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Abstract

The endothelium has been established to generate intercellular stresses and suggested to transmit
these intercellular stresses through cell-cell junctions, such as VE-Cadherin and ZO-1, for
example. Although the previously mentioned molecules reflect the appreciable contributions both
adherens junctions and tight junctions are believed to have in endothelial cell intercellular stresses,
in doing so they also reveal the obscure relationship that exists between gap junctions and
intercellular stresses. Therefore, to bring clarity to this relationship we disrupted expression of the
endothelial gap junction connexin 43 (Cx43) by exposing confluent human umbilical vein
endothelial cells (HUVECS) to a low (0.2 ug/mL) and high (2 pg/mL) concentration of 2,5-
dihydroxychalcone (chalcone), a known Cx43 inhibitor. To evaluate the impact Cx43 disruption
had on endothelial cell mechanics we utilized traction force microscopy and monolayer stress
microscopy to measure cell-substrate tractions and cell-cell intercellular stresses, respectively.
HUVEC monolayers exposed to a low concentration of chalcone produced average normal
intercellular stresses that were on average 17% higher relative to control, while exposure to a high
concentration of chalcone yielded average normal intercellular stresses that were on average 55%
lower when compared to control HUVEC monolayers. HUVEC maximum shear intercellular
stresses were observed to decrease by 16% (low chalcone concentration) and 66% (high chalcone
concentration), while tractions exhibited an almost 2-fold decrease under high chalcone
concentration. In addition, monolayer cell velocities were observed to decrease by 19% and 35%
at low chalcone and high chalcone concentrations, respectively. Strain energies were also observed
to decrease by 32% and 85% at low and high concentration of chalcone treatment, respectively,
when compared to control. The findings we present here reveal for the first time the contribution
Cx43 has to endothelial biomechanics.
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Introduction

Endothelial Cells (ECs) are critical for essentially every major vascular function within the
body, which includes maintaining blood vessel integrity, supplying oxygen and nutrients to
surrounding tissues, and regulating blood flow [1-4]. Proper functioning of the endothelium
is crucial for vascular homeostasis and endothelial dysfunction can lead to life threatening
conditions such as a stroke or heart attack [2,4,5]. As the innermost layer of the vasculature,
the endothelium constantly experiences a plethora of biochemical and biomechanical
stimulus [2,6-8]. For example, histamine and thrombin prompts, ECs to contract and
increases endothelial permeability [13—15]. During angiogenesis, protease induced matrix
degradation of existing micro-vessels results in generation of new capillary sprouts, enabling
ECs to migrate into surrounding tissues and form new vessels [1,16]. Furthermore, several
groups have showed that ECs can sense their extracellular matrix (ECM) stiffness and
generate tractions accordingly [17-19]. In fact, in vitro experiments showed HUVEC
contractions reduced in a floating collagen gel concentration of 3mg/mL but increased when
collagen concentration decreased to 1.5 mg/mL [19].

The examples mentioned above highlight two biomechanical events that are essential to
endothelial function, contraction and migration. In fact, both contraction and migration
require the generation of tractions [20-22] and intercellular stresses [23-26]. We measured
both intercellular stresses and tractions by utilizing monolayer stress microscopy [9,26—-28]
and traction force microscopy [22,29-31], respectively. While the cell-substrate traction
stresses are mediated in part by focal adhesions(FAs) [10,32] and actomyosin contractility
[11,12,33], intercellular stresses have been suggested to be transmitted through cell-cell
junctions, specifically, adherens junctions (AJs) and tight junctions (TJs) [34,35]. Recent
studies have suggested endothelial permeability to be linked to TJs [36] and AJs, which have
in turn been suggested to function as mechanosensors capable of transmitting intercellular
stresses [37]. Furthermore, endothelial intercellular stresses have been demonstrated to be
responsive to endothelial barrier agonists such as thrombin and histamine and be cooperative
over many cell distances [27]. These examples suggest endothelial cell intercellular stress
transmission and generation to be influenced in part by cell-cell junctions, specifically TJs
and AJs [38-40], but the role of gap junctions play in endothelial biomechanics is currently
unknown.

