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Abstract 

Background and Purpose: Decreased aortic compliance is a precursor to numerous 

cardiovascular diseases. Compliance is regulated by the rigidity of the aortic wall and the 

vascular smooth muscle cells (VSMCs). Extracellular matrix stiffening, observed during ageing, 

reduces compliance. In response to increased rigidity, VSMCs generate enhanced contractile 

forces that result in VSMC stiffening and a further reduction in compliance. Mechanisms 

driving VSMC response to matrix rigidity remain poorly defined.  

Experimental Approach: Human aortic-VSMCs were seeded onto polyacrylamide hydrogels 

whose rigidity mimicked either healthy (12 kPa) or aged/diseased (72 kPa) aortae. VSMCs 

were treated with pharmacological agents prior to agonist stimulation to identify regulators 

of VSMC volume regulation. 

Key Results:  On pliable matrices, VSMCs contracted and decreased in cell area. Meanwhile, 

on rigid matrices VSMCs displayed a hypertrophic-like response, increasing in area and 

volume. Piezo1 activation stimulated increased VSMC volume by promoting calcium ion influx 

and subsequent activation of PKC and aquaporin-1. Pharmacological blockade of this pathway 

prevented the enhanced VSMC volume response on rigid matrices whilst maintaining 

contractility on pliable matrices. Importantly, both piezo1 and aquaporin-1 gene expression 

were upregulated during VSMC phenotypic modulation in atherosclerosis and after carotid 

ligation. 

Conclusions and Implications: In response to extracellular matrix rigidity, VSMC volume is 

increased by a piezo1/PKC/aquaporin-1 mediated pathway. Pharmacological targeting of this 

pathway specifically blocks the matrix rigidity enhanced VSMC volume response, leaving 

VSMC contractility on healthy mimicking matrices intact. Importantly, upregulation of both 

piezo1 and aquaporin-1 gene expression is observed in disease relevant VSMC phenotypes.  
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Bullet point summary: 

 

 Vascular smooth muscle cells (VSMC) possess increased volume of rigid hydrogels 

 

 Actomyosin activity is required for this increased volume response 

 

 Piezo1 activity permits calcium ion influx into VSMCs on rigid hydrogels 

 

 Pharmacological inhibition of PKC or aquaporin-1 block the enhanced VSMC response 

on rigid hydrogels 

 

 PKC inhibition prevents translocation of aquaporin-1 to the VSMC cell membrane 

 

 Piezo1 and aquaporin-1 gene expression is increased in disease relevant VSMC 

phenotypes in atherosclerosis and after carotid ligation 
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1. Introduction 

Aortic compliance describes the ability of the aorta to change shape in response to 

changes in blood pressure. Maintaining aortic compliance is essential for cardiovascular (CV) 

health and  decreased aortic compliance is a major risk factor associated with a variety of age-

related CV diseases (Glasser et al., 1997; Mitchell et al., 2010; Lacolley et al., 2020). Clinical 

measurements of aortic compliance, using pulse wave velocity, identify that reduced 

compliance is associated with increased CV mortality (Safar et al., 2002; Zhong et al., 2018; 

Sequí-Domínguez et al., 2020). The rigidity of the aortic wall is a major contributor to aortic 

compliance. In the healthy aortic wall, rigidity and compliance are determined by the balance 

between extracellular elastic fibres, including elastin, which provides pliability, and non-

elastic extracellular matrix (ECM) components, including collagen-I, that provides tensile 

strength to the aortic wall (Tsamis et al., 2013). However, during ageing and CV disease, 

elastic-fibres degrade, and collagen-I accumulates. These ECM changes increase the rigidity 

of the aortic wall and decrease aortic compliance (Ahmed and Warren, 2018). 

Vascular tone is regulated by the contraction of vascular smooth muscle cells (VSMCs), 

the predominant cell type within the aortic wall (Leloup et al., 2019). These mechanosensitive 

cells generate actomyosin-derived forces, with force production increasing as ECM rigidity 

increases (Petit et al., 2019; Sanyour et al., 2019; Johnson et al., 2021). Enhanced actomyosin 

force generation increases VSMC stiffness and in turn contributes to increased aortic wall 

rigidity and reduced aortic compliance observed in ageing and CV disease (Qiu et al., 2010; 

Sehgel et al., 2015b; Lacolley et al., 2017). In healthy aortae, wall rigidity and compliance are 

a balance between ECM rigidity and VSMC stiffness (Johnson et al., 2021). However, this 

balance is disrupted in ageing and CV disease, resulting in VSMC dysfunction (Sazonova et al., 

2011; Lacolley et al., 2017). For example, in hypertension, aortic stiffness increases as a result 

of enhanced ECM rigidity and VSMC hypertrophy, a process through which cell mass increases 

without a corresponding increase in cell number (Owens and Schwartz, 1983; Rizzoni et al., 

2000; Zhang et al., 2005; Schiffrin, 2012; Sehgel et al., 2013). VSMC hypertrophy increases 

aortic wall thickness and rigidity, resulting in reducing aortic compliance (Zieman et al., 2005; 

Hayashi and Naiki, 2009; Sehgel et al., 2015a). Both increased protein content and increased 

volume are key components of VSMC hypertrophy, yet mechanisms regulating VSMC volume 

remain poorly defined. 

Other cell types contain mechanisms to reduce or increase cell volume in response 

to swelling or shrinking, respectively (McManus et al., 1995; Hoffmann et al., 2009). These 

pathways involve ion transporters that result in the movement of ions across the plasma 

membrane to create solute gradients. For example, cell swelling activates volume regulated 

anion channels (VRACs) that result in the efflux of chloride ions, whereas cell shrinking 

activates Na+.K+.2Cl- (NKCC), resulting in chloride ion influx (Eggermont et al., 2001). 

Aquaporins are essential components of these processes and regulate the movement of 

water across membranes (Mola et al., 2016). This process is passive and driven by solute 

gradients across the plasma membrane. Importantly, water follows the chloride ions due to 

osmosis. Therefore, chloride ion and water influx promote cell swelling, whereas efflux 

promotes cell shrinking (Morishita et al., 2019). In addition to chloride ion concentration 
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changes, post-translational modification status of the aquaporins also regulate their activity. 

For example, aquaporin-1 phosphorylation by PKC triggers aquaporin-1 translocation to the 

plasma membrane, activating aquaporin-1 mediated water influx and increasing cell volume 

(Conner et al., 2010). VSMCs express aquaporin-1, however, the importance of this water 

channel in VSMC volume regulation and VSMC dysfunction remains unknown (Shanahan et 

al., 1999). 

