-conductance Ca2+-activated K+ (BK) channels
are highly expressed in VSM and function, at least in
part, to counteract depolarizing stimuli that activate
Ca2+ channels (Brayden & Nelson, 1992). The BK
channel is composed of a pore-forming α-subunit and
accessory β-subunit (Toro et al. 1998) and is activated
both by depolarization and by increases in local Ca2+

concentration (Nelson & Quayle, 1995; Jackson & Blair,
1998). BK channels are known to undergo protein
phosphorylation by intracellular kinases, including c-Src,
resulting in shifts in the apparent Ca2+ sensitivity of
the channel (Toro et al. 1998; Brenner et al. 2000;
Cox & Aldrich, 2000; Ling et al. 2000; Braun & Sy,
2001; Swayze & Braun, 2001; Alioua et al. 2002). For
these reasons, we hypothesized that the BK channel
may be a downstream target of integrin activation in
VSM and may mediate part of the arteriolar vaso-
dilatation produced by integrin ligands. The purpose of the
present study was to determine if BK channels in arterio-
lar smooth muscle cells are regulated by α5β1 integrin
signalling.

Methods

Arteriolar smooth muscle cell isolation

Arteriolar myocytes from first- and second-order vessels
were isolated according to the method of Wu et al.
(Wu et al. 2001), with slight modifications. Male
Sprague–Dawley rats (120–200 g) were anaesthetized with
pentobarbital sodium (120 mg kg−1, i.p.). All animal
handling procedures followed institutional guidelines and
were approved by animal care committees at the University
of Missouri and Texas A&M University. Cremaster muscles
were excised and pinned flat for vessel dissection at 4◦C in
Ca2+-free physiological saline solution (PSS) containing
(mm): 147 NaCl, 8.6 KCl, 1.17 MgSO4, 1.2 NaH2PO4,
5.0 d-glucose, 2.0 pyruvate, 0.02 EDTA, 3 mm Mops, plus
0.1 mg ml−1 bovine serum albumin (BSA, Amersham Life
Science, Arlington Heights, IL, USA). The animal was then
killed with an overdose of pentobarbital (300 mg kg−1,
i.c.). Dissected segments of arterioles were transferred
to a 1 ml tube of low-Ca2+ PSS containing (mm): 144
NaCl, 5.6 KCl, 0.1 CaCl2, 1.0 MgCl2, 0.42 Na2HPO4, 0.44
NaH2PO4, 10 Hepes, 4.17 NaHCO3, and 1 mg ml−1 BSA at
room temperature for 10 min. The solution was decanted
and replaced with a similar solution containing 26 U ml−1

papain (Sigma, St Louis, MO, USA) and 1 mg ml−1

dithioerythritol. The vessels were incubated for 30 min
at 37◦C with occasional agitation, then transferred to a
new tube containing low-Ca2+ PSS containing 1.95 U ml−1

collagenase (FALGPA, Sigma), 1 mg ml−1 soybean trypsin
inhibitor (Sigma) and 75 U ml−1 elastase (Calbiochem, La
Jolla, CA, USA), and incubated for 15 min at 37◦C. After
further digestion, the remaining fragments were gently
rinsed 2–3 times with low-Ca2+ PSS without BSA and
gently triturated using a fire-polished Pasteur pipette to
release single cells. Spindle-shaped arteriolar myocytes
were used within 4 h of isolation.

Electrophysiological recordings

Patch clamp techniques were employed using an EPC-9
amplifier (HEKA, Germany) to measure membrane
current in the whole-cell, cell-attached and inside-out
patch configurations (Hamill et al. 1981). The amplifier
was controlled by a Dell XPS computer running Pulse +
Pulsefit software through an ITC-16 interface (Instrutech,
Port Washington, NY, USA). Igor Pro (WaveMetrics,
Oswego, OR, USA) and Sigma Plot 9.0 (SPSS Inc.,
Ashburn, VA, USA) were used for data analysis. Micro-
pipettes were pulled from borosilicate glass capillaries
(Corning 8161; ID, 1.2 mm; OD, 1.5 mm; WPI, Sarasota,
FL, USA) using a Sutter P-97 electrode puller (Sutter
Instruments, Foster City, CA, USA).

For whole-cell recordings, pipette resistances ranged
from 2.5 to 5.0 M� when filled with pipette solution.
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Whole-cell K+ currents were evoked by voltage steps
delivered from a typical holding potential (V h) of −60 mV
to potentials ranging from −80 to +80 mV, in 10 mV
increments, with a typical duration of 200 ms. Currents
were sampled at 10 kHz and filtered at 3 or 5 kHz. BK
currents were identified as the IBTX-sensitive component
of total K+ current.

For single-channel recordings, pipettes were 3–5 M�

and were usually coated with beeswax to reduce noise
from stray capacitance. Recordings were filtered at 1 kHz
to further reduce noise. BK channels were identified from
current–voltage (I–V ) relationships obtained at different
V h values from−80 to+80 mV or with voltage ramps from
−100 mV to +100 mV (1 s duration). All experiments
were performed at room temperature.

Solutions

For whole-cell recordings, two sets of bath and pipette
solutions were used. The 136 mm Na+ bath solution
contained (mm): 136 NaCl, 5.9 KCl, 1.8 CaCl2, 1.2 MgCl2,
18 glucose, 1.16 NaH2PO4, 10 Hepes, 0.02 EGTA and 2
sodium pyruvate (pH 7.4). The 140 mm Na+ bath solution
contained (mm): 140 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2,
10 glucose, 10 Hepes, 2 sodium pyruvate (pH 7.4). The
115 mm K+ pipette solution contained (mm): 6 NaCl,
115 KCl, 10 Hepes, 1.15 NaPO4, 1.15 NaH2PO4, 1.18
MgCl2, 11 glucose, 2 EGTA (pH 7.2); CaCl2 was added
to bring free [Ca2+] = 100 nm. The 140 mm K+ pipette
solution contained (in mM): 140 KCl, 8 NaCl, 1–2 EGTA,
3 Mg-ATP, 10 Hepes (pH 7.2); CaCl2 was added to bring
free [Ca2+] to 600 nm. 4-aminopyridine (4-AP; 1 mm) and
glibenclamide (500 nm) were added to the bath solution
as indicated to block Kv and KATP channels, respectively.
The addition of other reagents to the bath and/or pipette
solutions for specific protocols is stated in the figure
legends.