Gap junctions are a unique family of cell-cell junction proteins that mechanically links
adjacent cells and provides a physical pathway for electrical current and biomolecules to
travel from cell to cell [41-43]. Endothelial cells primarily express the gap junctions Cx40,
Cx37 and Cx43 [42-45] and deletion or mutation of these gap junctions has been
demonstrated to have a range of vascular ramifications [41,44]. Such ramifications include
increased risk of hypertension in mice as a result of Cx40 deletion [46] and structural
abnormalities in the skin, testis, and intestine in mice [47] as a result of Cx40 and Cx37
genetic deletion. However, vascular complications yielded from Cx43 deletion are arguably
the most severe since genetic deletion of Cx43 has been demonstrated to induce hypotension
in mice [48] and subsequently influence multiple regulatory genes associated with
vasculogenesis in mice [49]. In addition, Cx43 has been reported to be crucial for
endothelial cell proliferation, migration [41,44,50] and monocyte-endothelial cell adhesion,
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a crucial step in inflammation and the initiation and progression of atherosclerosis
[42,45,51].

Although the above examples clearly suggest Cx43 to play a crucial role in vascular
homeostasis, in doing so they also reveal the obscure relationship that exists between Cx43
and endothelial cell mechanics. Therefore, to bring clarity to the relationship between Cx43
and endothelial cell mechanics we investigated the role Cx43 plays in endothelial cell
intercellular stress generation and traction generation by targeting Cx43. Endothelial cells
were seeded as monolayers onto polyacrylamide gels and exposed to a low (0.2 pg/mL) and
high (2 pg/mL) concentration of 2,5-dihydroxychalcone. 2,5-dihydroxychalcone has been
documented to reduce only Cx43 expression in endothelial cells in a dose-dependent manner
[52] and exhibit potent anti-inflammatory and anti-platelet effects [53,54] as well. Both
tractions and intercellular stresses were calculated using traction force microscopy and
monolayer stress microscopy and Cx43 inhibition at high concentration resulted in a
significant decrease in average normal intercellular stresses, maximum shear intercellular
stresses, and rms tractions.

Material and Methods

Cell culture

Human umbilical vein endothelial cells (HUVECSs) were purchased commercially from
ThermoFisher and cultured in medium 200 (ThermoFisher) supplemented with large vessel
endothelial supplement (ThermoFisher) and 1% penicillin-streptomycin (Corning) on 0.1%
gelatin (Sigma-Aldrich) coated flasks at 37°C and 5% CO,. HUVECSs were used at passages
8-9 for all experiments.

Polyacrylamide gel fabrication

Polyacrylamide (PA) gels were prepared as described previously [9]. Briefly, 35 mm petri
dishes (Cellvis) were treated with a bind silane solution for 45 mins and then air-dried prior
to gel polymerization. PA gel solution was prepared by mixing ultra-pure water, 40%
acrylamide (Bio-Rad), 2% bis-acrylamide (Bio-Rad), and 0.5 um diameter fluorescent,
carboxylate-modified microspheres beads (Invitrogen). The gel solution was then de-gassed
for 45 mins. Subsequently, ammonium persulfate and TEMED (N,N,N’,N’-
tetramethylethane-1,2-diamine) was added to polymerize the gel on the treated petri dishes,
yielding a gel height of ~100um (supplementary figure 6) and stiffness of 1.2 kPa. A
stiffness of 1.2 kPa was used as this stiffhess closely mimics the stiffness of the healthy
endothelium [55]).

Cellular micropattern preparation

Micropatterns were fabricated from thin polydimethylsiloxane (PDMS) sections as
described previously [9,10]. Briefly, a thin layer of PDMS (Dow Corning) was first cured in
a 100 mm petri dish by mixing silicon base with a curing agent (20:1) overnight at room
temperature. After fabrication, a circular PDMS section (16mm diameter) was removed
using a hole puncher and subsequently a 1.25 mm diameter biopsy punch (world precision
instruments) was used to puncture holes. PDMS micropattern stamps were then placed on
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top of PA gels and patterned gels were then treated with sulfosuccinimidyl-6-(4-azido-2-
nitrophenylamino) hexanoate (Sulfo-SANPAH; Proteochem) dissolved in 0.1 M HEPES
buffer solution (Fisher Scientific) and placed under a UV lamp for 8 mins. After SANPAH
burning, patterned gels were treated with 0.1mg/ml of collagen | (Advanced Biomatrix)
overnight at 4° C. The following day, excess collagen was removed and HUVECs were
seeded at a concentration of ~50 x 10* cells/mL and were allowed to attach for an hour.
After an hour, micropatterns were removed and HUVEC’s were then allowed to form
confluent monolayers for at least 36 hours prior to experimentation.

