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ARTICLE INFO ABSTRACT

Keywords: Background: Abnormal cystic fibrosis transmembrane conductance regulator (CFTR) function in cystic fibrosis
Cystic fibrosis (CF) has been linked to airway smooth muscle abnormalities including bronchial hyperresponsiveness. However,
CFTR a role for CFTR in other types of smooth muscle, including myometrium, remains largely unexplored. As CF life
PMr;(%:'naeI::i};m expectancy and the number of pregnancies increases, there is a need for an understanding of the potential role of
Contractility CFTR in myometrial function.

Human Methods: We investigated the role of CFTR in human and mouse myometrium. We used immunofluorescence to
Mouse identify CFTR expression, and carried out contractility studies on spontaneously contracting term pregnant and

non-pregnant mouse myometrium and term pregnant human myometrial biopsies from caesarean sections.
Results: CFTR was found to be expressed in term pregnant mouse myometrium. Inhibition of CFTR, with the
selective inhibitor CFTRjn,-172, significantly reduced contractility in pregnant mouse and human myometrium
in a concentration-dependent manner (44.89 + 11.02 term pregnant mouse, 9.23 + 4.75 term-pregnant human;
maximal effect at 60 uM expressed as a percentage of the pre-treatment control period). However, there was no
effect of CFTRjyn-172 in non-pregnant myometrium.

Conclusion: These results demonstrate decreased myometrial function when CFTR is inhibited, which may have

implications on pregnancy and labour outcome and therapeutic decisions for labour in CF patients.

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disease caused by
mutation of the cystic fibrosis transmembrane conductance regulator
(CFTR), which is primarily expressed in epithelial cells (Riordan et al.,
1989). CFTR functions as a chloride channel, regulating electrolyte and
fluid transport and mucociliary clearance in the airways. Resulting CF
pathophysiology includes dehydration and airway obstruction, the ul-
timate cause of mortality resulting from repeated airway infections,
bronchiectasis and irreversible lung damage (Elborn, 2016). Increasing
evidence is emerging of a role for the cystic fibrosis transmembrane
conductance regulator (CFTR) in smooth muscle physiology. Both
human and animal studies have shown CFTR to be expressed in muscle
cells, including airway smooth muscle (ASM) (Vandebrouk et al., 2006;
Michoud et al., 2009), vascular smooth muscle (VSM) (Robert et al.,
2004, 2007) and cardiomyocytes (Warth et al., 1996; Lader et al., 2000).
In ASM, CFTR is localised to the apical membrane (Vandebrouk et al.,
2006) and sarcoplasmic reticulum (Cook et al., 2016) and has been re-
ported to regulate smooth muscle tone (Robert et al., 2004;

Vandebrouck et al., 2006; Robert et al., 2007; Michoud et al., 2009;
Wallace et al., 2013). A study on newborn CF pigs has shown a decrease
in calcium re-uptake into the sarcoplasmic reticulum, and an increase in
myosin light chain activation in ASM cells (Cook et al., 2016). Another
study in human ASM cells reported that calcium release in response to
histamine was significantly decreased (Michoud et al., 2009). Further-
more, we have previously observed a loss in the contractile capacity of
the CF mouse trachea due to downregulation of the pathway specific to
acetylcholine (ACh) activation (Wallace et al., 2013). Other reports
demonstrate that CFTR activation promotes smooth muscle relaxation in
pre-contracted rat tracheal and vascular smooth muscle (Robert et al.,
2004; Vandebrouck et al., 2006; Robert et al., 2007). It is therefore
becoming increasingly clear that lack of CFTR results in functional ab-
normalities in smooth muscle cells. Clinical presentation in people with
CF linked to airway smooth muscle dysfunction include bronchial
hyperresponsiveness, a condition sometimes referred to as ‘CF asthma’
involving augmented bronchoconstriction (Balfour-Lynn and Elborn,
2002).

The role of CFTR in other types of smooth muscle remains
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unexplored. For example, the presence of CFTR in myometrium and its
potential functional role in contractility is yet to be determined. Over the
past few decades, prognosis for CF patients has greatly improved with a
current average life expectancy of 47.3 years (UK CF registry, 2018). As
a result of improved survival, more CF women are choosing to have
children. The increase in CF pregnancies emphasises the need for an
understanding of the role CFTR plays in normal myometrial function.
Studies have shown pregnancy to be feasible and well tolerated in the
majority of CF patients (Renton et al., 2015). Limited data exist however
on mode of delivery and labour outcomes in CF women due to small
numbers; studies suggest an increase in the incidence of pre-term births
and higher rates of primary caesarean delivery (Patel et al., 2015; Jelin
et al., 2017). A link between complications in labour and abnormalities
in myometrial contractility however has not been explored. A funda-
mental unanswered question is whether the myometrium expresses
CFTR, and if CFTR can affect contractility.

To address the lack of data and understanding of the role of CFTR in
myometrium, we investigated the role of CFTR in human and mouse
myometrial function. We used immunofluorescence to identify the
presence of CFTR protein in term pregnant mouse myometrium sections;
We used the CFTR inhibitor CFTR (inh)-172, to investigate the effect of
CFTR inhibition on spontaneous myometrial contractility in term-
pregnant and non-pregnant mice and term-pregnant human myo-
metrial tissue.

