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Abstract

A spectral analysis approach was developed for detailed study of time-resolved, dynamic changes

in vascular smooth muscle cell (VSMC) elasticity and adhesion to identify differences in VSMC

from young and aged monkeys. Atomic force microscopy (AFM) was used to measure Young's

modulus of elasticity and adhesion as assessed by fibronectin (FN) or anti-beta 1 integrin

interaction with the VSMC surface. Measurements demonstrated that VSMC cells from old versus

young monkeys had elevated elasticity (21.6 kPa vs 3.5 kPa or a 612% elevation in elastic

modulus) and adhesion (86 pN vs 43 pN or a 200% increase in unbinding force). Spectral analysis

identified three major frequency components in the temporal oscillation patterns for elasticity

(ranging from 1.7×10-3 to 1.9×10-2 Hz in old and 8.4×10-4 to 1.5×10-2 in young) and showed that

the amplitude of oscillation was larger (p<0.05) in old than in young at all frequencies. It was also

observed that patterns of oscillation in the adhesion data were similar to the elasticity waveforms.

Cell stiffness was reduced and the oscillations were inhibited by treatment with cytochalasin D,

ML7 or blebbistatin indicating involvement of actin-myosin driven processes. In conclusion, these

data demonstrate the efficacy of time-resolved analysis of AFM cell elasticity and adhesion

measurements and that it provides a uniquely sensitive method to detect real-time functional

differences in biomechanical and adhesive properties of cells. The oscillatory behavior suggests

mechanisms governing elasticity and adhesion are coupled and affected differentially during aging

which may link these events to changes in vascular stiffness.
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Introduction

Mechanical forces and tissue mechanical properties play important roles in cardiovascular

diseases including hypertension, stroke, aneurysms, atherosclerosis and heart disease. With

increasing age, there is a well-documented elevation in vascular stiffness that has become

accepted as a risk factor associated with these diseases (1-3). Reduced flexibility of the

blood vessel wall has predominantly been believed to be associated with changes in the

vascular extracellular matrix (ECM). In this regard, increased collagen content and

decreased elastin have been identified as the most significantly altered ECM components

(2,4,5). In addition to the ECM, vascular smooth muscle cells (VSMC) represent the main

cellular constituents of the arterial wall and their active contractile properties provide for the

active stress present within the wall. Most prior work on the mechanics of the aorta in aging

has focused on the intact vessel whereas our focus on the mechanical properties of isolated

VSMC has provided unique insight. In this regard, recent work from our laboratories

demonstrated that VSMC isolated from aged monkeys have an elastic modulus that is

approximately 3 times greater than that observed younger cells. In addition, old monkey

VSMC contained more actin and had elevated integrin expression (6). This work supports

the idea that VSMC may play an important role in contributing to the differences in stiffness

of the vascular wall seen with aging (6). The mechanism underlying the increased cell

elasticity appeared to be related to the higher actin and beta 1 integrin expression. In this

regard, an actin depolymerizing agent, cytochalasin D, and the myosin light chain kinase

inhibitor, ML7, both abolished the differences in elasticity (6).

The dynamic nature of the cellular cytoskeleton and cellular adhesion are well-known

phenomenon in cellular biology (7,8). In VSMC cytoskeletal behavior includes contractile

filament interactions involving cross-bridge cycling (9,10) and remodeling of cytoskeletal

elements secondary to or in parallel with contractile activation and exposure to mechanical

forces (9,10). This behavior reflects cytoskeletal functions that are both adaptive as well as

dynamic in support of the contractile functions of VSMC. Together then, the time-dependent

state of these properties defines the elasticity of the VSMC. Furthermore, it is well known

that the cytoskeleton is physically and functionally coupled to cell adhesion (11). Through

adhesions, cells exert control upon ECM assembly composition and structure (12,13). Thus,

changes in adhesive behavior could be importantly linked to the ECM stiffening noted in

aging. By way of adhesion to the ECM, cells also sense the rigidity of the ECM that in turn

alters the signaling state of the cell (14,15). This dynamic two-way interplay between ECM

adhesion and cytoskeletal properties complicates efforts to examine the properties of either

component independently of the other's influence. A primary purpose of this study was,

therefore, to gain insight into the differences observed between VSMC from aged and young

animals by devising an analytical approach that would allow the dynamic properties of

elasticity and adhesion to be characterized. To accomplish this we used an atomic force

microscope (AFM), its high-sensitivity for measuring and applying pico-Newton forces to

cells make it an ideal tool to characterize the mechanical and adhesive properties of single

cells (20).