In response to matrix rigidity, ECM adhesions activate the Rho/ROCK signalling 

pathway, resulting in actin polymerisation and myosin light chain phosphorylation, that in 

turn enhance actomyosin activity (Ahmed and Warren, 2018). In other cell types, actomyosin 

activity and actin cytoskeleton reorganisation in response to ECM rigidity have been shown 

to activate stretch activated ion channels (SACs) (Kobayashi and Sokabe, 2010; Nourse and 

Pathak, 2017). SAC activation enables mechanical stimuli to be converted into biochemical 

responses through mediating the diffusion of ions, including calcium ions (Ca2+), across the 

cell membrane (Kobayashi and Sokabe, 2010). Whether VSMCs possess a similar response to 

ECM rigidity remains unknown, however, VSMCs possess numerous stretch activated ion 

channels including piezo1 and members of the TRP (transient receptor potential) family 

(Lowis et al., 2023). In normal physiology, these channels are activated transiently by blood 

flow derived stretching of the aortic wall (Liu and Lin, 2022). This stimulates VSMC contraction 

as a result of Ca2+ influx.  These SACs are also reported to contribute to VSMC dysfunction, 

with piezo1 implicated in atherosclerosis and abdominal aortic aneurysm induced vascular 

remodelling (Qian et al., 2022; Yin et al., 2022). Whether SACs, including piezo1, are involved 

in VSMC volume regulation and the mechanisms by which they drive VSMC dysfunction 

remain unknown. Investigating the cellular response to matrix rigidity requires us to move 

away from the use of tissue culture plastic and glass, materials whose stiffness is around a 

thousand times greater than that of a healthy aorta (Minaisah et al., 2016). The rigidity of the 

aortic wall, known as its Young’s modulus (measured in kilopascals (kPa)), has been 

experimentally determined using atomic force microscopy (Hayenga et al., 2011; Tracqui et 

al., 2011). In this study, we utilised polyacrylamide hydrogels, substrates fabricated to the 

same rigidity as a healthy or diseased aorta (Hayenga et al., 2011; Tracqui et al., 2011; 

Minaisah et al., 2016; Rezvani-Sharif et al., 2019). We identify that enhanced ECM rigidity 

promotes increased VSMC volume following contractile agonist stimulation. This increased 

volume response is driven by a piezo1/PKC/aquaporin-1 mediated pathway. Inhibition of the 

piezo1/PKC/aquaporin-1 pathway prevented ECM rigidity induced VSMC volume response 

whilst leaving VSMC contractility on healthy mimicking substrates unimpeded. Finally, both 

piezo1 and aquaporin-1 expression is enhanced during VSMC phenotypic modulation in 

atherosclerosis and after carotid ligation. 
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2. Methods  

2.1 Polyacrylamide Hydrogel Preparation 

Hydrogels were prepared as described previously (Minaisah et al., 2016). Glass 

coverslips were activated by treating with (3-Aminopropyl)triethoxysilane for 2 minutes, 

washed 3x in dH2O, then fixed in 0.5% glutaraldehyde for 40 minutes. After fixation, coverslips 

were washed and left to air dry overnight. Polyacrylamide hydrogel buffer was comprised as 

follows: 12 kPa – 7.5% acrylamide, 0.15% bis-acrylamide in dH2O; 72 kPa – 10% acrylamide, 

0.5% bis-acrylamide in dH2O. To prepare hydrogels for fabrication, the appropriate volume of 

buffer was supplemented with 10% APS (1:100) and TEMED (1:1,000) then placed on a 

standard microscopy slide and covered by an activated coverslip (13 mm coverslips required 

30 µl of supplemented buffer; 33 mm coverslips used 50 µl). Once set, the hydrogels were 

washed 3x in dH2O to remove any unpolymerized acrylamide, crosslinked with sulfo-SANPAH 

(1:3,000) under UV illumination (365 nm) for 5 minutes, then functionalised with collagen I 

(0.1 mg/ml) for 10 minutes at room temperature. Hydrogel stiffnesses have previously been 

confirmed using a JPK Nanowizrd-3 atomic force microscope (Porter et al., 2020). These 

hydrogels are used extensively in cell biological research with no loss of viability when 

compared to tissue culture plastic or glass (Minaisah et al., 2016; Porter et al., 2020). 

2.2 Vascular Smooth Muscle Cell Culture 

Human adult aortic VSMCs were purchased from Cell Applications Inc. (354-05a). 

Standard VSMC culture  (passages 3-9) was performed as previously described (Ragnauth et 

al., 2010; Warren et al., 2015). VSMCs were seeded onto polyacrylamide hydrogels in basal 

media (Cell Applications Inc Cat# 310-500), 18 hours prior to the beginning of the experiment. 

Briefly, VSMCs were pre-treated with pharmacological agents for 30 minutes, prior to co-

treatment with a contractile agonist for an additional 30 minutes. Experimental specific 

concentrations are provided in the corresponding figure legends. Please see Supplementary 

Table S1 for details of compounds used in this study. VSMCs were pretreated with the 

concentration range of vehicle control (DMSO) alone that was used for the drug screening 

component of this study. The DMSO alone pretreatment has no effect on angiotensin II 

stimulated VSMC area on 12 and 72 kPa hydrogels (Supplementary Figure S1). Working 

concentrations of the compounds used in this study had no effect on the area of quiescent 

VSMCs (Supplementary Figure S2) For experiments where working concentrations of the 

compounds used in this study, DMSO vehicle control pre-treatments were also performed. 

For experiments performed in basal and growth media, VSMCs were seeded onto 12 and 72 

kPa hydrogels and incubated in the relevant media for 24 hours prior to drug treatments. For 

pharmacological agents were added at the working concentration of the pharmacological 

agent or DMSO vehicle control and cells were incubated for 18 hours.  

2.3 Immunofluorescence and VSMC Area/Volume Analysis 

Cells were fixed in 4% paraformaldehyde for 10 minutes, permeabilised with 0.5% 

NP40 for 5 minutes, then blocked with 3% BSA/PBS for 1 hour. Primary staining against lamin 

A/C (1:200) (Sigma-Aldrich Cat# SAB4200236, RRID:AB_10743057) was performed overnight 

at 4 ᵒC in 3% BSA/PBS. Secondary staining was performed using the appropriate Alexa Fluor™ 
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488 antibody (1:400) (Thermo Fisher Scientific Cat# A-11001, RRID:AB_2534069) in the dark 

for 2 hours. F-actin was visualised using Rhodamine Phalloidin (1:400) (Thermo Fisher 

Scientific Cat# R145). Images were captured at 20x magnification using a Zeiss LSM980-

Airyscan confocal microscope. Cell area and volume was measured using FIJI, open-source 

software (Schindelin et al., 2012; Ahmed et al., 2022) Briefly, channels were separated using 

the split channel function. The F-actin image was thresholded on the brightest slice using the 

Otsu method to remove gaps. The cell edge was drawn around using the region of interest 

(ROI) function. Cell area was measured on the image of the nuclei and recorded by selecting 

the ROI on the image. In the set measurements menu, area and limited to threshold options 

were selected before the total volume of thresholded objects was calculated by running the 

ImageJ macro code freely available from Visikol at https://visikol.com/blog/2018/11/29/blog-

post-loading-and-measurement-of-volumes-in-3d-confocal-image-stacks-with-imagej/ 

2.4 Fluo-4 Calcium imaging 

Cells seeded on 12 and 72kPa hydrogels and incubated in basal medium for 48 hours. 
Cells were loaded with 3 µM Fluo-4 AM (ThermoFisher Scientific cat #F14201) diluted in 
basal media for 30 minutes. GsMTx-4, Yoda1 and A23187 were used at working 
concentrations listed in Supplementary Table 1. For GsMTx-4 experiments, cells were co-
treated with vehicle control or GsMTx-4 during the Fluo-4 loading step. Cells were washed in 
PBS and incubated in basal media prior to imaging. Cells were placed onto a Zeiss Axiovert 
200M inverted microscope stage and images were captured every 500 ms. Cells were 
imaged for 5 minutes prior to angiotensin II (10 µM) stimulation. For Yoda1 treatments, 
angiotensin II and Yoda1 were added at the same time. Cells were subsequently imaged for 
a further 20 minutes after addition of angiotensin II. Finally, the ionophore A23187 was 
added for a further 5 minutes to confirm the calcium imaging had worked. Images were 
analysed in ImageJ by selecting a ROI and extracting the fluorescence intensities for each 
time point using the plot Z-axis profile option. Background was subtracted and the ΔF and 
ΔF/F0 values were calculated and analysed using GraphPad prism. 