2. Methods
2.1. Tissue preparation

2.1.1. Mouse

Term pregnant mice and non-pregnant mice (C57BL/6 J, Charles
River, United Kingdom) were humanly killed at 19 days of gestation or
8-12 weeks old, using CO; anaesthesia and cervical dislocation in
accordance with Schedule 1 of the UK Animal (Scientific Procedures)
Act of 1986. The uterus was removed, cleaned and longitudinal strips (1
x 4 mm) were dissected (with or without endometrium). Individual
strips were mounted between a fixed support and a force transducer
using aluminium clips in a 1 ml organ bath and were continuously
superfused with physiological saline solution (PSS) composition (mM):
NaCl 154, KC1 5.6, MgSO4 1.2, HEPES 10.9, Glucose 8, CaCl; 2 (adjusted
to pH 7.4)) at a rate of 1 ml min~! and maintained at 36 °C as described
previously (Osaghae et al., 2020). Tissues were placed under 2 mN
resting tension and allowed to equilibrate for 45-60min, by which time
contraction rate and force had stabilised. Non-pregnant mice were also
studied (8-12-week-old C57BL/6 J, Charles River, UK) and similar 1 x 4
mm strips of intact myometrium (full thickness) were cut and mounted
as described above.

2.1.2. Human

Non-labouring human myometrial biopsies were collected from
women with uncomplicated singleton pregnancies undergoing elective
caesarian section at term (37-39 weeks gestation), after written
informed consent, at Liverpool Women’s Hospital, UK. A total of 15
human samples were used (indications for caesarian section were pre-
vious caesarian section (10), previous traumatic vaginal delivery (2),
breech presentation (2) and tocophobia (1)). The average BMI of the
women was 31.06 (range 20.4-48) and average weight of the babies was
3598 g (range 2450-4560 g). Strips of myometrium were prepared, as
described above and previously (Arrowsmith et al., 2016). A 2-3-h
equilibration period was required for regular spontaneous contractions
to become established and experimental protocols were commenced
once contractions had stabilised.
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2.2. Contractility

2.2.1. Effect of CFTRjnn-172 on myometrial contraction

CFTRjpn-172 (Sigma), a voltage-independent selective CFTR inhibi-
tor, was used to modulate CFTR function. This drug was made up in
DMSO (Sigma) before being diluted in PSS to the appropriate concen-
tration. Each tissue was exposed to just one concentration of inhibitor.
The appropriate vehicle control (0.005%-0.5% DMSO, depending on the
antagonist concentration used) was added for 30min (mouse) or 40min
(human) before superfusing with 1, 3, 10, 30, 60 or 100 pM CFTRinh-
172 for 20min (mouse) or 1, 10, 30, 60 pM CFTRinh-172 for 30min
(human). The tissues were returned to the vehicle control solution
thereafter to determine whether the effect of CFTRj,-172 was
reversible.

2.2.2. Role of endometrial CFTR

In order to determine if effects observed with CFTRj,,-172 were due
to CFTR present in the myometrium rather than the endometrium, we
compared the inhibitory effect of 30 pM CFTR;pn-172 in the absence and
presence of endometrium. This concentration was chosen because it
reliably produced approximately 50% inhibition of contraction in
pregnant mouse myometrium in initial experiments.

2.2.3. Effect of oxytocin on CFTRjyy-172 response

In term pregnant mouse myometrium, the effect of CFTR;yn-172 was
examined in the presence of oxytocin (OT; Sigma) since this hormone is
instrumental in labour. Tissues were exposed to 0.1 nM OT for 60min
prior to addition of 10 pM CFTRj;p-172.

2.2.4. Non-specific effects of CFTRinn-172

In order to identify potential non-specific activity of CFTRjpn-172 at
L-type Ca?* channels, which are crucial for myometrial contractions, we
examined the effect of CFTR;,-172 on the response to high Kt solution
(composition (mM): NaCl 120, KCI 40, MgSO4 1.2, HEPES 10.9, Glucose
8, CaCl; 2 (adjusted to pH 7.4)). This solution causes depolarisation and
maximal opening of L-type Ca2* channels, and a tonic contraction in the
tissue, and CFTRj,,-172 was examined in two protocols.

Protocol 1: paired protocol with repeated 8-min applications of high
K™ solution, to examine the peak amplitude of the high K™ response in
the absence and presence of 10 pM CFTR;p,-172. In control experiments,
to demonstrate the repeatability of the high K response, tissues were
exposed to high K solution for 8 min, returned to normal PSS for 30
min, before another 8 min high K* application. In test experiments, 10
pM CFTRjpn-172 was applied for 10 min before the first or second high
K* application.

Protocol 2: paired protocol with 40-min repeat applications of high
K" solution, to examine the effect of 10 pM CFTR;n-172 on the ampli-
tude of the steady state plateau phase of the high K* response. Again,
control experiments were carried out to demonstrate the repeatability of
the high K* response; tissues were exposed to high K™ solution for 40
min, returned to normal PSS for 60 min, before another 40 min high K™
application. In test experiments, 10 pM CFTR;,n-172 was applied for 20
min midway through the high K* application (20min high K™, followed
by 20min high K" containing 10 pM CFTRj;,-172).