In this study, we undertook a more detailed investigation at the cellular level of the real-time

dynamic mechanical behavior of single VSMC by developing a spectral analysis approach
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that we applied to real-time measurements of VSMC elasticity and adhesion. We used this

approach to compare VSMC isolated from old and young monkeys to test the hypothesis

that the alterations in expression of actin and beta 1 integrin would be further evident in

differences in the dynamic behavior of both the actin cytoskeleton and adhesion to a beta 1

integrin binding ECM protein.

Materials and Methods

Vascular smooth muscle cell isolation and cell culture

Vascular smooth muscle cells (VSMCs) for these studies were isolated from thoracic aorta

(TA) of aged (24-25 years) and young (5-8 years) male monkeys (Macaca fascicularis)

representing old and young groups, respectively. The male monkeys were raised and

maintained according to the Guide for the Care and Use of Laboratory Animals (NIH 83-23,

revised 1996) in the Philippines. VSMCs were isolated in the Philippines from the thoracic

aorta from which the external fat, connective tissue, adventitia and endothelial layer were

removed. Using immunofluorescence techniques, the phenotype of the VSMCs was

confirmed by the presence of alpha-smooth muscle actin (6).

AFM contact mode imaging, elasticity and adhesion force measurement

A Bioscope System (model IVa, Veeco Mertrology Inc., Santa Barbara, CA) AFM that was

mounted on an Olympus IX81 microscope (Olympus Inc., NY) was used in contact mode

operation for imaging and dynamic measurements of cell elasticity and adhesion on single

VSMC. AFM probes were composed of silicon nitride microlevers (model MLCT: spring

constant ranging 10-30 pN/nm) and were purchased from Veeco Mertrology Inc. (Santa

Barbara, CA). For adhesion measurements, experiments were conducted with AFM probes

that were functionalized with fibronectin (FN) as an extracellular matrix (ECM) protein or

with a beta 1 integrin antibody (HM 1-1, Pharmingen). The probe spring constants were

assumed to be unchanged after the coating process based on previous work in our laboratory

(27). Probes were calibrated using the thermal noise method. The AFM system was

configured so that the probes repeatedly approached and retracted from the same surface site

of single VSMC surface at a frequency of 0.5Hz (tip speed 800nm/s). Force curves were

continuously collected at 28-30 force curves/min for a 30 min period at room temperature in

serum free media. Approach curves were used for analysis of cell contact height and cell

elasticity and retraction curves were used for analysis of cell adhesion. Analysis and

processing of the approach and retraction curves (512 points per curve) was automated by

using our proprietary NforceR software package and Matlab (6,27).

To quantify the elasticity (Young's modulus) of VSMC, a Hertz-based model as modified by

Sneddon for a rigid cone indenting a soft surface was applied to the force-indentation profile

derived from the recorded approach force curve. The equation for calculation of the elastic

modulus was:

where indentation force (F) was calculated by using Hooke's law (F =κΔx), where κ and Δx

denote the AFM probe's spring constant and the probe's measured deflection, respectively.

The indentation depth (δ) is calculated fromthe difference in the z-movement of the AFM

piezo and the deflection of the probe. E is the elastic modulus of cell being studied, and ν
denotes the Poisson ratio (0.5 for cell). α represents the shape of the probe (MLCT, Veeco
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Mertrology Inc., Santa Barbara, CA) that was considered to be conical with an approximated

half-angle of 21.25 degrees in this report (27,31).

