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Results: In preterm AM defects, myofibroblast nuclei were highly deformed and

collagen fibre polarisation and the effects on matrix markers were dependent on

tissue region, disease state, gestational age and the number of fetuses. PGE, levels
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Conclusion: Mechanical stimulation affects Cx43 signalling and cell/collagen me-
chanics in preterm AM defects. Establishing how Cx43 regulates mechanosignalling

could be an approach to repair tissue integrity after trauma.

Key points

What's already known about this topic?

e |n term amniotic membrane (AM), mechanical stimulation increased Cx43 plaque formation
that prevents migration and healing by amniotic mesenchymal cells (AMCs).

e Cx43 also increased myofibroblast migration to the wound edge, resulting in cell/collagen
contraction, healing and closure of the defect site.
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1 | INTRODUCTION

Fetal membranes are essential for immune and mechanical protec-
tion of the fetus and the delivery of a healthy baby after term rupture
and labour. The mechanisms underlying scheduled rupture as the
pregnancy approaches term are complex, regulated by mechanical
forces with advancing gestation.l™ It is known that Infection,
wounds created after iatrogenic surgery and uterine overdistention
increase inflammatory, prostaglandin and protease factors that
degrade structural proteins like collagen in the amniotic membrane
(AM) leading to spontaneous preterm prelabour rupture of the fetal
membranes (SPPROM).*"*! There are few reports that demonstrate
how mechanical stimulation before 30 weeks of gestation regulates
mechanotransduction in preterm AM. A deeper understanding of the
mechanisms will help to identify targets that promote collagen
structural integrity to term and aid prevention or improve the
management of PPROM. 1213

Several in vitro term models investigated the effects of mechanical
stimulation on cell behaviour using human monolayer conditions or 3D
tissue explants subjected to stretch or organ-on-chip systems.**"2% In
monolayer culture, static stretch (11%) of Amniotic Epithelial Cells
(AECs) increased nuclear factor-kappaB (NF-kB) activation of cyclo-
oxygnenase-2 (COX-2) expression and prostaglandin E, (PGE,)
release.’®'? In AM explants, cyclic stretch increased other NFkB
regulated genes such as interleukin-1 (IL-1B), interleukin-6 (IL-6) and
interleukin-8 (IL-8), tumour necrosis factor a (TNFa) or matrix metal-
loproteinase (MMP) enzymes.24"2¢ After stretch, increased secretion
of cytokines enhanced apoptotic pathways by AECs and amniotic
mesenchymal cells (AMCs), which degrade collagen and reduced ten-
sile strength in the fibroblast layer and basement membrane of
AM 249:2027-30 |, orean-on-chip system cultured with five cell types
from term fetal membranes and decidua, treatment with lipopolysac-
charide (LPS) differentially increased cytokines and TNFa by cells from
the chorionic membrane (CM) and induced repair mechanisms in the
AM.31 The epithelial to mesenchymal transition (EMT) mechanism was
enhanced by differentiation of AEC to AMC phenotype in response to
trauma, hydrostatic pressure or inflammation.>®%2829:3132 \Whj|st
mechanical stimulation in the form of cyclic stretch or shear in organ-
on-chip systems has yet to be identified in preterm cells, the 3D
model demonstrates that cell type plays an important role when dis-
secting the inflammatory cascade by pathway manipulation strategies.
In term AM, we and others have shown that mechanical stimulation
affects collagen organisation, synthesis, degradation and tissue
strength.>¢12:21:27.3334 |5 term AM, mechanical stimulation differen-

tially upregulates the gap junction protein connexin 43 (Cx43) and
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What does this study add?

e |n preterm AM defects, mechanical stimulation increased cell deformation in the fibroblast
layer and collagen polarisation around the wound edge.

e Mechanical stimulation increased Cx43 in myofibroblasts and amniotic epithelial cells, but
this response was dependent on tissue region.

e Markers for migration, inflammation and repair were influenced by mechanical stimulation.

forms plaques between AMCs preventing cell migration and repair.%®
In contrast, the highly contractile myofibroblasts expressed Cx43
localised in the cytoplasmic processes and promote repair via a-smooth
muscle actin (aSMA) and release of transforming growth factor sub-
type 1 (TGFB4).2° Depending on the localisation and concentration of
Cx43, this mechanoreceptor therefore mediates multiple functions
such as differentiation, migration, healing and inflammation interm AM
wounds.>>~%? In preterm AM defects, we hypothesised that mechanical
stimulation activates a Cx43-stretch sensitive pathway and increases
healing by myofibroblasts and cell/collagen contraction. We examined
the effects of mechanical stimulation on Cx43 expression and collagen
organisation in preterm AM and explored whether Cx43 knockdown
could affect wound healing signals and tissue integrity.