2.5 Cell Viability Assay  

Cell viability was determined using a RealTime-Glo™ MT Cell Viability Assay (Promega), 

as per manufacturer’s instructions. Briefly, 5,000 cells per well seeded in a 96-well plate and 

exposed to a range of drug concentrations for 1 hour. Luminescence was subsequently 

measured using a Wallac EnVision 2103 Multilabel Reader (PerkinElmer). 

2.6  siRNA Knockdown 

VSMC siRNA transfection was performed using HiPerFect (Qiagen) as per 

manufacturer’s instructions, the day before cells were seeded onto hydrogels. VSMCs were 

transfected with either scrambled siRNA control or piezo1 targeting siRNA (listed below) 

oligos. The next afternoon, cells were seeded onto hydrogels as above, serum was withdrawn 

overnight to induce quiescence and the next morning VSMCs were stimulated with 

Angiotensin II (10 µM) for 30 minutes prior to fixation and downstream immunofluorescent 

analysis.  
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siRNA #5 – CCGCGTCTTCCTTAGCCATTA 

siRNA #7 – CGGCCGCCTCGTGGTCTACAA 

2.7  Western Blotting  

Western blotting was performed as previously described (Ragnauth et al., 2010). 

When looking for piezo1 expression specifically, lysates were run on a TruPAGE precast 4-20% 

gradient gel (Sigma-Aldrich) at 120 V for 2 hours. Protein was transferred onto PVDF 

membrane at 30 V for 3 hours prior to the membrane being blocked in 5% milk/TBST. The 

following antibodies were used: anti-piezo1 (1:500) (Novus Cat# NBP1-78537, 

RRID:AB_11003149), anti-GAPDH (1:4000) (Cell Signalling Technology Cat# 2118, 

RRID:AB_561053) and anti-Rabbit-HRP (1:2000) (Sigma-Aldrich Cat# GENA934, 

RRID:AB_2722659). 

2.8 Single cell-RNA sequencing data analysis 

scRNA-seq profiles of lineage-traced, FACS-isolated VSMCs from the aortic arch and 

carotid arteries of Myh11-CreERt2; Rosa26-Confetti+; Apoe-/- animals analysed after 14-18 

weeks high fat diet (Dobnikar et al., 2018) or from injured left carotids of Myh11-CreERt2; 

Rosa26-EYFP+ animals analysed 5 or 7 days after carotid ligation surgery (Worssam et al., 

2023) were retrieved from the gene expression omnibus (accession GSE117963, GSE235805). 

The data was analysed as described (Worssam et al., 2023) and sctransform-normalised gene 

expression levels and cell cluster identities mapped onto uniform manifold approximation 

and projections (UMAPs). For the day 5 injury dataset, a heatmap showing genes clustered 

according to their expression along cells ordered by their progression along a proliferation-

associated pseudotime (Worssam et al., 2023) was generated using pheatmap (1.0.12). 

2.9 Statistical Analysis 

The data and statistical analysis in this study complies with the recommendations on 

experimental design and analysis in pharmacology (Curtis et al., 2018). Experiments were 

performed by one researcher, with a second researcher then performing the microscopy and 

downstream analysis. Statistical analysis was performed using GraphPad Prism 9.5. Results 

are presented as mean ± SEM, with mean data points for each individual experiment shown 

in black dots. The number of independent repeats performed, and total number of cells 

analysed per experiment are detailed in the corresponding figure legend. Normality testing 

was performed, using the Shapiro-Wilk normality test and all data display a normal 

distribution. Unpaired Student’s t-tests were used for the comparison of two conditions. To 

compare concentration responses at a single hydrogel stiffness, one-way ANOVA was 

performed, with either a Tukey’s or Sidak’s multiple comparison post-hoc test being 

performed as appropriate. Concentration-response curves are presented as mean ± SEM 

plotted on a logarithmic scale. Log(agonist) vs response curves were generated using non-

linear regression. Comparisons between concentration ranges on different hydrogel stiffness 

were performed using a two-way ANOVA followed by Sidak’s multiple comparison test. To 

compare multiple groups in the volume analysis, two-way ANOVA was performed followed 

 14765381, ja, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16294 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 
This article is protected by copyright. All rights reserved. 

by a Tukey’s multiple comparison test. Differences between conditions were considered 

statistically significant when P < 0.05.  

2.10 Nomenclature of Targets and Ligands 

 Key protein targets and ligands in this article are hyperlinked to corresponding entries 

in http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide 

to PHARMACOLOGY 2021/22 (Alexander et al., 2021). 

 

3. Results 

3.1 Matrix rigidity alters isolated smooth muscle cell response to contractile agonist 

stimulation. 

We set out to determine how enhanced matrix rigidity, akin to that of an 

aged/diseased aortic wall, would affect VSMC response to contractile agonists. Quiescent 

VSMCs grown on pliable (12 kPa) or rigid (72 kPa) hydrogels were stimulated with increasing 

concentrations of the contractile agonist angiotensin II. Changes in VSMC area were used as 

a measure of contractile response (Ahmed et al., 2022). As previously observed, VSMCs on 

pliable hydrogels contracted, indicated by a decrease in cell area as angiotensin II 

concentration increased (Figure 1A, B & D) (Ahmed et al., 2022). In contrast, VSMCs seeded 

on rigid hydrogels were initially smaller than those on pliable hydrogels, yet when exposed to 

increasing concentrations of angiotensin II, cell area increased (Figure 1A, C & D). Stimulation 

of VSMCs with increasing concentrations of an alternative contractile agonist, carbachol, 

again resulted in a differential response whereby VSMC area was reduced on pliable 

hydrogels but increased on rigid hydrogels (Figure 1E-H). Subsequent experiments were 

performed by stimulating VSMCs with 10 μM of either angiotensin II or carbachol, a 

concentration which induced maximal area changes on both rigidities of hydrogel.  

To confirm that the above changes were specific for receptor activation, we utilised 

the receptor antagonists irbesartan and atropine.  Irbesartan antagonises the angiotensin II 

type 1 receptor, AT1R, whilst atropine antagonises acetylcholine receptors thereby blocking 

the effects of carbachol. Quiescent VSMCs grown on pliable or rigid hydrogels were 

stimulated with either angiotensin II or carbachol in the presence of an increasing 

concentration of their respective antagonist. On pliable hydrogels, increasing concentrations 

of irbesartan or atropine prevented VSMCs from undergoing a contractile response 

(Supplementary Figures S3 and S4). Likewise, treatment with irbesartan or atropine 

prevented contractile agonist induced enlargement of VSMCs on rigid hydrogels 

(Supplementary Figures S3 and S4). 

 

3.2 Isolated smooth muscle cells display increased volume on rigid substrates following 

contractile agonist stimulation.  