Chemicals

Paxilline was obtained from Transduction Laboratories
(Lexington, KY, USA) and Alomone Laboratories
(Jerusalem, Israel). Iberiotoxin (IBTX) was obtained from
Alomone Laboratories and Sigma. Anti-rat α5 integrin
monoclonal antibody (HMα5-1), used for protocols on
rat VSM cells, was obtained from Pharmingen (San
Diego, CA, USA). Anti-rat MHC class I monoclonal
antibody (major histocompatability complex; MHC)
was obtained from Seikagaku Inc. (Tokyo, Japan).
Anti-human α5β1 integrin monoclonal antibody (JBS5),
used for protocols on HEK cells, was obtained from
Chemicon (Temecula, CA, USA). Soluble purified
fibronectin (FN) fragment (120 kDa), RGD (Arg-Gly-Asp)
peptide, PP2 and PP3 were obtained from Chemicon.

The BK channel blocker tetraethylammonium chloride
(TEA), the small-conductance Ca2+-activated K+ channel
(SK) blocker apamin, the intermediate-conductance
Ca2+-activated K+ channel (IK) blocker TRAM-34 and all
other chemicals, except as specifically stated, were obtained
from Sigma-Aldrich.

Application of reagents

Anti-α5 integrin antibody was coated onto 3.2-
μm-diameter streptavidin-coated microspheres (Bangs
Laboratories, Fishers, IN, USA) using a biotinylation
procedure and applied to individual cells using pressure
ejection from a picospritzer micropipette, as previously
described (Wu et al. 1998, 2001). Soluble RGD and FN were
prepared as stock solutions by dissolving the lyophilized
compounds in bath or pipette solution, followed by gentle
mixing. IBTX, PP2 and PP3 were added to the bath
solution.

mSlo expression in HEK 293 cells

HEK 293 cells (tsA-201 line) were maintained at 37◦C in a
5% CO2 incubator in Dulbecco’s modified Eagle’s medium
(DMEM) containing l-glutamine, 4.5 g l−1

d-glucose and
10% (v/v) fetal bovine serum (Invitrogen, Carlsbad, CA,
USA). Transient transfection of cells at 50–60% confluency
was carried out in 35 mm tissue culture dishes using the
lipofection technique. LipofectAMINE (6–8 μl) was mixed
with 0.5 μg of total plasmid cDNA (0.2 μg GFP + 0.3 μg
mSlo, or 0.2 μg GFP + 0.2 μg mSlo + 0.1 μg BK channel
β1-subunit) in 1 ml of serum-free DMEM and placed
on cells for 5–6 h at 37◦C in a humidified incubator
containing 5% CO2. The cDNA-containing medium was
then aspirated and replaced with 10% serum-containing
medium. The following day, cells were detached using
0.025% trypsin–0.5 mm EDTA in phosphate-buffered
saline and replated onto sterile glass coverslips coated with
0.0001% poly l-lysine in 35 mm culture dishes. Whole-cell
current recordings were typically performed on days 2–4
following transfection.

Data analysis

For most whole-cell analyses, raw current values were
normalized to cell capacitance and expressed as current
density (pA pF−1). For single-channel analysis, amplitude
histograms were constructed from continuous recordings
at constant V h and fitted with Gaussian curves to
determine average current amplitude. NPo (number of
open channels × open probability) was computed using
the method and program previously described (Sohma
et al. 1996). Summary data are expressed as mean ± s.e.m.

Statistical significance was determined using t tests, paired
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t tests, or ANOVA, as indicated for specific protocols.
Significance levels of P < 0.05 were considered significant.

Results

Activation of α5β1 integrin leads to potentiation
of whole-cell BK current

In the whole-cell patch clamp configuration, voltage-
dependent K+ currents in single arteriolar myocytes were
activated by depolarizing voltage steps (Fig. 1A). Based on
previous experience with rat cremaster arteriolar myocytes

Figure 1. An outward, IBTX-sensitive K+ current is enhanced by α5β1 integrin activation
A, average outward current (expressed as current density, pA pF−1) from freshly isolated rat cremaster muscle
arteriolar myocytes is plotted as a function of voltage (test pulse), with or without 100 nM IBTX present in the bath
(n = 6). Inset, representative whole-cell current traces from a single myocyte under control conditions and with
100 nM IBTX in the bath. Calibration bar: 100 pA, 50 ms. Vh = −60 mV. B, time course of K+ current enhancement
following α5β1 integrin activation by beads coated with anti-rat α5 integrin antibody (HMα5-1); beads were applied
from a picospritzer pipette (∼5 beads cell−1). Beads coated with anti-rat MHC Class I Ab were used as a control
to test for a mechanical artifact ( �, n = 7). Inset shows the recording configuration for panels B–D, with the bath
solution containing 6 mM K+ and pipette solution containing 115 mM K+ and 0.1 μM Ca2+. C, sample recordings
of whole-cell K+ current from two arteriolar myocytes in the absence and presence of α5β1 integrin activation
and IBTX (100 nM). Holding potential = −60 mV, test potential = +50 mV, duration = 200 ms. α5β1 integrin was
activated by α5β1 integrin Ab bound to beads (3 beads for this cell). In a second cell, the potentiation of current
in response to integrin activation was blocked in the presence of IBTX (100 nM). Calibration bar: 100 pA, 50 ms.
D, summary of effects of insoluble α5-Ab on BK current in VSM in the absence (n = 5) or presence of IBTX (n = 6).
Bath solution, 136 Na+ + 4-AP (1 mM) + glibenclamide (500 nM); pipette, 115 K+ (0.1 μM [Ca2+]). ∗P < 0.05
versus control (basal current); #P < 0.05 versus α5-integrin Ab.