2 | METHODS
2.1 | Research ethics and sample collection

Human placentas (n = 13) were collected after elective or emergency
caesaerean section with written informed consent from women who
delivered at University College London (UCL) Hospital (UCLH).
Ethical approval was granted by the Joint UCL and UCLH commit-
tees, the National Research Ethics Service Committee London,
Bloomsbury and the Ethics of Human Research Central Office
(Reference 14/L0O/0863). All methods were performed according to
the relevant guidelines and regulations of UCL, UCLH and Queen
Mary University of London (QMUL).

2.2 | Clinical diagnosis

Information on included patients with spontaneous PPROM is
presented in Table 1. The patients were classified into the following
two groups using clinical diagnosis: Group 1: latrogenic preterm
birth due to fetal growth restriction (FGR) and/or pre-eclampsia
with singleton (n = 5) or twin pregnancies (n = 3) and Group 2:
early sPPROM from 27 to 31 weeks gestation (n = 2) or late
sPPROM >32-week gestation (n = 3). In the early sPPROM group,
one patient had suspected clinical chorioamnionitis within 24 h
after delivery and in the late sPPROM group, one patient had
bleeding due to fibroids and placenta previa (Table 1). We did not
include women who experienced a prolonged latency period greater
than 48 h after the onset of early or late SPPROM due to the high

risk of chorioamnionitis.
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TABLE 1 Clinical diagnosis of included cases with spontaneous PPROM.

Maternal age GA at delivery Clinical

Case (years) (weeks + days) diagnosis

1 34 35+5 latrogenic PTB

2 39 35+ 6 latrogenic PTB

3 38 34+0 latrogenic PTB

4 30 29 +0 latrogenic PTB

5 31 33+0 latrogenic PTB

[ 40 33+0 latrogenic PTB

7 32 34+ 6 latrogenic PTB

8 42 33+0 latrogenic PTB

9 32 27 +0 sPPROM <32 weeks
10 27 29 +1 sPPROM <32 weeks
11 32 35+6 sPPROM >32 weeks
12 39 SOES sPPROM >32 weeks
13 30 383+ 6 sPPROM >32 weeks

Singleton or twin

Obstetric complications gestation
FGR Singleton
FGR Singleton
FGR Singleton
FGR Singleton
FGR and teratoma Singleton
FGR Twin DCDA
FGR Twin MCMA
FGR with stillbirth of one twin at 30 + O Twin DCDA
Vaginal bleeding Singleton
Emergency CS due to abnormal CTG. Singleton
Defect size ~1.5 x 2 cm
Placental insufficiency defect size ~2.5 x 3 cm Singleton
Placental insufficiency Singleton
Placenta previa, bleeding and fibroboids Singleton

Note: All patients delivered preterm before 37 + O weeks GA. For all experimental investigations, patients were grouped into three classifications by
clinical diagnosis namely FGR for singleton (n = 5) or twin (n = 3) deliveries, sPPROM <32 weeks (n = 2) and >32 weeks (n = 3). All deliveries were

performed by either scheduled or emergency CS.

Abbreviations: CS, caesarean-section; FGR, fetal growth restriction; GA, gestational age; sSPPROM, spontaneous preterm prelabour rupture of the

membranes.

2.3 | Amniotic membrane tissue isolation

At Caesarean section after delivery of the baby but before delivery of
the placenta, a sterile clip was placed on the lower edge of the tissue
within the uterine incision to provide a landmark. The placenta was
separated from the uterus by gentle cord traction and rinsed with
Earle's Balanced Salt Solution (EBSS) for 3 min to remove excess
maternal blood (Sigma-Aldrich). AM was separated from the CM and
placenta using gentle traction. The orientation of the membrane to
the placenta, incision line and cervix was noted throughout the
procedure and the AM nearest the cervix was identified using a clip.
Dumbell shaped AM specimens measuring widths in the gauge and
shoulder regions of 10 x 25 mm were dissected from the cervix
(CAM) and placenta (PAM) regions and equilibrated 1 mL of Dul-
becco's modified Eagle's medium (DMEM) supplemented with 5 pg/
ml penicillin, 5 pg/ml streptomycin, 15 pg/ml ascorbate and 20%
Fetal Calf Serum (FCS) prior to mechanical loading experiments.

2.4 | Mechanical loading

Human CAM and PAM specimens were secured within a BOSE
loading frame (BOSE Corporation) at 37°C. Serum-free media was
supplemented with O or 50 uM Cx43 antisense (inhibits Cx43 mRNA
expression). Strained AM specimens were subjected to 2% cyclic
tensile strain (CTS) at 1 Hz frequency applied intermittently (1 min
CTS followed by 9 min unstrained) for 24 h, as described.?*®* In

separate experiments, a 0.8 mm defect was created with a 21G

needle in the explant to mimic trauma and subjected to CTS. In
control experiments, specimens were taken from the same donor and

cultured without mechanical stimulation (—CTS).

