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Arterial aging results in a progressive reduction in elasticity of the vessel wall and an impaired ability of aged blood vessels to control local blood flow and pressure. Recently, a new concept has emerged that the stiffness and decreased contractility of vascular smooth muscle (VSM) cells are important contributors to age-induced arterial dysfunction. This study investigated the hypothesis that aging alters integrin function in a matrix stiffness-dependent manner, which contributes to decreased VSM contractility in aged soleus muscle feed arteries (SFA). The effect of RGD-binding integrins on contractile function of cannulated SFA isolated from young (4 months) and old (24 months) Fischer 344 rats was assessed by measuring constrictor responses to norepinephrine, phenylephrine, and angiotensin II. Results indicated that constrictor responses in presence of RGD were impaired in old compared to young SFA. VSM cells isolated from young and old SFA were used for functional experiments using atomic force microscopy and high-resolution imaging. Aging was associated with a modulation of integrin β1 recruitment at cell-matrix adhesions that was matrix and substrate stiffness dependent. Our data showed that substrate stiffening drives altered integrin β1 expression in aging, while soft substrates abolish age-induced differences in overall integrin β1 expression. In addition, substrate stiffness and matrix composition contribute to the modulation of SMα-actin cytoskeleton architecture with soft substrates reducing age effects. Our results provide new insights into age-induced structural changes at VSM cell level that translates to decreased functionality of aged resistance soleus feed arteries.
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1 INTRODUCTION
Preventing age-induced arterial dysfunction and the associated risk of cardiovascular disease remains a significant clinical challenge (Lakatta, 2013). Aging is an independent risk factor for cardiovascular disease with high incidence in patients 65 and older (Virani et al., 2020). Arterial stiffening in aging leads to decreased vascular smooth muscle (VSM) cell contractility and induces hyperplastic remodeling of aged arteries (Rizzoni et al., 2000; Najjar et al., 2005; Briones et al., 2007).
In aging, an increase in pulse pressure that is transmitted from large conduit arteries to small resistance vessels followed by an overall increase in pressure in small arteries can lead to organ damage (O'Rourke and Safar, 2005). Indeed, clinical studies have shown that arterial stiffness is directly related to aging (Mitchell et al., 2004; AlGhatrif et al., 2013) and hypertension (Tomiyama et al., 2004). While age-induced vessel stiffening studies are mostly directed towards conduit vessels, resistance vessels also become stiffer with age (Gothberg and Folkow, 1983). Recent evidence indicates changes in the extracellular matrix alone are not sufficient to fully account for increased vascular stiffness and loss of contractility in aged arteries and suggest that intrinsic mechanical properties of VSM cells are important contributors to arterial stiffening and vasomotor dysfunction in aging and cardiovascular disease. An emerging concept indicates that stiffening of VSM cells contributes to decreased contractility, a hallmark of age-induced arterial dysfunction (Sehgel et al., 2015a; Zhu et al., 2018).
VSM cells regulate vessel wall contractility through interactions between the actomyosin and integrin-based cell-matrix adhesions that anchor the cells within the surrounding extracellular matrix (Lakatta, 2013; Saphirstein et al., 2013). Integrin activation can be initiated by forces transmitted through matrix stiffening (outside-in signaling) or by changes in the cytoskeletal tension (inside-out signaling) (Ginsberg et al., 1992; Hynes 1992; Hynes 2002). The integrin subunits most prevalent in VSM cells include α1, α2, α5 and αv, as well as β1, β3 and β5 (Moiseeva, 2001). The formation of functional integrin dimers define the affinity of the receptor for specific extracellular matrix proteins, for example, α5β1 and αvβ3 recognize the RGD sequence on fibronectin, while α1β1 and α2β1 recognize the GFOGER sequence on collagens (Ruoslahti 1996; Zeltz and Gullberg 2016). In turn, extracellular matrix composition induces expression of specific integrins, such that signaling pathways are activated in a controlled manner and further induce specific cell responses (Seetharaman and Etienne-Manneville, 2018). Thus, integrin α5β1, the main fibronectin receptor, is involved in the regulation of contractile function in VSM cells (Martinez-Lemus et al., 2003; Martinez-Lemus et al., 2005a) because its activation mediates force generation by increasing myosin II activity via RhoA/ROCK pathway (Schiller et al., 2013). Integrin αvβ3 also has a role in cell adhesion to fibronectin with a lower affinity than α5β1. Since integrin αvβ3 and α5β1 are spatially separated at the basal cell membrane in the presence of fibronectin, it has been proposed that activity of this integrin is regulated by force-dependent cell morphology (Felsenfeld et al., 1999). Moreover, integrins α5β1 and αvβ3 have distinct roles in regulating vessel wall contractile function (Martinez-Lemus et al., 2003; Martinez-Lemus et al., 2005b; Martinez-Lemus et al., 2009). Integrin α5β1 activation by RGD binding plays a role in regulating arterial smooth muscle contraction (Wu et al., 1998; Wu et al., 2001), while integrin αvβ3 binding to the same ligand regulates arterial smooth muscle relaxation (D’Angelo et al., 1997). However, both integrins are activated during vasoconstrictor responses to increased pressure (Martinez-Lemus et al., 2005b).