(Wu et al. 2001), whole-cell K+ currents were likely
to be composed primarily of a combination of Kv and
BK currents, because addition of 20 mm TEA to the
bath or equimolar replacement of KCl with CsCl in
pipette solution (140 mm) resulted in almost complete
elimination of outward current (n = 5, data not shown).
With 100 nm Ca2+ in the recording pipette and in the
presence of 4-AP and glibenclamide externally, the
majority of outward current was sensitive to the highly
selective BK channel antagonist IBTX (100 nm), as shown
by the representative traces (Fig. 1A, inset). Summary I–V
curves from six cells in the absence and presence of IBTX
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are shown in Fig. 1A. IBTX inhibited, on average, ∼54%
of whole-cell K+ current, suggesting that this fraction of
total K+ current was contributed by BK channels. When a
pipette solution containing a higher free [Ca2+]i was used
(600 nm), IBTX inhibited a larger fraction of the total K+

current, ∼70% (not shown).
The application of microbeads coated with α5 integrin

antibody (HMα5-1-Ab) has been shown previously to
activate α5β1 integrin on rat cremaster arteriolar myo-
cytes (Wu et al. 2001) and other cells (Yamada et al. 1985)
through ligation and clustering of the integrin receptor.
Under conditions optimal for recording K+ current, the
application of α5-Ab-coated beads to individual myocytes
resulted in potentiation of macroscopic outward current
by ∼1.5-fold. The time course of K+ current activation in
response to +50 mV voltage clamp steps applied once per
minute is shown in Fig. 1B. The full response was reached
within 4–5 min. Current potentiation was not due to a
non-specific mechanical effect because, in another group
of cells, beads coated with a control Ab (rat MHC) had
no significant effect. Sample recordings from two cells are
shown in Fig. 1C, ∼5 min after α5-Ab bead application,
where K+ currents were evoked by repeated voltage steps to
+50 mV. In the first cell, current was potentiated by ∼30%
after decoration of the cell with α5-Ab-coated beads. In
a second cell exhibiting approximately the same amount
of K+ current under control conditions (not shown),
IBTX (100 nm) reduced basal current by ∼45%; the
subsequent application of α5 beads in the continued
presence of IBTX failed to potentiate K+ current. Figure 1D
summarizes the effect of α5-Ab bead application in the
presence and absence of IBTX. On average, α5-Ab bead
application produced 48% potentiation of K+ current and
IBTX inhibited ∼54% of basal K+ current. In the presence
of IBTX, no significant potentiation of current occurred
in response to α5-Ab bead application.

Next, we tested other methods of activating α5β1
integrin. In previous studies examining the effects of α5β1
integrin ligands on L-type Ca2+ current, α5-Ab-coated
beads were found to cause a greater effect than the endo-
genous α5β1 integrin ligand, FN (Wu et al. 1998). As
shown in the recordings in Fig. 2A, exposure of a VSM cell
to soluble FN (10 μg ml−1; 120 kDa FN fragment), either
via the bath or from a picospritzer pipette, potentiated
whole-cell K+ current by up to ∼80% at +80 mV
(middle trace; time, 5 min; [Ca2+]i ≈ 600 nm). Subsequent
application of IBTX reduced current below control levels,
as shown in the lower set of traces. It was not possible to
test the effects of both IBTX and FN on each cell before
and after reagent application because neither reagent could
be completely washed out. The I–V relationship for the
same cell is shown in Fig. 2B. The actions of FN and
other α5β1 integrin ligands are summarized in Fig. 2C.
On average, FN potentiated macroscopic K+ current
by 26% ([Ca2+]i ≈ 100 nm). Soluble α5β1 Ab, which

presumably ligates but does not crosslink and cluster α5β1
integrins (Yamada et al. 1985), did not produce significant
potentiation of K+ current. RGD peptide potentiated
current by 22%. Although the peptide was applied in
soluble form, it may have interacted with both α5β1 and
αvβ3 integrins, the latter of which has been linked to the
activation of BK channels in endothelium (Kawasaki et al.
2004). Also, RGD peptide is known to have agonist or
antagonist activity depending on the dose (Tsao & Mousa,
1995). The hierarchy of responses, insoluble α5 integrin
Ab > FN > RGD, is consistent with the known affinities
of α5β1 integrin for the respective ligands. The control
peptide (RAD), which does not ligate integrins (Silletti
et al. 2000; Martinez-Lemus et al. 2005), was without a
significant effect on K+ current.

Our previous studies found that activation of α5β1
integrin in VSM cells led to potentiation of Ca2+ current
in part through activation of c-Src (Wu et al. 2001). Other
studies have shown that the tyrosine kinase, c-Src, can
phosphorylate the BK channel and lead to alterations
in channel gating and/or Ca2+ sensitivity (Ling et al.
2000; Alioua et al. 2002). To test the possibility that the
potentiation of the BK channel by α5β1 integrin activation
may involve c-Src, the soluble c-Src inhibitor PP2
(100 nm), was applied to the bath solution while recording
whole-cell K+ current. Under control conditions, PP2
caused ∼14% reduction in BK current amplitude and
completely inhibited the potentiation of current following
α5β1 integrin activation (Fig. 2D). Application of the
inactive analogue PP3 (100 nm) did not significantly
reduce basal K+ current or alter the amount of current
potentiation induced by α5β1 integrin activation.

Effect of α5β1 integrin activation on single BK
channel currents

Next, we investigated integrin-induced potentiation of
BK current using single-channel recording methods.
The activity of single BK channels was recorded either
in cell-attached or excised, inside-out patches from
freshly isolated arteriolar myocytes, with the cell or
patch bathed in 140 mm K+ solution to zero the
membrane potential and equalize the K+ gradient.
The large single-channel conductance of BK channels
was utilized as a marker of channel activity in our
recordings and was confirmed using two separate methods:
(1) Single-channel currents were recorded for several
seconds at various membrane potentials between −80 and
+80 mV, after which current amplitudes were detected
using Pulse + Pulsefit and the average amplitudes of the
events determined from Gaussian fits of the amplitude
histogram (Sohma et al. 1996); (2) Alternatively, channel
conductance was estimated from the amplitude(s) of the
open large-conductance channel(s) during a voltage ramp
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(from −100 to +100 mV; 1 s duration). Both methods
were in excellent agreement when tested on the same patch.
BK channels were identified by their characteristic gating
behaviour and by exhibiting conductances between 220
and 250 pS as reported by other groups (Latorre et al.
1989).