2,5 dihydroxychalcone treatment

2,5 dihydroxychalcone (chalcone) (Sigma-Aldrich) was dissolved in dimethylsulfoxide
(DMSO), (Fisher Scientific) as a stock solution at a concentration of 187.5 ug/mL. For Cx43
disruption experiments the previously mentioned stock solution was further diluted in cell
culture media to a final low concentration (0.2 pg/mL) and high concentration (2 pg/mL) of
chalcone.

Time lapse microscopy

Phase contrast and fluorescent images were acquired every 5 minutes using a Zeiss inverted
microscope with a 10X objective and Hamamatsu camera. Micropatterned HUVEC
monolayers were initially imaged in chalcone-free medium for 1 hour. After this time
chalcone-free media was replaced with cell culture medium supplemented with either a low
or high chalcone concentration and HUVEC monolayers were subsequently imaged for an
additional 5 hours. After this time, HUVEC monolayers were incubated with 10x trypsin for
10 minutes to remove cells from the gel surface. This allowed us to acquire a stress-free
image of the gel top surface, which was used for traction calculations.

Immunohistochemistry

Micro-pattered, HUVEC monolayers were first fixed with 4% formaldehyde and incubated
at 37°C for 15 mins, followed by permeabilization with 0.2% Triton-X 100 for 5 mins at
37°C. After permeabilization, HUVEC monolayers were incubated with a 2% BSA blocking
solution at 37°C and subsequently incubated with the following primary antibodies; mouse
monoclonal Cx43 antibody (CX-1B1, Thermo-fisher), mouse monoclonal Cx40 antibody
(2F9A11, Thermo-fisher), rabbit polyclonal Cx37 antibody (42—4400, Thermo-fisher),
mouse monoclonal ZO-1 antibody (ZO-1 1A12,Thermofisher), rabbit polyclonal VE-
Cadherin antibody (PA5-19612, Thermo-fisher) overnight at 4°C. After this time, HUVEC
monolayers were incubated with following secondary antibodies; Alexa Fluor 488 goat anti-
mouse 1gG (A-11001, Thermo-fisher) or Alexa Fluor 594 goat anti-rabbit 19G (A-110122,
Thermo-fisher) for 2 hours. Alexa Fluor 594 phalloidin was used to stain for f-actin. Cells
were mounted with fluoromount-G with DAPI, sealed under a coverslip, and imaged using a
Zeiss Inverted microscope.

Traction force microscopy (TFM) and Monolayer stress microscopy (MSM)

Traction force microscopy and monolayer microscopy was used as described previously
[9,22,26,29]. Briefly, substrate gel deformations produced by the cell was calculated using a
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particle image velocimetry (PI1V) routine [22] and cell-substrate forces were calculated using
fourier transform traction force microscopy [22,29]. Intercellular stresses were calculated
using monolayer stress microscopy as described previously [9,26]. In brief, monolayer stress
microscopy applies a straightforward force balance required by Newton’s law to give us the
two-dimensional stress tensor within the entire cellular monolayer and by rotating the
coordinate system we compute the maximum principal stresses (omax) ahd minimum
principal stresses (omin) With their respective orientations. At each point of the monolayer
we then computed average normal intercellular stress (omax + Omin)/2 and maximum shear
intercellular stress (omax - Tmin)/2.

Measurement of cell velocity

Results

Cell velocity was measured from phase contrast images using a custom-written PIV routine
in MATLAB (see supplementary figure 7). Briefly, our PIV routine was used to calculate
window shifts between sequential images and then pixel shifts were converted into
displacements by multiplying with the pixel to micron conversion factor. Displacements
were then averaged for each time points and converted into velocity. Images were taken in a
time interval of 5 mins for 6 hours.