To test for the involvement of the actin cytoskeleton as a determinant of VSMC elasticity

was measured in cells from old and young monkeys that were treated with an actin

depolymerizing agent (cytochalasin D, 10 μM; Sigma, St. Louis, MO), a myosin light chain

kinase inhibitor (ML7, 10 μM; Sigma, St. Louis, MO) or a myosin II inhibitor (blebbistatin,

20 μM; EMD Millipore, Billerica, MA). Following drug addition, cell elasticity was

continuously measured for at least 40 min to obtain a steady-state response.

Data processing and analysis of cell elasticity and adhesion force

A spectral analysis procedure was developed for analysis and subsequent interpretation of

the oscillation waveforms observed in the elasticity and force data. Eigenvalue

decomposition (singular spectrum analysis; (32,33) was used to isolate three primary

oscillatory components for each time-series data set. Linear trends were estimated and

subtracted from each series prior to spectral analysis. To visualize the average group

behavior of the oscillations, we obtained three values of amplitude, frequency and phase for

every experimental subject. These individual values were then averaged: phases (φ) as a

simple mean; frequencies (f) were converted to periods (1/f) prior to averaging; amplitudes

(A) were log10-tranformed before computing the mean. The mean period and mean log-

amplitude were then converted back to frequency and amplitude. A composite time series

for each treatment set was constructed as:

where b1 and b0 represent the slope and intercept of the linear trend, respectively, and the

bar above each component indicates the average value. For comparing reconstructed signals

across various data types (elasticity, unbinding force, etc.), we also repeated the spectral

analysis after standardizing each time series to a mean of zero and standard deviation of 1.

Standardization only affected the relative sizes of each amplitude component: frequency and

phase of each component were unaffected.

From the rate of retraction and the distance along the retraction curve at which a rupture

event occurred, the time of rupture could then be estimated and incorporated into a time

sequence. A constraint, however, is that either a lack of adhesions or multiple adhesions

during a single retraction cycle can result in unequal sampling intervals. As nearly all signal

analysis algorithms are based on regular constant sampling intervals we first resampled the

data by a factor of 10 using the resample function from the MATLAB Signal Processing

Toolbox (release 2008b, The Math Works, Inc., Natick MA). This algorithm performs an

interpolation by designing and applying an anti-aliasing low pass finite impulse response

filter followed by a change in rate. After application of the resample function the

interpolated data were then down-sampled to 0.5 Hz. To ensure equivalence, all measured

time series (force, elasticity, contact point, displacement) were subjected to the same

processing, even if the time points occurred at regular intervals (e.g. elasticity).

Statistical analysis

Data are presented as mean and S.E.M. Statistical comparisons used an unpaired two-tailed

Student's t test for testing the elasticity and adhesion force differences with p < 0.05

considered statistically significant. For comparisons of oscillatory frequencies, amplitudes

and periods, data were analyzed using multifactor ANOVA. Analyses of frequencies and

amplitudes were based on the transformed values (i.e. periods and log-amplitudes). For
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comparison, elasticity changes following drug treatments were analyzed using Students t-

test and are displayed relative to control, pre-drug responses. Differences between selected

pairs of means were tested for significance with single-degree of freedom contrasts.

Differences were considered statistically significant at p<0.05. In Table 1, average

frequencies and amplitude are listed as 1/(mean period) and antilog (mean amplitude).

Standard errors of the mean frequency or mean amplitude are estimated from confidence

intervals that were computed around the mean periods and mean log-amplitudes and then

reverse transformed to frequency and amplitude. Probabilities related to adhesion were

determined from the retraction curves and were quantified based on the fraction of curves

showing 0, 1, 2, 3, or 4 adhesion events per curve. Biological variability was evaluated by

computing separate probability scores for data from each monkey, then averaging. Standard

2×2 contingency table analysis comparing adhesions/no adhesions for old vs young gave a

chi-squared value of 883.3, df=1, p<0.0001. Two-factor repeated measures indicated a

significant interaction between age and # of adhesions: F(4,196)=338.1, p<0.0001. Planned

contrasts post-anova show significant (p<0.0001) differences between old and young for

each level of adhesion count (0, 1, 2, 3, and 4).