2.3. Immunofluorescence

Term pregnant mouse myometrial strips were fixed in 4% para-
formaldehyde, embedded in 5% gelatine and snap frozen as described
previously (Wallace et al., 2008). Alternate longitudinal 7 pm cry-
osections were incubated for 2 h with either anti-actin, a-smooth
muscle-Cy3 monoclonal antibody la4 (Sigma) or CFTR monoclonal
antibody CF3 (Abcam) 1:500 dilution with 5% goat serum and 1%
saponin in PBS (Sigma). Strips were then incubated for 1 h with 1:100
goat anti-mouse Alexa Fluor 488 (Abcam) secondary antibody. In the
control, the same protocol was followed but the primary antibody was
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omitted. Ten sections from each mouse strip were observed and pho-
tographed under a fluorescent microscope. Sections labelled with
anti-actin were used to indicate the presence and location of smooth
muscle which were superimposed on images taken of sections labelled
with CFTR antibody.

2.4. Data analysis

2.4.1. Contractility

Experimental contractility data were recorded using LabScribe Data
Aquistion software (iWorx, CB Sciences Inc., Dover, NH, USA) and im-
ported into Origin, version 8.5 (MicroCal, Inc., Northampton, MA, USA)
for analysis. In mouse tissue, the mean force amplitude, duration
(measured at 50% of maximal amplitude), frequency and total integral
of force (area under the curve, AUC) was measured over a 5-min period
and compared to a control 5-min period. All values are presented as a
percentage of the control period (100%). The effect of CFTR;yn-172 was
assessed during the last 5 min of antagonist application initially. How-
ever, as the maximal inhibitory effect of CFTRj,p-172 was frequently not
yet reached at this point, we also measured the responses once the
maximal effect was attained. In human tissue, due to the lower fre-
quency of spontaneous contraction, measurements were taken over a 30-
min period.

In Protocol 1 high K experiments (8min applications), peak
amplitude of the high K* response and AUC for the 8 min period were
measured. In the longer Protocol 2 experiments (40min application), the
amplitude of the high K" plateau was measured at 20min and 40min and
expressed as % decrease over that time period.

Statistical differences were tested using the Student’s t-test, one
sample t-test or one-way ANOVA (or Mann Whitney/Kruskal-Wallis tests
where data was not normally distributed) using PRISM (version 5.0;
Graph Pad Software Inc., San Diego, CA, USA). P < 0.05 was considered
statistically significant. Concentration-response curves were fitted to
the logistic equation using non-linear regression, constraining the top of
the curve to 100% and the bottom to zero (PRISM, version 5.0; Graph
Pad Software Inc., San Diego, CA, USA). Where multiple measurements
were taken from the same mouse/subject, the data were meaned and the
contribution to n was 1.

3. Results
3.1. Control experiments

Intact strips of mouse myometrium (with endometrium) and human
myometrium contracted spontaneously and regularly for more than 3 h
(see Figs. 1A & 3A), providing enough time for all protocols to be
completed.

The antagonist CFTRinh-172 is made up in DMSO before being
diluted in aqueous solution to the appropriate concentrations. The
concentration of DMSO used as a vehicle was between 0.005% and 0.5%
in mouse and between 0.005% and 0.3% in human. In non-pregnant
mouse, term pregnant mouse and pregnant human myometrium, the
amplitude, frequency and AUC of the spontaneous contractions were
unaltered by the presence of DMSO (ANOVA: amplitude p = 0.12, AUC
p = 0.29, frequency p = 0.36, see Supplementary Fig. 1). Duration of
contractions was also unchanged in non-pregnant mouse myometrium
and human myometrium, although duration was reduced in term
pregnant mouse myometrium at 0.5% (ANOVA: p = 0.02). However, no
change in duration was apparent at 0.005%-0.3% DMSO in the mouse
myometrium (Supplementary Fig. 1E). Every strip of myometrial tissue
was exposed to the relevant vehicle control (0.005%-0.5% DMSO)
before addition of the antagonist and therefore in the analysis, the effect
of the antagonist is compared to the contractility observed in the pres-
ence of the vehicle alone (the control period), thereby taking into ac-
count any effect of the vehicle.

Current Research in Physiology 7 (2024) 100122
3.2. Non-pregnant mouse myometrium

In non-pregnant mouse myometrium, CFTRjp,-172 (1-100 pM) was
found to have no significant effect on the amplitude, duration, frequency
or AUC of spontaneous contractions when the response was measured in
the last 5 min of antagonist application (Table 1(A)). When the maximal
effect was measured, again 1-100 pM CFTR;y,-172 had no significant
effect on amplitude, frequency or duration. However, there was a small
but significant decrease in AUC at 30 and 60 pM CFTR;,-172 (Table 1
(A)).