2.5 | Tissue preparation for immunostaining

AM specimens were fixed in 4% PFA for 2 h and incubated together
with primary antibodies for mouse Cx43 (1:100, ThermoFisher Sci-
entific, CX-1B1) and rabbit aSMA (1:100, Abcam, ab5694) at 4°C
overnight, as described.®¢ Specimens were washed in PBS and incu-
bated with secondary antibodies for Alexa Fluor 568 anti-mouse or
488 anti-rabbit at room temperature for 2 h (both 1:1000, Ther-
moFisher Scientific) and counterstained with 1 pg/mL DAPI for
20 min (1:1000) to detect nuclei. Secondary antibody incubation in
the absence of the primary antibody was used as a negative control.

2.6 | Second harmonic generation and confocal
imaging

Specimens were imaged by two-photon confocal imaging on a Leica
TCS SP8 acousto-optic beam splitter multiphoton confocal laser
scanning microscope (Leica) with a Coherent Chameleon Ultra, Ti
Sapphire mode locked IR laser (Coherent UK Ltd). Samples were
imaged at excitation/emission wavelengths of 405/460 nm for DAPI,
495/518 nm for aSMA and 578/603 nm for Cx43 as previously
described.®>3¢ A transmission detector was used for the collection of
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collagen SHG signal with a 430-450 nm barrier filter with a pump
wavelength of 880 nm at 80 femtosecond pulse width. A constant step
size Z-section interval of 1.5 um was used across all Z-stack images
collected. All parameters including detector gain, offset and laser po-
wer were kept constant to enable quantification. Images were pro-
cessed using ImageJ software (version windows 64 bit, Fiji) and Imaris
9.5.0. High resolution images were taken on the Zeiss LSM 980 with an
Airyscan 2 microscope (Zeiss) with x42 magnification and identical
excitation/emission wavelengths for DAPI and aSMA.

2.7 | Confocal image quantification

The immunostaining confocal imaging technique was used to detect
aSMA expressing myofibroblasts with an antibody that recognised
the Cx43 molecule. Cx43 levels were quantitatively evaluated per
tissue area and per cell nuclei in preterm AM specimens, using a well-
established pixel-counting method, as previously described.®>%¢
Maximum projections were performed in the AM to detect Cx43
levels expressed by cells present in the epithelial and fibroblast
layers. The images were converted to binary using identical threshold
values and objects exceeding 2 pixels were counted to identify Cx43-
positive pixels per tissue area (500 um?) or per cell type. To quantify
nuclei roundness, maximum RGB projections of the DAPI signal were
converted to binary and using the particle measurement feature in
ImageJ (Fiji) software, circularity values of nuclei defined by 4m*area/
perimeter? were calculated. Nuclear circularity analysis shows that a
value of 1 indicates a perfect circle and reduces when the nucleus
becomes increasingly elongated. To determine the direction of
collagen alignment, SHG images were converted to binary and the 2D
orientation analysis was performed using the local gradient orienta-
tion method and Directionality ImageJ plug-in (v2). This software
calculates the number of objects that are distributed between either
0° and 180° or -90° and 90°, depending on the image direction of
collagen fibres with a bin size of 1°.

2.8 | Biochemical analysis

The biochemical assays have described previously.?1> Briefly, DNA,
GAG and collagen concentrations were measured by Hoechst 33,258,
1,9-dimethylmethylene blue and hydroxyproline assays (all reagents
from Sigma-Aldrich Chemical Company). Elastin concentration was
determined by the fastin elastin dye-binding method (Biocolor Life
Science Assays). PGE, release was determined by immunoassay (R&D

Systems, Europe Ltd).

2.9 | Quantitative PCR

The methods for RNA extraction, cDNA synthesis and RT-gPCR have
been described previously.>>3¢ Primer pair sequences for Cx43
sense: 5'-CTCGCCTATGTCTCCTCCTG-3, antisense: 5'- TTGCTCA

DIAGNOSIS-WILEY—L

CTTGCTTGCTTGT-3, TGFB; sense: 5-CCCAGCATCTGCAAAG
CTC-3' and antisense: 5'-GTCAATGTACAGCTGCCGCA-3' and
GAPDH sense: 5'- TCTCTGCTCCTCCTGTTC-3', GAPDH antisense:
5'-CGCCCAATACGACCAAAT-3'. PCR products were detected on
the StepOnePlus Real-Time PCR System (ThermoFisher Scientific), as
described?1:353% Relative gene quantification of Cx43 or TGFB1 was
calculated by normalising the target to the reference gene, GAPDH
and to the calibrator sample by a comparative Ct approach and ratio

values expressed on a logarithmic scale.

2.10 | Statistical analysis

All values are expressed as the mean and +SEM. Statistical analysis
was performed by a two-way analysis of variance (ANOVA) and the
multiple post hoc Bonferroni corrected t-tests to compare differ-
ences between controls (no defect) and traumatised groups in CAM
and PAM specimens. In all cases, values of p < 0.05 were considered
statistically significant. The number of replicates for each test con-

dition from separate donors are indicated in the figure legend.