The above data demonstrates that VSMC response to contractile agonist stimulation 

is regulated by matrix rigidity. We next sought to determine whether VSMC volume, as well 

as area was enlarged following contractile agonist stimulation on rigid substrates. To test this, 

quiescent VSMCs were seeded on pliable and rigid hydrogels and stimulated with angiotensin 
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II. Confocal microscopy was used to measure VSMC volume. As previously observed (Ahmed 

et al., 2022), VSMCs on pliable hydrogels underwent a contractile response following 

angiotensin II stimulation, decreasing in cell area but displaying no change in volume (Figure 

2A-C). In contrast, angiotensin II stimulation of VSMCs on rigid hydrogels resulted in both cell 

area and volume enlargement, cell height remained unaltered (Figure 2A-C). We next tested 

whether the matrix rigidity induced increase in VSMC volume persisted in the longer term, by 

performing confocal microscopy of VSMCs incubated in basal or growth media on pliable and 

rigid hydrogels. Analysis revealed that there were no significant differences in area or volume 

of VSMCs incubated in basal or growth media for 24 hours on pliable hydrogels (Figure 2E-G). 

In contrast, VSMCs incubated in growth media on rigid hydrogels possess increased area and 

volume compared to their basal media incubated counterparts (Figure 2E-G). Importantly, 

VSMCs incubated in growth media for 24 hours on rigid hydrogels possessed increased area 

and volume, compared to their growth media treated counterparts on pliable hydrogels 

(Figure 2E-G). No changes in cell height were observed in any condition (Figure 2D and H). 

Next, we predicted that the matrix rigidity induced volume response was driven by 

actomyosin activity and intracellular tension. To test this, quiescent VSMCs seeded on pliable 

and rigid hydrogels were pretreated with the non-muscle myosin II inhibitor blebbistatin, 

prior to angiotensin II stimulation. Analysis revealed that blebbistatin treated VSMCs on 

pliable hydrogels prevented the decrease in VSMC area upon angiotensin II stimulation and 

were larger than their vehicle treated counterparts (Figure 3A and B). Volume also tended to 

be increased in blebbistatin treated VSMCs on pliable hydrogels, compared to their vehicle 

treated counterparts, but this difference was not significant (Figure 3A and C). In contrast, 

blebbistatin treated VSMCs on rigid hydrogels possessed decreased area and volume, 

compared to their vehicle treated counterparts (Figure 3A-C). VSMC height remained similar 

in all conditions (Figure 3D).  

 

3.3 Piezo1 activity contributes to the increased VSMC volume response on rigid hydrogels 

 The above data shows that in response to actomyosin activity, VSMCs undergo 

contraction on pliable hydrogels, but display an increased volume response on rigid 

hydrogels. Angiotensin II mediated activation of the AT1R receptor drives Ca2+ release from 

the sarcoplasmic reticulum, increasing cytosolic Ca2+ levels (Woodrum and Brophy, 2001). 

Therefore, we next investigated whether ECM rigidity promoted differences in intracellular 

Ca2+ handling. Quiescent VSMCs were pre-treated with an increasing concentration of the 

ryanodine receptor antagonist dantrolene, prior to angiotensin II stimulation. On pliable 

hydrogels, increasing concentrations of dantrolene prevented VSMCs from undergoing a 

contractile response and displayed increased cell area (Supplementary Figure S5A, B and D). 

Likewise, dantrolene pretreatment prevented the angiotensin II induced enlargement of 

VSMCs on rigid hydrogels (Supplementary Figure S5A, C and D). Dantrolene treatment had 

no effect on VSMC viability (Supplementary Figure S5E). This suggested that sarcoplasmic 

Ca2+ release was a common component of both the contractile and hypertrophic response. 

We next confirmed the impact of dantrolene treatment on VSMC volume by confocal 

microscopy. Dantrolene pretreatment had no effect on angiotensin II stimulated VSMC 

volume on pliable hydrogels compared to their vehicle control treated counterparts 

(Supplementary Figure S6). In contrast, dantrolene pretreatment reduced the angiotensin II 
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stimulated VSMC volume on rigid hydrogels compared to their vehicle control treated 

counterparts (Supplementary Figure S6) 

ECM rigidity is known to promote the activation of SACs, enabling the influx of 

extracellular Ca2+ in a variety of cell types (Emig et al., 2021; Li et al., 2022; Lopez-Cavestany 

et al., 2023; Wu et al., 2023). To test whether this was also true in VSMCs, we next utilised 

the SAC blocker, GsMTx-4. Quiescent VSMCs were pre-treated with an increasing 

concentration of GsMTx-4 prior to angiotensin II treatment on pliable and rigid hydrogels. 

Analysis revealed that GsMTx-4 pre-treatment had no effect on VSMC area on pliable 

hydrogels (Supplementary Figure S7A, B and D). In contrast, GsMTx-4 pre-treatment blocked 

the increase in VSMC area on rigid hydrogels in a concentration dependent manner 

(Supplementary Figure S7A, C and D). GsMTx-4 pre-treatment had no effect on the viability 

of VSMCs (Supplementary Figure S7E). To confirm that changes in VSMC area correlated with 

changes in volume, we next performed confocal microscopy on GsMTx-4 pre-treated VSMCs. 

SAC blockade had no effect on angiotensin II treated VSMC area or volume on pliable 

hydrogels, compared to the vehicle control treated counterparts (Figure 4A-C). However, on 

rigid hydrogels, GsMTx-4 pre-treatment blocked the angiotensin II induced increases in VSMC 

area and volume, compared to their vehicle control treated counterparts (Figure 4A-C). No 

changes in VSMC height were observed with any treatment (Figure 4D). 

 

To observe whether SAC blockade could reduce VSMC volume in the longer term, 

VSMCs incubated in growth media on pliable and rigid hydrogels were incubated with GsMTx-

4 for 18 hours. Analysis confirmed that GsMTx-4 treatment did not alter VSMC area or volume 

of VSMCs on pliable hydrogels, compared to their vehicle control treated counterparts (Figure 

4E-G). In contrast, GsMTx-4 treated VSMCs on rigid hydrogels possessed reduced area and 

volume, compared to their vehicle treated counterparts (Figure 4-G). No changes in VSMC 

height were observed in any condition (Figure 4H). 

 

The above data shows that VSMC hypertrophy on rigid substrates is mediated by SAC 

activation. Piezo1 is a SAC known to be involved in atherosclerosis and abdominal aortic 

aneurysm-mediated VSMC dysfunction (Qian et al., 2022; Yin et al., 2022). Whether piezo1 is 

involved in VSMC volume regulation remains unknown. We therefore investigated its 

potential role in regulating VSMC response to ECM rigidity by utilising an siRNA mediated 

knockdown approach. Western blotting confirmed that two independent siRNAs efficiently 

depleted piezo1 in VSMCs (Figure 5A and B). Analysis revealed that piezo1 depletion had no 

effect on angiotensin II induced VSMC contractility on pliable hydrogels, with no change in 

VSMC area or volume detected. (Figure 5C-E). In contrast, piezo1 depletion blocked the 

angiotensin II mediated increase in VSMC area and volume on rigid hydrogels (Figure 5C-E). 

No changes in VSMC height were observed in any condition (Figure 5F). To confirm that piezo1 

depletion reduced VSMC in the longer term, siRNA treated VSMCs were incubated for 24 

hours in growth media on pliable and rigid hydrogels. Analysis confirmed that piezo1 

depletion had no effect on VSMC area or volume on pliable hydrogels, compared to control 

depleted VSMCs (Supplementary Figure S8A-C). In contrast, piezo1 depleted VSMCs 

displayed reduced area and volume on rigid hydrogels, compared to their control depleted 
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counterparts (Supplementary Figure S8A-C). No changes in VSMC height were observed in 

any condition (Supplementary Figure S8D). 