3.3. Term pregnant mouse myometrium

In term pregnant mouse myometrium, CFTR;;p-172 (1-100 pM) was
found to decrease contractility in a concentration-dependent manner.
Table 1(B) shows that the degree of inhibition measured in the last 5 min
of antagonist application was smaller than that measured at the maximal
effect point. In all further experiments, all measurements were made
once the maximal inhibitory effect had been attained, as measurements
taken in the last 5 min of CFTRj,,-172 application underestimated the
ability of the antagonist to inhibit myometrial contractility.

When measured at the point of maximal inhibitory effect, there was a
significant decrease in amplitude and AUC at 10-100 pM CFTRjpp-172
(Fig. 1, Table 1(B)), a significant decrease in frequency at 60-100 pM
CFTRjpn-172, but no significant change in duration of contractions
except at 100 pM CFTR;p-172. When the concentration-response curve
of the AUC data was plotted, it had a pECsp value of 5.12 + 0.14 (n =
4-10 mice; Fig. 3F). As data are expressed as a percentage of the control
parameters, the raw data has been provided as Supplementary material.

The effect of CFTR;,,-172 was reversible in most cases (54/74 strips
either partially or fully recovered, see Fig. 1D), however it was clear that
myometrium exposed to the lower concentrations of CFTRjy,-172
recovered more frequently than those exposed to the highest concen-
tration of 100 pM (5/8 at 1 pM; 10/13 at 3 uM; 11/14 at 10 pM; 8/11 at
30 puM; 8/11 at 60 pM; 3/10 at 100 pM).

In some myometrial samples, CFTRjy,-172 (3-100 pM) caused
spontaneous contractions to cease entirely (0/8 at 1 pM; 2/13 at 3 pM;
3/14 at 10 pM: 2/11 at 30 pM: 5/11 at 60 pM: 5/10 at 100 pM). The
majority of these myometrial strips began contracting spontaneously
again once the antagonist was washed out, although at the highest
concentration (100 pM), only 1/5 strips recovered. In some experiments
where contractions failed to recover, tissues did respond to 40 mM KCl
indicating that the tissue was still responsive to depolarisation (see
Supplementary Fig. 2).

3.3.1. Role of endometrial CFTR

CFTR is known to be expressed in the endometrium (Zheng et al.,
2004). In order to ensure that the inhibitory effect of CFTRjy,-172 on
contractility demonstrated above, is due to CFTR present in the myo-
metrium rather than the endometrium, we compared the effect of 30 pM
CFTRjpn-172 in the absence and presence of endometrium. The initial
amplitude of spontaneous contraction was not significantly different in
intact and myometrium only strips (Intact: 2.64 + 0.40 mN (n = 10)
versus myometrium only: 3.02 £+ 0.45 mN (n = 11); Student’s t-test, p =
0.53). We found no significant difference in the inhibition produced by
30 pM CFTRjnp-172, whether the endometrium was present or not (Re-
sponses compared to control period (100%): Intact AUC 50.68 + 5.66 %
(n = 8) versus Myometrium only AUC 47.26 + 8.07% (n = 8)). As no
difference was apparent, all other experiments in mouse myometrium
were carried out using intact tissue strips.

3.3.2. Effect of oxytocin on CFTR;y;-172 response

Oxytocin (OT) is an important hormone in labour that augments
myometrial contraction. We were therefore interested to determine
whether the effect of CFTRj,,-172 was altered in the presence of OT (0.1
nM). Preliminary experiments demonstrated that OT caused a long-
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Fig. 1. The effect of different concentrations of CFTR;,,-172 (1-100 pM) on contractility of term pregnant and non-pregnant mouse myometrium in vitro.
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Fig. 2. Effect of 10 pM CFTRinh172 in the absence and presence of 0.1 nM oxytocin. Scatter plot demonstrating the significant inhibitory effect of 10 pyM CFTR;p-172
on AUGC, in the absence and presence of 0.1 nM oxytocin (Mann Whitney Test; p < 0.05).

lasting increase in frequency of contraction and AUC, that did not fade
during the time course of the experiment (% increase compared to
control period (n = 9, one sample t-test): Frequency, 128.28 + 8.3% (p
= 0.0091): AUC, 158.36 + 20.4% (p = 0.021)).

We examined the inhibitory effect of 10 pM CFTRjpp-172 in the
absence and presence of 0.1 nM OT. As described above (Table 1(B)), at
a concentration of 10 pM, CFTR;pn-172 produces a significant inhibition
of contraction amplitude and AUC (Response compared to control
period (100%): Amplitude 59.47 + 13.44%; AUC 40.87 + 9.57%).
However, in the presence of OT, only contraction amplitude was
significantly decreased and to a lesser degree (Response compared to
control period (100%): amplitude 83.27 + 5.32%, n = 8, p = 0.004,
Wilcoxon signed rank test), suggesting that the presence of OT attenu-
ates the inhibitory effect of CFTRjpy-172. When the inhibitory effects of
CFTRjyh-172 alone and CFTRjyp-172 in the presence of OT were
compared, we found a significant difference in AUC (but not amplitude,
duration or frequency) (Fig. 2), demonstrating that CFTRj;,-172 alone
produces a significantly greater inhibition of AUC compared to in the
presence of OT (40.87 + 9.57% versus 73.71 + 10.09%, p = 0.011, n =
8-9, Mann Whitney test).