Local changes in matrix microenvironment trigger mechanical signaling to VSM cells which in turn is transformed into a physiological response termed mechanotransduction. The age-induced environmental mechanical cues can drive the phenotype switch for VSM cells, from a contractile to a synthetic phenotype characteristic of aging. In addition, cell-matrix adhesions and cytoskeleton tension are considered main players in the mechanotransduction process (Discher et al., 2005). Recently, VSM cell stiffness and adhesion properties have been recognized as important contributors to the arterial stiffness in aging (Sehgel et al., 2015a; Lacolley et al., 2017). Thus, integrin clustering at cell-matrix adhesions is directly dependent of matrix stiffness. Substrate mechanical properties provide key physical cues for the regulation of cell adhesions and further intracellular signaling to enable cell adaptation to its microenvironment (Fusco et al., 2015). A stiffer microenvironment characteristic of aging is sensed as a high mechanical tension element by the integrins which will favor integrin clustering and organization of adhesion patterns (Gupta et al., 2015). More recently, actin cytoskeleton remodeling was recognized as another important factor contributing to the cellular adaptive response. Formation of filamentous actin further contributes to cellular stiffening, hence, high cytoskeletal tension. In contrast, on softer substrates integrins sense a lower mechanical tension which favors only limited integrin clustering and differential actin organization throughout the cell (Gupta et al., 2015; Gupta et al., 2016). Since vascular aging presents a high level of heterogeneity throughout the arterial network (Barton et al., 1997; Kohn et al., 2016; Trache et al., 2020), understanding the correlation between local, passive tissue properties (i.e., matrix stiffness) and active components of the vascular wall (i.e., cell stiffness) is of high intertest in elucidating the age-induced arterial stiffening and vessel wall remodeling. Both collagen-I and fibronectin are increased in aging (Lakatta, 2013). An increase in fibronectin is thought to be related with an increase in cell adhesion (Qiu et al., 2010), while an increase in collagen-I may be a potential trigger for changes in the VSM cell phenotype due to alterations of mechanical properties of the matrix in the vessel wall (McDaniel et al., 2007).
In the present study we hypothesized that aging alters integrin function in a matrix stiffness-dependent manner, which contributes to decreased VSM contractility in aging. Thus, we combined high-resolution fluorescence imaging of VSM cell structural changes with functional approaches both at cell and vessel level. Our results provide new insights into age-induced structural changes at VSM cell level that translate to decreased functionality of aged resistance arteries.
2 MATERIALS AND METHODS
2.1 Animals
Experimental protocols were approved by the Texas A&M University Institutional Animal Care and Use Committee. Male Fischer 344 rats, both young (4 months) and old (24 months), were obtained from the National Institute on Aging (NIA). Animals were housed at the Texas A&M comparative medicine program facility and kept under a 12:12 h light-dark cycle with free access to food and water. Research staff and Animal Care Facility veterinarians supervised the health of the animals 7 days a week.
2.2 Isolation and Cannulation of Soleus Muscle Feed Arteries
2.2.1 Isolation of Soleus Muscle Feed Arteries
Soleus muscle feed arteries (SFA) were isolated as described previously (Seawright et al., 2018). In brief, rats were sedated with ketamine (80 mg/kg body weight) and Xylazine (5 mg/kg body weight) using an intraperitoneal injection. Anesthesia was verified by an unresponsive toe-pinch. The soleus-gastrocnemius-plantaris muscle complex was removed from each hindlimb and placed in cold (4°C) MOPS-buffered physiological saline solution (PSS) containing: 145 mM NaCl, 4.7 mM KCl, 2 mM pyruvate, 2 mM CaCl2, 1.17 mM MgSO4, 1.2 mM NaH2PO4, 5 mM glucose, 2 mM pyruvate, 0.02 mM EDTA, and 25 mM MOPS (pH 7.4). SFA were isolated, dissected, and placed in a Lucite chamber containing MOPS-PSS (pH 7.4 at 4°C) for cannulation. Rats were euthanized by excising the heart.
2.2.2 Cannulation of Soleus Muscle Feed Arteries
SFA were cannulated on each end with a glass micropipette and secured with surgical thread (Seawright et al., 2016). Each micropipette was attached to a pressure reservoir filled with MOPS-PSS supplemented with albumin (1 g/100 ml). SFA were initially pressurized to 60 cmH2O (1 mmHg = 1.36 cmH2O) for 20 min and checked for leaks by verifying that intraluminal diameter remained constant after closing the pressure reservoirs. Once the vessel was determined to be leak-free, pressure in the SFA was raised to 90 cmH2O for an additional 40 min. PSS was replaced at 20-min intervals and temperature of the vessel chamber was maintained at 37°C throughout the experiment. To determine maximal passive diameter, SFA were incubated in Ca2+ free PSS for a minimum of 30 min.
2.3 Assessment of Soleus Feed Artery Constrictor Responses to RGD Integrin Blockade
Vasoconstrictor responses of SFA were assessed by measuring the change in diameter in response to cumulative, increasing, whole log additions of norepinephrine (NE), phenylephrine (PE) and angiotensin II (Ang II) (Seawright et al., 2018). NE was assessed at concentrations ranging from (10–9 x 10–4 M) and was used to stimulate α-1 and α-2 adrenergic receptors, PE (10–9 x 10–4 M) selectively stimulated α-1 adrenergic receptors, and Ang II (10–11 x 10–7 M) stimulated angiotensin (AT) receptors. NE and PE were obtained from Sigma-Aldrich (St. Louis, MO) and Ang II was acquired from Bachem (Torrance, CA).
To evaluate the contribution of integrins to constrictor function, responses to NE, PE, and Ang II were assessed in the absence or presence of a functional integrin blocking cyclo-(GRGDSP) peptide or a cyclo-(GRGESP) as control peptide (Anaspec, Fremont, CA), both used at 210 μM. Each peptide was added to the vessel bath, and incubated for 20 min.
Two-Way ANOVA was used to determine whether constrictor responses to NE, PE, or Ang II differed by group. Data are presented as percent constriction and calculated as [(Db-Dc)/Db] X 100, where Dc is the measured diameter following administration of an agonist. Db is the baseline diameter prior to administering the agonist. When a significant p-value was obtained, post hoc analyses were performed with Duncan’s Multiple-Range Test. All values are presented as mean ± SE. Statistical significance was defined as p < 0.05.
2.4 Vascular Smooth Muscle Cell Culture
VSM cells were isolated from SFA obtained from young and old Fischer 344 rats as previously described (Seawright et al., 2018). Low passage cells were cultured in 5% CO2 at 37°C in Dulbecco’s Modified Eagle Medium F-12 supplemented with 10% fetal bovine serum and 10 mM HEPES (Sigma, St. Louis, MO), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml amphotericin B. All reagents were purchased from Invitrogen (Carlsbad, CA), unless otherwise specified. Cells were plated on glass bottom dishes (MatTek, Ashland, MA) functionalized with 20 μg/ml matrix proteins (collagen I (Coll I) or fibronectin (FN)). Uncoated dishes were used as control (Lim et al., 2010). All extracellular matrix proteins used for cell culture were purchased from Sigma-Aldridge (Saint Louis, MO).