 

3.4 Piezo1-mediated Ca2+ influx promotes the increased VSMC volume response on rigid 

hydrogels 

The above data implicates piezo1 in the matrix rigidity induced volume response of 

VSMCs. We next speculated that enhanced piezo1 activity would increase intracellular Ca2+ 

levels and drive increased VSMC volume. To test this, quiescent VSMCs on rigid and pliable 

hydrogels were loaded with the Ca2+ indicator Fluo-4 prior to angiotensin II treatment. 

Fluorescence video time lapse microscopy was used to measure changes in Fluo-4 

fluorescence. Analysis revealed that on pliable hydrogels, angiotensin II stimulation resulted 

in a rapid increase in intracellular Ca2+ levels that rapidly declined back to baseline (Figure 6 

A). In contrast, angiotensin II stimulation of VSMCs on rigid hydrogels resulted in a rapid 

increase in intracellular Ca2+, but the peak was smaller and broader than those displayed by 

VSMCs on pliable hydrogels (Figure 6A, B and Supplementary Figure S9). In addition, VSMCs 

on rigid hydrogels demonstrated a sustained increase in intracellular Ca2+ levels and 

demonstrated multiple smaller peaks that were not present in VSMCs on pliable hydrogels 

(Figure 6A, B and Supplementary Figure S9). GsMTx-4 pretreatment had no effect on the 

peak values but reduced the sustained Ca2+ levels in VSMCs on rigid hydrogels 

(Supplementary Figure S10). To test whether piezo1 activity triggered increased intracellular 

Ca2+ levels, we utilised the piezo1 specific allosteric activator Yoda1. Analysis revealed that 

Yoda1 treatment did not alter the peak Ca2+ levels in angiotensin II treated VSMCs on pliable 

hydrogels, but it increased the peak Ca2+ level of angiotensin II stimulated VSMCs on rigid 

hydrogels (Figure 6A-E). Yoda1 treatment also resulted in a sustained increase in intracellular 

Ca2+ levels in angiotensin II treated VSMCs on both pliable and rigid hydrogels (Figures 6A-D 

and F).  Next, we speculated that Yoda1 treatment would increase the volume of angiotensin 

II stimulated VSMCs on pliable hydrogels. To test this, quiescent VSMCs were stimulated with 

angiotensin II in the presence or absence of Yoda1. Confocal microscopy analysis revealed 

that Yoda1 treated VSMCs had increased volume on pliable hydrogels, compared to their 

vehicle control treated counterparts (Figure 6G-J). Yoda1 treatment had no effect on VSMC 

volume in angiotensin II stimulated VSMCs on rigid hydrogels (Supplementary Figure S11).  

 

3.5 PKC and aquaporin-1 activity stimulate the enhanced VSMC volume response on rigid 

hydrogels 

The above data shows that piezo1-mediated Ca2+ influx initiates increased VSMC 

volume on rigid hydrogels. We next sought to delineate the downstream processes that 

triggered the increase in VSMC volume. We predicted that aquaporin-1 would have a role in 

this matrix rigidity induced response. To test this, quiescent VSMCs on rigid hydrogels were 

pretreated with a concentration response of the aquaporin-1 blocker TCAQP1, prior to 

angiotensin II stimulation. Analysis revealed that VSMCs displayed reduced area as TCAQP1 

concentration increased (Supplementary Figure S12). Western blot confirmed the presence 

of aquaporin-1 in VSMCs and suggested that both piezo1 and aquaporin-1 levels were similar 

on pliable and rigid hydrogels, although piezo1 levels trended towards being reduced on rigid 

hydrogels (Supplementary Figure S12C-E). Furthermore, confocal microscopy confirmed that 
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TCAQP1 treatment did not alter the area or volume of angiotensin II treated VSMCs (Figure 

7A-C) or VSMCs incubated in growth media for 18 hours (Figure 7E-G) on pliable hydrogels, 

compared to their vehicle control treated counterparts. In contrast, TCAQP1 treatment 

reduced the area and volume of both angiotensin II stimulated VSMCs (Figure 7A-C) and 

VSMCs incubated in growth media for 18 hours (Figure 7E-G) on rigid hydrogels, compared to 

their vehicle treated counterparts. No changes in VSMC height were observed in any 

condition (Figure 7D and H). 

To elucidate signalling components regulating aquaporin-1, we next screened 

inhibitors of known components of volume regulation in other cell types. VSMC area was 

unaltered by pretreatment with a concentration response of the NKCC blocker, furosemide 

and the WNK inhibitor, STOCK2S 26016, prior to angiotensin II stimulation on rigid hydrogels 

(Supplementary Figure S13). However, VSMC area was reduced by pretreatment with a 

concentration response of the PKC inhibitor Go 6983, prior to angiotensin II stimulation on 

rigid hydrogels (Supplementary Figure S14). Confocal microscopy confirmed that Go 6983 

treatment did not alter the area or volume of VSMCs incubated in growth media for 18 hours 

(Figure 8A-C) on pliable hydrogels, compared to their vehicle control treated counterparts. In 

contrast, Go 6983 treatment reduced the area and volume of VSMCs incubated in growth 

media for 18 hours (Figure 8A-C) on rigid hydrogels, compared to their vehicle treated 

counterparts. No changes in VSMC height were observed in any condition (Figure 8D).  

PKC positively regulates aquaporin-1 activity in Xenopus oocytes and promotes 

aquaporin-1 membrane translocation in HEK cells (Conner et al., 2010). Therefore, we next 

determined aquaporin-1 localisation in VSMCs on pliable and rigid hydrogels. Analysed 

revealed that aquaporin-1 was distributed in both the nucleus and cytoplasm of angiotensin 

II stimulated VSMCs on 12 and 72 kPa hydrogels (Supplementary Figure S15A). Closer 

examination revealed that aquaporin-1 localised more towards the basal membrane in 

angiotensin II stimulated VSMCs on pliable hydrogels (Supplementary Figure S15A and B). In 

contrast, aquaporin-1 was redistributed towards that apical membrane of angiotensin II 

stimulated VSMCs on rigid hydrogels (Supplementary Figure S15A and B). We next 

determined the impact of PKC inhibition on aquaporin-1 localisation. Analysis revealed that 

Go 6983 pretreatment prior to angiotensin II treatment resulted in a redistribution of 

aquaporin-1 to the nucleus in VSMCs on pliable (Supplementary Figure S15C and D) and rigid 

(Figure 8E and F) hydrogels. 

 

 

3.6 Piezo1 and aquaporin-1 expression are upregulated in disease relevant modified VSMC 

phenotypes 

 We next assessed the relevance of this mechanism in disease. Recent studies have 

demonstrated substantial heterogeneity of VSMCs in both human disease and murine 

experimental models, including atherosclerosis and vascular injury (Dobnikar et al., 2018; 

Wirka et al., 2019; Pan et al., 2020). We therefore examined the gene expression of piezo1 

and aquaporin-1 (Aqp1) across VSMC-derived cell types in vivo using available scRNA-seq 

dataset from lineage traced VSMCs in vascular disease models. After acute injury, Aqp1 and 

Piezo1 mRNA levels were higher in VSMC-derived cells that have reduced contractile gene 

expression, but express Tnfrsf11, Vcam1 and Ly6a (Figure 9 and Supplementary Figure S16). 
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Tnfrsf11 is a marker of modulated VSMCs in human and mouse atherosclerosis (Wirka et al., 

2019) and Ly6a, that encodes stem cell antigen 1 (SCA1), is a marker of activated VSMCs that 

are predisposed to proliferate (Worssam et al., 2023). Both genes were also expressed in 

proliferating Mki67+ cells (Figure 9, Supplementary Figure S16A). In contrast, the paralogues 

Aqp2, Aqp3 and Piezo2 showed little expression across the population (Supplementary Figure 

S16). Hierarchical clustering analysis confirmed that the expression pattern of Piezo1 and 

Aqp1 is similar to that of genes characteristic of VSMC activation markers 

(Ly6a/Vcam1/Tnfrsf11b) across a trajectory connecting Myh11-high and proliferating cells 

(Figure 9B). In VSMC-derived cells isolated from high-fat diet induced atherosclerotic lesions 

in Apoe-/- animals, Aqp1 expression was elevated in Ly6a+ cells (Supplementary Figure S16). 