Activating α5β1 integrin while recording
single-channel current proved to be somewhat difficult.
We were unable to reliably form outside-out patches that
would have permitted bath application of integrin ligands
to the exterior surface of excised patches. However, it

Figure 2. Effects of different α5β1 integrin ligands on whole-cell VSM K+ current
A, representative recordings of whole-cell K+ currents before (control), 3 min after application of soluble FN
(10 μg ml−1), and after subsequent addition of IBTX (100 nM) to the bath. Calibration bar: 500 pA, 50 ms. Inset
shows recording configuration for all panels. Vh = −70 mV. B, I–V curves derived from current tracings shown in
panel A. C, summary of peak K+ currents in response to a +50 mV voltage step in which the cells were treated
with the following agents for 4 min: soluble FN fragment (10 μg ml−1), soluble RGD peptide (100 μM), soluble
α5 integrin Ab (15 μg ml−1), or soluble RAD (control peptide for RGD, 100 μM). ∗P < 0.05 versus control. D,
the soluble c-Src inhibitor PP2 (100 nM, n = 8) significantly blocked the potentiation of K+ current by insoluble
α5-integrin Ab (measured at 5 min). Pretreatment of cells with PP2 (100 nM) significantly inhibited basal current
and prevented enhancement of current after α5β1 integrin activation. The inactive analogue PP3 (100 nM, n = 8)
slightly but not significantly decreased basal BK current and did not significantly alter enhancement of current after
α5β1 integrin activation. All values were normalized to the value of control current at a test potential of +50 mV;
Vh = −60 mV. For panels A and B, the bath solution was 140 mM Na+, 6 mM K+ + 4-AP (1 mM) + glibenclamide
(500 nM); the pipette solution contained 115 mM K+ and 0.6 μM Ca2+. For panels C and D the bath solution was
136 Na+ + 1 mM 4-AP + 500 nM glibenclamide; pipette solution: 115 K+ with 100 nM Ca2+. ∗P < 0.05 versus
control (basal current). #P < 0.05 versus control α5-Ab.

was possible to maintain cell-attached and inside-out
patch recordings when the pipette was dipped in normal
pipette solution to fill the tip for a distance of < 100 μm,
followed by back-filling with the same solution containing
soluble FN. Under these recording conditions, diffusion
of FN to the tip required 3–5 min, as assessed from pilot
experiments using amphotericin B (commonly used
for perforated patch recordings) in place of FN and by
monitoring the time from initial gigaseal formation to the
start of patch permeabilization. The same pipette-filling
procedure allowed 3–5 min for the recording of control
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channel activity before FN reached the patch. While this
approach enabled us to test the effect of soluble FN, we
could not test the effect of insoluble α5β1 integrin Ab
(i.e. on beads) or the effect of soluble α5β1 integrin Ab
crosslinked by an appropriate secondary Ab (Yamada et al.
1985; Elemer & Edgington, 1994) as we have previously
shown is possible under whole-cell recording conditions
(Wu et al. 1998).

Figure 3A shows data obtained from a cell-attached
patch when the pipette was back-filled with FN
(15 μg ml−1). At the top is a diagram of the pre-
paration, illustrating the recording configuration with
the cell bathed in 140 mm K+ solution to zero the
membrane potential (V h = +80 mV). Immediately after
seal formation (arrowhead in the top trace), basal channel
activity was quite low and the infrequent openings shown
probably represent a mixture of different K+ channels.
However after ∼5 min, the open probability of a large
amplitude channel increased dramatically (NPo increased
from 0.0032 to 0.23). The amplitude at +80 mV was
consistent with current carried by a BK channel, but
to confirm this, voltage ramps were used to estimate
single-channel conductance. The lower inset shows an
example of two ramps (−100 to +100 mV) applied
during the first minute after seal formation and then
after a sufficient amount of time for FN to diffuse
to the membrane (respective times are indicated by
open and closed symbols). At ∼1 min, there were no
channel openings at negative potentials but at ∼5 min of
recording, channel activity was evident at all potentials
between −75 and +100 mV. The conductance of the larger
amplitude openings was estimated to be 228 pS, which is
consistent with a BK channel (representative of 4 cells).
Figure 3B summarizes the NPo values measured from
similar protocols before and after FN (n = 4). On average,
there was a 17-fold increase in NPo under these recording
conditions. Time controls made in other cells without
FN in the pipette showed no significant changes in NPo

over the same time scale (0.077 ± 0.001 and 0.082 ± 0.001,
respectively).

Under the experimental conditions used in Fig. 3,
activation of α5β1 integrin on the outer surface of
the patch could initiate Ca2+ entry through L-type and
other Ca2+ channels that might subsequently activate BK
channels in the vicinity of the Ca2+ channel (Wang et al.
2005; Balasubramanian et al. 2007). However, the data
in Figs 1 and 2 suggest that α5β1 integrin activation can
activate BK current under conditions where both voltage
and intracellular Ca2+ are clamped (i.e. using whole-cell
voltage clamp and cell dialysis with Ca2+–EGTA from the
pipette). Furthermore, inhibition of the response by PP2
(Fig. 2D) suggests that the sensitivity of the channel can be
increased at a constant [Ca2+]i by integrin-induced c-Src
activity (Ling et al. 2000). We attempted to further test
this idea by increasing the Ca2+ buffering on the internal

surface of the cell-attached patch. Arteriolar myocytes
were pre-loaded with the fast Ca2+ chelator BAPTA-AM
(10 μm) for 15 min and then superfused with 140 mm

K+ bath solution containing variable amounts of Ca2+.
When both bath and pipette solutions were Ca2+ free, BK
channel openings were extremely rare at any voltage, even
in the presence of FN (n = 5, data not shown). When the
pipette solution was nominally Ca2+ free and the bath
solution contained 1 mm Ca2+, FN-induced K+ channel
openings were observed only at positive potentials during
voltage ramps. With 1 mm CaCl2 in the bath and 0.5 mm

CaCl2 in the pipette, BK channel openings were rare under
control conditions, but FN diffusion to the pipette tip