Results

AFM image and VSMC topography

Figure 1 displays contact mode height and surface map images of a typical VSMC isolated

from an old and a young monkey. From this topological image data the cell area of old vs.

young cells was 10,396±36 μm2 vs. 10,150±48 μm2 and the cell height of old vs. young

cells was 3,370±247 nm vs. 2,936±203 nm. The images show the parallel banding of

cortical actin fibers in the cells. From the images it is apparent that the actin filaments are

more densely distributed in the old monkey VSMC compared to the young monkey VSMC.

This is consistent with our previously published study in which we observed with

immunofluorescent labeling and western blotting that old monkey cells expressed

significantly more alpha-smooth muscle actin than young monkey cells (6). For all AFM

experiments designed to evaluate elasticity and adhesion a measurement site was selected

mid-way between the cell margin and the nucleus.

Real time elasticity measurements in single VSMC measured by AFM

For all cells studied the averaged elastic modulus was significantly higher (P<0.001) in

VSMCs from old (22±2.9 kPa) compared to young (3.5±0.5 kPa) monkeys. The observation

of a denser actin distribution and previously observed higher alpha smooth muscle actin

expression (6) correlates with the higher measured elastic modulus in the older monkey

VSMC compared to the younger monkey VSMC. Continuous measurements of the elasticity

in single VSMC for a 30 min period indicated that elasticity exhibited temporal variations in

both the old and young monkey VSMC (Figure 2A and B; blue trace). Comparison of the

slope of the elasticity measurements (linear trend over time) indicated that the slope was not

significantly different from 0 and that there was no difference between the old and young

monkey VSMC (Table 1). Thus, the cells were stable during the 30 min measurement period

and the indentation protocol for elasticity measurement was not having a cumulative effect

on elasticity (repeated testing effect). A spectral analysis, based on signal strength, of the

time varying behavior of the elasticity based on Eigen decomposition partitions was then

undertaken. This permitted the amplitude, frequency and phase components of the

oscillation pattern to be separated. Individual signals reconstructed from these components

closely followed the principal oscillation patterns in the data for each cell (Figure 2A and B;

red trace). To examine and compare the averaged group behavior of the oscillations, the

three values of amplitude, frequency and phase for every experimental cell were averaged

and then plotted (Figure 2C). A comparison of the averaged oscillation patterns in the old
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and young monkey VSMC revealed significant differences between the two groups in terms

of frequency and amplitude (Figure 2C). A more detailed analysis of the oscillation pattern

over the 30 min period was performed to further characterize the three individual signal

components that were identified in the elasticity measurements. These three components

were individually ‘stripped-out’ to allow their separate characteristics to be examined

(Figure 3; Table 1). For both the old and the young VSMC, the frequency and amplitudes

were indirectly related to each other such that slowest component frequency had the highest

component amplitude (Table 1). These spectral components were standardized and the

individual frequency components plotted with the composite elasticity data for the VSMC

old and young monkey groups (Figure 3). The first frequency component (large visible

oscillation) was significantly faster in the old cells as compared to the young cells whereas

there were no significant differences in frequency for the faster components 2 and 3 between

the two groups (Figure 3; Table 1). The amplitudes of each of the three frequency

components were significantly greater in old compared to young VSMCs (Table 1).

Real time measurement of ECM protein-integrin adhesion by AFM

We continuously measured, over a 30 min period, the adhesion to the ECM protein

fibronectin (FN) and to a beta 1 integrin antibody and found that the adhesion was enhanced

in VSMC from old (Figure 4) vs. young monkey (Figure 5) VSMC. The enhanced adhesion

was observed for both the FN coated AFM probes and the beta 1 integrin antibody coated

probes. There was no statistical difference in the adhesion to FN or the beta 1 integrin

antibody in terms of recorded rupture forces and probability of binding. Consequently, these

data sets were combined for an overall analysis of adhesive behavior. The enhanced

adhesion was apparent as an increased unbinding force in old (85.8±5.6 pN) vs. young (43.0

± 3.2 pN) and as an increased binding probability in old vs. young (Figure 5A; 5B; 5C;