3 | RESULTS

3.1 | Cellular and collagen changes in preterm AM
defects

Figure 1 shows a layer of aSMA expressing myofibroblasts in the
epithelial layer of preterm AM defects (green, Figure 1A). In the
fibroblast layer, we observed a dense region of collagen and the
presence of fibres across the defect site (red, Figure 1B). We
observed the presence of myofibroblasts (blue) on either side of the
wound (Figure 1B,C) and expressed Cx43 (Figure 1C, pink). In pre-
term AM defects subjected to mechanical stimulation, the direction
of applied strain is shown with an arrow (Figure 1D-F). In the
epithelial layer of preterm defects, mechanical stimulation increased
cellularity of aSMA expressing myofibroblasts (Figure 1D,F). In the
fibroblast layer, the collagen fibres were dense (Figure 1E) and
myofibroblasts expressed Cx43 (Figure 1F).

3.2 | Collagen organisation in preterm AM defects

Figure 2 examined the effects of mechanical stimulation on collagen
directionality in preterm AM defects by SHG imaging. In control
CAM and PAM specimens, collagen fibres appeared interwoven in a
random fashion and had shorter basket—shaped fibres without
polarity (Figure 2A,E). After mechanical stimulation, collagen fibres
appeared dense and had high alignment, as shown by the dominant
peak at 100° angle (Figure 2B,F). In preterm AM defects, the di-
rection of collagen fibres was anisotropic with the angle of polar-
isation clearly distributed at 100° (Figure 2C,G). After mechanical

stimulation, the fibres appeared denser and aligned tangentially to

358017 SUOWIWIOYD) BRI 3|aeal|dde ayy Ag pausenob ale sajonte YO ‘esn Jo Sa|ni oy ArelqiauljuQ A31AA UO (SUONIPUOD-pUe-SWLIBIW0D B | 1M AReiq 1 RUIUO//:SANY) SUORIPUOD pUe SWB | 3Y3 39S *[£202/60/€T] U0 Arlgiauluo AB)1M ‘31 Aq 62¢9°'Pd/200T 0T/Iop/wod A8 | 1m A Relq 1 putjuo uABgo//sdny wolj pepeojumod ‘0T ‘€202 ‘€220/60T



PRENATAL

COSTA ET AL

2% | WILEY-DIAGNOSIS

Trauma

Trauma + CTS

FIGURE 1 Effects of mechanical stimulation in human preterm amniotic membrane (AM) defects. Preterm AM explants were traumatised
with a needed to create a 0.8 mm defect and subjected to cyclic tensile strain (Trauma + CTS). Mechanical stimulation was applied
intermittently at 2% strain and 1 Hz frequency for 24 h. At the end of the experiment, specimens were immunostained to detect Cx43 and
aSMA in myofibroblasts. Signals for blue (DAPI), green (aSMA), pink (Cx43) and red (collagen) were detected by immunofluorescence confocal
microscopy and second harmonic generation (SHG) imaging. The dotted white lines show the wound edge (WE) in the preterm AM specimen
(scale bar = 100 uM, left panel). Representative confocal and SHG images are shown from one late third trimester fetal growth restricted
(FGR) donor (35 + 5 weeks). [Colour figure can be viewed at wileyonlinelibrary.com]

the wound edge (Figure 2D,H). The level of polarity was similar for
the experimental test conditions but different from control speci-
mens (Figure 2A,E), demonstrating that mechanical stimulation in-
fluences the spatial orientation of collagen fibres in preterm AM

defects.

3.3 | Nuclei deformation in preterm AM defects

The effects of mechanical stimulation on nuclei morphology are
shown in Figure 3. In preterm AM subjected to mechanical stimula-
tion, the majority of cells in the epithelial and fibroblast layers had
elongated morphologies (white arrow, Figure 3A) and at high
magnification appeared to be aligned in the direction of applied strain
(Figure 3B,C). Cells were observed to form clusters around the
wound edge (Figure 3D) and the nuclei appeared deformed
(Figure 3EJF) in preterm AM defects. We next quantified the
roundness of the nuclear shape (inset, Figure 2). In preterm AM,
mechanical stimulation significantly reduced values for nuclei circu-
larity in AECs from 0.75 + 0.016 to 0.38 + 0.013 and in AMCs/
myofibroblasts from 0.87 4 0.002 to 0.54 + 0.012 (p < 0.001, inset
Figure 3). Both trauma and mechanical stimulation reduced nuclei
circularity values further ranging from 0.44 (+0.02) and 0.47 (+£0.01)
in AECs and AMCs/myofibroblasts, respectively, when compared to

controls (0.76 & 0.015 and 0.88 4 0.002). Quantification by nuclei
circularity analysis demonstrated that mechanical stimulation in
preterm AM defects reduced nuclear roundness, indicating an

increasingly elongated nuclei shape.