Figure 3. Effect of soluble FN on single-channel BK currents
A, cell-attached patch recording from a VSM cell bathed in solution
containing 140 mM K+ and 2 mM Ca2+ (represented by inset diagram).
Pipette tip was filled for ∼100 μm with 140 mM K+ pipette solution
containing 1.8 mM Ca2+, and then back-filled with the same solution
containing FN (10 μg ml−1). After gigaseal formation, single-channel
K+ currents were recorded at Vh = +80 mV. After allowing 5 min for
diffusion of FN to the membrane, there was a dramatic increase in the
activity of a large-conductance channel (lower trace), with NPo

increasing from 0.0032 to 0.23 in this patch. Calibration bar: 20 pA,
0.5 s. Zero current level is indicated by dash at left. Inset shows current
recordings in response to two voltage ramps (from −100 to +100 mV,
1 s duration) performed at 1 min ( �) and 5 min (•). Transient
openings of a large-conductance K+ channel were seen first only at
positive voltages, but at 5 min, numerous channel openings were
evident at both positive and negative voltage potentials. Calibration
bar: 20 pA. Conductance of the channel was estimated to be 228 pS
(from the lower I–V trace). B, graph of NPo (mean ± S.E.M.) at +80 mV
before and after FN diffusion to the cell surface (n = 4).
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(3–5 min after gigaseal formation) induced the opening of
a large-conductance channel at both negative and positive
potentials. Figure 4A shows a recording of K+ channel
activity under the latter conditions, with the membrane
potential held at +70 mV. For the first 4 min after gigaseal
formation (denoted by the arrowhead in the top trace),
very little channel activity was present. At ∼5 min, there
was an abrupt opening of a much larger conductance
K+ channel with gating behaviour characteristic of a BK
channel (the lower trace shows an expanded time scale).
NPo in this patch increased from 0.00026 (at 1 min)
to 0.43 (at 5 min). After the channel opened, current
was recorded at various holding potentials to determine
channel conductance (not shown), and a conductance
estimate of 242 pS was also made using a voltage ramp
in the same patch. Figure 4B shows the single-channel
I–V curve averaged from similar recordings made in two
cells in which conductance averaged 230 pS. Figure 4C
summarizes the change in NPo for three cells under these
conditions, where NPo increased > 400-fold in response to

Figure 4. Effect of FN on single-channel BK currents in cells loaded with BAPTA
A, current recording from a cell-attached patch held at Vh = +70 mV with cell in 140 K+ bath solution containing
1 mM Ca2+ (depicted by inset diagram). Cell was pre-loaded with BAPTA-AM (10 μM) for 15 min. The patch pipette
tip was dipped into 140 K+ pipette solution containing 0.5 mM Ca2+, 50 nM apamin and 1 μM TRAM-34, then
back-filled with the same solution containing FN (10 μg ml−1). Calibration bar: 10 pA, 50 s. An expanded trace is
shown in the lower panel, with at least 2 large-conductance channels evident. Time calibration bar: 1 s. Zero current
level is indicated by dash at left. B, average I–V plot obtained from experiments similar to panel A with current
amplitude measured ∼5 min after gigaseal formation at various holding potentials from −80 mV to +80 mV. The
mean slope conductance of the channel was 230 pS (n = 2). C, average NPo (mean ± S.E.M.) at +80 mV measured
during the first (control) and fifth (FN) minutes using the same protocol as in panel A.

FN. The large relative change in NPo in Fig. 4C compared
to that in Fig. 3 was due primarily to a lower basal NPo

caused by the increased Ca2+ buffering. The observation
that no BK channel activity could be recorded under more
stringent Ca2+ buffering conditions is consistent with a
certain amount of external Ca2+ being permissive for
increased BK channel activity in response to FN.

While the single-channel recordings in Figs 3 and 4
suggest that BK channels can be activated through a
membrane-delimited signalling pathway following α5β1
integrin engagement, a more definitive test would be to
perform similar protocols in excised, inside-out (cell-free)
patches. Figure 5 shows the results of such experiments.
In Fig. 5A, a patch was excised from an arteriolar myo-
cyte and bathed in 140 mm K+ bath solution at a
fixed internal [Ca2+] of 0.8 μm. The pipette solution
contained 140 mm K+ and 1.8 mm Ca2+. To mini-
mize the potential contribution of other K+ channels,
the pipette also included 50 nm apamin (to block
small-conductance, Ca2+-activated K+ channels) and
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1 μm TRAM-34 (to block intermediate-conductance,
Ca2+-activated K+ channels). FN was applied to the cell
through the recording pipette as described for Figs 3 and 4.
The top trace in Fig. 5A shows the baseline channel activity
of an inside-out patch during the first minute following
patch excision; NPo was 0.091. The lower trace shows
channel activity after ∼5 min, allowing for FN to diffuse
to the membrane; NPo had increased to 0.3. Voltage steps
were subsequently used to determine the I–V relationship
for the channel, as shown in Fig. 5B. Conductance was
245 pS during the first minute and 255 pS during the
fifth minute, consistent with the known behaviour of BK
channels in symmetrical high K+ solutions.

Figure 5. Effect of FN on single-channel BK currents in excised patches
A, current recording from an excised, inside-out patch at Vh = +60 mV with patch bathed in 140 K+ bath solution
containing 0.8 μM Ca2+ (represented by inset diagram). Pipette tip was filled for ∼100 μm with 140 K+ pipette
solution containing 1.8 mM Ca2+, 50 nM apamin, 1 μM TRAM-34 and then back-filled with the same solution
containing FN (10 μg ml−1). The upper trace (control) was acquired during the first min after gigaseal formation
and the lower trace was acquired after ∼5 min, allowing FN time to diffuse to the membrane. Calibration bar:
10 pA, 0.5 s. Zero current level is indicated by dash at left. B, I–V plot from single-channel currents obtained using
same protocol as in panel A with current amplitudes measured at ∼1 min and ∼5 min after gigaseal formation at
various holding potentials between −80 mV and +80 mV. C, current recording from an excised, inside-out patch at
Vh = +60 mV with solutions as depicted in inset diagram. PP2 (1 μM) was added to the bath at ∼5 min. Calibration
bar: 10 pA, 1 min. Inset shows current recordings in response to two voltage ramps (from −100 to +100 mV, 1 s
duration) performed at times indicated by � (upper trace) and • (lower trace). Calibration bar for inset: 20 pA.
Conductance of the channel in this patch was estimated to be 233 pS from the lower trace. D, summary data for
NPo measurements (mean ± S.E.M.) at +80 mV during control, FN, and FN + PP2 periods. The average conductance
was 242 ± 5 pS for control; 237 ± 4 pS for FN and 238 ± 5 pS for FN + PP2, as estimated from voltage ramps
as shown in C. For PP3 experiments using the same protocol, the values of NPo were 0.04 ± 0.02 for control,
0.48 ± 0.06 for FN, 0.49 ± 0.07 for FN + PP3. ∗P < 0.05 versus control. #P < 0.05 versus FN.