Table 1). The continuous real-time measurement of adhesion revealed that adhesion force

like elasticity was oscillating with respect to time and also showed three major spectral

components (Figures 4). In old monkey VSMC the oscillation occurred around a higher

unbinding force and the amplitude of the oscillations in force were greater (p<0.05) than that

observed in the younger monkey VSMC (Figure 5C; Table 1). The frequency of oscillation

for component 1 was faster in the old monkey compared to the young but the frequencies of

oscillation for the other components were not different between the young and the old

VSMC (Figure 5C; Table 1). Comparison of the oscillation pattern observed in the

recordings of unbinding force with those of cell elasticity revealed that the frequency of the

force oscillations was significantly different for the slowest oscillation component for both

the old and the young VSMC (Figure 4 and 5C; Table 1). The second and third spectral

components of oscillation in unbinding force were not different from the frequencies

observed in the cell elasticity (Figure 4 and 5C; Table 1). Furthermore, the oscillation

pattern observed for the second and third oscillation component appear to be in phase and

correlate with the oscillation of the second and third oscillation components observed in the

cell elasticity (Figure 4 and 5C; Table 1) suggesting a mechanistic link between these two

variables.

Effects of Cytochalasin D, ML7 or Blebbistatin on Elasticity

The involvement of the acin cytoskeleton as a determinant of VSMC elasticity was

investigated by treating cells from old and young monkeys with an actin depolymerizing

agent (cytochalasin D), a myosin light chain kinase inhibitor (ML7) or a myosin II inhibitor

(blebbistatin) (Figures 6 and 7; Table 2: Figures S1-S3). In these experiments, a significant

reduction in VSMC stiffness was observed following disruption of the actin cytoskeleton

(old ~95%, young ~83%), inhibition of MLCK (old ~92%, young ~94%) or inhibition of

myosin II (old ~37%, young ~80%) in cells from both old and young monkeys (Figures 7-8;

Table 2). In addition, each of the treatments also significantly reduced the amplitude of all
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three components of the detected oscillations (Figures 6 and 7; Table 2). Effects on the

frequency of the oscillations were more variable. Cytochalasin D increased the frequency of

components 2 and 3 in old but not young VSMC (Table 2), ML7 had no effects on

oscillation frequencies in the old or young VSMC and blebbistatin slowed the frequency of

component 1 in the young but not the old monkey VSMC (Table 2).

Discussion

We have developed a new strategy for analysis of dynamic time dependent changes in

biomechanical behavior of cells using AFM to demonstrate that complex differences in the

mechanical properties of VSMC occur in aging. Real-time elasticity and adhesion

measurements were made in single aortic vascular smooth muscle cells (VSMC) from old

and young male monkeys (Macaca fascicularis) using a force-indentation method with

AFM. A spectral analysis of the results clearly demonstrated the presence of dynamic

oscillatory behavior in cell elasticity that is driven by actinmyosin interactions. The analysis

further revealed oscillation patterns in cellular adhesion to the extracellular matrix (ECM)

protein, fibronectin (FN) that were highly synchronized with the oscillations in cell

elasticity. Oscillatory patterns exhibited for both elasticity and adhesion were different

between the old and the young monkeys. These observations significantly extend previous

findings (6) that VSMC from old monkeys had a higher average elastic modulus compared

to young monkeys and they provide direct biomechanical evidence for age-induced

alterations in the biochemical processes that regulate cytoskeletal and adhesive behavior.

The observation that the elastic modulus and adhesion of VSMC is elevated in aging is

physiologically relevant as it points to the possibility that dynamic, time-dependent factors

may contribute to the increased vascular stiffness that accompanies aging.

In a previous study we reported that aortic VSMC from old monkeys had a significantly

higher average elastic modulus than cells for younger monkeys (6). It was concluded that the

increase in stiffness was related to an increased expression of smooth muscle alpha actin. In

the this study we have extended these observations, to show that the VSMC elasticity is

exhibiting oscillations and that the differences in stiffness and the oscillations were largely

eliminated by treatment of the cells with the actin depolymerizing agent, cytochalasin D, by

treatment with the myosin light chain kinase inhibitor, ML7 and by treatment with the

myosin II inhibitor, blebbistatin. These observations strongly support a functional as well as

a structural role for actin and myosin in altering cellular mechanical properties during aging.