3.4 | Cx43 protein expression in preterm AM
defects

In the absence and presence of trauma, mechanical stimulation
significantly increased Cx43 protein expression in the epithelial and
fibroblast layer of CAM specimens (all p < 0.001; Figure 4A). Co-
stimulation with CTS and Cx43 antisense abolished this response
(all p < 0.001; Figure 4A). A similar trend was found in the epithelial
layer of PAM specimens, where mechanical stimulation increased
Cx43 values from 130 to 1542 pixels/500 cm? after trauma
(b < 0.001, Figure 4A). However, in the fibroblast layer of PAM
specimens, mechanical stimulation significantly reduced Cx43, but in
PAM defects, values increased from 391 to 871 pixels/500 cm? (all
p < 0.001, Figure 4A). In all test conditions, co-treatment with Cx43
antisense abolished the response with values ranging from 0.8 to 10
pixels/500 cm? (all p < 0.001, Figure 4A). In CAM specimens, AECs
and myofibroblasts expressed broadly similar values of Cx43 than
PAM, but levels were higher in myofibroblasts than AECs (both
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FIGURE 2 Effects of mechanical stimulation on collagen organisation in preterm amniotic membrane (AM) defects. The organisation of the
collagen fibres in AM specimens close to the cervix (CAM) or placenta (PAM) was detected by second harmonic generation (SHG) microscopy.
Specimens were traumatised with a needed to create a 0.8 mm defect and subjected to 2% cyclic tensile strain (CTS) for 24 h. SHG imaging of
the collagen fibres appeared as red signals. The dotted white lines show the length of the wound edge (WE) and white arrows the direction of
applied strain. Representative SHG images are shown for one field of view, where scale bar = 100 um. Analysis of the direction of collagen
fibres at a specific polarisation angle is shown in the alignment graphs. Error bars represent the analysis of collagen fibre alignment in three
regions and analysis repeated with six replicates taken from three late third trimester fetal growth restricted (FGR) donors (33 + O weeks to

35 + 6 weeks). [Colour figure can be viewed at wileyonlinelibrary.com]

p < 0.001, Figure 4B). In PAM defects, AECs but not myofibroblasts
increased Cx43 expression and the response was enhanced by me-
chanical stimulation but abolished with the antisense (all p < 0.001,
Figure 4B).

3.5 | Effects of mechanical stimulation in singleton
and twin preterm AM defects

Figure 5 examined the effects of mechanical stimulation in preterm
CAM and PAM specimens from singleton and twin pregnancies on
the levels of GAG (A), collagen (B), elastin (C) and PGE, (D). In control
singleton specimens (no trauma), CTS increased GAG content (both
p < 0.001, Figure 5A) with a greater magnitude of stimulation in CAM
(114.1%) than PAM (444.9%). After trauma, GAG content reduced in

CAM but not in PAM and co-treatment with CTS and the Cx43
antisense reduced GAG content. In control twin specimens, the
magnitude of stimulation by CTS was greater in PAM (225.7%) than
in CAM (43.8%). Trauma increased GAG content in PAM (p < 0.01)
but not in CAM and the response was abolished with the antisense
(b < 0.01). In control specimens, absolute values for collagen content
were broadly similar and ranged from 6.76 to 9.36 ug/mg (Figure 5B).
After trauma, CTS significantly reduced collagen in singleton (both
p < 0.001) but not twin specimens and the response was reversed
after co-stimulation with CTS and Cx43 antisense (p < 0.001). In
controls, CTS significantly increased elastin content in singleton (both
p < 0.001, Figure 5C) but not twin specimens. After trauma, CTS
reduced elastin content and the effects were reversed with the
antisense (Figure 5C). Values for PGE, release were broadly similar,

ranging from 4.92 to 9.48 ng/mL in singleton and twin specimens.
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FIGURE 4 Effects of mechanical stimulation on Cx43 protein expression in preterm amniotic membrane (AM) defects. Explants isolated
from the cervix (CAM) or placenta (PAM) regions were traumatised with a needed to create a 0.8 mm defect and subjected to cyclic tensile
strain (+CTS) for 24 h, in the presence and absence of Cx43 antisense (Cx43as). The distribution of Cx43 was analysed per tissue area for
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indicates significant comparisons for no cyclic tensile strain (=CTS) or + CTS conditions. All other comparisons (not indicated) were not
significantly different. AECs, Amniotic Epithelial Cells. [Colour figure can be viewed at wileyonlinelibrary.com]