The increase in BK channel activity induced by FN under
conditions when membrane potential and intracellular
[Ca2+] were fixed is consistent with another mechanism
regulating the channel. Subsequently, we tested whether
c-Src was involved. Figure 5C shows a diagram of the
preparation and a sample current recording. A patch
was excised from an arteriolar myocyte and exposed to
the same solutions as described in Fig. 5A. The baseline
activity of a large-conductance channel was relatively low
for the first few minutes, but increased at about the fifth
minute. The inset shows two voltage ramps performed
at the times indicated by the open and closed circles.
The conductance for the larger unitary current amplitude
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was 243 pS for control and 235 pS for FN. After channel
activity had stabilized at a higher level, PP2 (1 μm) was
added to the bath. In the presence of PP2, NPo rapidly
returned toward control levels. Figure 5D summarizes the
changes in NPo for this protocol (n = 4). On average, FN
induced ∼8-fold increase in NPo and the potentiation of
channel activity was almost completely reversed by PP2.
The inactive analogue PP3 was without significant effect
at the same concentration.

Integrin activation enhances activity of
heterologously expressed BK channels

VSM cells contain a mixture of different K+ channels
whose activity might be altered directly or indirectly
following integrin activation. Although the component

Figure 6. Activation of α5β1 integrin increases current in heterologously expressed BK channels (mSlo)
A, whole-cell currents recorded from HEK 293 cells transiently transfected with cDNA for the murine brain BK
α-subunit (mSlo). Top trace shows background current level in a representative non-transfected cell; middle trace
shows current in cell expressing mSlo alone; lower trace shows current in cell expressing both mSlo and β1 BK
channel subunits. Calibration bar: 500 pA, 50 ms. B, effects on peak mSlo currents (at +50 mV) of the BK channel
inhibitors paxilline (10 μM), TEA (1 mM), or IBTX (100 nM) added to the bath. C, the time course of whole-cell
mSlo current potentiation after application of soluble α5β1 integrin Ab (JBS5, 15 μg ml−1) to non-transfected
(n = 7) or transfected HEK cells (BK α-subunit only, n = 5). The enhancement of mSlo current at +50 mV was first
significant at 2 min and lasted > 10 min. The application of a soluble control Ab (IgG) did not produce a significant
change in BK current (not shown). D, potentiation of mSlo current by α5β1 integrin Ab in cells expressing mSlo
alone (n = 5) or mSlo + β1 BK subunit (n = 8). Inset diagram in C shows recording configuration for all panels:
whole-cell recording mode, Vh = −60 mV; bath solution: 136 mM Na+; pipette solution: 115 mM K+ and ∼40 nM

[Ca2+].

of K+ current potentiated by α5β1 integrin activation
was almost completely eliminated by the selective BK
channel toxin inhibitor IBTX (Fig. 1) and single-channel
currents activated by FN application had conductances
consistent with those of BK channels (Figs 3–5), we sought
to confirm our findings in a heterologous cell system that
did not endogenously express BK channels. To do this, the
pore-forming α-subunit of the mouse BK channel (mSlo)
was transiently expressed in HEK 293 cells at low density
so that whole-cell currents could be recorded without
saturating the patch clamp amplifier. Parallel experiments
using excised macropatch recordings at higher channel
density were conducted in a separate study (Yang et al.
2008).

Figure 6A shows examples of whole-cell, K+ current
recordings in a non-transfected HEK cell, a cell transfected

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.6 Regulation of smooth muscle BK channels by α5β1 integrin 1709

with mSlo alone, and a cell transfected with both mSlo
and β1 BK channel subunits. The common stimulation
protocol is shown at the right. Non-transfected cells
exhibited negligible outward current. mSlo-transfected
cells showed a rapidly activating, non-inactivating
outward K+ current. Cells transfected with both BK
channel subunits showed, on average, larger currents
and that activated more slowly. These characteristics of
heterologously expressed BK channels are in agreement
with previous reports from other labs (McManus et al.
1995; Nimigean & Magleby, 1999; Cox & Aldrich, 2000).
Figure 6B shows normalized whole-cell mSlo currents
recorded before and after addition of the BK channel
inhibitors paxilline (100 nm), TEA (1 mm) or IBTX
(100 nm) to the bath, confirming that mSlo currents were
sensitive to classic BK channel inhibitors.

We then tested whether mSlo current was potentiated
by activation of α5β1 integrin. HEK cells endogenously
express α5β1 integrin (Yang et al. 2008). Although soluble
Ab does not activate this integrin in freshly isolated VSM
cells (Fig. 2C), it does activate the integrin in HEK 293 cells
(tSA 201 line), as previously reported (Gui et al. 2006),
presumably due to the presence of the T surface antigen
(and possible integrin crosslinking) in this transformed
cell line. Using the whole-cell recording mode, soluble
α5β1 integrin antibody was applied to the cell from
the bath. Figure 6C plots the time course of whole-cell
mSlo current following application of soluble α5β1
integrin Ab (JBS5, 15 μg ml−1). Under these conditions,
there was an ∼25% increase in outward current in
mSlo-transfected cells after α5β1-Ab application, but
no significant current increase in non-transfected cells.
Furthermore, potentiation followed a time course similar
to that of BK current potentiation in native VSM cells
after α5β1 integrin activation (Fig. 1B). A similar degree
of whole-cell BK current potentiation was observed
in cells transfected with both α and β1 BK channel
subunits (Fig. 6D), indicating that only the α-subunit
was essential for mediating the effect of integrin
activation.