3.4. Human myometrium

In pregnant human myometrium, CFTRjp,-172 (1-60 pM) decreased
contractility in a concentration-dependent manner (Fig. 3, Table1C, raw
data in supplementary material). When measured at its maximum effect
point, there was a significant decrease in amplitude, duration and AUC
at concentrations of 10 pM CFTR;j,p-172 and above, but no significant
change in frequency of contractions (Fig. 3, Table 1(C)). CFTRjpn-172
exhibited a larger inhibitory effect in human myometrium compared to
the mouse tissue, with amplitude of contraction being decreased to a
significantly greater degree in human tissue at concentrations of 10 pM
and above (10 pM 20.80 + 6.35% versus 59.47 + 13.44%, p = 0.0164;
30 pM 22.48 £ 9.08% versus 59.70 £ 8.41%, p = 0.0038, 60 pM 9.23 £
4.75% versus 44.89 + 11.02%, p = 0.0082). AUC was also decreased to

a greater degree in human tissue at concentrations of 10 pM and above,
although only reached significance at 30 pM (16.67 £ 5.93% versus
37.16 £+ 6.44%, p = 0.036). Duration of contraction was significantly
decreased in human tissue but unaltered in mouse. When the
concentration-response curve of the AUC data was plotted, it had a
PECs value of 5.35 + 0.10 (n = 8-9 biopsies, Fig. 3F). This pECsy was
not significantly different to the value obtained in the pregnant mouse
tissue (p = 0.20). While Fig. 3F shows that the concentration-response
curve for CFTRjpn-172 is very similar in both term-pregnant mouse
and human myometrium, the response in human tissue was largely
irreversible (only 4/39 strips either partially or fully recovered). In
many cases, contractions ceased entirely after exposure to CFTRj-172
and this phenomenon increased as the concentration of CFTR;pn-172
increased (0/10 at 1 pM, 3/11 at 10 pM, 4/9 at 30 uM and 7/9 at 60 pM).
When unresponding tissues were challenged with high K* stimulation,
they did however still respond (see Supplementary Fig. 2).

3.5. Non-specific effects of CFTRpp-172

By examining the effect of CFTR;p-172 on the response to high K+
solution, we determined whether this CFTR inhibitor had any non-
specific activity at L-type Ca" channels. Fig. 4A shows the 8 min
repeat high K* protocol (Protocol 1). In control experiments, the initial
peak amplitude of the high K™ response was comparable in first and
second applications (4.76 + 0.51 mN versus 4.70 + 0.57 mN, n = 6,
demonstrated by dotted line) and AUC also remained unchanged (18.66
+ 2.41 mN versus 20.44 + 2.42 mN). In the presence of 10 pM CFTR;yp-
172, the peak amplitude of the high K' response was significantly
decreased (2.68 + 0.56 mN versus 2.37 &+ 0.51 mN, n = 6, paired Stu-
dent’s t-test p = 0.02, Fig. 4B and C), although AUC was unchanged
(Fig. 4D, p = 0.11).

The longer 40min high K™ protocol was designed to observe the ef-
fect of the inhibitor on the steady state plateau phase of the high K*
response (Protocol 2). The amplitude of the high K™ steady state plateau
was stable between the 20- and 40-min time points in control
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Fig. 3. The effect of increasing concentrations of CFTR;;,-172 (1-60 pM) on contractility of human myometrium in vitro. (A), shows control period of contraction,
followed by increased concentrations of CFTR;,,-172 (B-E). (F), shows the concentration-response curve of the AUC, with an pECsg value of 5.35 + 0.10 compared to

pregnant mouse pECsq value of 5.12 + 0.14.

experiments (Fig. 4E). When 10 pM CFTR;n-172 was added at 20 min, it
caused a significant decrease of the steady-state plateau, leading to an
18.75 + 3.7% decrease in amplitude from 20 to 40 min (Control: 4.52 +
3.8% decrease, CFTRjyh-172: 23.77 + 5.8% decrease, n = 7, Mann
Whitney test, p = 0.018: Fig. 4F and G.

3.6. Expression of CFTR

A total of 30 myometrial strips from three pregnant mice were
incubated with anti-actin and CFTR monoclonal antibody, and when
observed under a fluorescent microscope. Immunofluorescence with
anti-actin and CFTR were clearly visible in all strips demonstrating the
presence of CFTR on myometrial smooth muscle cells. Representative
strips from all three mice are shown in Fig. 5 and Supplementary Fig. 3.
Compared to the actin staining, there appeared to be less fluorescence
visible in the cytosol indicating more membrane expression of CFTR.
However, some intracellular expression is visible, indicating expression
around intracellular organelles. No fluorescence was detected when the

primary antibody was omitted.
4. Discussion

These data are the first to identify expression of the CFTR protein in
myometrial smooth muscle and to establish a functional role for CFTR in
contractility of both mouse and human myometrial smooth muscle,
adding to the growing list of smooth muscles where a role for CFTR has
been demonstrated (Warth et al., 1996; Lader et al., 2000; Robert et al.,
2004, 2007; Vandebrouck et al., 2006; Michoud et al., 2009).