3.6 | Effects of mechanical stimulation in early and
late sSPPROM

Figure 6 examined absolute values for GAG, collagen, elastin and
PGE, release from sPPROM donors who delivered early preterm
(<32 weeks gestation) or late preterm (>32 weeks gestation). In early
but not late sPPROM, CTS increased GAG content in PAM
(p < 0.001) but not in CAM specimens and this response was reduced
by the Cx43 antisense (p < 0.001; Figure 6A). In CAM but not PAM

specimens, CTS reduced collagen content from early and late
sPPROM and reversed with Cx43 antisense in CAM and PAM defects
(all p < 0.001; Figure 6B). In early sPPROM specimens, absolute
values for elastin content were broadly similar but in late SPPROM,
CTS and Cx43 antisense increased values in CAM but not PAM
(b < 0.001, Figure 6C). Additionally, values for PGE, release ranged
from 9.7 to 11.1 ng/mL in early and late sPPROM specimens
(Figure 6D) and was reduced by Cx43 antisense to <2.5 ng/mL in late
sPPROM specimens only.

358017 SUOWIWIOYD) BRI 3|aeal|dde ayy Ag pausenob ale sajonte YO ‘esn Jo Sa|ni oy ArelqiauljuQ A31AA UO (SUONIPUOD-pUe-SWLIBIW0D B | 1M AReiq 1 RUIUO//:SANY) SUORIPUOD pUe SWB | 3Y3 39S *[£202/60/€T] U0 Arlgiauluo AB)1M ‘31 Aq 62¢9°'Pd/200T 0T/Iop/wod A8 | 1m A Relq 1 putjuo uABgo//sdny wolj pepeojumod ‘0T ‘€202 ‘€220/60T


https://www.wileyonlinelibrary.com
https://www.wileyonlinelibrary.com

PRENATAL

AT GNOsIs-WILEY |
- 25 -
25 Il No trauma Il No trauma
[ trauma [ Trauma
Trauma + Cx43as Trauma + Cx43as
20 + 20 4
5 kk *k ek - g k%
E po— 1\37 Kk
g :j; 15 K Kkk
:/ = Kk
5 %) *kk
g 8 10 *kk
o c o -
S wx g %
¢ 2 - s %
] sy S %
Y
%
.
o [ M7 :
-CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS
CAM PAM CAM PAM CAM PAM CAM PAM
Singleton H Twin Singleton ? Twin
30 1 No trauma 30 Il No trauma
[ Trauma [ Trauma
Trauma + Cx43as ; il 25 - Trauma + Cx43as

Elastin content (ug/mg)

-CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS

cAM PAM CAM PAM
Singleton Twin

20

15

PGE: release (ng/ml)

%4
7
%4
7
4
7

-CTS +CTS -CTS +CTS -CTS +CTS -CTS +CTS

CAM PAM CAM PAM
Singleton Twin

FIGURE 5 Effects of mechanical stimulation in singleton and twin preterm amniotic membrane (AM) defects. Explants isolated from the
cervix (CAM) or placenta (PAM) regions were traumatised with a needed to create a 0.8 mm defect and subjected to cyclic tensile strain
(+CTS) for 24 h. Mechanical stimulation was applied intermittently at 2% strain and 1 Hz frequency in the presence and absence of 50 uM
Cx43 antisense (Cx43as). Absolute values for GAG (A), collagen (B) and elastin content were normalised to dry tissue weight (C). PGE, release
was quantified in media samples (D). Explants cultured without cyclic tensile strain (—CTS) were compared to +CTS specimens. Error bars
represent the mean and SEM values of 9-12 replicates from four early or three late trimester fetal growth restricted (FGR) donors, where
**p < 0.01 or **p < 0.001 indicates significant comparisons for —CTS and +CTS conditions. All other comparisons (not indicated) were not

significantly different. [Colour figure can be viewed at wileyonlinelibrary.com]

3.7 | Effects of mechanical stimulation on gene
expression

Figure 7 examined the effects of mechanical stimulation on Cx43
and TGFp gene expression in preterm AM defects. In CAM but not
PAM specimens from early sPPROM donors, CTS increased Cx43
gene expression and this response was abolished with antisense
(p < 0.001, Figure 7A). In late sSPPROM specimens, trauma and
mechanical stimulation increased Cx43 gene expression in CAM and
PAM specimens and was reduced by the antisense. In early
sPPROM, mechanical stimulation increased TGFB, gene expression
in CAM and PAM defects and was further enhanced with Cx43
antisense. In late sPPROM, mechanical stimulation significantly
increased TGFB, gene expression in CAM defects (p < 0.001,
Figure 6B) but not in PAM defects and was reduced by co-

treatment with Cx43 antisense.