Discussion

Our results show that the activation of α5β1 integrin on
the surface of rat arteriolar smooth muscle cells leads
to potentiation of BK channel activity through both
a Ca2+-dependent mechanism and a phosphorylation
mechanism involving c-Src. In whole-cell recordings,
ligation and clustering of α5β1 integrin by insoluble
α5β1 antibody (Ab) resulted in ∼30–50% increase in BK
current amplitude, with the effect first being significant
at 1 min and reaching a maximum at 4–5 min. Current
potentiation was blocked by the BK channel inhibitor
IBTX or by the c-Src inhibitor PP2. Soluble FN and

RGD peptide each had effects qualitatively similar to
insoluble α5β1 antibody. In cell-attached and inside-out
patches, application of the endogenous α5β1 integrin
ligand FN locally to the patch exterior led to large
increases in the NPo of single BK channels, suggesting
that the signalling mechanism between the integrin and
the channel occurred through a membrane-delimited
pathway. Similarly, the enhancement in BK channel
activity induced by FN was observed under conditions
where intracellular Ca2+ was clamped, suggesting that at
least part of the effect of integrin activation was mediated
by an increase in BK channel Ca2+ sensitivity. The effects
of α5β1 integrin activation on BK current could be
reproduced in HEK 293 cells expressing the BK channel
α-subunit. These findings are consistent with previous
observations that the vasodilatory effects of RGD peptide
on rat skeletal muscle arterioles (Platts et al. 1998) were
mediated by the activation of one or more K+ channels.
Our results show that ECM–integrin interactions can
regulate VSM BK channels suggesting that this mechanism
may play a role in the control of blood flow under both
physiological and pathological conditions (Zhou et al.
2005).

Coordinated regulation of BK and Ca2+ channels
by α5β1 integrin

Previous work from our laboratory demonstrated that
ligands of α5β1 integrin (the FN receptor) and αvβ3
integrin (the vitronectin receptor) reciprocally regulate
L-type Ca2+ current in myocytes isolated from rat skeletal
muscle arterioles (Wu et al. 1998). Activation of α5β1
integrin can evoke an ∼70% increase in whole-cell L-type
Ca2+ current in VSM (Wu et al. 2001) and > 2-fold
change in whole-cell Cav1.2 current in HEK 293 cells
heterologously expressing Cav1.2 channels (Gui et al.
2006). Integrin-induced potentiation of Cav1.2 current is
mediated by phosphorylation of the channel α-subunit on
two C-terminal residues by PKA and c-Src. Our finding
in the present study that the soluble c-Src inhibitor, PP2,
blocked BK current potentiation following α5β1 integrin
activation implies that c-Src is a key downstream mediator
of integrin signalling to both channels. The specific role
of c-Src in BK channel regulation under these conditions
is the topic of a separate study (Yang et al. 2008). The
activation of a channel that promotes vasodilatation (BK)
and a channel that promotes vasoconstriction (Cav1.2)
would seemingly lead to antagonistic effects on vascular
tone. However, the time courses for integrin-induced
potentiation of current in the two channels are different,
with potentiation of BK channels being slightly delayed
but more sustained (Fig. 1) relative to the potentiation of
Cav1.2 channels (Wu et al. 1998). Therefore, the net effect
of α5β1 integrin activation in VSM would be a transient
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increase in Ca2+ influx that is attenuated or terminated by
BK-induced membrane hyperpolarization. Presumably,
this influx subsequently triggers Ca2+ release and/or
Ca2+-dependent intracellular signalling mechanisms.

Integrin-induced membrane hyperpolarization has
been reported in other cell types (Arcangeli et al. 1987,
1989; Hofmann et al. 2001), but our results provide
the first evidence that BK channel activation may be
a key underlying mechanism in VSM. Arcangeli and
colleagues first reported that FN–integrin interactions
elicited hyperpolarization of murine erythroleukaemia
cells (Arcangeli et al. 1991), an effect presumably mediated
by the activation of Ca2+-activated K+ channels (Arcangeli
et al. 1987, 1989). The same group has also shown that
the activation of β1 integrins in neuroblastoma and
haemopoietic tumour cells leads to sustained activation
of hERG K+ current (Hofmann et al. 2001). αvβ3 integrin
activation by vitronectin in cultured endothelial cells
also induces membrane hyperpolarization mediated by
outward BK current (Kawasaki et al. 2004). That result
is consistent with, but not necessarily linked to, the
observation that the αvβ3 integrin-blocking Ab, F11,
prevents (attenuates) flow-induced dilatation of arterio-
les (Muller et al. 1997), a response known to be
associated with K+ channel activation (Platts et al.
1998).

Using single-channel recording methods in the present
study, we were able to demonstrate that BK channel activity
was potentiated as a consequence of integrin activation. We
sought to answer at least two questions with single channel
experiments: (1) Is the signalling between α5β1 integrin
and the BK channel membrane delimited, i.e. is the entire
complement of signalling machinery contained within the
patch? (2) Is the increase in channel activity explained
simply by an increase in global/local [Ca2+] as a result
of integrin-mediated Ca2+ entry or release, or is there also
a shift in BK channel sensitivity to a given concentration of
intracellular Ca2+? The latter mechanism would implicate
a possible channel phosphorylation mechanism, which
has previously been shown to modify Ca2+ sensitivity
of the BK channel (Reinhart et al. 1991; Taniguchi
et al. 1993; Ling et al. 2000; Alioua et al. 2002). In
single-channel recordings, the activation of BK channels
could possibly be obscured by the presence of other
native K+, Cl− and/or cation channels, especially in the
absence of compounds to specifically block them. Indeed,
we routinely observed the activity of outward currents
through channels of various conductances under basal
conditions (see Figs 3–5). For this reason, it was important
to verify the single-channel conductance of any putative
BK channel for which gating appeared to be increased
in association with FN application; in each recording
considered for further analysis, the conductance was well
within the range previously reported for BK channels
(Figs 3–5).