Inhibition of CFTR with the selective inhibitor CFTRj,,-172 signifi-
cantly reduces contractility of spontaneously contracting pregnant
mouse and human myometrium, which suggests that in term pregnant
myometrial smooth muscle, CFTR is acting to augment myometrial
contractility. These data also provide further insight into organ specific
roles for CFTR in regulating contractility.

Expression of CFTR in term pregnant was shown in immunofluo-
rescence experiments using the CF3 antibody. There have been
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Table 1

Effect of 1-100 pM CFTRjnn-172 on 4 parameters of contraction (amplitude,
duration, frequency, AUC), expressed as a % of the pre-treatment control period,
in (A) non-pregnant mouse myometrial strips, (B) term pregnant mouse myo-
metrial strips and (C) human pregnant myometrial strips, measured during last
5min of antagonist application and at maximal effect. *p < 0.05, Kruskal-Wallis
test;*p < 0.05, one-way ANOVA, compared to control period (100%).

Amplitude Duration Frequency AUC N (mice/
% % % % women)
A) Non- pregnant mouse
Last 5 min CFTR;,,172 application
1uM 96.10 + 96.68 + 97.11 + 84.97 + 6
2.61 6.32 10.78 9.62
10 93.48 + 100.80 + 91.04 + 83.15 + 5
pM 1.43 12.42 3.79 3.53
30 93.59 + 104.20 + 90.92 + 78.67 + 6
pM 1.92 6.57 3.07 1.88
60 84.53 + 124.40 + 95.73 + 79.88 + 5
pM 8.51 17.90 4.69 4.44
100 88.22 + 110.70 + 96.14 + 82.09 + 5
pM 3.24 13.51 5.00 3.07
Maximal effect
1 pM 96.30 + 98.34 + 93.46 + 82.53 + 6
3.16 6.07 11.18 9.76
10 93.07 + 98.81 + 91.04 + 82.93 + 5
uM 1.46 13.33 3.79 3.45
30 85.43 + 104.90 + 89.01 + 70.46 + 6
pM 8.32 11.58 8.51 6.00%
60 79.64 + 134.20 + 92.22 + 71.48 + 5
uM 10.32 25.64 8.16 6.64"
100 81.21 + 94.62 + 107.60 + 77.61 + 5
pM 5.75 12.94 12.40 1.82
(B) Term pregnant mouse
Last 5 min CFTR;,,172 application
1pM 93.21 + 98.89 + 99.29 + 84.99 + 4
4.56 5.70 4.39 7.22
3uM 81.46 + 84.96 + 85.11 + 77.01 + 9
10.46 12.79 13.22 12.14
10 69.31 + 66.91 + 73.92 + 49.97 + 8
pM 11.14* 10.95* 11.81% 8.51*
30 66.45 + 79.71 + 63.48 + 42.61 + 10
pM 7.73* 8.19 9.41* 7.86*
60 68.27 + 80.16 + 62.48 + 38.05 + 7
uM 6.54* 8.00 7.48% 8.76*
100 40.70 + 54.48 + 40.89 + 26.72 + 7
pM 15.05* 15.05* 13.24* 10.37*
Maximal effect
1 pM 87.24 + 97.19 + 93.56 + 79.98 + 4
3.72 5.81 8.51 7.74
3 M 78.89 + 90.76 + 71.43 + 70.09 + 9
10.12 14.52 11.60 12.05
10 59.47 + 63.42 + 62.40 + 40.87 + 8
pM 13.44* 13.18 12.18 9.57*
30 59.70 + 77.64 + 63.29 + 37.16 + 10
uM 8.41% 8.21 7.94 6.44*
60 44.89 + 69.08 + 34.56 + 18.25 + 7
pM 11.02* 20.04 8.73% 6.85*
100 25.49 + 43.63 + 24.18 + 13.03 + 7
UM 12.87* 16.06* 11.47% 7.38%
© Pregnant human
Last 5 min CFTR;,,172 application
1 pM 90.83 + 98.39 + 97.95 + 83.51 + 9
3.25 4.86 5.43 5.51
10 82.03 + 99.10 + 84.11 + 66.76 + 9
uM 6.64* 6.13 18.06 6.30*
30 68.23 + 7891 + 131.30 + 63.56 + 8
pM 8.27* 5.25% 16.45 6.46*
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Table 1 (continued)