The observation that elasticity exhibits strong oscillatory behavior suggest that the moment

to moment dynamic behavior of the cytoskeleton needs to be more closely examined as a

contributing factor underlying altered aortic stiffness in aging. Although, the mechanisms

driving this periodic behavior were not part of this study, the ability to carefully analyze and

quantify the oscillatory behavior provides a basis for further mechanistic investigations.

Based on our observations it is reasonable to speculate about some likely possibilities. Since

we have shown that the elasticity and oscillations involve the actin cytoskeleton in this

VSMC model, an oscillation in cross-bridge cycling could be driven by oscillations related

to Ca2+ signaling (7, 34-43) and/or oscillations in signaling that governs myosin light chain

phosphorylation (34,35). Likewise, oscillation in pathways regulating polymerization and

depolymerization of the actin cytoskeleton could also be involved (34). The observation that

there were three different spectral components identified in the oscillation pattern make it

reasonable to hypothesize that more than one mechanism is contributing to the spontaneous

oscillations in cell elasticity and thus could play a role in the enhanced vascular stiffness

observed in aging.
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Recently, Schillers et al. (28) used a very similar AFM protocol for real-time measurement

of cell elasticity in bronchial epithelial cells. They also observed that cell elasticity exhibited

spontaneous and periodic oscillations (200 s period and ~0.15 kPa amplitude) that were

inhibited by an actin depolymerization agent (latrunculin A), by depletion of Ca2+with a

Ca2+ chelating agent (BAPTA-AM) and by a myosin II inhibitor (blebbistatin). Oscillations

were also enhanced by a Ca2+ ionophore (ionomycin) and by a Ca2+-ATPase inhibitor

(thapsigargin). Thus, these observations, combined with those in the present study, support

the idea that time-dependent oscillations in cell elasticity are a normal characteristic of a

dynamic cytoskeletal system and that they are strongly influenced by actin cytoskeletal

dynamics. Their analytical approach included a smoothing routine that eliminated higher

frequency oscillation components so it is not possible to quantify frequency and amplitude

of higher order components if they were present. None-the-less, Schillers et al. (28)

observations and ours indicate that dynamic mechanical oscillations are a fundamental

property of living cells.

As we have previously reported (6), adhesion to FN was enhanced in the VSMC from old

monkeys compared to young monkeys. This was apparent as a rightward shift in the

histogram display of unbinding forces and as an increased probability of binding. We

previously reported that this enhanced adhesion to FN in old monkeys was correlated with

an enhanced expression of beta 1 integrin (6). In the present study, adhesion was assessed

continuously over time by using AFM probes that were functionalized with FN to allow

adhesion to be correlated with elasticity. Similar to VSMC elasticity, the adhesion was

found to oscillate with time and three major spectral components of oscillation were

detected. Comparisons of the oscillation pattern for adhesion between the old monkey and

young monkey VSMC revealed that although the frequencies of the separate oscillation

components were similar, the amplitudes were significantly greater for all three oscillatory

components in old monkey cells compared to young monkey VSMC. When the oscillation

pattern seen in adhesion was compared to the pattern for elasticity, it was found that the

slowest component of oscillatory behavior in adhesion (component 1) was faster than the

slowest oscillation wave in elasticity (component 1). In contrast, adhesion components 2 and

3 correlated well with the pattern of change observed in components 2 and 3 in the elasticity

waveform. This was true for both the old and young monkey VSMC. These oscillating

biomechanical events are very likely manifestations of oscillations in biochemical signaling

events taking place in the VSMC. Given this interpretation, the lack of correlation in

frequency between elasticity and adhesion for the slow wave (component 1) suggests that

the signaling mechanisms driving this oscillatory component are different for these two

biomechanical phenomena. Likewise, the similarities in the frequency in oscillation in

elasticity and adhesion for components 2 and 3 are interpreted to indicate that the underlying

signaling mechanism is shared. In this case, the oscillating biochemical events are

interacting in an inside-out manner with integrin signaling pathways.