To further determine substrate stiffness effects on aged VSM cells, silicone sheeting (SMI, Saginaw, MI) was cut to fit a custom-made acrylic frame as previously described (Na et al., 2008). Silicone membrane, tools, and frame were sterilized in an ethanol bath followed by UV exposure for 20 min. After the frames were sterilized and dried, autoclaved vacuum grease was brushed on to the frame. The membrane was laid flat, and the greased portion of the frame was placed over the membrane. The membrane assembly was inverted and fixed in place with a locking ring. Once assembled, the membranes were coated with matrix proteins (FN or Coll-I) and incubated for 3 h at 37°C.
2.5 Real-Time Quantitative Polymerase Chain Reaction
VSM cells isolated from soleus feed arteries of young and old Fischer 344 rats were subjected to total RNA extraction using TRIzol™ (Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Briefly, cells were grown to confluency on 60 mm cell culture dishes yielding 500,000 cells/dish. The media was removed and 1 ml of TRIzol™ was added directly to the culture dish to lyse the cells. The mixture was homogenized by pipetting and the lysates were transferred to 1.5 ml Eppendorf tubes for isolation. Lysates were mixed with chloroform and centrifuged at 12,000 × g to separate the sample into the phenol-chloroform phase, interphase, and the aqueous phase. RNA was precipitated from the aqueous phase with the addition of isopropyl alcohol and pelleted via centrifugation. RNA pellets were washed twice with 75% ethanol and allowed to air dry. Pellets were resuspended in nuclease-free water and RNA samples were quantified via Qubit RNA broad range assay (Invitrogen, Carlsbad, CA) and RNA quality was assessed via Agilent TapeStation RNA Screentape (Agilent, Santa Clara, CA).
RNA samples were normalized to the same concentration and approximately 400 ng of RNA was input into the RT2 First Strand Kit (Qiagen, Germantown, MD) following the manufacturer’s recommended protocol for downstream use in the RT2 Profiler PCR Array format E 384 (4 × 96). Gene expression was assessed with the RT2 Profiler PCR Array for Rat Focal Adhesions (Qiagen PARN-145ZE-1, Germantown, MD) and measured on a Bio-Rad CFX384 real time PCR instrument (Bio-Rad, Hercules, CA). The real-time PCR thermal program comprised polymerase activation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15 s, annealing, and extension at 60°C for 60 s. A recommended melting curve analysis was also performed to verify PCR specificity identifying a single peak in each reaction at temperatures greater than 80°C. The parameters for melt curve analysis were 95°C for 1 min, 65°C for 2 min, then, the temperature was increased at a rate of 2°C/min from 65°C to 95°C. The resulting Ct values were imported into Qiagen’s GeneGlobe Data Analysis Center and assessed for differential gene expression. The comparative threshold (Ct) method (2-∆∆Ct) was employed to evaluate relative expression levels (Livak and Schmittgen, 2001). Data are shown as mean ± SEM with p < 0.05 being considered statistically significant.
Smooth muscle α-actin (Acta2) was assessed separately. Approximately 600 ng RNA was reversed transcribed with SuperScript II reagents (ThermoFisher Scientific, Waltham, MA) and ReadyMade oligo dT(20) primer (Integrated DNA Technologies, Coralville, IA) at 2.0 µM final concentration, and the cDNA was diluted 1:4 in nuclease-free water. PCR reactions were performed in triplicate with 20 µl reaction volume containing 2 µl cDNA, 10 µl of 2X TaqMan® Universal PCR Master Mix (no uracil-N-glycosylase; ThermoFisher Scientific, Waltham, MA) and 1 µl of the target gene TaqMan® qPCR assay (ThermoFisher Scientific, Waltham, MA). Same thermal cycling conditions were used as described above. Ubiquitously expressed prefoldin-like chaperone (Uxt) was utilized as the reference gene for calculating relative expression. TaqMan® assay IDs are Rn01759928_g1 (Acta2) and Rn01430624_m1 (Uxt). Relative expression was calculated by ΔΔCt method as described above.
2.6 Adhesion Assays
Polystyrene micro-plates with 96-wells (Corning-Costar, Cambridge, MA) were functionalized with 20 μg/ml fibronectin (Sigma, St. Louis, MO) and incubated at 4°C overnight followed by blocking for 30 min at room temperature with 1% bovine serum albumin (Sigma-Aldridge, St. Louis, MO) as previously described (Lim et al., 2010). Briefly, cells were incubated in suspension with RGD or RGE peptides (Anaspec, Fremont, CA) at a concentration of 0.8 mM for 15 min at 37°C in serum free media. Cells without any peptide treatment plated on uncoated substrates blocked with BSA were used as controls. Experiments were performed in triplicate with 30,000 cells added to each well and incubated at 37°C and 5% CO2. Cells were allowed to attach to the substrate for 20 min, and unattached cells were removed by washing the plate with DPBS supplemented with 1 mM Ca2+ and 1 mM Mg2+. Fixed cells were stained with 0.1% Amido black (Sigma-Aldridge, St. Louis, MO), and then cells were rinsed in distilled water and the dye was eluted with 2 N NaOH. The optical density for each microwell was quantified at 595 nm using a Synergy HT-1 plate reader (Bio-TEK, Winooski, VT).
2.7 Assessment of VSM Cell Morphology
2.7.1 Immunofluorescence Staining
VSM cells were plated on 35 mm glass bottom dishes or silicone membrane assemblies functionalized with matrix proteins as described above. Dishes were washed with Dulbecco’s Phosphate buffered saline (DPBS) before plating the cells. After 24 h, cells were fixed for 10 min in 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), in DPBS followed by washing with glycine buffer. After fixation, cells were treated with protein specific antibodies in a sodium citrate buffer containing 1% w/v BSA and 0.1% v/v Triton-X and incubated at 4°C overnight (Sun et al., 2005). Then, cells were washed in a sodium citrate buffer with 5 min incubation at room temperature and further incubated with secondary antibodies for 1 h at room temperature (Seawright et al., 2018). After this time, cells were again thoroughly washed, immersed in DPBS, and then imaged. The following antibodies were used: rabbit anti-integrin α2 (Abcam, Boston, MA); rabbit anti-integrin α5 (Millipore, Temecula, CA); hamster anti-integrin-β1 conjugated with Alexa 488 and hamster anti-integrin-β3 conjugated with Alexa 488 (Biolegends, San Diego, CA); mouse anti-smooth muscle α-actin (Sigma, St. Louis, MO, United States); goat anti-mouse Alexa 568; goat anti-rabbit Alexa 488 or Alexa 568 (ThermoFischer Scientific, Waltham, MA).