4 | DISCUSSION

It is well established that mechanical stimulation regulates the struc-
ture and function of fetal membranes by regulating signals to maintain
tissue homoeostasis during preterm gestation. As the tissue approach
term, the onset and progression of collagen remodelling is required to
break down the extracellular matrix, facilitate cross-talk with inflam-
matory cascades and weaken the fetal membranes. We previously
showed that during wound healing in term AM, Cx43 upregulates
AMCs to form plaques between cells and is a mechanism which pre-
vents migration and healing of the wound. This process is synchronous
to AMC differentiation also induced by Cx43, where myofibroblasts
migrate to the defect site, synthesise collagen and contract the edges
of the wound via a purse-string mechanism. Both TGFB and Cx43
facilitate wound healing mechanisms and form functional gap junctions

and hemichannels which are critical for mechanotransduction,
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FIGURE 6 Effects of mechanical stimulation on early and late preterm AM defects. Preterm AM explants isolated from the cervix (CAM)
or placenta (PAM) regions were traumatised with a needed to create a 0.8 mm defect and subjected to cyclic tensile strain (+CTS) for 24 h.
Mechanical stimulation was applied intermittently at 2% strain and 1 Hz frequency in the presence and absence of 50 uM Cx43 antisense
(Cx43as). Absolute values for GAG (A), collagen (B) and elastin content were normalised to dry tissue weight (C). PGE, release was quantified
in media samples (D). Explants cultured without cyclic tensile strain (—CTS) were compared to +CTS specimens. Error bars represent the mean
and SEM values of 8-12 replicates from early trimester sSPPROM donors (n = 2, 27-31 weeks gestation) or late trimester sSPPROM donors
(n = 3, >32 weeks gestation). Significant comparisons are indicated for —CTS and +CTS conditions where **p < 0.01 or ***p < 0.001. All other
comparisons (not indicated) were not significantly different. AM, amniotic membrane. [Colour figure can be viewed at wileyonlinelibrary.com]

differentiation, inflammation and repair.®”~3? However, the imbalance
of matrix synthesis is coordinated by catabolic activities resulting in
increased cytokines, prostaglandins and MMPs which can hinder
repair mechanisms in human fetal membranes.’ 7 The present study
enables the investigation of mechanical stimulation on cell behaviour,
collagen organisation and protein expression in preterm AM defects.
We explored the effects of iatrogenic preterm birth, sSPPROM and
multiple pregnancies in groups of donors to better understand the
different mechanisms underlying PPROM and the apparent failure of
the AM to heal. Importantly, we examined the combined effects of
mechanical stimulation and Cx43 antisense in AM defects on markers
for inflammation, matrix and repair.

In preterm AM defects, mechanical stimulation showed a dense,
thicker region of fibres aligned tangentially to the wound edge and
could be early signs of wound contraction similar to a healing
response that we previously quantified in term AM.3>344% The di-

rection of collagen fibres was identical with a polarisation angle at

100'C in preterm AM defects from FGR donors and showed a similar
response in term AM defects, demonstrating the spatial organisation
and movement of collagen fibres between cell and matrix layers.®®
Additionally, nuclei roundness is influenced by the viscoelastic nature
of collagen where hydration and tissue volume increase the tension
and creep response with mechanical strain enabling tissue recovery
without permanent deformation.>*4*~43 Whilst the biomechanical
behaviour of term human AM is well documented, the deformation
response of collagen fibres in preterm AM with tissue region is less
clear.2%414* We did not quantify the diameter of collagen fibres with
axial order, which could be a reason for structural changes at the
molecular scale, particularly with inhomogeneous orientations with
gestational age or disease. Further investigations involving small-
angle X-ray scattering, which explores fibre thickness, length and
directionality to assess differences in spatial and temporal organi-
sation could be explored. Additionally, multiple cell types in AM de-

fects were deformed after mechanical stimulation. It is not clear if

85L8017 SUOWWIOD 3AIIERID 3|qedljdde au Aq paueAob a1e 9P VO ‘SN J0 S9N 104 AXeiq1 BUIIUO AB]IM UO (SUORIPUOD-PUe-SULB}LIOD A8 |IMATe1d 1]BUI|UO//SHNY) SUORIPUOD PUe SWiie | 8L 89S *[£202/60/ET] Uo ArelgiTaulluo A8|IM ‘1581 Aq 6219'Pd/200T OT/10p/Lw0o A8 |1mAred 1 utjuo uABo;/sdny woly papeojumoq ‘0T ‘€202 ‘€220L60T


https://www.wileyonlinelibrary.com

PRENATAL

COSTA ET AL 1293
DIAGNOSIS-WILEY L 7%
A B
1000 - W No trauma 1000 4 W No trauma
[ Trauma [ Trauma
Trauma + Cx43as Trauma + Cx43as
100 | __Frk kak 100 -