2,5 dihydroxychalcone reduces Cx43 expression

Before we investigated the influence Cx43 disruption via 2,5 dihydroxychalcone had on
endothelial cell biomechanics we first wanted to investigate the influence 2,5
dihydroxychalcone had on Cx43 structure. Our results revealed fluorescent images of Cx43
structure under low chalcone concentration (figure 1d, e and f) to look almost structurally
indistinguishable when compared to control groups (figure 1a, b and ¢). However, Cx43
structure under high chalcone concentration (figure 1g, h and i) was observed to decrease
dramatically when compared to control conditions (figure 1), suggesting reduction of Cx43
expression by 2,5 dihydroxychalcone to be concentration dependent. Our results agree with
those reported previously by Lee et al. [52]. To confirm the specificity of the influence of
chalcone on connexin 43 we performed additional experiments where endothelial
monolayers were incubated with chalcone at the dosage observed to have maximal
mechanical disruption (2 pg/mL). From these experiments we stained for ZO-1 (tight
junction), VE-Cadherin (adherens junction), and the gap junctions Cx40 and Cx37.
Fluorescent images of the previously mentioned junctional proteins of chalcone-treated
monolayers were observed to be virtually indistinguishable, when compared to control
monolayers (supplementary figure 3 & 4).

We also stained for F-actin to determine if Cx43 disruption influenced actin cytoskeletal
structure and actin structure remained intact and similar for all chalcone treatment
conditions (supplementary figure 5).

Cx43 disruption reduces intercellular stresses

Analysis of all results was performed over a cropped 500 um x 500 um section within the
middle of the 1.25 mm micropatterned monolayer. We choose this cropping location as this
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has been shown by us previously to eliminate any potential boundary effects induced by the
micropattern [9]. Phase contrast images of control and chalcone treated conditions 30
minutes before chalcone treatment and after chalcone treatment (2 hours and 6 hours) are
shown in figure 2. Thirty minutes prior to chalcone treatment, average normal intercellular
stresses were largely tensile and fluctuated around 220 + 66 Pa for control, low chalcone
treated, and high chalcone treated HUVECs (figure 3a, d and g). Two hours after chalcone
treatment average normal intercellular stresses were around 285 + 75 Pa and 106 + 4 Pa at
low chalcone treatment (figure 3e) and high chalcone treatment (2 pg/mL) (figure 3h)
conditions, while control monolayers were around 235 + 18 Pa (figure 3b). After 6 hours,
average normal intercellular stresses were observed to be around 266 + 22 Pa, 149 + 30 Pa,
and 249 + 29 Pa for 0.2 ug/mL chalcone treated monolayers (figure 3f), 2 ug/mL chalcone
treated monolayers (figure 3i), and control monolayers (figure 3c), respectively. While the
average normal intercellular stresses both increased and decreased under chalcone
treatments, the maximum shear intercellular stresses decreased under both chalcone
concentrations when compared to control conditions. Thirty minutes prior to chalcone
treatment, maximum shear intercellular stresses were also tensile and fluctuated around 230
+ 60 Pa for control, low chalcone treated, and high chalcone treated HUVECs (figure 4a, d
and g). After two hours, maximum shear intercellular stresses generated by endothelial cells
exposed to a low dose chalcone and high dose chalcone treatment fluctuated around 227+ 20
Pa (figure 4e) and 91 + 6 Pa (figure 4h) relative to control conditions, which were around
270 + 30 Pa (figure 4b), respectively. At 6 hours, maximum shear intercellular stresses
generated by cells exposed to a low dose chalcone concentration were around 185 + 10 Pa
(figure 4f) and 156 + 30 Pa for cells exposed to a high dose chalcone concentration (figure
4i). Maximum shear intercellular stresses generated by control monolayers fluctuated around
241 + 30 Pa (figure 4c). On average, we observed a 17% and 6% increase in magnitude of
average normal intercellular stresses with low chalcone treatment and a 55% & 40%
decrease in magnitude of average normal intercellular stresses with high chalcone treatment
when compared to control after 2 hours and 6 hours of experiment (figure 5a), respectively.
At the same time, shear intercellular stresses decreased by 16% & 23% at low chalcone
concentration and decreased by 66% & 35% at high chalcone concentration when compared
to control after 2 hours and 6 hours of experiment (figure 5b), respectively. In addition, a
rugged intercellular stress landscape was observed for both normal (supplementary figure 1)
and shear (supplementary figure 2) intercellular stresses at before chalcone (supplementary
figure 1&2a, d and g) and after 2 hours (supplementary figure 1&2b, e and h) and after 6
hours of experiment (supplementary figure 1&2c, f and i) and stresses also remained largely
tensile in nature.