2.7.2 VSM Cell Imaging
Total internal reflection fluorescence (TIRF) imaging of the cells was carried out on the home-built integrated microscope system described in (Trache and Lim, 2009). Briefly, an Olympus IX81 microscope (Olympus, Tokyo, Japan) equipped with a PLAN APO 60X oil 1.45 NA objective lens and fitted with a fiber optic laser launcher and a CoolSnap HQ CCD from Teledyne Photometrics (Tucson, AZ) was used for TIRF imaging. Thus, TIRF imaging allows visualization of cell-matrix adhesions in the immediate proximity of cell-substrate interface by providing super-resolution imaging in z-axis only (i.e., 100 nm) (Trache and Meininger, 2008). TIRF imaging was used to visualize the fluorescent-labeled integrins at cell-matrix interface for cells plated on glass bottom cell culture dishes with an exposure time of 100 ms.
Confocal imaging allows visualization of the whole cell body throughout the cytoplasm, including cell-matrix adhesion area. Thus, confocal imaging was used to image VSM cells stained for different integrins as well as actin. An Olympus Fluoview FV3000 Confocal Microscope equipped with a UPLSAPO 40XS silicon oil 1.25 NA objective lens was used in sequential mode scanning for dual color imaging of the whole cell. 3D confocal images were acquired as stacks of 12–14 planes at a 0.25 μm step size with an exposure time of 100 ms and are presented as xy projections. Same experimental parameters were used to acquire fluorescence images for each condition.
2.7.3 Fluorescence Image Analysis
Slidebook software version 6 (Intelligent Imaging Innovations, Denver, CO) was used to quantify specific protein area as previously described (Lim et al., 2010). Measurements of the protein area at cell-matrix adhesions were performed on TIRF images, while total fluorescence intensity measurements throughout the cell were obtained from projections of confocal images. MatLab software version R2019a (Natick, MA) was used to determine the area for either the inner or peripheral region of each cell. To measure peripheral vs. inner protein area from fluorescence images, a mask was created that covered the entire interior of the cell with the cell membrane as boundary. Then, the mask was reduced in size to 75%, and positioned so that the centroid of the reduced mask coincided exactly with that of the original mask. Application of the reduced mask to the original image resulted in a new image that retained only the inner region of the cell for further processing. Alternatively, convolution of the original mask with the image complement of the reduced mask resulted in a new mask that, when applied to the original image, removed the interior portion of the cell, leaving only the peripheral region available for measurements.
2.7.4 Statistical Analysis
Imaging experiments used VSM cells isolated from SFA from Fischer 344 rats (n = 2-4 animals) for each experimental condition. To statistically compare a large number of cells, fluorescence protein area was normalized to total cell area for each cell before statistical analysis by student’s t-test and ANOVA. Prior to running ANOVA, the normality assumption was checked using Q-Q plot and Shapiro-Wilk test. Linear regression was used to evaluate the interaction between age and substrate stiffness for each extracellular matrix. Estimated model coefficients with 95% confidence intervals were reported. Statistical significance was claimed if a significance level alpha was less than or equal to 0.05. SAS software version 9.4 (SAS Inc., Cary, NC) and STATA software version 16.0 (Stata LLC, College Station, TX) were used in this analysis.
2.8 Atomic Force Microscopy Measurements
Atomic force microscopy (AFM) measurements were performed on live VSM cells submerged in cell culture medium. The MLCT-Bio probes (Bruker Nano Surfaces Inc., Santa Barbara, CA) with a spring constant of 12.2 ± 0.4 pN/nm were used. The probe was washed with acetone followed by distilled deionized (DDI) water, and then coated with 10 mg/ml of PEG to further cross-link the fibronectin (1 mg/ml, ThermoFisher Scientific, Waltham, MA) onto the probe. The probes were thoroughly washed with DDI water after each step of the functionalization procedure as previously detailed in (Trache and Meininger, 2008). The probe was set to approach and retract from the cell surface at 0.8 µm/s. Cell culture medium containing RGD or RGE peptides (Anaspec, Fremont, CA) at a concentration of 0.8 mM were added to the cell culture dish and incubated for 45 min at room temperature. Experiments were performed in duplicates, and cells were randomly selected from the cell culture dish for a total of 750–1,500 individual force curve measurements for each experimental condition. The adhesion force was calculated using NForceR software (Trzeciakowski and Meininger, 2004) by multiplying the change in deflection height associated with the unbinding event by the spring constant of the cantilever. Then, PeakFit software version 4.11 (Systat Software Inc.) was used to estimate the associated confidence intervals for each distribution. Peaks whose confidence intervals did not overlap were considered significantly different (p < 0.05) (Ripley and Venables, 1994). The number of adhesion and non-adhesion events were counted, and the number of adhesion events was expressed as percent of total adhesions (Trache et al., 2005).
3 RESULTS
3.1 Characteristics of Rats and SFAs
Young rats (357 ± 45 g) weighed significantly less than old rats (400 ± 45 g). The maximal passive diameters of SFA were not statistically different between young (186 ± 100 μm) and old (182 ± 70 μm) SFA.
3.2 Integrin-Mediated Vasoconstrictor Responses are Impaired With Aging
To determine the RGD-integrin binding contribution to SFA contractile function in aging, constrictor responses were assessed in the presence of RGD inhibitory peptide or RGE control, a non-inhibitory peptide. Two parallel studies were designed such that in one experiment, SFA constrictor responses to NE, PE, and Ang II were assessed in the presence of RGD inhibitory peptide, while in the second experiment, same constrictor responses were assessed in the presence of the RGE control peptide. Each of the peptides was added to the vessel bath at 210 μM for 20 min prior to assessing contractility responses. Moreover, another control experiment was designed to determine the effect of aging on constrictor function in SFA, by exposing arteries to the same cumulative increase of different contractile agonists (NE, PE, and Ang II) in the absence of any peptide.