Piezo1 levels was generally lower but also detected more frequently in cells with low Myh11 

levels (Supplementary Figure S16). This analysis is consistent with increased functional 

importance of aquaporin-1 and piezo1 in VSMCs in disease compared to contractile cells in 

healthy arteries. 

 

4. Discussion  

Our understanding of how changes in the mechanical environment of the aortic wall 

drives VSMC dysfunction and the VSMC derived mechanisms that contribute to the decreased 

aortic compliance observed in ageing and CV disease remains limited. Previous studies have 

shown that ECM rigidity promotes VSMC dedifferentiation, a process where VSMCs 

downregulate contractile markers whilst increasing the expression of proliferative genes 

(Brown et al., 2010; Sazonova et al., 2015; Nagayama and Nishimiya, 2020). Increased ECM 

rigidity has also been reported to stimulate VSMC migration, adhesion and proliferation 

(Wong et al., 2003; Brown et al., 2010; Sazonova et al., 2015; Nagayama and Nishimiya, 2020; 

Rickel et al., 2020). Furthermore, in response to matrix rigidity, VSMC reorganise their actin 

cytoskeleton and generate enhanced traction stresses (Brown et al., 2010; Sazonova et al., 

2015; Petit et al., 2019; Sanyour et al., 2019). We now show that contractile agonist 

stimulation of quiescent VSMCs on pliable (healthy) or rigid (aged/diseased) matrices results 

in a differential response; VSMCs on pliable matrices decreased in area as they contracted, 

whereas increased cell area was observed in VSMCs on rigid matrices. Furthermore, on rigid 

matrices, contractile agonist stimulation also promoted an increase in VSMC volume. These 

findings suggest that changes in VSMC morphology following contractile agonist stimulation 

are differentially regulated on pliable and rigid matrices. On pliable matrices, actomyosin 

activity promotes contraction and VSMC area subsequently decreases but volume remains 

unchanged. In contrast, on rigid matrices, changes in VSMC morphology are driven by 

enhanced volume. We identify for the first time that enhanced matrix rigidity initiates an 

increased volume response within VSMCs.  

Hypertension is regarded as one of the strongest risk factors for the progression of CV 

disease (Kjeldsen, 2018). VSMCs dedifferentiate as a result of hypertension, becoming 

dysfunctional and hypertrophic (Touyz et al., 2018). VSMC hypertrophy is comprised of both 

an increase in volume and an increase in protein synthesis. Our findings suggest that 

increased VSMC volume is an early event that persists in response to enhanced matrix rigidity. 

Importantly, VSMC hypertrophy contributes to aortic wall thickening, increased aortic 
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stiffness and reduced aortic compliance, which in turn leads to hypertension (Brown et al., 

2018). The causality between VSMC hypertrophy and hypertension is cyclic in nature, with 

the development of one promoting the onset of the other. Current methods of investigating 

VSMC hypertrophy generally utilise animal models, including rat models of hypertension and 

genetic depletion in mice (Owens and Schwartz, 1983; Hixon et al., 2000; Choi et al., 2019; Bai 

et al., 2021). We now show that the in vitro induction of increased VSMC volume can be 

achieved through culturing cells on rigid matrices. This enables the mechanisms regulating 

VSMC volume control to be investigated at a greater throughput.  

In hypertension, VSMC Ca2+ handling is known to become dysregulated, with VSMCs 

entering a hypercontractile state that further increases aortic rigidity whilst simultaneously 

reducing aortic compliance (Touyz et al., 2018). Our findings suggest that the internal release 

of Ca2+ from the sarcoplasmic reticulum, following angiotensin II stimulation, is required for 

both contraction and the increased volume response stimulated by increased ECM rigidity. In 

addition to the release of Ca2+ from internal stores, the increased VSMC volume response is 

driven by the extracellular influx of Ca2+ through mechanosensitive SACs. Specifically, we 

identify piezo1 as a driver of ECM rigidity induced VSMC swelling. VSMC piezo1 expression is 

upregulated in mouse models of atherosclerosis and abdominal aortic aneurysms, with 

dysregulation of VSMC mechanosensation shown to drive these disease states (Qian et al., 

2022; Yin et al., 2022). Our findings show that on pliable hydrogels, Ca2+ flux is tightly 

regulated, and angiotensin II treatment triggered a rapid Ca2+ intracellular spike that rapidly 

dissipated. In contrast, angiotensin II treatment of rigid hydrogels triggered a 

prolonged/sustained increase in intracellular Ca2+. This sustained Ca2+ signal was blocked by 

GsMTx-4 treatment and was recapitulated by using the piezo1 specific allosteric activator 

Yoda1. Interestingly, piezo1 activity appeared to be only partially activated by actomyosin 

activity on rigid hydrogels and multiple Ca2+ peaks were observed that evidentially resulted in 

a sustained activation. Potentially, actomyosin activity contributed to transient activation of 

piezo1 and eventually triggers sustained activation of a subset of piezo1 channels. Piezo1 has 

been shown to localise in close proximity to integrin-mediated cell matrix adhesions and an 

intriguing possibility is that adhesion associated tension contributes to piezo1 activation (Yao 

et al., 2022). Another possibility is that piezo1 possess delayed off-kinetics on rigid hydrogels. 

Potentially, piezo1 channels open on both pliable and rigid matrices following angiotensin 

stimulation, but the off kinetics of piezo1 are highly rapid on pliable matrices. Piezo1 opening 

at physiological rigidities exhibits rapid on- and off-kinetics and matrix rigidity driven changes 

in the off kinetics may explain this pathophysiological mechanism. Yoda1 treatment resulted 

in full activation of piezo1 in angiotensin II treated VSMCs on pliable and rigid hydrogels, 

which resulted in increased VSMC volume on pliable hydrogels. This finding confirms that 

piezo1 mediated Ca2+ influx initiates increased VSMC volume. However, VSMC volume failed 

to increase further in Yoda1 treated VSMCs on rigid hydrogels, suggesting that the rigidity 

induced VSMC pathway is already at maximum capacity in rigid environments. More research 

is needed to better understand the subsets and the localisation/associations of piezo1 that 

contribute to this response. 

Downstream of piezo1, we identify PKC and aquaporin-1 as key components of this 

VSMC response to enhanced ECM rigidity. VSMCs are known to express aquaporin-1, but the 
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functional significance of aquaporin-1 in VSMCs has remained elusive (Shanahan et al., 1999). 

Our findings suggest that piezo1–mediated Ca2+ influx activates PKC, which in turn promotes 

increased membrane translocation of aquaporin-1, driving increased VSMC volume. 

Importantly, our analysis of single cell sequencing datasets revealed that both piezo1 and 

aquaporin-1 are upregulated in phenotypically modified VSMC populations. This suggests that 

VSMC phenotypic modulation observed in vascular diseases, including atherosclerosis and 

abdominal aortic aneurysms, results in increased piezo1 and aquaporin-1 levels in VSMCs. 