Interplay occurring between mechanical force and focal adhesion events has been previously

demonstrated (26,27,44). In our cell system the mechanical forces are being generated by

internal cellular processes as opposed to outside-in transmission of forces from the ECM. It

is of interest that the adhesion changes we are observing reflect cycling in integrin

adhesiveness for non-force bearing sites on the cell surface. Thus, as the cell elastic modulus

increases it appears to occur in tandem with activation of adhesion mechanisms. One

possibility is that the activation of the integrin adhesion is being mediated by an increase in

intracellular force within the cell and that this is mechanically activating the integrin (6,27).

A second possibility is that the activation is occurring through a cytoplasmic signaling

molecule. In either case, a link would be provided that integrates internal mechanical force/

force generation with the integrin receptor signaling state. The correlation between the

elasticity and the adhesion has significant implications for a force-generating cell like a
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VSMC. The coordination of elasticity/cytoskeletal change with adhesion provides a

mechanism that could strengthen attachment sites and stabilize cytoskeletal anchoring when

VSMC are activated (i.e. contracting/stiffening) and likewise relax attachment when

cytoskeletal tension decreases. Another functional implication is that the cycling of the

integrin activation could play a role in allowing the cell to sense its surrounding

environment and search for ECM protein binding sites. In spreading fibroblast cells

activated beta 1 integrins driven by actin are found at the leading edge of the cell and appear

to behave like “sticky fingers” searching for an ECM binding sites (45). If they bind and

form a new or nascent adhesion then exposure of the site to force may be important in

triggering whether they go through a process of maturation to fully develop into focal

adhesions.

Oscillations represent an intrinsic property of biological systems and cells (16). They are the

result of the complex biophysical and biochemical interactions that take place within the

cell. One important source of cellular oscillations involves cytoskeletal structures that are

responsible for cellular mobility and generation of force (16,17,18,19). The functional

purpose of an oscillation in elasticity is not clearly known. Several possibilities exist

including the possibility that the cell is actively sensing the mechanical characteristics of its

environment. Another possibility is that it could be a means for biomechanically signaling

neighboring cells. As pointed out by Schillers (28) it would be of interest to know whether

the oscillation pattern in a community of connected cells is coordinated in a synchronous

fashion. In our study and in the study reported by Schillers et al. (28) the AFM can only

assess one site on the cell at a time. Thus, other questions that remain to be addressed

include to what extent does the localized activity represent the global biomechanical activity

of the cell. To examine this question in more detail we also analyzed the contact point or z-

axis position of the AFM probe when it contacted the cell membrane and first encountered

resistance sufficient to induce deflection of the probe. We found that the contact point

oscillated with the same pattern (data not shown) as the elasticity indicating that the three

major oscillatory components we analyzed were reflected in changes in whole cell height.

We interpret this to indicate that the oscillation pattern we studied reflected whole cell

behavior and a localized event. Future studies to address this question will require use of

force measuring techniques to enable detection and measurement of changes in nano-scale

forces at multiple sites simultaneously and across multiple cells that are interconnected.

Such behavior indicates that the cells may well be continuously adjusting their internal

mechanical and adhesive state.

In our studies, the use of the time resolved analytical approach to understand the real-time

mechanical and adhesive behavior of cells provides a unique opportunity to detect and

analyze functional differences between cells and provides a useful tool for diagnostic

characterization of cells. Using this approach, we have determined that VSMC from old

monkeys had increased elasticity and enhanced adhesion to FN compared to young. Both

elasticity and adhesion displayed oscillatory components during real time recording of these

variables and the waveforms differed between old and young monkeys. These observations

suggest that cellular mechanisms regulating cell elasticity and adhesion are affected

differently during aging and that they are interlinked. These differences may play an

important role in the vascular remodeling changes that lead to stiffening of the vascular wall

with aging. For example, VSMC that are stiffer and display pronounced oscillations in

elasticity with enhanced adhesion to the ECM could actively enhance vascular stiffness by

increasing the active stress within the vascular wall. It is conceivable that strategies for

treatment of vascular stiffness could be developed with targeting of these dynamic elements