Figure 1 shows that vasoconstrictor responses to NE, PE and Ang II were less in old control SFA compared to young control SFA. Pre-treatment of SFA with RGE, a non-inhibitory peptide, did not alter constrictor responses to any of the agonists. Pre-treatment of SFA with RGD, an inhibitory peptide, reduced vasoconstrictor responses to all three agonists in young and old SFA. The finding that NE and PE-induced constriction was attenuated (not abolished) in the presence of RGD indicates that integrin signaling contributes to, but does not fully account for, adrenergic receptor-mediated constrictor responses in SFA (Supplementary Table S1). Results indicating that the RGD peptide nearly abolished constrictor responses to Ang II suggests that angiotensin receptor-mediated dilation is mostly dependent on integrin signaling in old SFA.
[image: Figure 1]FIGURE 1 | The role of integrin signaling in agonist-induced constrictor responses with age was assessed in the presence of a functional integrin blocking RGD peptide, a non-blocking RGE peptide, and control no treatment condition. Maximal constrictor responses to NE (10–4 M), PE (10–4 M), and Ang II (10–7 M) in SFA are presented. n = 5–12 rats per group. Data shown are mean ± SE. Significance was evaluated at p < 0.05. *Values are significantly different from young. # Values are significantly different from age-matched control and RGE group.
3.3 Aging Modulates Integrin Functional Properties in VSM Cells
3.3.1 Aging Alters Integrin Expression and Recruitment at Cell-Matrix Adhesions
Integrins α and β associate to form functional integrin dimers that bind preferentially to collagen I and fibronectin. Polymerase chain reaction was employed to determine whether aging alters gene expression for a subset of specific integrins α2, α5, αv, β1, β3 and SMα-actin in VSM cells isolated from young and old SFA. Figure 2 shows that mRNA expression for integrin β1 was significantly downregulated, while integrins α5, αv, β1, and β3 trended to be lower in old arteries relative to young arteries. Integrin α2 mRNA expression did not change with age. In addition, SMα-actin mRNA expression was also lower in old arteries.
[image: Figure 2]FIGURE 2 | PCR assays were performed on VSM cells isolated from young and old SFA. Relative mRNA expression levels from young and old VSM cells were expressed relative to young VSM cells for each gene. Data are shown as mean ± SD (n = 3-4 animals). Significance was evaluated at p < 0.05. *Values are significantly different from young.
To determine the effect of aging on specific integrin localization at cell-matrix adhesions, we performed total internal reflection fluorescence (TIRF) imaging of young and old VSM cells plated on uncoated substrates and stained with specific integrin antibodies for a subset of these integrin subunits α5, β1 and β3 (Figure 3). While both young and old cells present streak-like adhesions around cell edges, integrin α5 and β1 are also present to a lesser extent towards basal cell interior for old cells. Quantitative image analysis shows that integrin α5 and β3 recruitment at cell-matrix adhesions decreases significantly and moderately, respectively, in old cells, with no change in integrin β1 with age. Taken together, these data suggest that aging decreases integrin gene expression and elicits differential protein recruitment at cell-matrix adhesions.
[image: Figure 3]FIGURE 3 | Representative TIRF images of VSM cells isolated from young and old Fischer 344 rats fluorescently labeled for integrin α5, β1 and β3 are shown. Scale bar represents 10 μm. Quantitative measurements (n = 29–39) are presented as mean ± SE. *Significance was evaluated at p < 0.05.
3.3.2 Matrix Modulates Specific Integrin Recruitment at Cell-Matrix Adhesions
VSM cells predominantly express fibronectin binding integrins α5β1, αvβ3 and α4β1 and collagen binding integrins α1β1 and α2β1, both matrix components being increased in the aged vessel wall (Qiu et al., 2010; Lakatta 2013; Sehgel et al., 2015a). To determine the matrix effect on specific integrin distribution at cell-matrix adhesions in aging, we performed TIRF imaging of young and old VSM cells plated on fibronectin and collagen I and stained with specific integrin antibodies for integrin α2, α5, β1 and β3. As shown in Figure 4, integrin α5 and β1 are present both at cell edges, forming streak-like adhesions, and towards the cell center for cells plated on FN, an area known for the association of integrin α5β1 with fibronectin fibrilogenesis (Zhong et al., 1998; Pankov et al., 2000). However, recruitment of integrin α5 at cell edges is higher in old cells, with reduced presence towards the cell interior where it forms smaller, dot-like adhesions. For cells plated on collagen I, integrin α2 and β1 localize mostly at cell edges. Quantitative analysis of TIRF images showed that for cells plated on fibronectin, integrin α5 recruitment at cell adhesions is higher in old cells, while integrin β3 is lower with no change for integrin β1 (Figure 4A). For cells plated on collagen I, integrin α2 presents higher recruitment in older cells, while integrin β1 is significantly lower (Figure 4B). Since individual integrins pair to form functional dimers, these data suggest that matrix-dependent age-induced integrin recruitment increases integrin α5β1 and α2β1 at cell-matrix adhesions when cells are plated on exogenous fibronectin and collagen functionalized substates, respectively, while integrin αvβ3 is decreased in cells plated on fibronectin.
[image: Figure 4]FIGURE 4 | (A) Representative TIRF images of VSM cells plated on fibronectin and fluorescently labeled for integrin α5, β1 and β3 are shown. (B) Representative TIRF images of VSM cells plated on collagen-I and fluorescently labeled for integrin α2 (red) and β1 (green) are shown. Scale bar represents 10 μm. Quantitative measurements (n = 15–50) are presented as mean ± SE. Significance was evaluated at p < 0.05.