Furthermore, increased aortic wall rigidity is observed in both atherosclerosis and abdominal 

aortic aneurysms (Glasser et al., 1997; Mitchell et al., 2010; Lacolley et al., 2017), suggesting 

that the phenotypically modified VSMCs potentially activate this ECM rigidity induced 

pathway to increase VSMC volume under conditions of increased aortic wall stiffness 

observed in hypertension and other aortic diseases. Increased VSMC volume will potentially 

further reduce the compliance of the aortic wall due to increased VSMC-derived hydrostatic 

forces being placed on the aortic wall. Increased VSMC volume will also reduce the 

compressibility of the aortic wall and will potentially further alter the biomechanical 

landscape of the aortic wall.  Further research to test these findings in ex vivo and in vivo 

settings are essential next steps in confirming the validity of our findings and to better 

understand how matrix rigidity induced changes in VSMC volume contribute to the 

biomechanical properties of the aortic wall.  

Whilst our findings have generated new mechanistic insight into a previously unknown 

VSMC response to matrix rigidity, our study does have a number of limitations. Firstly, we use 

a single cell, two-dimensional approach. Although this allows the interrogation of signalling 

pathways linked to VSMC function, it is different to VSMC organisation in the aortic wall. In 

vivo, these aortic VSMCs are in a three-dimensional environment and are in contact with 

other VSMCs via cell-cell adhesions. The VSMCs used in this study are primary human aortic 

VSMCs and this accounts for the variability in our data. We cannot rule out the possibility that 

cell-cell contacts and ECM topology also contribute to VSMC matrix rigidity responses. Piezo1 

activity has also been reported to be driven by surface roughness, so a better understanding 

of ECM topology, curvature and roughness is now needed to understand the precise triggers 

for this VSMC volume response (Bavi et al., 2019). Despite these limitations, our findings 

highlight the power of our approach in unravelling previously unknown mechanisms that 

potentially participate in disease/age associated VSMC dysfunction. These findings now 

require validation in ex vivo and in vivo systems in order to further support the validity of our 

approach, but the potential importance of our findings are further highlighted by gene 

expression profiles of single cell sequencing datasets that showed increased piezo1 and 

aquaporin-1 gene expression in disease relevant VSMC phenotypes. Taken together, we 

identify a novel pathway that drives increased VSMC volume in rigid environments. Our 

findings also suggest that key components of this volume control pathway are upregulated in 

VSMC phenotypes that are prevalent in aortic disease.  
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Figure 1. VSMC response to contractile agonist stimulation is matrix stiffness dependent. 

Representative images of isolated VSMCs cultured on 12 or 72 kPa polyacrylamide hydrogels. Actin 

cytoskeleton (purple) and Lamin A/C labelled nuclei (green). Scale bar = 100 μm. A) VSMCs were 

treated with increasing concentrations of angiotensin II (0.01 – 100 µM) for 30 minutes. VSMC area 

on (B) 12 kPa and (C) 72 kPa hydrogels. Graphs show the means of each individual repeat (black dots) 

of 5 independent experiments with ≥158 cells analysed per condition. Significance determined using 

a one-way ANOVA followed by Tukey’s test. (D) Comparison of VSMC response to angiotensin II on 12 

and 72 kPa hydrogels. Data is expressed as the mean of individual repeats calculated from 5 

independent experiments; significance determined using a two-way ANOVA followed by Sidak’s test. 

(E) VSMCs were treated with increasing concentrations of carbachol (0.01 – 100 µM) for 30 minutes. 

VSMC area on (F) 12 kPa and (G) 72 kPa hydrogels representative of 5 independent experiments with 

≥149 cells analysed per condition. Significance determined using a one-way ANOVA followed by 

Tukey’s test. (H) Comparison of VSMC response to carbachol on 12 and 72 kPa hydrogels. Data is 

expressed as the mean of the means calculated from 5 independent experiments, mean data of each 

individual repeat is shown as a black dot; significance determined using a two-way ANOVA followed 

by Turkey’s multiple comparison test. (* = p < 0.05, error bars represent ± SEM).  
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Figure 2. VSMC display increased volume on rigid substrates. A) Representative images of isolated 

VSMCs cultured on 12 or 72 kPa polyacrylamide hydrogels treated with angiotensin II (AngII) (10 µM). 

Actin cytoskeleton (purple) and DAPI labelled nuclei (green). Top – Representative XY images of VSMC 

area, scale bar = 100 μm. Bottom – Representative XZ images of VSMC height, scale bar = 20 μm. 

Graphs show B) VSMC area, C) VSMC volume and D) VSMC height and represent the combined data 

from 5 independent experiments with ≥82 cells analysed per condition. Mean data from each 

individual repeat of the 5 independent experiments is shown by a black dot. Significance was 

determined using two-way ANOVA followed by Tukey’s test. E) Representative images of isolated 

VSMCs seeded on 12 or 72 kPa polyacrylamide hydrogels incubated in basal or growth media for 24 

hours. Actin cytoskeleton (purple) and DAPI labelled nuclei (green). Top panel shows representative 

XY images of VSMC area, scale bar = 100 μm. Bottom panel shows representative XZ images of VSMC 

height, scale bar = 20 μm. Graphs show VSMC F) area, G) volume and H) height and represent the 

combined data from 5 independent experiments with ≥50 cells analysed per condition. Mean data 

from each individual repeat of the 5 independent experiments is shown by a black dot. Significance 

was determined using two-way ANOVA followed by Tukey’s multiple comparison test. 
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Figure 3. Intracellular tension is required for the increased VSMC volume observed following 

angiotensin II stimulation of VSMCs on rigid hydrogels. A) Representative images of vehicle control 

(DMSO) and blebbistatin treated angiotensin II stimulated VSMCs on 12 and 72 kPa hydrogels. Actin 

cytoskeleton (purple) and DAPI labelled nuclei (green). Top panel shows representative XY images of 

VSMC area, scale bar = 100 μm. Bottom panel shows representative XZ images of VSMC height, scale 

bar = 20 μm. Graphs show VSMC B) area, C) volume and D) height and represent the combined data 

from 5 independent experiments with ≥60 cells analysed per condition. Mean data from each 

individual repeat of the 5 independent experiments is shown by a black dot. Significance was 

determined using two-way ANOVA followed by Tukey’s multiple comparison test. 
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Figure 4. SAC blockade reduces VSMC volume on rigid hydrogels. A) Representative images of 

isolated VSMCs cultured on 12 or 72 kPa polyacrylamide hydrogels treated with angiotensin II (AngII) 

(10 µM) in the presence of vehicle control (dH2O) or GsMTx-4. Actin cytoskeleton (purple) and DAPI 

labelled nuclei (green). Top panel shows representative XY images of VSMC area, scale bar = 100 μm. 

Bottom panel shows representative XZ images of VSMC height, scale bar = 20 μm. Graphs show VSMC 

B) area, C) volume and D) height and represent the combined data from 5 independent experiments 

with ≥74 cells analysed per condition. Mean data from each individual repeat of the 5 independent 

experiments is shown by a black dot. Significance was determined using two-way ANOVA followed by 

Tukey’s test. E) Representative images of isolated VSMCs seeded on 12 or 72 kPa polyacrylamide 

hydrogels incubated in basal or growth media for 18 hours in the presence of vehicle control (dH20) 

or GsMTx-4. Actin cytoskeleton (purple) and DAPI labelled nuclei (green). Top panel shows 

representative XY images of VSMC area, scale bar = 100 μm. Bottom panel shows representative XZ 

images of VSMC height, scale bar = 20 μm. Graphs show VSMC F) area, G) volume and H) height and 

represent the combined data from 5 independent experiments with ≥50 cells analysed per condition. 