Amplitude Duration Frequency AUC N (mice/
% % % % women)
60 69.70 + 95.68 + 93.26 + 63.52 + 8
pM 5.05* 13.09 9.14 4.05*
Maximal effect
1pM 79.88 + 87.99 + 121.40 + 79.33 £+ 9
6.40 7.39 18.30 7.96
10 20.80 + 35.81 + 118.10 + 31.37 + 9
uM 6.35% 9.42* 33.30 7.87*
30 22.48 + 29.80 + 100.50 + 16.67 + 8
pM 9.08* 11.87* 36.07 5.93*
60 9.23 + 25.45 + 118.1 + 10.69 + 8
pM 4.75* 13.25* 77.48 5.63*

questions surrounding the specificity of CF3 regarding proteins in the
cytosol of tumour cell lines (Tomati et al., 2019), however the fluores-
cence pattern in the current study indicated predominant membrane
expression of CFTR. Furthermore, specific CFTR expression using CF3
has been demonstrated on blood monocyte derived macrophages in CF
but not in non-CF samples (Zhang et al., 2018). The Intracellular
expression of CFTR we observed, suggests expression around organelles
in the cytosol. This is supported by a study in new born pigs demon-
strating localisation of CFTR to the sarcoplasmic reticulum in smooth
muscle cells (Cook et al., 2016). Furthermore, CFTR expression has been
demonstrated in several organelles in epithelial cells including the golgi
network, endosomes, endoplasmic reticulum and mitochondria (Luka-
siak and Zajac, 2021).

We have demonstrated that CFTR plays a role in contractility of both
mouse and human term pregnant myometrium, but not in non-pregnant
mouse myometrium, suggesting gestational differences in expression or
function. Studies have shown that estrogen and progesterone regulate
levels of CFTR expression (Ismail et al., 2015; Jin et al., 2016). Upre-
gulation of estrogen during pregnancy may therefore provide a possible
mechanism for the expression of CFTR in term pregnant myometrium
shown in our study. Many protein expression changes are known to
occur at term and govern the transition from a quiescent myometrium to
the active, contractile state required to maintain labour (connexins, OT
receptors, K+ channels, Ca®*-activated Cl~ channels (CaCC) (Wray and
Arrowsmith, 2021). Upregulation of CFTR could aid the requirement for
increased myometrial contractility at term. In order to more closely
mimic labouring myometrium, OT was applied to spontaneously con-
tracting term pregnant tissues. Under these near-physiological condi-
tions, CFTRjpn-172 was still able to inhibit contractility, although to a
lesser degree.

The effects of CFTRjn-172 on contractility were generally reversible.
On occasion, CFTR;;1-172 caused contractions to cease entirely and this
was also reversible in many cases, although contractions were less likely
to be restored with higher antagonist concentrations. The inhibitory
effect of CFTRjyn-172 was greater in human tissue than in the mouse
tissue and less reversible. This difference could be explained by the fact
that mouse studies were carried out on term pregnant but non-labouring
myometrium. It is conceivable that further increases to CFTR expression
may occur once labour starts and its role in enhancing myometrial
contractility may increase.

The inhibitor CFTR;jp,-172 had a small but significant non-specific
effect on L-type Ca?* channel activity as observed in high K* experi-
ments. However, since the spontaneous contractility of the non-
pregnant myometrium was essentially unaltered by CFTRjy-172, it
would appear that these non-CFTR-specific effects are small, since even
100 pM CFTRjnp-172 doesn’t alter contractility in the non-pregnant
tissue. These data are also consistent with high K+ responses in
tracheal smooth muscle of cftr~/~ mice, which do not significantly differ
to non-CF mouse responses (Wallace et al., 2013). A previous study
investigating the specificity of CFTRinh-172 in cell lines, has shown that
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Fig. 4. The effect of CFTR;;-172 on the response to high K* solution in term pregnant mouse. Control high K+ responses are shown in (A) (protocol 1) and (E)
(protocol 2); High K+ responses in the presence of CFTR;,,-172 are shown in (B) (protocol 1) and (F) (protocol 2). Dotted lines in A and B indicate maximum High K+
amplitude. Significant decrease in peak amplitude in the presence of CFTR;,,-172 (difference before and in presence of CFTR inhibitor; paired Student’s t-test) and

area under the curve (AUC) are shown as scatterplots in (C) and (D). Significant decrease of the steady-state plateau amplitude in the presence of CFTR;,,-172
compared to control (Mann Whitney test) is shown in (G).

concentrations higher than 5 pM can inhibit other channels namely the we conclude on balance, our data show specific effects on the myome-
volume-sensitive outwardly rectifying Cl— conductance (VSORC) (Melis trium of CFTR inhibition.

et al., 2014). However, a study using tissue preparations and concen- CFTR channels predominantly conduct Cl™ ion efflux from the cell.
trations similar to the current study, have shown specific inhibition of Myometrial smooth muscle cells also express other Cl™ channels, CaCC,
CFTR activator relaxation responses (Vandebrouck et al., 2006). Thus, and it has been demonstrated that Cl™ ion efflux from the cell via CaCC
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Fig. 5. Immunofluorescence showing expression of CFTR in (A), actin in (B), CFTR and actin images (A and B) merged to show relative expression patterns shown in
(C). DAPI (4,6-diamidino-2-phenylindole), staining of myometrial nuclei is shown in (D) and control no primary antibody shown in (E).

leads to spontaneous transient inward currents (STICs), which cause
increased Ca®* entry into the cell because of membrane depolarisation
(Jones et al., 2004; Bernstein et al., 2014; Wray and Arrowsmith, 2021).
These receptors are upregulated at term (Song et al., 2009), suggesting a
role in parturition. We suggest that a CFTR channel-mediated Cl~ ion
efflux could lead to depolarisation of the plasma membrane and result in
increased contractility due to increased opening of voltage-dependent
L-type Ca®" channels in the membrane and thus increased Ca" influx.
The decreased contractility we observed with CFTR;y,-172 is consistent
with prevention of this depolarisation and lowering of intracellular Ca%*
levels.