3.3.3 Aging Modulates Functional Integrin Binding to the Matrix
To further investigate if aging affects the functional role of integrin receptors involved in VSM cell adhesion to the matrix, cell adhesion assays were performed using RGD inhibitory peptide and RGE as control peptide (Figure 5A). Treatment of VSM cells in suspension with RGD reduced cell adhesion to fibronectin 2-fold in both young and old cells in respect with RGE non-inhibitory peptide. In addition, AFM experiments performed with fibronectin functionalized probes investigated single ligand-receptor interaction in the presence of each of the peptides. These discrete measurements showed that dhesion strength of α5β1 integrin to fibronectin is age-dependent with a significant ∼30% increase in old cells in respect with young ones (Figure 5B). RGD peptide added to the cell medium before performing AFM measurements will bind to the integrins on the cell surface and reduce the number of integrins able to further bind to the fibronectin functionalized AFM probe. This RGD inhibition, however, will not affect adhesion binding force of the remaining integrins able to bind the AFM probe (Trache et al., 2005).
[image: Figure 5]FIGURE 5 | (A) Adhesion assay of VSM cells to fibronectin was performed in the presence of a functional integrin blocking RGD peptide and a non-blocking RGE peptide. Negative control experiments were performed using untreated cells plated on substrates blocked with BSA, and specific matrix without cells. Data are presented as mean ± SEM. (B) Functional AFM measurements of integrin α5β1 binding force to fibronectin for young and old VSM cells treated with a functional integrin blocking RGD peptide and a non-blocking RGE peptide are shown. For comparisons, force peak values whose confidence intervals did not overlap were considered significantly different (p < 0.05). (C) Percent of adhesion events for each treatment is shown.
Previously, we have shown that adhesion probability of integrin α5β1 binding to fibronectin is 20% higher in untreated old cells indicating that there are more unbound free functional integrins present on the cell surface (Seawright et al., 2018). While similar results were obtained for RGE control peptide, RGD inhibition is less effective by inducing a reduced integrin binding inhibition in old cells (15%) by comparison with young ones (30%) (Figure 5C). This differential behavior of the discrete α5β1 integrin functional inhibition in old cells may be due to an age-induced dysregulation of single ligand-receptor interaction of free integrins available to bind on the cell surface that decreases integrin α5β1 binding to soluble RGD (Lu et al., 2020), effect that may be masked by the bulk cell adhesion assay. Collectively, these data show that integrins are important receptors in regulating cell adhesion in aged cells, and aging modulates integrin function.
3.4 Substrate Stiffness Modulation of VSM Cells Architecture is Age-Dependent
3.4.1 Integrin Expression and Spatial Distribution
Taking in consideration the reduced integrin-mediated vascular contractility with age, we asked if extracellular matrix or its stiffness may affect integrin expression and recruitment at cell-matrix adhesions in VSM cells.
To address the effect of matrix-functionalized substrate stiffness on integrin recruitment at cell-matrix adhesions, cells were plated on glass-bottom cell culture dishes or soft membranes (212.05 ± 0.64 kPa) functionalized with matrix proteins, fibronectin or collagen I. Since β1 integrin dimerizes with α5 to bind fibronectin and with α2 for collagen-I binding, confocal imaging was performed on VSM cells labeled with integrin β1 antibodies (Figure 6). Quantification of confocal images revealed that aging modulates overall integrin expression in a matrix-dependent manner enhancing integrin β1 (i.e., α5β1) expression for cells plated on rigid substrates functionalized with fibronectin, but reduces overall presence of integrin β1 (i.e., α2β1) in old cells plated on collagen I. However, general morphology of integrin β1 on rigid substrates follow the same characteristics of TIRF imaging presented above. Interestingly, total β1 integrin content (i.e., integrin present at cell adhesions and throughout the cytoplasm) is the same in young and old cells plated on soft substrates for either matrix, but its expression is increased for cells plated on collagen-I by comparison with fibronectin. Thus, there is a significant interplay between age effects and substrate stiffness for integrin β1 in VSM cells plated on either matrix, fibronectin or collagen-I (Supplementary Figure S1).
[image: Figure 6]FIGURE 6 | Representative confocal images of VSM cells plated on (A) rigid and (B) soft substrates functionalized with fibronectin and collagen-I, respectively, are shown. VSM cells have been fluorescently labeled for integrin β1. Scale bar represents 10 μm. Quantitative measurements of overall fluorescence intensity (n = 28–68) are presented as mean ± SE. Significance was evaluated at p < 0.05. *Values are significantly different from young. # Values are significantly different from age matched VSM cells on different matrices. $ Values are significantly different between matrices.
Moreover, integrin β1 presents a matrix-dependent and age-dependent spatial organization. Thus, old cells plated on soft membranes functionalized with fibronectin show strong integrin β1 localization at cell edges, while young cells distribute integrin β1 almost evenly across cell area. A masking technique that allows fluorescence quantification at cell edges (i.e., outer cell area) vs. inner cell area, confirmed the increase in β1 integrin recruitment at cell edges of old cells plated on fibronectin (Figure 7A). However, when cells are plated on membranes functionalized with collagen I, adhesions formed by integrin β1 appear as thin streak-like adhesions all over basal cell area. Quantification of fluorescence showed that old cells plated on soft membranes functionalized with collagen-I are characterized by a modest increase of integrin β1 at cell edges with respect to young cells, while inner area of young cells presents a slight increase in integrin β1 recruitment with respect to old cells (Figure 7B). Even though the shift in integrin β1 distribution is significantly different (p < 0.05), the overall change is less pronounced than for fibronectin. These data suggest that changes in substrate stiffness, induce a change in cell adhesion and contractile properties even if cells behave normally (i.e., young cells). Thus, substrate stiffening drives altered integrin β1 expression in aging, while soft substrates abolish age-induced differences in overall integrin β1 expression.
[image: Figure 7]FIGURE 7 | Representative confocal images of VSM cells plated on soft substrates functionalized with fibronectin (A) and collagen-I (B) are shown. VSM cells have been fluorescently labeled for integrin β1. Scale bar represents 10 μm. Quantification of fluorescence intensity relative to inner vs. outer cell area shows a strong recruitment of integrin β1 at cell edges for old cells plated on fibronectin (n = 28–30), with a modest relative change for cells plated on collagen-I (n = 40–50). Data are presented as mean ± SE. Significance was evaluated at p < 0.05. *Values are significantly different from young. #Values are significantly different from age matched VSM cells.