Mean data from each individual repeat of the 5 independent experiments is shown by a black dot. 

Significance was determined using two-way ANOVA followed by Turkey’s multiple comparison test. 
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Figure 5. Piezo1 depletion reduces VSMC volume on rigid hydrogels. A) Representative Western blot 

and (B) densitometric analysis of siRNA mediated piezo1 depletion. Data representative of 5 

independent experiments, individual values for the 5 independent experiments are shown as a black 

dot in B). Significance determined using a one-way ANOVA followed by Dunnett’s test. C) 

Representative images of scrambled siRNA control (siCon) or piezo1-depleted VSMCs cultured on 12 

or 72 kPa hydrogels following angiotensin II (10 µM) stimulation.  Actin cytoskeleton (purple) and 

lamin A/C labelled nuclei (green). Top panel shows representative XY images of VSMC area, scale bar 

= 100 μm. Bottom panel shows  representative XZ images of VSMC height, scale bar = 20 μm. Graphs 

show VSMC D) area, E) volume and F) height and represent the combined data of 5 independent 

experiments with ≥60 cells analysed per condition. Mean data for each individual repeat of the 5 

independent experiments is shown as a black dot. Significance determined using a two-way ANOVA 

followed by Tukey’s multiple comparison test. (* = p < 0.05, error bars represent ± SEM).  
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Figure 6. Extracellular calcium influx via piezo1 ion channels triggers increased VSMC volume on 

pliable hydrogels. Quiescent VSMCs were Fluo-4 loaded on 12 and 72 kPa hydrogels. Graphs show 

representative ΔF/F0 values over time for A) vehicle and C) Yoda1 treated angiotensin II stimulated 

VMSCs on 12 kPa hydrogels; and B) vehicle and D) Yoda1 treated angiotensin II stimulated VSMCs on 

72 kPa hydrogels. Each graph represents the mean data of 6 individual cells and is representative of a 

single experiment. Graphs show E) peak ΔF/F0 value and F) area under the curve values. Mean data 

for individual repeats of the 5 independent experiments are shown as black dots. Significance was 

determined using two-way ANOVA followed by Tukey’s multiple comparison test. G) Representative 

images of vehicle control (DMSO) and Yoda1 treated angiotensin II stimulated VSMCs on 12 kPa 

hydrogels. Actin cytoskeleton (purple) and DAPI labelled nuclei (green). Top panel shows 

representative XY images of VSMC area, scale bar = 100 μm. Bottom panel shows representative XZ 

images of VSMC height, scale bar = 20 μm. Graphs show VSMC H) area, I) volume and J) height and 

represent the combined data from 5 independent experiments with ≥54 cells analysed per condition. 

Mean data from each individual repeat of the 5 independent experiments is shown by a black dot. 

Significance was determined using unpaired student t-test. 
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Figure 7. Aquaporin-1 inhibition reduces VSMC volume on rigid hydrogels. A) Representative images 

of isolated VSMCs cultured on 12 or 72 kPa polyacrylamide hydrogels treated with angiotensin II 

(AngII) (10 µM) in the presence of vehicle control (DMSO) or TCAQP1. Actin cytoskeleton (purple) and 

DAPI labelled nuclei (green). Top panel shows representative XY images of VSMC area, scale bar = 100 

μm. Bottom panel shows representative XZ images of VSMC height, scale bar = 20 μm. Graphs show 

B) VSMC area, C) VSMC volume and D) VSMC height and represent the combined data from 5 

independent experiments with ≥62 cells analysed per condition. Mean data from individual repeats of 

the 5 independent experiments is shown by a black dot. Significance was determined using two-way 

ANOVA followed by Tukey’s multiple comparison test. E) Representative images of isolated VSMCs 

seeded on 12 or 72 kPa polyacrylamide hydrogels incubated in basal or growth media for 18 hours in 

the presence of vehicle control (DMSO) or TCAQP1. Actin cytoskeleton (purple) and DAPI labelled 

nuclei (green). Top panel shows representative XY images of VSMC area, scale bar = 100 μm. Bottom 

panel shows representative XZ images of VSMC height, scale bar = 20 μm. Graphs show F) VSMC area, 

G) VSMC volume and H) VSMC height and represent the combined data from 5 independent 

experiments with ≥55 cells analysed per condition. Mean data from each individual repeat of the 5 

independent experiments is shown by a black dot. Significance was determined using two-way ANOVA 

followed by Tukey’s multiple comparison test.  
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Figure 8. PKC inhibition reduces VSMC volume on rigid hydrogels. A) Representative images of 

isolated VSMCs seeded on 12 or 72 kPa polyacrylamide hydrogels incubated in basal or growth media 

for 18 hours in the presence of vehicle control (DMSO) or Go 6983. Actin cytoskeleton (purple) and 

DAPI labelled nuclei (green). Top panel shows representative XY images of VSMC area, scale bar = 100 

μm. Bottom panel shows representative XZ images of VSMC height, scale bar = 20 μm. Graphs show 

F) VSMC area, G) VSMC volume and H) VSMC height and represent the combined data from 5 

independent experiments with ≥45 cells analysed per condition. Mean data from each individual 

repeat of the 5 independent experiments is shown by a black dot. Significance was determined using 

two-way ANOVA followed by Tukey’s multiple comparison test. E) Representative XZ images of 

aquaporin-1 (green), DAPI (blue) and F-actin (purple) organisation in angiotensin II stimulated VSMCs 

on 72 kPa hydrogels treated with either vehicle control (DMSO) or Go 6983 prior to angiotensin II 

stimulation. Scale bar = 20 μm. F) Graph shows percentage of VSMCs displaying cytoplasmic and 

nuclear localisation of aquaporin-1 and represents the combined data of 5 independent experiments 

with ≥42 cells analysed per condition. Mean data of individual repeats of the 5 independent 

experiments are shown as black dots (cytoplasmic) or black triangles (nuclear). Significance 

determined using a one-way ANOVA followed by Tukey’s multiple comparison test. (* = p < 0.05, error 

bars represent ± SEM). 

  

 14765381, ja, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16294 by U

niversity O
f E

ast A
nglia, W

iley O
nline L

ibrary on [18/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 
This article is protected by copyright. All rights reserved. 

 

 

Figure 9. Piezo1 and aquaporin-1 are upregulated in disease-relevant phenotypically modified 

VSMCs. Analysis of scRNA-seq data from VSMC-derived cells isolated 5 days after vascular injury 

(Worssam et al., 2023). (A) Projections showing expression of markers Piezo1 and Aqp1 across the cell 

populations. For reference, the expression of markers for the contractile state (Myh11), 

modulated/synthetic VSMCs (Tnfrsf11b), activated VSMCs in a transition state (Ly6a), and cell 

proliferation (Mki67) are also provided. (B) Heat map showing scaled expression values for Aqp1, 

Piezo1, markers of activated VSMCs (Vcam1, Ly6a), the synthetic VSMC marker Tnfrsf11b, contractile 

gene Myh11 in VSMCs ordered according to progression along an inferred trajectory that connects 

Myh11-high and proliferating cells.  
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