Cx43 disruption reduces rms tractions and strain energy

Prior to chalcone treatment (at 30 mins) root mean squared (rms) tractions for all chalcone
treatment conditions fluctuated around 59 + 11 Pa (figure 6a, d and g) and after 1 hour of
chalcone treatment rms tractions fluctuated around 51 + 8 Pa for low dose chalcone (figure
6e) and 18 + 2 Pa for high dose chalcone (figure 6h) and 45 + 9 Pa for control conditions
(figure 6b). After 6 hours, rms tractions fluctuated around 50 + 4 Pa for 0.2ug/mL chalcone
treated (figure 6f), 20 + 3 Pa for 2ug/mL chalcone treated (figure 6i) and 46 + 5 Pa for
control conditions (figure 6c), respectively. This revealed a slight increase of rms tractions at
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low chalcone dose while high chalcone dose yielded an almost 2-fold decrease in rms
tractions when compared to control conditions (figure 7a) after 6 hours of experiment.

In addition, Cx43 disruption decreased strain energy at both chalcone treatment
concentrations. Strain energy magnitude was observed to be 28 + 3 pJ (figure 7b) and
cellular velocities were around 0.29 + 0.004 um/min (figure 8a, d and g) at about 30 mins of
experiment onset. However, after 1 hour of chalcone treatment the strain energy decreased to
19+ 2 pJand 4 £ 1 pJ for low and high dose chalcone treatment, respectively. In addition,
strain energy plateaued at 3 hours for the remaining period of the experiment (figure 7b).

Cx43 disruption reduces cell velocities

After an hour of chalcone treatment cell velocities were 0.25 + 0.003 pm/min for 0.2ug/mL
chalcone treatment (figure 8e), 0.20 £ 0.005 um/min for 2ug/mL chalcone treatment (figure
8h) and 0.31 £+ 0.002 pm/min under control conditions (figure 8b). After 6 hours, cell
velocities fluctuated around 0.27 + 0.001 um/min for 0.2ug/mL chalcone treatment (figure
8f), 0.17 £ 0.002 pm/min for 2ug/mL chalcone treatment (figure 8i) and 0.21 + 0.003
pum/min for control conditions (figure 8c), respectively. While we observed around a 19%
and 35% decrease in cell velocities after an hour of treatment for low and high chalcone
dose respectively, after 6 hours of experiment low dose treated monolayers exhibited 22%
increase in cell velocities compared to control (figure 9).

Discussion

In this paper, we report here for the first time how endothelial mechanics are influenced by
the gap junction Cx43. We believe these findings will have implications into many Cx43-
related biomechanical cellular processes. For example, during in vitro cell migration Cx43
expression was found to increase and contribute to the movement of the endothelial sheet as
a collective via increased cell-cell coupling [44,50,56]. In our experiments we observed that
endothelial monolayers exposed to a high concentration of chalcone decreased cell velocities
significantly. In addition, Cx43 has also been suggested to be essential to endothelial barrier
function in addition to tight junctions and adherens junctions [35,57]. Here, we report a
notable reduction in strain energy as well as a significant decrease in maximum shear
intercellular stresses and average normal intercellular stresses generated by the endothelial
monolayer in the presence of chalcone. Taken together, our results suggest to us that
endothelial monolayer mechanical strength and/or endothelial barrier function could be
potentially enhanced or diminished by targeting Cx43 communication and expression.