Myometrial smooth muscle contractility is sensitive to changes in
pH. In pregnant human myometrium, alkalinisation enhances contrac-
tility and acidification decreases contractility (Phoenix and Wray, 1993;
Pierce et al., 2003). Similar changes are also observed in rat myome-
trium (Heaton et al., 1993; Hanley et al., 2015), although some species
differences are apparent, with mouse myometrium displaying the
opposite behaviour of increased contractility to acidification and
decreased contractility with alkalinisation (Hong et al., 2013; Kyeong
etal., 2016; Almohanna et al., 2016). In addition to conducting Cl™ ions,
CFTR channels have also been shown to regulate extracellular pH via
control of bicarbonate (HCO3) efflux, therefore activation of wildtype
CFTR channels can generate extracellular alkalinisation (Massey et al.,
2021). In mouse myometrial muscle strips, CFTR activity acts to enhance
smooth muscle contractility (since inhibition of CFTR resulted in inhi-
bition of spontaneous contractions). This is consistent with an outward
Cl™ ion current causing membrane depolarisation, increasing Ca entry
and increasing contractility. It is not however consistent with CFTR
mediating bicarbonate transport and causing extracellular alkalinisa-
tion, since that would be expected to cause decreased contractility in the

mouse model and therefore inhibition with CFTR;,,-172 would not also
lead to decreased contractility. In human myometrial muscle strips
however, extracellular alkalinisation enhances contractility. Therefore,
it is possible that the inhibition seen with CFTR;pn-172 in human myo-
metrium may be due to dual action of CFTR, regulating Cl™ ions and
bicarbonate movement and perhaps explains the larger and less
reversible inhibition in human myometrium compared to mouse.
Further studies are required to confirm these hypotheses.

Future work may include the use of other CFTR inhibitors to further
confirm the specificity of CFTR inhibition. A direct link between
expression and function could also be investigated further by altering
CFTR expression in myometrial strips or isolated smooth muscle cells to
determine the effect on contractility. Data indicate upregulation of CFTR
in myometrial tissues in pregnancy. Further work would examine CFTR
expression in human tissue and non-pregnant mice, to investigate the
potential gestational differences as indicated by the functional data.

There is evidence that dysfunctional labour requiring caesarean
section is associated with an increasingly acidic myometrial environ-
ment (Quenby et al., 2004) and decreasing the acidic uterine environ-
ment in labour, by giving bicarbonate has been shown to improve labour
outcome in a small randomized controlled trial (Wiberg-Itzel et al.,
2018). It is interesting to speculate whether in CF women in labour, the
lack of a functional CFTR channel might amplify the acidic environment
during contractions and lead to an increased risk of operative delivery.
Certainly, the caesarean section rate in CF women can be high (up to
50% (Thorpe-Beeston et al., 2013):), particularly in those with poor lung
function and pre-term deliveries (Ashcroft et al., 2020). But worries
about declining maternal health will be the reason for many of these
operative deliveries and no link has yet been identified between com-
plications in labour and abnormal myometrial contractility in CF
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women.

Interestingly, term labour with successful outcomes in CF women has
been reported (Ashcroft et al., 2020). Such outcomes appear conflicting
to results obtained in this study where we observed complete inhibition
of contraction in the presence of inhibitor in human myometrial strips.
This may be explained by the physiological effect of oxytocin; as
demonstrated in this study, the addition of inhibitor in the presence of
oxytocin resulted in a reduced effect on contractility. It is also possible
that compensatory mechanisms may occur in vivo that would not occur
in an in vitro preparation. Furthermore, it was not reported whether term
births were oxytocin assisted. There may have been evidence of
dysfunctional labour that was not reported. It must also be noted that
residual chloride function can occur in certain CF genotypes (Veeze
et al., 1994; Wallace et al., 2003). Reported genotypes varied in Ash-
croft’s study, and detail was not provided on the genotypes of women
with term labour.

As life expectancy for CF patients continues to increase (UK CF
registry, 2018), more women with CF will choose to start families. Ac-
cording to recent studies (Ashcroft et al., 2020; Esan et al., 2022), 30-40
women with CF undertake pregnancy in the UK each year. There is also
emerging evidence that modulator therapies increase the rate of preg-
nancies in women with CF Esan et al. (2022)]. As yet, there is only
limited information on mode of delivery and labour outcomes in CF
women or the effect of common CF therapeutics during pregnancy; this
is the first study to address whether lack of a functional CFTR alters the
ability of the myometrium to contract. The need for expedited preterm
delivery due to declining maternal health, may increase the risk of
caesarean delivery.

Further investigations are required in order to provide the best
possible information and advice to women with CF as to the likely
success of pregnancy and labour in their current circumstances.
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