In cell-attached patches, BK channel activity was
significantly increased after localized application of FN
to the patch exterior via the recording pipette. To detect
the effects of FN against a background of basal BK
channel activity, which could vary widely from patch to
patch, the pipette tip was filled with FN-free solution,
while the remainder of the pipette was back-filled with
FN-containing solution. Adjusting the amount of tip filling
gave variable amounts of time for ‘control’ recordings
before FN diffused to the surface of the patch. FN-induced
BK channel gating in this protocol demonstrates that
all of the enzymatic machinery for channel activation is
contained in the vicinity of the membrane patch where
BK channel activity was measured. However, intracellular
[Ca2+] was, again, not controlled and the increase in
BK channel activity could have reflected a local change
in Ca2+ due to FN-stimulated Ca2+ entry/release within
the patch environment. When local Ca2+ changes were
minimized by pre-loading the cells with the fast Ca2+

chelator BAPTA, a large increase in BK channel activity
still occurred in response to patch-specific FN application.
The left-ward shift in the I–V relationship was suggestive
of an increase in Ca2+ sensitivity, although we had no way
to verify the extent to which intracellular [Ca2+] remained
constant. It is interesting to note, however, that a minimal
level of Ca2+ was needed in the recording pipette under
such conditions to even record basal channel activity.
The strongest evidence for integrin-induced BK channel
potentiation being at least partially mediated by a shift
in Ca2+ sensitivity came from excised, inside-out patch
recordings, where [Ca2+] on the inner surface of the patch
remained fixed while FN was applied to the outer surface
of the patch through the recording pipette. Under those
conditions, integrin-induced potentiation of BK channel
activity was still consistently observed (Figs 4 and 5), but
at a lower [Ca2+] than reported by Ling (Ling et al. 2000),
possibly due to the presence of the β1 BK channel subunit
in native VSM cells that would enhance the Ca2+ sensitivity
of the channel. Furthermore, the effect of FN in the same
recording configuration was almost completely blocked
by PP2 (Fig. 5). The effect of α5β1 integrin activation on
BK channel Ca2+ sensitivity, and the role of c-Src in that
process, are issues that are explored in more detail in a
separate study (Yang et al. 2008).

It is interesting that FN produced, on average, a 26%
increase in whole-cell BK current (Fig. 2A), but produced
much larger (10- to 20-fold) increases in BK single channel
activity (quantified as NPo in excised patches) (Figs 3B
and 5D). There are a number of likely explanations for
this apparent discrepancy. First, cytosolic free Ca2+ was
held at a higher concentration in excised patch versus
whole-cell recordings – a condition under which integrin
activation would be expected to lead to a larger increase in
the activity of single-channel events (Yang et al. 2008).
Second, one would expect that the single-channel data
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shown here represent only a subset of the response of
the entire BK channel population in a given cell in which
FN was observed to have an effect. Since we had no
independent method of verifying whether FN reached the
extracellular surface of every membrane patch tested, we
were able to quantify the effect of FN only in patches where
(1) BK channels were observed to be present before FN
application (Fig. 5A) or (2) FN stimulated BK channel
activity in the absence of basal channel activity (Fig. 4A).
In fact, we observed no response to FN in about 40%
of total patches examined and therefore did not include
those cells in the NPo analysis. Thus, the single-channel
recordings shown here only illustrate the effect of FN
on a portion of BK channels in a single cell, such that
any recorded macroscopic whole-cell current will reflect
a mixed population of stimulated and unstimulated BK
channels. If colocalization of the channel and integrin is
necessary for channel modulation, some channels would
predictably be unaffected by FN–integrin binding, since it
is unlikely that all BK channels in a given smooth muscle
cell colocalize with α5β1 integrin. Despite these caveats,
our experiments demonstrate that all of the functional
signalling components between the α5β1 integrin and the
BK channel are contained within the patch and that the
increase in channel activity is mediated in part by a shift
in Ca2+ sensitivity, due to the activity of c-Src.

Physiological relevance of BK channel regulation
by ECM

The blood vessel wall is composed of a number of
different extracellular matrix proteins, including collagen,
fibronectin and laminin (Weber & McFadden, 1997;
Bonacci et al. 2006; Lebleu et al. 2007). Matrix
composition is reported to change as the vessel wall
is remodelled in disease states such as hypertension,
diabetes, ischaemia-reperfusion injury and atherosclerosis
(Cagliero et al. 1988; Roth et al. 1993; Bezie et al. 1998;
Brownlee, 2000; Intengan & Schiffrin, 2000). For example,
osteopontin, fibrinogen and vitronectin – ECM proteins
not normally found in the vessel wall at significant
levels – are deposited during the formation of an
atherosclerotic plaque. With wall remodelling, there are
also corresponding changes in both the number and type
of integrins expressed by VSM and endothelium (Roth
et al. 1993; Regoli & Bendayan, 1997; Intengan et al.
1999). These changes in wall composition occur in parallel
with impaired vascular reactivity (Hultgardh-Nilsson &
Durbeej, 2007; Strom et al. 2007).

A possible explanation for changes in vascular reactivity
under these conditions involves alterations in the signalling
between adhesion molecules and vascular ion channels.
Indeed, a number of studies have now shown that integrin
ligands can acutely regulate the tone of blood vessels
(Mogford et al. 1997; Muller et al. 1997; Platts et al. 1998),

in part through the role that integrins play in mechano-
transduction (Martinez-Lemus et al. 2005; Heerkens et al.
2007; Lal et al. 2007). In addition, matrix degradation
subsequent to chronic remodelling, inflammation and
vascular wall injury results in the release of cryptic matrix
fragments (matricryptins), some of which are vasoactive
(Mogford et al. 1997; Bayless et al. 2000; Davis et al.
2000). In this context, αvβ3 integrin has been proposed
to function as an injury receptor that may detect the
presence of proteins such as vitronectin and osteopontin
(Davis et al. 2000). Vitronectin is known to activate BK
current through αvβ3 integrin in vascular endothelium
(Kawasaki et al. 2004). Therefore, it is reasonable to expect
that changes in the vascular ECM-integrin composition,
and the consequent changes in the signalling pathways
downstream from those integrins, including BK channel
activation, underlie part of the altered vascular reactivity
associated with many vascular diseases.
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