10 +

Cx43 relative gene expression

-CTS +CTS -CTS +CTS : -CTS  +CTS

CAM PAM CAM PAM
Early sPPROM Late sPPROM

0.1

10 -

TGFp relative gene expression

-CTs +CTS -CTS +CTS : -CTS +CTS -CTS  +CTS

CAM PAM CAM PAM
Early sPPROM Late sPPROM

0.1

FIGURE 7 Effects of mechanical stimulation on gene expression in preterm amniotic membrane (AM) defects. Explants isolated from the
cervix (CAM) or placenta (PAM) regions were traumatised with a needed to create a 0.8 mm defect and subjected to cyclic tensile strain
(+CTS) for 24 h. Mechanical stimulation was applied intermittently at 2% strain and 1 Hz frequency in the presence and absence of 50 uM
Cx43 antisense (Cx43as). Gene expression of Cx43 (A) and Transforming Growth Factor B (TGFB) (B) in CAM and PAM specimens are
presented as ratio values and normalised to control values. In all cases, error bars represent the mean and SEM values of 12-18 replicates,
where (¥, ** or ***) indicates significant comparisons for —CTS and +CTS CAM or PAM conditions. All other comparisons (not indicated) were
not significantly different. [Colour figure can be viewed at wileyonlinelibrary.com]

there is a difference in reversible transition rates between AEC and
AMC to myofibroblast morphology in preterm AM defects contrib-
uting to differences in Cx43 concentration in the epithelial and
fibroblast layer, as found previously.3>4%4°> |n small mouse defects,
AECs undergo EMT, enabling a migratory cell population that can
heal defects.?®2? The role of EMT transition and the purse-string
contraction hypothesis after mechanical stimulation in preterm AM
defects should be explored further.

In term AM, cells respond to stretch by activating inflammatory
cytokines, PGE, production and MMPs that degrade collagen and
weaken the membrane prior to rupture.*>*? In the present study, we
explored the effects of mechanical stimulation on protein synthesis in
preterm AM. Whilst it is difficult to interpret the biochemical data
and compare the effects with specimens analysed from a small
number of donors, absolute values in the same donor were consis-
tent, demonstrating the strength of the biomechanical model system,
which is well known to be dependent on the magnitude, duration and
nature of the mechanical stimulus. The donor to donor variability for
each group demonstrates variations in patient data sets due to the
effects of disease or maternal and gestational age. In a comparison of
how the mechanical environment affects membrane integrity with
other studies, uterine overdistention in twin pregnancies demon-
strates greater tissue weakening mechanisms and higher levels of
oxytocin and markers for inflammation.84¢=° In AM specimens,
tensile stretching increased Cx43, COX-2 and the oxytocin receptor
leading to enhanced cytokine production, resulting in reduced tensile
strength and greater susceptibility to rupture, whilst in rat myome-
trium, Cx43 was reported to increase after stretch.'?1820 |n the FGR
group where we compared singleton and twin deliveries, PGE, con-
centrations were high (>10 ng/mL) compared to values we found
previously (<1 ng/mL) in term AM, leading to inflammatory mecha-
nisms, apoptosis and possible uterine contractions.*?~>2 Whilst there
are limitations with the current study, apoptosis triggered by PGE,
and repetitive stretch could enhance oxidative and mechanical stress

mechanisms, softening and early rupture.!* In contrast, the

implications of Cx43 and TGFp, signalling to heal preterm AM de-
fects could be a protective mechanism to enhance differentiation,
migration and repair, but the pathways need to be investigated

further with appropriate 3D models.*?1%53-37

5 | CONCLUSION

In summary, mechanical stimulation increased nuclei deformation
and collagen polarity in preterm AM defects. Whilst mechanical
stimulation increased Cx43 in AECs and myofibroblasts, this
response was dependent on tissue type, with differences in protein
expression between CAM and PAM specimens. In preterm AM de-
fects, mechanical stimulation promotes structural changes in collagen
that increase polarity and potentially could promote wound
contraction via a purse string mechanism as identified previ-
ously.2>3¢40 Whilst the present study did not quantify closure at the
defect site, we observed the presence of myofibroblasts in and
around the defect site which activate TGFB; and healing, as
described by others.’>>® A combination of inflammatory and me-
chanical factors may perturb typical mechanotransduction processes
mediated by Cx43 and was rescued after Cx43 knockdown. Whilst
matrix molecules were influenced by mechanical stimulation, it was
difficult to interpret the biochemical data and compare the effects
with specimens analysed from a small number of donors from three
classification groups. In the future, it will be necessary to consider
how gestational age, the number of pregnancies and disease affect
the design of experiments. Our understanding of how inflammation
affects the microstructure and mechanical strength of fetal mem-
branes is limited due to the lack of pre-clinical models that replicate
the 3D microenvironment. Whilst there has been progress in
microfluidic models of placenta using organ-on-a-chip technology,
fetal membrane models that replicate the mechanical environment
have been neglected. This multi-layered tissue is bathed in amniotic

fluid and subjected to unique mechanical forces during pregnancy. In
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vitro models must combine biological and engineering approaches,
enabling researchers to provide meaningful information on mem-
brane physiology and wound healing mechanisms in human preterm
and term tissues for PPROM prevention.
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