Our results also reveal a surprising increase in normal intercellular stresses and rms tractions
compared to control conditions with a low dose of chalcone treatment. Both maximum
(omax) @nd minimum principal stresses (omin) Were found to be higher for low concentration
chalcone treatment compared to control which in turn showed higher average normal
intercellular stresses and lower maximum shear stresses at low chalcone treatment condition
compared to control (see supplementary figure 8). While the exact reason for this increase is
unknown, it is possible that this low dose of chalcone treatment had a brief transient effect
on endothelial mechanics. In addition, previous reports have suggested Cx43 to work in
concert [41,44] with other gap junctions (Cx40 or Cx37). Therefore, it is possible that
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additional endothelial gap junctions may be compensating for the perturbed Cx43 expression
and function we have observed in this study.

Conclusion

The importance of Cx43 in vasculature research is undeniable and has been a research
interest for long time. There have been a host of recent reports showing direct effect of Cx43
on vascular physiology and pathology [41,42,44]. However, to our best knowledge, there
have been no reports relating endothelial mechanics, specifically intercellular stresses with
Cx43. As we probe this complex interplay between Cx43 and endothelial stress generation,
we believe our results will provide insights into how Cx43 communication influences
endothelial permeability, barrier strength as well as leading to a greater understanding of
overall endothelial mechanics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cx43 DAPI Merged

Figure 1:
Effect of chalcone treatment on Cx43 structure. Immunostaining was performed in HUVEC

monolayers after 6 hours of chalcone treatment. Green color represents Cx43 and Blue
represents DAPI. Figure labels are as follows- control (a, b, and c), 0.2 pg/mL chalcone
treated cells (d, e, and f) and 2pug/mL chalcone treated cells (g, h, and i). (obj: 20x; scale bar
=200 pm).
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Figure2:
Phase contrast images of HUVEC monolayers after Cx43 disruption. Control phase contrast

images of HUVECs at 30 mins (a), 2 hours (b) and 6 hours (c). Phase contrast images of
HUVECs treated with 0.2ug/mL chalcone at 30 mins (d), 2 hours (e) and 6 hours (f). Phase
contrast images of HUVECs treated with 2ug/mL chalcone at 30 mins (g), 2 hours (h) and 6
hours (i). Scale bar 500 x 500 pm.
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Figure 3:
Average normal intercellular stresses (Pa) of HUVEC monolayers during Cx43 inhibition.

Figure labels show average normal intercellular stresses of HUVECSs at 30 mins (a), 2 hours
(b) and 6 hours (c) of control HUVECs and at 30 mins (d), 2 hours (e) and 6 hours (f) of
HUVECs treated with 0.2pg/mL chalcone and at 30 mins (g), 2 hours (h) and 6 hours (i) of
HUVECs treated with 2ug/mL chalcone. Scale bar 500 x 500 pm.
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Figure 4:
Maximum shear intercellular stresses (Pa) of HUVEC monolayers during Cx43 inhibition.

Figure labels show maximum shear intercellular stresses of HUVECs at 30 mins (a), 2 hours
(b) and 6 hours (c) of control HUVECs and at 30 mins (d), 2 hours (e) and 6 hours (f) of
HUVECs treated with 0.2pug/mL chalcone and at 30 mins (g), 2 hours (h) and 6 hours (i) of
HUVECs treated with 2ug/mL chalcone. Scale bar 500 x 500 pm.
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Figure5:
Comparison of average normal intercellular stress(Pa) (a) and maximum shear intercellular

stress(Pa) (b) of HUVEC monolayers in both chalcone treated (0.2 pg/mL and 2 pg/mL) and

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

control conditions. Error bars show standard error.
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RMS tractions (Pa)
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Figure6:
rms traction (Pa) distributions of HUVEC monolayers during Cx43 disruption. Figure label

shows control HUVECs (a, b and c), 0.2 ug/mL chalcone treated HUVECs (d, e and f) and 2
pg/mL chalcone treated HUVECS (g, h and i) at before any chalcone treatment (labels a, d
and g), after 2 hours of experiment onset (labels b, e and h) and after 6 hours of experiment
onset (labels c, f and i). Scale bar 500 x 500 um.
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Figure 7:
rms tractions (Pa) (a) and strain energy (pJ) (b) in a HUVEC monolayer of both chalcone

treated (0.2 pg/mL and 2 pg/mL) and control conditions. Error bars show standard error.
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Figure©:
Cellular velocity (um/min) in a HUVEC monolayer of both chalcone treated (0.2 pg/mL and

2 pg/mL) and control conditions. Error bars show standard error.
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