and/or their coupling in mind. The ability to biomechanically convert an old cell to a

phenotype resembling a young cell would be a very relevant goal and represent and exciting

new approach to consider for treatment of the stiffening that occurs with aging. Certainly an
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important next step will be to correlate these mechanical measures with biochemical and

molecular measures to further improve our ability to resolve questions concerning the

signaling that is controlling the oscillation and the coupling of cell elasticity and adhesion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Examples of a contact mode height image (top) and a surface plot image are shown for a

typical old and young monkey aortic VSMC. The height image data was fitted with a

surface, pseudo-colored and slightly tilted to enhance relief contrast. The images reveal a

more extensive network of cortical actin filaments in the old monkey VSMC compared to

the Young monkey VSMC. The color bars at the right of the image index the cell height. A

size scale is shown at the bottom of the images.
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Figure 2.
An example is shown of a 30 min recording of cell elastic modulus for a typical old (A) and

young (B) monkey VSMC. The blue line displays the raw data collected and the red line

displays the reconstructed data after processing. Processing of the data involved eigen

decomposition partitions based on signal strength to permit the amplitude, frequency and

phase components of the oscillation to be separated. Composite data for the group of old

VSMC (n=24) and young (n=27) show pronounced differences in oscillatory behavior of old

and young VSMC as well as reveal several different oscillatory components underlying the

dynamic changes in cell elastic modulus in each group (C).
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Figure 3.
Mathematical decomposition of the elastic modulus waveform for each group revealed three

principle components of oscillation. The top panels show the oscillations plotted as elastic

modulus in composite waveform format for the old and young monkey VSMC. The three

panels beneath the composite plot show, from slowest to fastest, the three detected

oscillatory components. Frequency, amplitude and phase are given in Table 1.
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Figure 4.
Comparison of the oscillation patterns for VSMC elastic modulus and unbinding force

representing adhesion to AFM probes coated with FN or a beta 1 integrin antibody for old

(right panels) and young (left panels) monkey VSMC. A difference in the oscillation

frequency for component 1, slowest visible component, is apparent between elasticity and

unbinding force whereas the oscillation frequencies for components 2 and 3 are not different

between elastic modulus and unbinding force. Data are plotted in units of kPa for elastic

modulus and pN for unbinding force.
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Figure 5.
Unbinding forces for old and young monkey VSMC are shown in this figure. Panel A

displays overlay plots of the force-adhesion events distributions plotted as histograms. The

plot shows the probability density distribution of force and illustrates the higher peak

binding forces observed in the old monkey VSMC. Panel B displays the observed

probabilities calculated from the AFM retraction curves that record adhesion events. In total,

22988 retraction curves were obtained from old monkeys (958 ± 32 curves/cell); 23771

curves were obtained from young monkeys (880 ± 50 curves/cell). In this bar graph, the

probability of observing 0, 1, 2, 3 or 4 adhesion events in an experimentally obtained

retraction curve is plotted. Standard error bars indicate the between monkey variability.

Asterisks indicate significant differences between the old and young monkey VSMC. These

data show a higher probability of 0 events in the young monkey VSMC but a lower

probability of multiple adhesion events per sampled retraction curve. These observations

indicate that the old monkey VSMC were more adhesive than the young. Panel C shows a

comparison of the real-time recordings of adhesion from the old and young monkey VSMC

groups. The old monkey VSMC also displayed higher amplitude oscillations in the

unbinding force.
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Figure 6.
Examples are shown of ~30 min recordings of real-time cell elastic modulus for typical old

(blue diamonds) and young (purple squares) monkey VSMC. Panels A, B and C show cell

responses from experiments using cytochalasin D, ML7 or blebbistatin, respectively. Drug

additions are shown with time marking the time of addition in seconds.
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Figure 7.
Comparison of the oscillation patterns for VSMC elastic modulus for the old and young

monkey VSMC groups shown in top panels. Panels below show composite group data for

post-drug treated cells for cytochalasin D, ML7 and blebbistatin, respectively. The data

show the significant reduction in elasticity and oscillation amplitude following drug

treatments.
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