Collectively, these results suggest that both substrate stiffness and extracellular matrix differentially modulate specific integrin expression. Taking in consideration that α2 and α5 subunit dimerizes with β1 subunit to form functional integrin dimers, the availability of α-integrins may limit functional dimer formation, or competitive binding of β1 integrin with other α-subunits may limit β1 availability for binding.
3.4.2 Actin Cytoskeleton Architecture
Since cytoskeletal architecture is directly linked to formation of cell-matrix adhesions, we further asked how substrate stiffness and extracellular matrix regulate actin stress fiber formation in aging. Consistent with previous findings (Seawright et al., 2018), young cells on rigid substrates present prominent actin fibers on either matrix, while old cells show finer fibers mostly for cells plated on collagen I (Figure 8A). This finding is consistent with higher cytoskeletal tension induced by fibronectin engagement of integrin α5β1 at cell-matrix adhesions. Quantitative analysis showed that matrix-dependent assembly of stress fibers decreased significantly for old cells plated on collagen-I. In contrast, soft membranes induced finer fibers distributed all over cell area for cells plated on fibronectin, with an additional increase in intracellular actin haze, presumably monomeric G-actin, and very fine fibers for cells plated on collagen I (Figure 8B). In addition, collagen-I induces formation of thick actin bundles at cell edges, mostly for young cells plated on soft substrates.
[image: Figure 8]FIGURE 8 | (A) Representative confocal images of VSM cells plated on rigid substrates functionalized with fibronectin or collagen-I are shown. VSM cells have been fluorescently labeled for SMα-actin. Scale bar represents 10 μm. Quantitative measurements of overall fluorescence intensity and actin fiber segmentation (n = 34–68) are presented as mean ± SE. Significance was evaluated at p < 0.05. (B) Representative confocal images of VSM cells plated on soft substrates functionalized with fibronectin or collagen-I are shown. VSM cells have been fluorescently labeled for SMα-actin. Scale bar represents 10 μm. Quantitative measurements of overall fluorescence intensity and actin fiber segmentation (n = 22–42) are presented as mean ± SE. Significance was evaluated at p < 0.05. *Values are significantly different from young. $ Values are significantly different from age matched VSM cells on different matrices. # Values are significantly different between matrices.
Quantitative analysis showed that on soft substrates, matrix has no effect on overall SMα-actin mean intensity of old cells. However, fibronectin induces a significant increase of SMα-actin mean intensity in old cells by comparison with young ones, while collagen-I has an opposite effect. In addition, soft substrates reduce age differences regarding SMα-actin stress fiber formation for cells plated on collagen-I inducing an increase in SMα-actin fibers in respect to fibronectin.
Taken together, these data suggest that substrates stiffness and matrix composition contribute to the modulation of SMα-actin cytoskeleton architecture with soft substrates reducing age-dependent actin stress fiber formation.
4 DISCUSSION
Aging results in progressive changes in the mechanical properties of the arterial wall leading to increased wall stiffness and decreased responsiveness of vascular cells to mechanical stimuli. The mechanism responsible for the age-related decrease in vasoconstrictor function of resistance arteries has not been fully elucidated. The discrete VSM cell mechanical properties, cell adhesion to the matrix and their ability to adapt to external mechanical signals, directly contribute to maintaining vessel tone (Martinez-Lemus et al., 2005a; Seawright et al., 2016). However, the impaired ability of aged VSM cells to develop contractile tension, may be in part due to age-induced alterations of integrin function because of the increase in the stiffness of the extracellular matrix substrate. Our previous studies demonstrated that vasoconstrictor responsiveness declines with age in SFA (Seawright et al., 2016), and aged VSM cells were stiffer and not able to generate the force needed to induce matrix remodeling (Seawright et al., 2018). Therefore, in the current study we evaluated aging effects on integrin function and spatial distribution in the context of cell-matrix interactions. Our results showed that: 1) age-induced decrease in SFA contractile function was mediated, in part, by integrin signaling; 2) aging alters integrin recruitment and binding to the matrix; and 3) soft substrates reduce, in part, age effects on integrin expression and actin stress fibers formation.
Results from functional experiments performed on SFA showed that constrictor responses to NE, PE and Ang II were significantly impaired in old SFA relative to young SFA (Figure 1). Results also revealed that RGD had a significant inhibitory effect on constrictor responses in young and old SFA, indicating that integrin signaling contributes to the vasoconstrictor responses. The inhibitory effect of the RGD peptide varied with the agonist. Specifically, RGD inhibition was lowest for PE-induced constriction and highest for Ang II-induced constriction. The differences in the RGD inhibition levels likely reflected engagement of different receptor types. PE was used to selectively activate alpha-1 adrenergic receptors whereas NE was used to activate alpha-1 and alpha-2 adrenergic receptors. By comparison, Ang II activated angiotensin (AT) receptors. Our finding that NE and PE-induced constriction was attenuated (not abolished) in the presence of RGD indicates that integrin signaling contributed to, but did not fully account for, adrenergic receptor-mediated constrictor responses. However, our results showed that the RGD reduced constrictor responses to Ang II in young (78%) and old (92%) SFA, suggesting that the RGD nearly abolished constrictor responses to Ang II in old SFA. This indicates that angiotensin receptor-mediated constriction in old SFA was mostly dependent on integrin signaling. Since Ang II levels are increased with aging (Yoon et al., 2016), integrin activation via AT1 receptor plays an important role in regulating SFA contractility and stiffness in old vessels (De Luca 2019). This observation is in good agreement with other studies showing a positive correlation between Ang II effects via AT1 receptor and integrin activation in different vascular beds (Kawano et al., 2000; Jia et al., 2003; Brassard et al., 2006; Bunni et al., 2011).
Aging of the vessel wall correlates with changes in VSM cell mechanics and architecture. Changes in mechanical properties of aged VSM cells may induce physiological deficiencies resulting in a reduced ability of the cells to sense and transduce mechanical cues into intracellular biochemical signals necessary to maintain cellular homeostasis (Phillip et al., 2015). Key regulators of the VSM cell architecture are the cell-matrix adhesions and actin cytoskeleton. Our previous studies showed that aging decreases recruitment of key adhesion proteins, vinculin and pFAK, at cell-matrix adhesions and formation of SMα-actin stress fibers in VSM cells (Seawright et al., 2018). However, at the same time, an increase in strength of cell adhesion to the matrix in aged VSM cells may be an important contributing factor to arterial stiffening in aging (Qiu et al., 2010; Sehgel et al., 2015b). Since integrins are the main mechanotransducers connecting the actin cytoskeleton to the matrix, we assessed how aging modulates integrin recruitment and function at cell-matrix adhesions. Molecular studies revealed a general trend that aging downregulates a subset of α- and β-integrins and SMα-actin gene expression, with significant downregulation for integrin β1 gene expression (Figure 2). While this downregulation was confirmed by reduced recruitment of integrin α5 and β3 at cell adhesions in VSM cells in control conditions, integrin β1 showed no changes with age (Figure 3).
Since both fibronectin and collagen I are upregulated in aging, we asked if integrin function may be altered by age-induced changes in extracellular matrix composition. Plating of VSM cells on exogenous fibronectin enhanced the presence of integrin α5 toward cell interior in young cells showing an active fibrilogenesis process (Zhong et al., 1998; Pankov et al., 2000). In contrast, in old cells plated on fibronectin, integrin α5 is enhanced at cell edges, while integrin β3 presence at cell edges is decreased. This age-induced alteration of integrin spatial distribution at cell-matrix adhesions may be associated with abnormal age-induced maturation of cell-matrix adhesions (Figure 4), that could eventually increase fixation of the cell within the surrounding tissue and reduce its ability to adapt to mechanical cues. These data are supported by our previous observation that aged cells present an increased α5β1 integrin adhesion to fibronectin, but a decrease in FAK-p397 activation at peripheral cell-matrix adhesions (Seawright et al., 2018). Since VSM cells respond to extracellular mechanical cues with each contraction-relaxation cycle to ensure proper vessel wall function (Martinez-Lemus et al., 2009) an increased cell adhesion and a decrease in FAK phosphorylation at cell edges may be important factors in reducing vessel wall contractility in aged arteries. In addition, integrin α5β1 has an important role in fibronectin fibrillogenesis, and cells exert force on fibronectin molecules to organize fibronectin fibers (Zhong et al., 1998; Pankov et al., 2000). Our results show that even though RGD inhibitory peptide effectively inhibited young and old cells binding to fibronectin matrix (Figure 5A), aging dysregulates the ability of discrete integrin α5β1 binding to fibronectin (Figure 5B) that may indicate reduced fibrilogenesis in old cells and a switch to a synthetic phenotype. Furthermore, VSM cells plating on exogenous collagen-I matrix elicited expression of α2β1 integrin necessary for binding and proper VSM cell anchorage to the matrix. However, aged cells presented less β1 integrin at cell-matrix adhesions despite an enhanced expression of α2 integrin. Since integrin β1 subunit has also other partners, this imbalance of β1 integrin availability may induce a weak binding of VSM cell to the collagen-I matrix. These results are in agreement with our previous 3D contractility assays in which aged VSM cells embedded in collagen-I fibrous hydrogels failed to remodel the matrix, hence, a weak attachment to the matrix will impede generation of the needed force on the matrix (Seawright et al., 2018).
Cells adhering to the extracellular matrix not only engage specific integrins but also probe their immediate mechanical microenvironment by sensing the substrate mechanical properties and adapting its cytoskeletal tension to maintain cellular homeostasis. Mechanical properties of the substrate provide a physical cue that induces an outside-in mechanical signaling to integrins, and thus, regulates cell-matrix adhesion assembly and intracellular signaling. In tissues, changes in substrate mechanical properties are characterized by changes of the stiffness of the extracellular matrix. Quantitative confocal imaging analysis performed on young and old cells plated on soft and rigid substrates functionalized with fibronectin or collagen, showed that changes in substrate stiffness induced a change in both cell adhesion and actin stress fiber formation. Specific β1 integrin staining revealed both matrix- and age-dependent spatial organization. In contrast with rigid substrates, the soft substrates elicited the same integrin β1 expression for both young and old cells on either matrix, with a higher expression of integrin β1 for cells plated on collagen-I by comparison with fibronectin (Figure 6). However, in comparison with young cells, integrin β1 recruitment is prominent at cell edges for old cells plated on fibronectin, while a moderate recruitment at cell periphery was found for collagen-I (Figure 7). We suggest that presentation of old cells with a soft substrate recovers integrin expression in aging and partly restores integrin-dependent intracellular signaling. Indeed, quantification of SMα-actin fibers for old cells plated on soft substrates, show a similar trend with integrin β1 expression in the same conditions. Integrin α5β1 associates with SMα-actin stress fibers and is part of the matrix-integrin-actin axis responsible for regulating cellular contractility in VSM cells. A study by Fusco et al. (2015) showed that hydrogels of different stiffnesses functionalized with RGD peptides have been shown to regulate formation of cell-matrix adhesions in a substrate-stiffness dependent manner. Their observations that thicker stress fibers were associated with larger adhesions is in good agreement with our results. In addition, the age-induced decrease in SMα-actin fibers formation for cells plated on collagen-I functionalized rigid substrates may relate to the old cell deficient ability to properly organize actin cytoskeleton in the presence of collagen-I matrix. Since collagen-I is increased in aging, this result would be in good agreement with the reduction in contractility of the aged VSM.
In summary, the results of this study demonstrate that integrins are important receptors in modulating cell adhesion in aged VSM cells, and dysregulation of integrin function in aging is due, in part, to stiffening of the extracellular matrix. Deficient assembly of cell adhesions provides a feedback loop for the integrin-mediated signal transduction and further actin cytoskeleton remodeling (Phillip et al., 2015). These age-induced discrete changes of VSM cell structure and function lead to physiological dysfunctions at the vessel level and contribute, in part, to the reduced contractility of aged resistance arteries.
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